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During growth of the genetically engineered E. coli CU103 in different media, extracellular DNAs
released from the cells were studied. The extracellular DNAs released in the medium were
concentrated by an ethanol precipitation method and then quantified by a fluorescence method
using Hoechst 33258. The released extracellular DNAs were also examined by gel electrophoresis
and identified by Southern hybridization for the cloned pcbCD genes. The chromosomal DNAs and
recombinant plasmid containing the cloned genes were observed to be released in an exponential
growth phase. In Luria-Bertani (LB) broth and MM2-glucose, 210 and 69 ng/ml of DNAs were
detected, respectively, after 3~4 days incubation at 30°C and at pH 7.0. But the released DNAs
were measured to be about 10~15 ng/ml in filtered river water (FW) and Tris-EDTA (TE). The
extracellular DNAs in the MM2-glucose (pH 7.0) were increased about 2~3 times more at 30°C than
at both 15°C and 4°C, but the released DNAs were more easily degraded at the higher temperature.
The extracellular DNAs were produced about 2 times more at pH 7.0 than at both pH 5.0 and pH 9.0
in MM2-glucose medium at 30°C. Therefore, the extracellular DNAs were found to be released
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actively from the cells during growth in liquid media.
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Extracellular DNAs are present in considerable quan-
tity in natural environments, such as water, sediment,
and soil. Extracellular DNAs are known to be released
by lysis of the cells. Lysis was reported to be enhanced
by autolysin (11), various cations and phosphates (23),
and chemosmotic potential of the membrane (7). Catlin
(3) reported first that DNAs could be released from es-
sentially all the bacteria during growth in standard media.
Extracellular DNAs were reported to be actively ex-
creted from the bacterial cells introduced into aquatic
and soil environments (12, 17). Dorward and Garon (5)
reported that chromosomal and plasmid DNAs were ex-
ternalized by a formation of membrane-derived vesicles
in Gram-negative bacteria, but the physiological mechan-
ism of that release is not understood.

Extracellular DNAs in natural environments seem to
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be mostly of microbial origin, and they have been de-
tected by colorimetric methods and gel electrophoresis (4,
14, 18). DNAs are well recognized to possess the genetic
information which can be transferred to other mi-
croorganisms by transformation. The correlation
between the amount of free DNAs and transformation
frequency has been reported in natural water en-
vironments.

Since DNA recombination techniques are widely used
in almost all biological laboratories, genetically en-
gineered DNA sequences and microorganisms are in-
creasingly introduced into natural environments both by
accident and on purpose. Paul and David (17) reported
that DNAs were released similarly by normal and genet-
ically engineered microorganisms introduced into an a-
quatic microcosm. Since the beginning of the debate on
the safety and impact of the genetically engineered mi-
croorganisms (GEMs) on the natural ecosystem, the
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Fig. 1. Recombinant plsmid pCU103 included in E. coli CU103.

genetic and ecological aspects of the extracellular DNAs
released from the GEMs are of growing interest to
molecular ecologists.

In this study, therefore, extracellular DNAs released
from the genetically engineered E. coli CU103 strain dur-
ing growth was quantified by the method of Hoechst
33258 fluorescence, electrophoresis, and Southern hy-
bridization. In addition, the effects of different media and
water conditions on the release of the DNAs were com-
paratively examined.

Materials and Methods

Bacterial strain

The bacterial strain used in this study was a genetically
enginecered E. coli CU103 containing a pCU103 hybrid
plasmid (Fig. 1) as described previously by Kim et al. (9).
The hybrid plasmid was constructed by cloning the 2.8 kb
genomic DNA fragment including the pcbCD genes in
pBluescript SK(+) vector from Pseudomonas sp. DJ-12 de-
grading 4-chlorobipheny! (8).

Experimental conditions

The liquid media used in this study were Luria-Ber-
tani broth (LB), MM2 minimal medium supplemented
with 0.1% glucose (MM2-glucose), Tris-EDTA buffer
(TE), and a creek water filtered through 0.2 pm Nu-
clepore membrane (FW). E. coli CU103 was grown in 500
mi-Erlenmeyer flasks containing 30 ml of each medium
on a shaking incubator as reported previously (16). The
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effects of water temperature on the growth of E coli CU
103 and release of extracellular DNAs were investigated
in an MM2-glucose medium (pH 7.0) at 30°C, 15°C, and
4°C. The effects of pH were also investigated in an MM2-
glucose medium at pH 9.0, 7.0, and 5.0.

Measurement of cell growth

Growth of the bacteral cells in each liquid medium was
measured for viable cells and turbidity of the culture.
The viable cells were counted by colony number de-
veloped on L.B agar according to the Standard methods
(1). Turbidity of the culture was measured at 600 nm
with a spectrophotometer (Spectronic 20, Milton Roy Co.,
San Francisco, CA, USA).

Quantification of extracellular DNAs

The extracellular DNAs released into the medium
were quantified by the Hoechst 33258 fluorometric
method as described by DeFlaun et al. (4). Culture solu-
tions were passed through a 0.2 pm Nuclepore mem-
brane filter. The DNAs in the filtrate were precipitated
by the addition of two volumes of absolute ethanol and
then storage at -20°C for 48 h. The precipitate of the
DNAs was collected by centrifugation at 16,000 g for 30
min. The concentrated DNAs were suspended in 2.0 ml
of SSC (standard saline citrate), to which was added 1
ml of 6>x107 M Hoechst 33258 disolved in SSC according
to the methods described by Paul and Myers (18). Flu-
orescence emitting from the dye bound to the DNAs was
measured at 365 nm with a TKO 100 fluorescence spec-
trophotometer (Hoefer Scientific Instruments, San Fran-
cisco, CA, USA).

Electrophoresis of DNAs

The concen:rated DNAs were electrophoresed on a 0.7%
agarose slab gel by the methods described by Sambrook ef
al. (22) and Koetsier e al. (10). If necessary, the DNAs
were digested with Xhol and Hindlll according to the in-
structions of the manufacturer (POSCOCHEM Co., Seoul,
Korea). Electrophoresis was performed in a TBE or TAE
buffer with « voltage gradient of 5v/cm for 1.5 hours.
The DNAs in the gels were stained with ethidium bromide
(0.5 ng/mb) dissolved in a TBE buffer for 40 min and then
photographed.

Southern hybridization
The DNA probe was made with a Xhol-Hindlll frag-
ment (2.8 kb) of pCU103 containing pcbCD genes as des-

.cribed previously (16). The probe was labelled by a nick

translation system and biotin-14-dATP as described by
Walia ef al. (24). DNA hybridization was performed ac-
cording to the blotting and hybridization protocol for the
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Fig. 2. Growth of E. coli CU103 in Luria-Bertani (LB) broth at
30°C and release of its extracellular DNAs.

Hybond membranes (Amersham Co., Amersham, UK),
as reported by Amy and Hiatt (2). The gels were in-
cubated in 0.25 N HCI for 15 min until the bromophenol
blue marker turned yellow and then denatured with a
denaturation solution. After neutralization of the gel, the
DNAs in the gel were transfered to a Hybond-N nylon
membrane by using 1 N NaOH for 2 hours. The mem-
brane was baked at 80°C for 2 hours and hybridized with
a hybridization solution. The hybridized DNAs were de-
tected by the Blugene non-radioactive nucleic acid de-
tection system (BRL, Gaithersberg, MD, USA).

Results and Discussion

Release of extracellular DNAs during growth

During cultivation of the genetically engineered E. coli
CU103 in a Luria-Bertani (LB) medium at 30°C for 7 days,
growth curves of the cells and the extracellular DNAs
released from the cells were obtained as shown in Fig. 2.
After one day of exponential phase, the stationary phase
was continued until the 4th day of post-incubation. The ex-
tracellular DNAs began to be measured after 1 day of in-
cubation and then drastically increased until the 3rd day,
reaching about 210ng/ml in concentration. The con-
centration of the DNAs was maintained at a level of about
200 ng/ml during the remaining period after the stationary
phase. The fluorometric method using Hoechst 33258 for
the guantification of free DNAs in water environment was
reported to be so sensitive that 0.2 ng/ml of free DNA
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Fig. 3. Gel electrophoresis (A) of the Xhal-HindIll digested ex-
tracellular DNAs released from E. coli CU103 during growth in LB
broth at 30°C and Southern hybridization (B) of the gel with a
pebCD probe. M, HindIll-digested lambda size marker; D, pCU103
plasmid DNA; Lane 1 to 7, extracellular DNAs isolated from 1 to
7-day incubated cultures.

could be measured in fresh and marine waters by DeFlaun
et al. (4) and Paul and Meyer (18). In this study, 4 ng/ml
of the extracellular DNAs could be detected from the wat-
ers, to which had been added purified DNAs, and about
85% of the DNAs was recovered.

In the electrophoresed gel of the extracellular DNAs
digested with Xhol and HindIll endonucleases (Fig. 3A),
no DNA bands were observed in the one-day old culture,
but vector plasmid (3.0 kb) and two fragments (1.4 and 1.
3kb) of the inserted DNA separated from the re-
combinant plasmid pCU103 appeared clearly in the cul-
tures incubated for two days and longer. Two bands of
the fragments including pebCD genes were identified by
Southern hybridization as seen in Fig. 3B.

Extracellular DNAs were released in LB broth even in
the exponential phase of growth, as seen in Fig. 4. More
than 15 ng/ml of the DNAs were detected during the 2
to 4 h incubation period, and the concentration of ex-
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Fig. 4. Growth of E. coli CUL03 in Luria-Bertam (LB) broth at
30°C and release of its extracellular DNA during the exponential
phase.

tracellular DNAs increased to about 20 ng/ml within the
12 hours of the exponential phase. Paul and David (17)
reported that extracellular DNAs were released as a nor-
mal physiological function from the genetically altered
bacteria in aquatic environments. Lorenz and Wack-
ernagel (14) indicated that extracellular DNAs were
released from all bacteria by both lysis and unknown phy-
siological functions.

Extracellular DNAs began to he detected in the gel
electrophoresed with the 10 h culture (Fig. 5A), but the
recombinant plasmid pCU103 was detected from after a
30 h incubation period when the gel was hybridized with
pebCl) gene as shown in Fig. 5B. The two hybridized
bands were proved to he covalently closed circular
(bottom band) and open circular forms (upper band) of
the pCU103, respectively, as reported in the previous
paper (16). Such structural conversion of plasmids was
also reported in pBR328 and pHV14 introduced into soils
by Paget et al. (15) and Gallori ef al. (6), respectively.

Effects of media conditions on release of ex-
tracellular DNAs

The release of extracellular DNAs was compared
among different media (LB, MM2-glucose, FW, and TE)
during growth of E. coli CU103 at 30°C for 7 days. The
results together with the cell growth are shown in Fig. 6.
The cells were exponentially increased in LB broth (Fig.
6A) within one day, and then a stationary phase followed
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Fig. 5. Gel electrophoresis (A) of extracellular DNA released
from E. coli CUL03 during the exponential phase in LI3 broth at
30°C and Southern hybridization (B) of the gel with a pebCD probe.
M, Hindlll-digested lambda size marker; D, pCU103 plasmid DNA;
Lane 0 to 50, extracellular DNAs isolated from 0 to 50-hour in-
cuhated cultures.

for about 4 days. But extracellular DNAs were gradually
increased up o about 200 ng/ml of concentration for the
first 3days, «und the concentration was maintained until
the 7th day of incubation. In a MM2-glucose medium
(Fig. 6B), vizble cells were increased until the 3rd day
and then gradually decreased, but extracellular DNAs
were increased to 69 ng/ml within 4 days and then slow-
ly decreased to about 50 ng/ml on the 7th day. In both
FW (Fig. 6C) and TE (Fig. 6D), the viable cells were de-
creased gradually without any increase for 7 days. Dur-
ing the period of the 7 d incubation, extracellular DNAs
were found to be less than 10 ng/ml in concentration.
These results mean that the metabolically retarded cells
n ohgotrophic waters did not release the DNAs and that
non-sterile water such as FW might contain DNases de-
grading the extracellular DNAs. Degradation activity of
the DNase I to free DNA in natural waters was measur-
ed by Paget ¢ al. (15), Romanowski ¢f «ol. (20, 21), and
Paul et al. (17).
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Fig. 6. Growth of E. cdf CU103 in different liquid media (pH 7.0)
at 30°C and release of its extracellular DNAs.

The effects of water temperature on growth of the
cells and the release of extracellular DNAs in a MM2-glu-
cose medium (pH 7.0) were comparatively studied at
30°C, 15°C, and 4°C as shown in Fig. 7. The viable cells
as well as the release of the DNAs were slowly in-
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Fig. 7. Effects of water temperature on the growth of E coli CU

103 in MM2-glucose at pH 7.0 and release of its extracellular
DNAs.

creased up to the 5th day of incubation at 15°C (Fig. 7B),
in comparison with the exponential growth for 3 days
and increased release of the DNAs for 4 days at 30°C
(Fig. 7A). But the cells did not show any growth at 4°C
as seen in Fig. 7C. During incubation at 15°C, the ex-
tracellular DNAs were gradually increased up to 35 ng/
ml within 7 days of incubation. But less than 15 ng/ml of
the extracellular DNAs were detected in the medium
during 7 days of incubation at 4°C. The larger amount of
extracellular DNAs detected at the higher water tem-
perature are thought to be attributed to the more active
metabolic activity of the cells.

The effects of different pH values on cell growth and
release of extracellular DNAs were compared in a MM2-
glucose liquid medium as shown in Fig. 8. The cells did
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Fig. 8. Effects of pH value on the growth of E cof CU103 in
MM2-glucose at 30°C and release of its extracellular DNAs.

not grow at pH 9.0, and the viable cells decreased drast-
ically at pH 5.0. The extracellular DNAs released in the
MM2-glucose medium at pH 9.0 increased up to 35 ng/
ml until the 3rd day and then gradually decreased as
seen in Fig. 8B. DNAs were detected to be about 15 ng/
ml! during the 2nd to 3rd day incubation period at pH 5.0
(Fig. 8C) and less than 15 ng/ml of the DNAs were ob-
served afterwards. As for the results obtained in this
study. Lorenz and Wackernagel (13) reported that more
extracellular DNAs were released from Pseudomonas
stutzeri introduced in soil and stimulated more natural
transformation at pH 7.0 than at pH 9.0 and 5.0. Paul
and David (13) also reported that the largest amount of
extracellular DNAs were released from the genetically
engineered Pseudomonas cepacia in both fresh and marine
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waters at pH 7.0 and at 37°C. Therefore, extracellular
DNAs including the recombinant plasmid pCU103 were
found to be actively released from the recombinant cells
during growth in the liquid media studied in this study.

Acknowledgements

This work was supported by a research grant from
the Research Center for Molecular Microbiology at Seoul
National University, and in part by a grant of BSRI 95-
4432 from the Ministry of Education, Korea.

References

1. American Public Health Association. 1985. Standard
methods for water and wastewater examination. Wash-
ington, D. (.

2. Amy, P.S. and H.D. Hiatt. 1989. Survival and detection
of bacteria in an aquatic environment. Appl. Emviron. Mi-
crobiol. 55:738-793.

3. Catlin, B.W. 1956. Extracellular deoxyribonucleic acid of
bacterta and a deoxyribonulease inhibitor. Scrence 124:441-
442.

4. DeFlaun, M.F., J.H. Paul, and D. Davis. 1986. Simplified
method for dissolved DNA determination in aguatic en-
vironments Appl. Environ. Microbiol. 52:654-659.

5. Dorward, D.W. and C.F. Garon. 1990. DNA is packaged
within meinbrane-derived vesicles of gram-negative but
not gram-positive bacteria. Appl. Environ. Microbiol. 56:1960-
1962.

6. Gallori, E., M. Bazzicalupo, L. DalCanto, R. Fani, P.
Nannipieri, C. Vettori, and G. Stotzky. 1994. Transfor-
mation of SBacillus subtilis by DNA bound on clav in non-
sterile soil. FEMS Microbiol. Lett. 15:119-126.

7. Jolliffe, L.K., R]J. Doyle, and U.N. Streips. 1981. The
energized membrane and cellular autolysis in Bacillus sub-
tlts. Cell 25:753-763.

8. Kim, CK., J.W. Kim, and Y.C. Kim. 1987. Isolation and
characterization of bacteria degrading chlorinated aromatic
hydrocarbons. Kor. J. Microbiol. 25:122-128.

9. Kim, C.K., TK. Sung, J.H. Nam, and Y.C. Kim. 1994.
Cloning anc Expression of pcbCD genes in Escherichia coli
from Pseudvmonas sp. DJ-12. Kor. J. Microbiol. 32:4(0-46.

10. Koetsier, I’.A., J. Schorr, and W. Doerfler. 1993. A ra-
pid optimized protocol for downward alkaline southern blot-
ting of DNA.. Biotechniques 15:260-262.

11. Kuroda, A., M.H. Rashid, and J. Sekiguchi. 1992. Molec-
ular cloning and sequencing of the upstream region of the
major Bacilius subtilis autolysin gene: a modifier protein ex-
hibiting sequence homology to the major autolysin and the
spollP product. J. Gen. Microbiol. 138:1067-1076.

12. Lorenz, M.G., D. Gerjets, and W. Wackernagel. 1991.



150 Kim et al.

13.

14.

15.

16.

17.

18.

Release of transforming plasmid and chromosomal DNA
from two cultured soil bacteria. Arch. Microbiol. 156:319-
326.

Lorenz, M.G., and W. Wackernagel. 1992. Stimulation
of natural genetic transformation of Pseudomonas stutzeri in
extracts of various soils by nitrogen or phosphorus lim-
itation and influence of temperature and pH. Microb.
Releases 1:173-176.

Lorenz, M.G.,, and W. Wackernagel. 1994. Bacterial
gene transfer by natural genetic transformation in the en-
vironment. Microbiol. Rev. 58:563-602

Paget, E., L.J. Monrozier, and P. Simonet. 1992. Ad-
sorption of DNA on clay minerals: protection against
DNase I and influence on gene transfer. FEMS Microbiol.
Lett. 97:31-40.

Park, S.H., MJ. Kwak, J.Y. Kim, S.G. Lee, and CK.
Kim. 1995. Molecular ecological stabilities of genetically
modified 4CB-degrading bacteria and their gene DNAs in
water environments. Kor. J. Fcol. 18:105-116.

Paul, JH. and A.W. David. 1989. Production of ex-
tracellular nucleic acids by genetically altered bacteria in a-
quatic-environment microcosms. Appl. Environ. Microbiol. 55
1865-1869.

Paul, J.H., and B. Myers. 1982. Fluorometric de-
termination of DNA in aquatic microorganisms by use of

19.

20.

21.

22.

23.

24.

Jour. Microbiol.

Hoechst 33258. Appl. Envivon. Microbiol. 43: 1393-1399.
Paul, J.H., W.H. Jeffrey, AW, David, M.F. DeFlaun,
and L.H. Cazares. 1989. Turnover of extracellular DNA
in eutrophic and oligotrophic fteshwater environments of
southwest Florida. Appl. Environ. Microbiol. 55:1823-1828.
Romanowski, G., M.G. Lorenz, G. Sayler, and W.
Wackernagel. 1991. Adsorption of plasmid DNA to min-
eral surfaces and protection against DNase 1. Appl. Environ.
Microbiol. 57:1057-1061.

Romanowski, G., M.G. Lorenz, G. Sayler, and W.
Wackernagel. 1992. Persistence of free plasmid DNA in
soil monitored by various methods, inducing a transfor-
mation assay. Appl. Environ. Microbiol. 58:3012-3019.
Sambrook, J., E.F. Fritsch, and T. Maniatis. 1989.
Molecular cloning, a laboratory manual. Cold Spring Harbor
Laboratory, Cold Spring Harbor, New York.

Svarachorn, A., A. Shinmyo, T. Tsuchido, and M. Ta-
naka. 1989. Autolysis of Bacillus subtilis induced by mono-
valent cations. Appl. Microbiol. Biotechnol. 30:299-304.

Walia, S, H. Khan, and N. Rosenthal. 1990. Con-
struction and applications of DNA probe for detection of po-
lychlorinated biphenyl-degrading genotypes in toxic organic-
contaminated soil environments. Appl. Environ. Microbiol. 56:
254-259.



