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Flow cytometry was used to monitor changes in the DNA content of the polychlorinated biphenyl (PCB)-
degrading bacterium Comamonas testosteroni TK102 during growth in the presence or absence of PCBs. In
culture medium without PCBs, the majority of stationary-phase cells contained a single chromosome. In the
presence of PCBs, the percentage of cells containing two chromosomes increased from 12% to approximately
50%. In contrast, addition of PCBs did not change the DNA contents of three species that are unable to degrade
PCBs. In addition, highly chlorinated PCBs that are not degraded by TK102 did not result in a change in the
DNA content. These results suggest that PCBs did not affect the DNA content of the cells directly; rather, the
intermediate metabolites resulting from the degradation of PCBs caused the increase in DNA content. To study
the effect of intermediate metabolites on the DNA content of the cells, four bph genes, bphAl, bphB, bphC, and
bphD, were disrupted by gene replacement. The resulting mutant strains accumulated intermediate metabolites
when they were grown in the presence of PCBs or biphenyl (BP). When the bphB gene was disrupted, the
percentage of cells containing two chromosomes increased in cultures grown with PCBs or BP. When grown
with BP, cultures of this mutant accumulated two intermediate metabolites, 2-hydroxybiphenyl (2-OHBP) and
3-OHBP. Addition of 2- or 3-OHBP to a wild-type TK102 and non-PCB-degrading species culture also resulted
in an increase in the percentage of cells containing two chromosomes. Electron microscopy revealed that
cell-cell separation was inhibited in this culture. This is the first report that hydroxy-BPs can inhibit bacterial

cell separation while allowing continued DNA replication.

Polychlorinated biphenyls (PCBs) are ubiquitous and recal-
citrant environmental pollutants. Since Ahmed and Focht (1)
described two species of Achromobacter capable of degrading
mono- and dichlorobiphenyls, many other studies on the aer-
obic microbial degradation of PCBs have been reported (3, 12,
15). Comamonas testosteroni (formerly Pseudomonas alcali-
genes) TK102, a PCB degrader, was isolated from soil contam-
inated with PCBs (32). TK102 can degrade almost all mono-,
di-, and trichlorobiphenyls, as well as some tetrachlorobiphe-
nyls, but cannot degrade PCBs that have five or more chlorine
atoms. Therefore, TK102 can degrade a commercial PCB mix-
ture, Kaneclor 300, which mainly consists of trichlorobiphe-
nyls. Efficient degradation of Kaneclor 300 by TK102 has been
achieved in batch reactors during the initial 24 h, after which
the PCB degradation efficiency of the cells decreased (33).

There is evidence that the heterogeneity of growing bacterial
cells in batch cultures can be high. Microbial heterogeneity
may arise from three principal sources: phenotypic changes
during the cell cycle, changes in the microenvironments of
individual cells, and genotypic changes resulting from muta-
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tions (9, 43). Thus, growth-associated parameters, such as
DNA or protein content, are nonhomogeneous in a popula-
tion. Because the overall PCB-degrading activity depends on
the contribution of individual cells, these population dynamics
have profound implications on the efficiency of PCB degrada-
tion. Flow cytometry (FCM) can be used for measuring such
dynamics.

FCM is a tool with great potential for performing both
qualitative and quantitative analyses based on simultaneous
measurements of structural and functional parameters of indi-
vidual cells (9). These measurements are based on light scatter,
which reflects cell size and structure, and fluorescence, which
can reflect DNA content, enzyme activity, respiration, mem-
brane potential, or membrane integrity depending on the flu-
orescent dye being used (18, 20, 21). In combination with DNA
fluorescent dyes, FCM has been widely used to measure DNA
content and analyze the cell cycles of eukaryotes (8, 13, 39),
prokaryotes (6, 10, 37), and archaea (4). Escherichia coli has
been the most extensively used organism in studies of the
bacterial cell cycle. In slowly growing E. coli cells, the cell cycle
is similar to that of eukaryotes (36, 37). The DNA content
distribution exhibits a peak at one chromosome, which repre-
sents the B-period cells (G, phase in eukaryotes), a ridge
between one and two chromosomes, which represents the rep-
licating C-period cells (S phase in eukaryotes), and a peak at
two chromosomes, which represents the D-period cells (G,
phase in eukaryotes). However, the DNA distributions of rap-
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TABLE 1. Bacterial strains and plasmids used in this study
Strain or plasmid Relevant characteristics” Reference(s)

Strains

C. testosteroni TK102 32

E. coli MV1184 ara A(lac-pro) str thi 680 lacIZAM15 A(srl-recA)::Tnl0 (F' traD proAB lacl? ZAM15) 41

P. aeruginosa PAO1 Wild type 35

P. putida PpY101 met nal 14
Plasmids

pUC18 Cloning vector, Ap" 23,41

pBluescript II KS(+) Cloning vector, Ap" 34
pUC4K Ap" Km', source of Km" cartridge 40, 41
pTKSm10 pUCIS8 with a 10-kb Smal fragment of TK102 carrying bph genes This study
pTKScSI pUCI18 carrying a 2.5-kb SacI-Sall fragment (bphAI) of pTKSm10 This study
pTKKpCI pBluescript II KS(+) carrying a 2.7-kb Kpnl-Clal fragment (bphB) of pTKSm10 This study
pTKSISc pBluescript II KS(+) carrying a 2.1-kb Sall-Sacl fragment (bphC) of pTKSm10 This study
pTKXSm pBluescript I KS(+) carrying a 1.9-kb Xhol-Smal fragment (bphD) of pTKSm10 This study

“ Ap", ampicillin resistance; Km", kanamycin resistance.

idly growing cells are more complex than those of slowly grow-
ing cells because of overlapping replication cycles (37). To
determine the number of chromosomes in each cell at a given
time, drug treatment has been used (37). Rifampin blocks
initiation of chromosome replication while allowing ongoing
rounds of replication to continue to termination, and cepha-
lexin prevents cell division, which results in replication runout
and accumulation of cells with integer numbers of chromo-
somes (37, 42). After drug treatment, cells in a rapidly growing
population contain several chromosomes (e.g., four or eight
fully replicated chromosomes). In contrast, drug-treated cells
in a slowly growing population contain one or two chromo-
somes. Thus, the DNA content distribution is very sensitive to
the growth conditions of the culture. To our knowledge, there
have been no reports of assessments of the effects of PCBs on
the cell growth of PCB-degrading bacteria or growth-associ-
ated parameters, such as DNA content.

In this study, we examined changes in cell growth or the
DNA content of C. testosteroni TK102 cells in the presence or
absence of PCBs. The effects of PCBs and their metabolites on
cell-cell separation are also discussed in this paper.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial strains and plasmids
used in this study are shown in Table 1. C. testosteroni strain TK102, which was
isolated from PCB-contaminated soil (32), was grown and maintained at 30°C on
phosphate-buffered minimal salt medium (19) with biphenyl (BP) as the sole
carbon source. Four mutants of TK102 with disruptions in bph genes (bphAl,
bphB, bphC, and bphD) (see below) were grown on threefold-diluted Luria-
Bertani (1/3LB) medium (33) with 300 g of kanamycin per ml at 30°C. Pseudo-
monas putida PpY101 and Pseudomonas aeruginosa PAO1 were grown on 1/3LB
medium at 30°C. E. coli MV1184 was grown on 1/3LB medium at 37°C.

Mutant construction. Standard molecular biology techniques, such as ligation
and Southern hybridization, were carried out as described by Sambrook et al.
(28). Restriction enzymes were used according to the manufacturer’s instruc-
tions. Construction of the bph mutants was carried out by gene replacement (Fig.
1). A 10-kb Smal fragment containing the bph genes from TK102 was identified
by Southern hybridization by using a 1-kb XholI-HindIII fragment containing the
bphCD genes from Pseudomonas sp. strain KKS102 as the probe (19). A clone
bank of Smal-digested DNA fragments approximately 8 to 12 kb long was
constructed in pUCI1S8. This clone bank was screened by colony hybridization by
using the same probe in order to isolate a clone containing the bph genes from
TK102. The resulting clone was designated pTKSm10. Sequence analysis re-
vealed that the bphAIl, bphA2, bphA3, bphB, bphC, and bphD genes of TK102
were homologous to the bph genes of KKS102 (87 to 94% identity) (data not
shown). To construct the bphAI mutant, the 2.5-kb SacI-Sall fragment contain-

ing the bphAI gene from pTKSm10 was inserted into the cloning site of pUC18
to generate pTKScSI. This recombinant was digested at the unique Eco4 7111 site,
and a BamHI linker was inserted. pUC4K was digested with BamHI, and the
isolated kanamycin cartridge was inserted into the BamHI site created in the
coding region of the bphAI gene, thus disrupting it. To construct the bphB
mutant, the 2.7-kb KpnI-Clal fragment containing the bphB gene from pTKSm10
was inserted into the cloning site of pBluescript IT KS(+) (Stratagene, La Jolla,
Calif.) to generate pTKKpCl. pUC4K was digested with Sall, and the isolated
kanamycin cartridge was inserted into the Sall site in the coding region of the
bphB gene to disrupt it. To construct the bphC mutant, the 2.1-kb Sal/I-Sacl
fragment from pTKSm10 was inserted into the cloning site of pBluescript II
KS(+) to generate pTKSISc. This recombinant was digested at the unique Clal
site, which interrupts the coding region of the bphC gene, and a BamHI linker
was inserted after blunt ends were generated with the Klenow fragment. A
BamHI-digested kanamycin cartridge was inserted into the BamHI site created
in the coding region of the bphC gene to disrupt it. To construct the bphD
mutant, the 1.9-kb Xhol-Smal fragment from pTKSm10 was inserted into pBlue-
script IT KS(+), generating pTKXSm. This recombinant was digested at the
unique Hincll site, which interrupts the coding region of the bphD gene, and a
PstI linker was inserted. A PstI-digested kanamycin cartridge was inserted into
the PstI site created in the coding region of the bphD gene, thus disrupting it.
Each mutant was analyzed by Southern hybridization by using the disrupted gene
as a probe. Each of the mutants contained only one hybridizing fragment,
indicating that a double-crossover event for the target gene occurred. In all cases,
the size of the hybridizing fragment was found to have increased by about 1.2-kb,
indicating that the kanamycin cartridge was inserted into the target gene. The
plasmids were linearized with appropriate restriction enzymes and introduced
into TK102 cells by electroporation. TK102 cells grown in 1/3LB medium to an
optical density at 600 nm of 0.5 were washed twice with sterile ice-cold water and
resuspended in 1 mM HEPES buffer (pH 7.0) containing 10% glycerol. The cells
were then mixed with 200 wg of the linearized DNA fragment and electroporated
with a gene pulser (Bio-Rad, Hercules, Calif.) under the following conditions:
voltage, 2.5 kV; capacitance, 25 wF; and a 200-Q pulse controller. Kanamycin-
resistant colonies were selected, and gene disruption was confirmed by Southern
blot analysis. The resulting mutant strains were used for further study.

Changes in the DNA content of C. testosteroni TK102 during growth with and
without PCBs. One milliliter of a preculture of TK102 was inoculated into a
500-ml flask containing 100 ml of 1/3LB medium and incubated with 100 mg of
Kaneclor 300 (equivalent to Aroclor 1242) per liter and 50 mg of Triton X-100
per liter at 30°C with shaking at 80 rpm. Cells grown without Kaneclor 300 were
used as a control. Growth was measured by determining the optical density at 650
nm with a Beckman DU 650 spectrophotometer. At various times, 1 ml of the
culture was collected by centrifugation at 2,500 X g for 5 min. The cell pellet was
resuspended in an equal volume of fresh 1/3LB medium containing 150 pg of
rifampin (Wako Pure Chemical Industries, Osaka, Japan) per ml and 20 pg of
cephalexin (Sigma Chemical Co., St. Louis, Mo.) per ml. The culture was incu-
bated for 2 h. The cells were washed once and resuspended in 100 pl of ice-cold
100 mM Tris-HCI buffer (pH 7.4). One milliliter of 77% ethanol was added to
obtain a final concentration of 70%, and cells were stored at 4°C until they were
used. Stationary-phase cells (after 24 h of incubation) were fixed in 70% ethanol
without the drug treatment described above.
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FIG. 1. Insertion of a 1.2-kb kanamycin resistance gene (Km") into the bph genes of C. testosteroni TK102.

Assessment of the effects of BP, PCBs, and the intermediate metabolites on
the DNA content of bacteria. One milliliter of a preculture of P. putida PpY101,
P. aeruginosa PAOL1, E. coli MV1184, C. testosteroni TK102, or one of the bph
mutants of TK102 described above was inoculated into a 500-ml flask containing
100 ml of 1/3LB medium and incubated with 100 mg of BP, Kaneclor 300,
Kaneclor 400, Kaneclor 500, Kaneclor 600, benzoate, o-, m-, or p-chlorobenzo-
ate, 2,3-, 2,4-, 2,5-, 2,6-, 3,4-, or 3,5-dichlorobenzoate, or 2,4,6-trichlorobenzoate
per liter, 50 mg of 2-hydroxybiphenyl (2-OHBP) per liter, or 30 mg of 3-OHBP
per liter. Fifty milligrams of Triton X-100 per liter was also added to each
culture, and incubation was carried out at 30°C for each Comamonas and
Pseudomonas culture or at 37°C for the E. coli culture with shaking at 80 rpm.
One milliliter of each Comamonas or Pseudomonas culture was collected after
48 h, and 1 ml of each E. coli culture was collected after 24 h. All cultures were
fixed in 70% ethanol.

FCM. Ethanol-fixed cells were washed and resuspended in Tris buffer (pH 7.4)
containing 2 ug of RNase (Nippon Gene Co., Toyama, Japan) per ml. Propidium
iodide (PI) (1-mg/ml solution; Sigma) was added to a final concentration of 5
pg/ml, and the cells were incubated for 10 min at room temperature in the dark.
The cell suspensions were diluted in Tris buffer to a final concentration of 10°
cells per ml. FCM was carried out with a FACSCalibur instrument (Becton
Dickinson, San Jose, Calif.) equipped with an argon ion laser providing 15 mW
at 488 nm. The instrument was equipped with forward scatter (<15°), side scatter
(>15°), and three fluorescence detectors, FL1 (530 = 15 nm), FL2 (585 = 21
nm), and FL3 (>605 nm). All parameters were collected as linear signals.
Fluorescence emission was detected at FL2 for PI. The sheath fluid was FACS-
Flow (Becton Dickinson). The sample flow rate was set to low (12 wl/min), and

at least 10,000 cells were acquired for analysis. Triplicate counts were obtained
for each procedure. The performance of the instrument was monitored daily by
using CaliBRITE beads (Becton Dickinson).

GC-MS analysis. In order to identify metabolites of BP produced by the bphB
mutant, resting cell assays were performed. The bphB mutant was grown in
1/3LB medium at 30°C for 15 h. Cells were harvested by centrifugation at 2,500
X g and resuspended in phosphate-buffered minimal salt medium (see above) to
an optical density at 600 nm of 1.5. Suspensions (2 ml) were incubated with 100
mg of BP per liter for 1 h at 30°C on a gyratory shaker. Metabolites were
extracted from the culture with an equal volume of ethyl acetate. The ethyl
acetate layer was removed and concentrated under a stream of nitrogen. Detec-
tion of metabolites was carried out by using a gas chromatograph-mass spec-
trometer (GC-MS) (5890 series II GC with a 5971 series MS; Hewlett-Packard
Co., Palo Alto, Calif.) equipped with an Ultra-2 capillary column (length, 50 m;
diameter, 0.22 mm; thickness, 0.33 wm; Hewlett-Packard Co.) as described pre-
viously (32).

Fluorescence microscopy. Aliquots (10 pl) of PI-stained bacterial suspensions
were placed on glass slides under coverslips and observed with a Optiphot-2
inverted epifluorescence microscope (Nikon, Tokyo, Japan) fitted with a 100-W
mercury arc lamp, a Nikon G-2A filter (excitation, 510 to 560 nm; emission, >590
nm), and a X100 oil immersion objective lens. Photographs were obtained with
a Nikon Coolpix 950 digital camera. The digital images were processed further by
using Photoshop 5.5 (Adobe). At least 300 cells grown with and without Kaneclor
300 were counted for analysis.

Electron microscopy. Cells grown with and without Kaneclor 300 as described
above were collected on a supporting film of Butvar-98 (Monsanto, St. Louis,
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Mo.) and mounted on a specimen grid after 24 h of incubation. The cells were
fixed with 2.5% glutaraldehyde for 1 min, washed with distilled water, and
negatively stained with 2% phosphotungstic acid. Specimens were observed with
a transmission electron microscope (JEM-2000EX; JEOL, Tokyo, Japan), and
300 cells grown with and without Kaneclor 300 were observed.

Chemicals. Kaneclor 300, Kaneclor 400, Kaneclor 500, and Kaneclor 600 were
obtained from GL Science (Tokyo, Japan). Kaneclor 300 consists mainly of
trichlorobiphenyls (equivalent to Aroclor 1242); Kaneclor 400 consists mainly of
tetrachlorobiphenyls (equivalent to Aroclor 1248); Kaneclor 500 consists mainly
of pentachlorobiphenyls (equivalent to Aroclor 1254); and Kaneclor 600 consists
mainly of hexachlorobiphenyls (equivalent to Aroclor 1260). 2- and 3-OHBP
were obtained from Tokyo Chemical Industry Co. (Tokyo, Japan). All other
chemicals were obtained from Wako Pure Chemical Industries.

Nucleotide sequence accession number. The bph gene sequences of TK102
have been deposited in the DDBJ database under accession number AB086835.

RESULTS

Changes in the DNA content of C. festosteroni TK102 cells
during growth with and without PCBs. C. testosteroni TK102
cells grown in the presence or absence of Kaneclor 300 were
collected at different times, and growth was measured by de-
termining the optical density. The growth curves for TK102
grown in the presence and in the absence of Kaneclor 300 were
similar (data not shown). The DNA contents of cells collected
at the different times were analyzed by FCM after treatment
with rifampin and cephalexin (Fig. 2 and 3). In the case of
TK102 grown without Kaneclor 300, the majority of the cells
contained a single chromosome when stationary-phase cells
were inoculated into fresh rich medium (1/3LB medium). Af-
ter 4 h of incubation (early exponential phase), most of the
cells contained either four or eight chromosomes. After this,
the DNA content started to decrease. After 12 h of incubation
(late exponential phase), most cells contained one or two chro-
mosomes. After 24 h of incubation, the majority of the cells
contained a single chromosome again. At subsequent time
points, the DNA content was almost constant, indicating that
the culture had entered the stationary phase after 24 h of
incubation.

When Kaneclor 300 was added to the culture, there was little
difference in the DNA content of the cells until the late expo-
nential phase (12 h of incubation) compared with the DNA
content of the control (Fig. 2 and 3). After 15 h of incubation,
approximately 50% of the cells contained two chromosomes.
After longer incubation times (up to 48 h), the DNA content
did not change (Fig. 3B).

Effect of PCBs on the DNA content of bacteria that are
unable to degrade PCBs. To confirm the generality of the
phenomena described above, three bacteria that are not capa-
ble of PCB degradation, P. putida PpY101, P. aeruginasa
PAOI1, and E. coli MV1184, were incubated with or without
Kaneclor 300. There was little difference in growth curves of
the organisms grown with and without Kaneclor 300 for each
species (data not shown). Cells were collected in the stationary
phase and analyzed by FCM. In the presence or absence of
Kaneclor 300, 80 to 90% of the cells of all three strains con-
tained one chromosome and 10 to 20% of the cells contained
two chromosomes (data not shown). These results suggest that
Kaneclor 300 had no effect on the DNA contents of bacteria
that are unable to degrade PCBs.

Effect of highly chlorinated PCBs on the DNA content of C.
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testosteroni TK102. To assess the effect of highly chlorinated
PCBs (which are not degraded by TK102) on the DNA content
of TK102, Kaneclor 400, Kaneclor 500, and Kaneclor 600 were
added to the cell cultures, and the DNA contents of the sta-
tionary-phase cells were analyzed by FCM (Table 2). When
Kaneclor 400 was added, the proportion of cells containing two
chromosomes increased slightly. Addition of Kaneclor 500 or
Kaneclor 600 did not result in an increase in the percentage of
cells containing two chromosomes.

Effect of PCB metabolites on the DNA content of C. testos-
teroni TK102. It is known that PCBs are aerobically metabo-
lized to chlorobenzoates that accumulate as dead-end metab-
olites (16). Thus, benzoate, o-, m-, and p-chlorobenzoates, 2,3-,
2,4-, 2,5-, 2,6-, 3,4-, and 3,5-dichlorobenzoates, and 2,4,6-tri-
chlorobenzoate were added to TK102 cultures, and changes in
the DNA contents of stationary-phase cells were analyzed by
FCM. These compounds had no effect on the DNA contents of
stationary-phase cells (data not shown). These results suggest
that PCB metabolites of the upper pathway may affect DNA
content.

In order to generate strains that accumulated intermediate
metabolites of the upper pathway (Fig. 4), four bph genes,
bphAl, bphB, bphC, and bphD, were disrupted by gene replace-
ment (see Materials and Methods). The mutants were grown
with Kaneclor 300, and stationary-phase cells were analyzed by
FCM (Table 3). When the bphB gene was disrupted, the per-
centage of cells containing two chromosomes increased from
12 to 73%. The percentages of cells in the bphC and bphD
mutant cultures that contained two chromosomes were about
32 and 23%, respectively. There was no increase in the per-
centage of cells containing two chromosomes in the bphAl
mutant culture. When BP was added to a wild-type TK102
culture, the percentage of cells containing two chromosomes
did not increase (Table 3). However, when BP was added to
each bph mutant culture, the percentage of cells containing two
chromosomes observed after incubation with BP was lower
than the percentage observed after incubation with Kaneclor
300, except for the bphAI mutant (Table 3).

To identify the metabolites that accumulated in the culture
of the bphB mutant in the presence of BP, GC-MS analysis was
performed. The GC-MS analysis revealed two main products,
which had retention times of 12.3 and 14.5 min (data not
shown). The molecular ion peaks of both products had an m/z
value of 170, indicating that they were monohydroxybiphenyls.
To confirm the product identities, the retention times of au-
thentic 2-OHBP and 3-OHBP were determined by GC-MS.
The retention times of 2- and 3-OHBP were 12.3 and 14.5 min,
respectively, indicating that the products that accumulated in
the culture were 2- and 3-OHBP.

When 2- and 3-OHBP were added to wild-type TK102 cul-
tures, the percentages of cells containing two chromosomes in
the stationary phase increased to 48 and 50%, respectively
(data not shown). To confirm the generality of this finding, 2-
or 3-OHBP was added to cultures of the three non-PCB-
degrading organisms (E. coli MV1184, P. putida PpY101, and
P. aeruginosa PAO1). In the stationary phase, increases in the
percentages of cells containing two chromosomes were ob-
served for E. coli MV1184 and P. putida PpY101, but no
increase was observed for P. aeruginosa PAO1 cells (data not
shown).
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FIG. 2. FCM analysis of DNA content of C. testosteroni TK102. Cells were grown in the absence (Control) or in the presence (PCB) of Kaneclor
300 and collected after 0, 6, 12, and 24 h of incubation. After drug treatment (see Materials and Methods), cells were analyzed by FCM. The

numbers before N indicate the numbers of chromosomes.
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Microscopic observations. Cells grown with and without
Kaneclor 300 were collected in the stationary phase, stained
with PI, and observed by fluorescence microscopy. In the ab-
sence of Kaneclor 300, a majority of the cells had a single
nucleoid (Fig. 5A). In the presence of Kaneclor 300, approxi-
mately 50% of the cells contained two nucleoids (Fig. 5B).
Fluorescence microscopy revealed that the two nucleoids were
separated completely.

To study in detail the morphology of TK102 cells, cells
grown with and without Kaneclor 300 were collected in the
stationary phase and observed by electron microscopy. In the
absence of Kaneclor 300, a majority of the cells were rod
shaped with several flagella at one pole (data not shown). In
the presence of Kaneclor 300, the two daughter cells after

50

Time (h)

FIG. 3. Changes in the DNA content of C. testosteroni TK102. Cells were grown in the absence (A) or in the presence (B) of Kaneclor 300 and
collected at different times during growth. After drug treatment, cells were analyzed by FCM. The data points represent the means of three

independent experiments. The numbers before N indicate the numbers of chromosomes.

TABLE 2. Effects of PCBs on the DNA content of
C. testosteroni TK102

% DNA ploidy”

PCBs added
IN 2N
Control (none) 87.9 12.1
Kaneclor 300 51.4 48.6
Kaneclor 400 83.2 16.8
Kaneclor 500 90.9 9.1
Kaneclor 600 91.8 8.2

@ C. testosteroni TK102 cells were grown with Kaneclor 300, Kaneclor 400,
Kaneclor 500, or Kaneclor 600. Cells grown without PCBs were used as a control.
Cells were collected after 48 h of incubation and analyzed by FCM. The values
are the means of three independent experiments.
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cis-biphenyl-2,3-dihydrodiol dehydrogenase; BphC, 2,3-dihydroxybiphenyl 1,2-dioxygenase; BphD, 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoic acid

hydrolase.

division were attached to each other (Fig. 5C). In addition,
only one of the cells had several flagella at a pole. These results
indicate that the cells were blocked at a late stage in cell
division (i.e., at cell separation). The proportion of cells in
which cell separation was inhibited was approximately 50%
(data not shown). When 2- or 3-OHBP was added to a wild-
type TK102 culture, similar results were obtained (data not
shown).

DISCUSSION

We used FCM to analyze changes in the DNA content of C.
testosteroni TK102 cells during growth in the presence and in

TABLE 3. Effects of PCBs and BP on the DNA content of the
C. testosteroni bph mutants

% DNA ploidy after addition of”:

Strain PCBs BP

IN 2N IN 2N
Wild type (control) 87.9 12.1 87.7 12.3
Wild type 514 48.6 88.1 11.9
bphA1 mutant 91.4 8.6 87.8 12.2
bphB mutant 26.6 73.4 42.7 573
bphC mutant 68.2 31.8 70.2 29.8
bphD mutant 76.2 233 81.1 18.9

¢ Each strain was grown with Kaneclor 300 (PCBs) or BP. Cells grown without
PCBs or BP were used as a control. Cells were collected after 48 h of incubation
and analyzed by FCM. The values are the means of three independent experi-
ments.

the absence of Kaneclor 300 (Fig. 2 and 3). Exponential-phase
TK102 cells contained either four or eight chromosomes. This
is probably because rapidly growing cells have several replica-
tion origins, as has been described previously for E. coli (37). In
culture medium without Kaneclor 300, the majority of station-
ary-phase cells contained a single chromosome. In the station-
ary phase, initiation of chromosome replication stops, but
elongation continues to termination. Thus, stationary-phase
cells contain integer numbers of chromosomes (22). It is also
assumed that most rounds of chromosome replication lead to
cell division some time during the stationary phase. Therefore,
most of the stationary-phase cells should contain a single chro-
mosome. It has been reported that the number of chromo-
somes in stationary-phase E. coli cells is dependent on the
growth rate of the culture during the exponential phase (2, 4).
Stationary-phase E. coli cells that had been grown in rich
medium had several chromosomes. In contrast, cells grown in
minimal medium typically contained a single chromosome.
However, Akerlund et al. have also reported that the number
of chromosomes in the stationary phase is strain dependent
(2). Stationary-phase TK102 cells that had been grown in ei-
ther rich or minimal medium in our study typically had one
chromosome (data not shown), suggesting that the number of
chromosomes was independent of the growth rate during the
exponential phase. It is possible that the number of chromo-
somes per stationary-phase cell may be strain and species de-
pendent.

When Kaneclor 300 was added to a TK102 culture, the
proportion of cells containing two chromosomes increased to
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FIG. 5. Fluorescence and electron micrographs of C. festosteroni
TK102. Cells were grown in the absence (A) or in the presence (B and
C) of Kaneclor 300. After 24 h of incubation, cells were collected and
observed by fluorescence microscopy (A and B) or transmission elec-
tron microscopy (C) (magnification, X16,000).

about 50% in the stationary phase. We found that BP or PCBs
had no direct effect on DNA content but that intermediate
metabolites produced during the degradation of BP or PCBs
affected the DNA content. TK102 can transform BP or PCBs
aerobically by using a pathway encoded by the bph gene clus-
ter, which has been described in many PCB-degrading bacteria
(24, 26, 29, 30). In the presence of BP, the bphB mutant should
theoretically accumulate cis-biphenyl-2,3-dihydrodiol. GC-MS
analysis revealed, however, that 2- and 3-OHBP accumulated.
It has been reported that dihydrodiols undergo a spontaneous
transformation to monohydroxy compounds via dehydration
(11, 27). Thus, cis-biphenyl-2,3-dihydrodiol could be trans-
formed to 2- and 3-OHBP by a nonenzymatic reaction (Fig. 4).
In addition, TK102 was unable to transform 2- and 3-OHBP
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(data not shown), indicating that these compounds are dead-
end metabolites. Therefore, in the presence of Kaneclor 300,
hydroxy-PCBs (i.e., 2-hydroxy-PCBs and 3-hydroxy-PCBs) may
accumulate in the culture. This hypothesis is supported by
results of a previous study which showed that hydroxy-PCBs
accumulated in the culture (15).

We found that hydroxy-BPs inhibited cell separation of
TK102 and some gram-negative bacteria (E. coli MV1184 and
P. putida PpY101), although they did not inhibit cell separation
of all gram-negative bacteria. The concentrations of hydroxy-
BPs used in this study had no effect on cell growth but inhibited
cell separation. When higher concentrations of hydroxy-BPs
were added, the bacteria described above could not grow on
the medium (data not shown). This toxic effect of hydroxy-BPs
observed by us confirmed previous reports that 2- and 4-OHBP
have been used as fungicides in the postharvest treatment of
fruits and vegetables (17, 25). However, the mechanism of the
inhibition of cell separation is not known.

It is generally accepted that intermediate metabolites of
aromatic compounds can be more toxic than the original sub-
strates (5, 38). In our study, we found that hydroxy-BPs and
hydroxy-PCBs had the ability to inhibit bacterial cell separa-
tion. It has been reported that hydroxy-PCBs exhibit estrogenic
or antiestrogenic activity (7) and inhibit nitric oxide synthases,
which could play a role in neuroendocrine effects that cause
learning and memory deficits (31). It is important, therefore, to
mineralize aromatic compounds rather than transform them
during biodegradation and bioremediation processes.

In conclusion, BP and PCBs did not directly affect the DNA
content, but hydroxy-BPs and hydroxy-PCBs, which are metab-
olites of BP and PCBs, inhibited cell separation and thus in-
creased the percentage of cells containing two chromosomes.
This is the first report indicating that hydroxy-BPs and hy-
droxy-PCBs can inhibit bacterial cell separation while allowing
continued DNA replication.
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