APPLIED AND ENVIRONMENTAL MICROBIOLOGY, July 2006, p. 5037-5042
0099-2240/06/$08.00+0  doi:10.1128/AEM.00106-06

Vol. 72, No. 7

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Method for Assessment of Viability and Morphological Changes of

Bacteria in the Early Stage of Colony Formation on a
Simulated Natural Environment

Yumi Shimomura,' Ryuzo Ohno,' Fusako Kawai,? and Kazuhide Kimbara®*

Department of Built Environment, Tokyo Institute of Technology, Yokohama, Kanagawa 226-8502, Japan,"
and Research Institute for Bioresources, Okayama University, Kurashiki, Okayama 710-0046, Japan®

Received 16 January 2006/Accepted 4 May 2006

A quantitative analysis of changes in the physiological status of bacterial cells is a fundamental type of study
in microbiological research. We devised a method for measuring the viability of bacteria in the early stage of
colony formation on a simulated natural environment. In this method, a solid medium containing soil extract
was used, and the formation of bacterial microcolonies on a membrane filter was determined by use of a laser
scanning cytometer combined with live-dead fluorescent dyes. A polychlorinated biphenyl degrader, Comamo-
nas testosteroni TK102, was used in this study. Surprisingly, approximately 20% of the microcolonies had their
growth stopped and eventually died. In the presence of biphenyl, the growth arrest was increased to 50%, and
filamentous cells were observed in the colonies. Predicted intermediate metabolites of biphenyl were added to
the medium to determine the relationship between the change of viability and the production of metabolites,
and the addition of 2,3-dihydroxybiphenyl showed low viability. The arrest was not observed to occur on
nutrient-rich medium, suggesting that the change in viability might occur in a nutrient-poor natural condition.
The results of this study demonstrated that toxic metabolites of xenobiotics might change cell viability in the

natural environment.

Recent studies of environmental microorganisms suggested
that microbes play very important roles in keeping the natural
environment clean by genome-wide metabolic networks (9,
29). For example, many microorganisms can degrade hazard-
ous materials, such as polychlorinated biphenyls (PCBs) and
polyaromatic hydrocarbons, in soil (1, 4, 12, 13, 26). This ability
is regulated by many environmental factors, including the tox-
icity of pollutants, nutrient conditions, temperature, etc., and
the physiological status is changed by these factors (15, 17, 37,
38). In this research, we focused on a method for detecting the
viability of bacteria on a simulated natural environment (18).
Determination of viability is the aim of many biological re-
search studies (10, 20). The current technologies addressing
this important issue have a limited range of application, and
many different types of technologies are being developed to
overcome this problem (5, 14, 21, 22, 23, 24, 33). There are,
however, no approaches enabling accurate quantifications of
the physiological changes of bacteria in the early stage on solid
culture.

To assess the physiological status of bacterial cells, we de-
veloped a monitoring method using a laser scanning cytometer
(LSC) (3, 19, 25, 31). This instrument combines the analytical
capabilities of flow and image cytometry. The LSC scans sam-
ples on a glass slide to measure the fluorescence and positions
of events, and these can be automatically relocated to provide
visible observation with a microscope. We assessed the influ-
ence of biphenyl on the viability of the polychlorinated biphe-
nyl degrader Comamonas testosteroni TK102 (16, 17, 36). In
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our previous study, it was suggested that the PCB degradation
activity of strain TK102 was inhibited by the accumulation of
toxic metabolites (36). Cells of strain TK102 were collected on
a membrane filter and cultivated on solid agar containing soil
extract with or without biphenyl. After the cells were stained
with fluorescent dye, the viability of the individual cells in
colonies was measured by cell fluorescence. Microscopic
and cytometric analysis showed that many colonies stopped
their growth during the very beginning of incubation with
biphenyl.

MATERIALS AND METHODS

Bacterial strains and culture condition. A PCB degrader, Comamonas testos-
teroni TK102, was used. TK102 was cultivated on a 1/3-diluted Luria-Bertani (1/3
LB) agar plate (3.3 g/liter tryptone, 1.6 g/liter yeast extract, 5 g/liter NaCl, 15
g/liter agar) at 30°C with phosphate-buffered minimal salt medium with biphenyl
as the sole carbon source, as described previously (17). TK102 was also cultivated
on a soil extract plate. The soil extract was prepared as follows.

A sandy loam soil was collected from a quadrangle of Okayama University,
Japan. The 1:1 water-soil extract for making agar plates was prepared by mixing
1,000 g of air dried soil with 1,000 ml of distilled water and autoclaved at 121°C
for 60 min. The mixture was centrifuged for 10 min at 7,000 X g, and the
supernatant was filtrated by Whatman no. 2 filter paper (Whatman, Middlesex,
United Kingdom). The filtrated extract was collected and diluted with distilled
water to a total volume of 1,000 ml. To make agar plates, 1.5% of agar was added
to the soil extract and the mixture was autoclaved at 121°C for 15 min.

Colony formation on the simulated natural environment. C. festosteroni
TK102 was cultivated on 1/3 LB plates at 30°C overnight. The cells were har-
vested by being scraped with a wire loop and were then suspended in 1 ml of
sterilized phosphate-buffered saline (PBS) buffer (150 mM NaCl, 7.2 mM
Na,HPO,, 2.8 mM NaH,PO,, pH 7.2). The suspensions were diluted with PBS
to give a final cell concentration of approximately 10° cells/ml. One milliliter of
the diluted cell suspension was filtered through a 0.2-wm-pore-size black-colored
polycarbonate membrane filter (25 mm in diameter) (Toyo Roshi Kaisha, Tokyo,
Japan). The membrane filters were soaked in distilled water and autoclaved at
121°C for 15 min before use. The filters with TK102 cells were then put on the
soil extract plate and incubated for 3 to 21 h at 30°C.
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FIG. 1. CCD image of microcolony formation. Cells were stained with carboxy-DFFDA SE and PI. Bar, 50 pm.

Effect of biphenyl and its intermediate metabolites on colony growth of C.
testosteroni TK102. The filters described above were placed on the soil extract
plates with or without vapor-phase biphenyl placed on the plate lid. Intermediate
metabolites of biphenyl, which are 2-hydroxybiphenyl (2-OHBP), 3-hydroxybi-
phenyl (3-OHBP), 2,3-dihydroxybiphenyl (2,3-DHBP), and 2-hydroxy-6-oxo-6-
phenylhexa-2,4-dienoic acid (HOPDA), were added into the soil extract medium
to a final concentration of 25 or 50 pg/ml. All media contained 10 wg/ml of
ascorbic acid to prevent the oxidation of substrates. The TK102 cells collected on
the filters were placed on the soil extract plates with intermediate metabolites or
1/3 LB plates as a control and incubated at 30°C for 18 h. HOPDA was prepared
as follows.

Analysis of biphenyl dose dependence. C. testosteroni TK102 was cultivated on
an agar plate of phosphate-buffered minimal salt medium containing 0.1% of
disodium succinate at 30°C for 24 h. The cells were harvested, suspended in PBS,
and collected on membrane filters as described above. The filters were placed on
agar plates of minimal salt medium containing 0.1% of disodium succinate, 10
png/ml of ascorbic acid, and biphenyl. Biphenyl was dissolved in ethanol and
added to a final concentration of 10, 25, and 50 pg/ml. The agar plates were
incubated at 30°C for 24 h.

Biosynthesis of HOPDA. A plasmid carrying the 2,3-DHBP dioxygenase gene
of TK102 was introduced into Escherichia coli strain MV1184 and used to make
HOPDA from 2,3-DHBP. The transformant was cultivated in 200 ml of LB
medium containing 100 pg/ml of ampicillin at 30°C overnight. The cells were
harvested by centrifugation at 5,000 X g for 10 min at 4°C and washed three times
with PBS. The washed cells were resuspended in 100 ml of PBS and divided into
equal halves (27). Then, 2,3-DHBP was added to one-half volume of cell sus-
pension to a final concentration of 500 pwg/ml and incubated at 30°C for 30 min
with shaking. After incubation, the remaining half of the suspension was added
and incubated at 30°C. The reaction was monitored at 434 nm until no further
increase in absorbance was observed. After the reaction was stopped, the sus-
pension was centrifuged and the supernatant extracted three times with one-fifth
volume of ethyl acetate under an acidic condition. The extract was evaporated to
dryness and resuspended in ethanol. The solution was neutralized with sodium
hydroxide, and the concentration of HOPDA was calculated by absorbance at
434 nm by using the extinction coefficient of 19.8 mM ™! cm™" (34).

Staining and slide preparation. Double staining with Oregon Green 488
carboxylic acid diacetate succinimidyl ester (carboxy-DFFDA SE) (Molecular
Probes, Eugene, OR) and propidium iodide (PI) was performed to detect the
viability of the cells in the colony. The incubated filter was floated on 150 pl of
PBS containing 5 M of carboxy-DFFDA SE and 4 pM of PI and incubated in
the dark at 30°C for 30 min. After incubation, the filter was taken up from the
stain solution, placed on a slide, and air dried. Immersion oil was then dropped
on the filter, and a cover glass was placed on it.

Colony imaging. Bacterial colonies were observed with a BX50 Olympus
microscope equipped with a 100-W Hg lamp (Olympus, Tokyo, Japan). Charge-

coupled-device (CCD) images were taken with an Olympus DP70 digital camera.
A 470- to 490-nm band-pass filter and a 520- to 550-nm band-pass filter were
used to excite carboxy-DFFDA SE and PI, respectively. The image of carboxy-
DFFDA SE (green) was collected with a 510- to 550-nm band-pass filter and PI
fluorescence (red) with a 580-nm interference filter. The green fluorescence
image was superposed on the red fluorescence image by using DP Manager
software (Olympus).

LSC analysis. Fluorescence of individual colonies was measured by a laser
scanning cytometer (LSC2; Olympus) equipped with a BX50 Olympus micro-
scope. The slides were scanned by a 10-mW, 488-nm argon ion laser with a 10X
lens objective. The green fluorescence from carboxy-DFFDA SE was measured
using a 530/30-nm band-pass filter and amplified using a photomultiplier, and the
red fluorescence from PI was measured using a 650-nm long-pass filter and
amplified using a photomultiplier. The threshold level was set such that each
colony was contoured above the background fluorescence. Cells exhibiting green
and red fluorescence were collected from all colonies on the filter (at least 600
colonies). Gate T corresponds to tiny colonies which emit low green and red
fluorescence; the percentage of events in the total colonies was calculated by use
of WinCyte software (CompuCyte, Cambridge, MA). Gate G corresponds to
growth colonies which emit high green and red fluorescence; the data collected
from the signals of fluorescence intensities were converted to text files and
analyzed by Microsoft Excel software to calculate the ratio of red integral of the
colonies. All events detected by the LSC were checked with microscopic obser-
vation to verify whether these were colonies or not. All experiments were re-
peated three times.

RESULTS

Colony formation on the simulated natural environment.
Figure 1 shows CCD images of the formation of microcolonies
on the soil extract plate. The green fluorescence derived from
Oregon Green 488 carboxy-DFFDA SE indicates the presence
of live cells, and the red fluorescence derived from PI indicates
the presence of dead ones. A single cell of TK102 began cell
division and multiplied to the monolayer cells during 9 h of
incubation. The monolayer cells gradually built up a multilayer
microcolony after 15 h of incubation, and the microcolony
became visible to the eye at 21 h of incubation, when the size
of the colony was around 100 wm. The mature colonies showed
yellow color, which derived from meta cleavage of a metabolite
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FIG. 2. Physiological change upon addition of biphenyl. CCD images of 21 h of incubation were observed without (A) or with (B) biphenyl
addition. Cells were stained with carboxy-DFFDA SE and PI. Bar, 50 pm.

of biphenyl, suggesting that the colonies have biphenyl degra-
dation activity.

Effect of biphenyl on colony growth of C. testosteroni TK102.
The change in morphology of mature colonies was observed
with a fluorescent microscope with or without the addition of
biphenyl at 21 h of incubation (Fig. 2A and B). Filamentous
dead cells were clearly observed in mature colonies with bi-
phenyl (Fig. 2B).

Figure 3 shows cytometric analysis at 12 to 21 h of incubation
with or without biphenyl. The size of the colonies was approxi-
mately 10 pwm at 12 h of incubation, and the cells were clustered
in the region of low intensity of green and red fluorescence upon
cytometric analysis (Fig. 3, gate T). They continuously multiplied
into visibly detectable colonies, and the fluorescent integrals were
increased (Fig. 3, gate G). After 21 h of incubation, however, tiny
colonies in gate T were still detected by cytometric analysis (Fig.
3). The number of tiny colonies in gate T was higher upon biphe-
nyl exposure than for the control experiment, while the green
fluorescent integral of the growth colonies in gate T was lower
upon biphenyl exposure (Fig. 3).

The percentage of tiny colonies, which was approximately
20% of the colonies, was not changed after 21 h of incubation
on the soil extract plate without biphenyl (Fig. 4A). The cells
in these small colonies became red fluorescence emitters, sug-
gesting that the cells died at the monolayer stage (defined as
the growth arrest of the microcolony). The dead colonies were
composed of a few dead cells which exhibited filamentous
morphology when observed by microscopy (Fig. 4B). In the
presence of biphenyl, the growth arrest of microcolonies in-
creased to about 50% from 15 h of incubation (Fig. 4A). A
control experiment using 1/3-diluted LB did not show the
growth arrest of the microcolonies (Fig. 4A).

Figure 5 shows the ratio of dead cells (red fluorescent inte-
gral) in growth colonies. The ratio increased with the biphenyl
exposure. Dependence of this ratio increase on level of biphe-
nyl exposure was measured, and the result showed that the
ratio of dead cells became higher due to the increase in biphe-
nyl concentration (Fig. 6).

Effect of biphenyl metabolites on colony growth of C. testos-
teroni TK102. The upper degradation pathway of biphenyl is a
four-step process, with the initial oxygenase crucially respon-

sible for recognition and binding of the substrate. The biphenyl
1,2-dioxygenase (BphA) initiates the process by inserting two
atoms of oxygen at carbon positions 2 and 3 of the aromatic
ring, and the resulting dihydrodiol is dehydrogenated by dihy-
drodiol dehydrogenase (BphB) to generate 2,3-dihyhydroxybi-
phenyl. The 2,3-dihyhydroxybiphenyl 1,2-dioxygenase (BphC)
cleaves 2,3-dihydroxybiphenyl at the meta position to give
HOPDA. This is hydrolyzed by HOPDA hydrolase (BphD)
into 2-hydrodroxypenta-2,4-dienoate and benzoate.

To determine the relationship between the change of viabil-
ity and the production of intermediate metabolites, strain
TK102 was cultivated on soil extract agar plates with 2-OHBP,
3-OHBP, 2,3-DHBP, and HOPDA. Two monohydroxybiphe-
nyls, 2-OHBP and 3-OHBP, were dehydrated by-products of
dihydrodiol metabolite (17).

The percentage of dead cells in colonies increased 2.4-fold
with the addition of 25 wg/ml of 2,3-DHBP, and the dead cells
formed red filamentous morphology (data not shown). Growth
of colonies was not observed with the addition of 50 pg/ml of
2,3-DHBP, and the addition of 50 p.g/ml of 2-OHBP, 3-OHBP,
and HOPDA did not result in marked increase of the dead
cells, suggesting that the toxic effect of these metabolites is low.

DISCUSSION

In this study, we devised a method for evaluating the mor-
phological and physiological changes of bacteria during the
degradation of toxic compounds. We successfully stained cells
in a colony and measured their fluorescence with an LSC.
Growth-arrested microcolonies were observed when TK102
cells were cultivated on soil extract medium. The cells in these
colonies formed a filamentous morphology and eventually
died. Growth arrest at the monolayer stage suggests that the
CFU may not reflect the number of bacterial cells in the
original cell suspension. In our results, the formation of a
colony on solid medium containing soil extract might have
been interrupted in the beginning of cell division. Cell division
might be interrupted by environmental or chemical factors,
and filamentous cells were observed after the first or second
cell division. When the cells were not damaged during the first
cell division, live cells continued to multiply and build up mi-
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FIG. 3. Scattergram of cytometric analysis from 12 to 21 h of incubation with or without biphenyl. Integrated values of fluorescence intensities
from PI (x axes) and carboxy-DFFDA SE (y axes) were plotted. Two specified gates, gate T and gate G, are demarked areas and are described
in Materials and Methods. The fluorescence of colonies incubated for 12 h with biphenyl could not be measured with an LSC because of the small
size of the microcolonies and low intensity of fluorescence. N.D., not determined.

crocolonies. Filamentous cells of TK102 were also observed
with the addition of nalidixic acid, suggesting that the forma-
tion of filamentous cells may be caused by the inhibition of
DNA synthesis (data not shown).

In general, a single cell initiates cell division on an agar plate
and monolayer cells gradually form a microcolony, finally be-

coming a colony which can be observed by the naked eye (35).
The steps involved in colony formation are similar to the those
involved in initiation of biofilm formation, and a previous study
showed that various environmental signals influence the initiation
of biofilm formation (7, 28, 39). A recent study suggested that
microcolony formation after the monolayer stage is thought to be
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FIG. 4. Formation of tiny colonies. (A) The percentage of tiny
colonies was calculated from dot plots, with the number of events in
gated area T on Fig. 3 divided by the total events. Filters were incu-
bated on solid agar containing soil extract with (m) or without (@)
biphenyl (BP) and 1/3-diluted LB (A). Error bars represent standard
deviations. (B) CCD image of typical growth-arrested colonies (high-
lighted by arrowheads and enlarged in inset). The colonies were cul-
tivated on a soil extract plate for 21 h. Bar, 50 pm.

important for mature biofilm formation and that dynamic attach-
ment-deficient mutants showed biofilm-delayed characterization
(32). Using our new method, physiological change during the
early stage of colony formation could be estimated and change in
viability during the building up of mature forms clarified.
Biphenyl increased the red fluorescence derived from dead
cells in growth colonies. These data suggested that toxic com-
pounds such as biphenyl may decrease not only CFU but also
the viability of the cells in the colony. We also confirmed the
toxicities of biphenyl intermediate metabolites to TK102.
When 2,3-dihydroxybiphenyl was contained in medium, elon-
gate cells were observed in the colony and the percentage of
dead cells increased. Toxic metabolites of PCBs were also
reported to cause the decrease of cell viability and lysis of cells
(6). In our previous study, the monohydroxy by-products of
biphenyl metabolism (2-hydroxybiphenyl and 3-hydroxybiphe-
nyl) inhibited cell division, but the effect was not observed with
2,3-dihydroxybiphenyl (17). In this study, a change of viability
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FIG. 5. Ratio of red integral of the colonies. The ratio of red
integral was measured by determining the intensities of the red and
green signals on microcolonies at 21 h of incubation. The ratio at 12 h
of incubation on biphenyl (BP) could not be calculated because of the
small size of the microcolonies and low intensity of fluorescence.

in the early stage of colony formation was not observed with
monohydroxy compounds. Recent papers suggested that the
2-phenyl-y’-chloro-1,4-benzoquinone derived from dihydroxy-
PCBs forms DNA adducts (30, 41). These observations sug-
gested that the decrease in viability could be caused by adduct-
ing paraquinone metabolites of biphenyl to the DNA molecule
and that the adduction inhibits important gene expression. It
should be noted that the arrest of colony formation of strain
TK102 was not observed when cultivated on 1/3-diluted LB
(Fig. 3A). A soil isolate, Pseudomonas putida PpY101 (a de-
rivative of P. putida mt2) (11), grown on a soil extract plate also
showed growth arrest (3.5% of the original cells), suggesting
that this phenomenon occurs in a natural environment to some
extent. A toxic effect may not be detected by the nutrient-rich
medium on which bacteria readily grow. This result also sug-
gests that the change in viability may not be detectable on
nutrient medium. The factors affecting bacterial viability in
nature will be selectively estimated by cultivation in a simu-
lated natural condition in a future study.
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FIG. 6. Biphenyl dose dependence of ratio of red integral of the
colonies. The ratio of red integral was measured by determining the
intensities of the red and green signals on microcolonies at 24 h of
incubation at different concentrations of biphenyl.
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A huge number of microorganisms live in the natural habi-
tat. Almost none of them could be cultured on nutrient me-
dium (2). Some of them, however, were found to form micro-
colonies, but no growth of these microcolonies was seen. Some
proof has been obtained in recent studies showing that the
culturability of soil bacteria can be increased by using media
which simulate the natural environment (2, 8, 18, 40). In our
study, the monolayer stage of microcolonies was found to be
important for forming mature colonies, and toxic metabolites
of hazardous materials may change the viability of the bacteria
in the very early stage of colony formation. This result also
suggests that physiological changes to bacteria might occur in
a natural habitat and that cell division was inhibited.

In conclusion, physiological changes in bacterial cells at the
beginning of colony formation are very important for bacterial
life in the natural environment. This type of change was caused
at a subtoxic level, and the effect was not observed to occur in
all cells. The reason for the differences in the effects is still
unknown, but analyzing the physiological change in the very
early stage of multiplication may be a new avenue for under-
standing bacterial life.
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