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Abstract

Background: Bacteriophage infections of bacterial cultures cause serious problems in genetic
engineering and biotechnology. They are dangerous not only because of direct effects on the
currently infected cultures, i.e. their devastation, but also due to a high probability of spreading the
phage progeny throughout a whole laboratory or plant, which causes a real danger for further
cultivations. Therefore, a simple method for quick inhibition of phage development after detection

of bacterial culture infection should be very useful.

Results: Here, we demonstrate that depletion of a carbon source from the culture medium, which
provokes starvation of bacterial cells, results in rapid inhibition of lytic development of three
Escherichia coli phages, A, Pl and T4. Since the effect was similar for three different phages, it seems
that it may be a general phenomenon. Moreover, similar effects were observed in flask cultures and

in chemostats.

Conclusion: Bacteriophage lytic development can be inhibited efficiently by carbon source
limitation in bacterial cultures. Thus, if bacteriophage contamination is detected, starvation
procedures may be recommended to alleviate deleterious effects of phage infection on the culture.
We believe that this strategy, in combination with the use of automated and sensitive bacteriophage
biosensors, may be employed in the fermentation laboratory practice to control phage outbreaks

in bioprocesses more effectively.

Background development in a bacterium ends up with cell lysis and
Bacteriophage infections cause serious problems in both  liberation of progeny phages that infect neighbor bacterial
research laboratories and large biotechnological compa-  cells. A possibility of spreading of bacteriophages
nies [1]. Once infected by bacteriophages, bacterial cul-  throughout a laboratory is even more dangerous than a

tures are usually completely destroyed, as phage lytic  loss of a single culture. Subsequent cultures may be
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infected, which can lead to cultivation problems lasting
even several months or longer. Therefore, a method for
inhibition of bacteriophage lytic development in infected
cultures would be very useful. Perhaps it is not difficult in
small cultures (e.g. flask cultures), when simple steriliza-
tion of the whole material and a flask should be sufficient.
However, phage contamination of bioreactors is a serious
technical problem. Unfortunately, it is known that no
matter how good the laboratory/factory practice and
hygiene are, bacteriophage infections occur from time to
time [2]. Although advices of how to reduce a risk for del-
eterious effects of bacteriophage contamination in labora-
tory cultures and biotechnological factories have recently
been summarized [2], it appears that currently there is no
method which could ensure a protection of bacterial cul-
tures against bacteriophages.

Escherichia coli is one of the most widely used bacterium
in genetic engineering and biotechnology. This bacterium
is, however, a host for many bacteriophages and thus, it is
endangered by phage infections. Bacteriophages have
been considered as models in genetic and biochemical
studies for a long time. However, many physiological
aspects of bacteriophages' development were not suffi-
ciently investigated relative to extensive molecular biol-
ogy studies [3]. On the other hand, recent reports
indicated that development of bacteriophages largely
depends on the physiology of the host cells [3-5]. In lab-
oratories, the physiological status of a cell depends on cul-
tivation conditions. Therefore, we aimed to find
cultivation conditions that may result in inhibition of
lytic development of bacteriophages and that are not del-
eterious for bacterial cells. Previous studies indicated that
development of phages T4 and A is significantly less effec-
tive in slowly growing host cells than in rapidly growing
bacteria [3-7]. Thus, we aimed to test whether induction
of starvation, caused be depletion of a carbon source from
the culture medium, may inhibit phage development
effectively.

Results

Inhibition of phage development by removing of a carbon

source from the culture medium in flask experiments

It was demonstrated previously that lytic development of
phages A and T4 is less efficient in slowly growing cells
than in rapidly growing bacteria [3-5]. Various growth
rates of bacterial cultures may be achieved by varying the
carbon source in a synthetic medium. Removing of the
carbon source induces starvation conditions and inhibits
bacterial growth. Therefore, we asked whether removing
of the carbon source can lead to inhibition of formation
of progeny phages in infected bacterial cultures.

Bacteria growing in laboratory flasks in FB medium sup-
plemented with 0.2% glucose were infected with various
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phages (A, P1 or T4). After one hour (this time was suffi-
cient for effective phage adsorption and injection of phage
DNA into host cells, but this period was too short for com-
pletion of the lytic cycle in bacteria growing in a minimal
medium), the infected culture was divided into two parts.
Then, both cultures were centrifuged, the pellets were
washed and resuspended in the same medium either con-
taining 0.2% glucose or devoid of the carbon source.
These cultures (either with or without glucose) were incu-
bated at 37°C, and samples for phage titration were with-
drawn at time intervals. At various times, the culture
initially devoid of glucose was supplemented with this
sugar (final concentration of 0.2%).

We found that formation of phage progeny was com-
pletely inhibited in infected cultures devoid of the carbon
source (Fig. 1). This was true for all tested bacteriophages
(A, P1 and T4). Addition of glucose to infected cultures of
starved bacteria resulted in restoration of phage progeny
production, indicating that depletion of the carbon source
was the sole reason for inhibition of development of
phages A, P1 and T4 (Fig. 1). The length of the period of
starvation, after which glucose was added back to the cul-
ture, had no significant influence on restoration of bacte-
riophages' development, at least in the investigated range
(7 - 40 hours of starvation; Fig. 1 and data not shown).

When starvation of bacteria was initiated before bacteri-
ophage infection, no bacteriophage replication could be
detected. Namely, titer of each investigated phage (A, P1
or T4) was constant (equal to the initial titer at the infec-
tion time) and did not change significantly during the
whole experiment, i.e. for several hours (data not shown).
Therefore, we conclude that the investigated phages can-
not develop lytically in bacterial cells starved for carbon
source.

Effects of carbon source depletion on lytic development of
bacteriophages in bacteria cultured in a chemostat

Since conditions of cultivation of bacteria in laboratory
flasks may differ considerably from those used in large
bioreactors [8,9], we investigated effects of carbon source
depletion on bacteriophage development in bacteria cul-
tured in a chemostat.

We found that infection of E. coli by bacteriophage A is
inefficient under chemostat conditions, i.e. no increase in
phage titer was observed (data not shown).

When E. coli cells cultured in a chemostat were infected by
phage Plvir at low m.o.i. (0.01), they were destroyed in
several hours, which was accompanied by rapid produc-
tion of bacteriophage progeny (Fig. 2A). Deprivation of a
carbon source at the time when absorbance of the bacte-
rial culture started to decrease did not inhibit lytic devel-
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Development of bacteriophages A (strain A papa), P| (strain Plvir) and T4 (strain T4D) in cultures of E. coli MG 1655 growing in
FB medium supplemented with 0.2% glucose (open squares) or devoid of the carbon source (closed squares). In the latter case,
glucose was removed from the medium at the time indicated by the first arrow. The second arrow indicates the time of addi-
tion of glucose to the culture to final concentration of 0.2%. Bacteria were infected with phages at m.o.i (multiplicity of infec-

tion) of 0.001. Samples of cultures were withdrawn at indicated times and number of phages (plaque forming units, pfu) per ml
of the culture was estimated by titration.
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Figure 2
Development of bacteriophage P (strain Plyvir) in E. coli MG1655 host growing in a chemostat under standard conditions
(panel A), or when carbon source starvation was initiated (arrow) either 5 (panel B) or 2 (panel C) hours after infection (at

m.o.i. = 0.01). Numbers of living bacterial cells (colony forming units) and phages (plaque forming units) are presented (open
triangles and closed squares, respectively).
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Figure 3

Development of bacteriophage T4 (strain T4D) in E. coli
MG1655 host growing in a chemostat under standard condi-
tions (panel A), or when carbon source starvation was initi-
ated at the time indicated by arrow (3.5 h after infection at
m.o.i. = 0.01) (panel B). Numbers of living bacterial cells (col-
ony forming units) and phages (plaque forming units) are pre-
sented (open triangles and closed squares, respectively).

opment of the phage (Fig. 2B). However, such a
development could be totally inhibited when starvation
for a carbon source was initiated at early stages of phage
development, i.e. relatively shortly (up to 2 hours) after
infection (Fig. 2C).

Similarly to bacteriophage P1, infection of bacterial cells
growing in a chemostat with phage T4 resulted in its effi-
cient development and devastation of the culture (Fig.
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3A). This effect could be prevented by deprivation of the
carbon source a few hours after infection (Fig. 3B).

Discussion

We have demonstrated that development of bacteri-
ophages 2, P1 and T4 can be completely inhibited after
removing of a carbon source from the infected E. coli cul-
ture, provided that the starvation procedure is started at
relatively early stages of phage lytic development. There-
fore, to minimize deleterious effects of phage contamina-
tion, especially in high-cell density fed-batch cultivations,
it may be recommended to stop feeding bacteria immedi-
ately after detection of first signs of phage infection.

Although unambiguous detection of phage contamina-
tion at early stages of infection may be difficult when
using traditional methods, a newly developed technology
of electric bio-chips allows for early detection of bacteri-
ophages in bacterial cultures, even a few bacterial genera-
tions before they cause visible lysis of host cells [10-13].
One might also assume that, in endangered environ-
ments, phage propagation may be avoided by applying
controlled low growth rates from the beginning of the cul-
tivation process, and thus by avoiding batch phases with
fast bacterial growth rates.

Conclusion

Starvation of bacteriophage A-, P1- or T4-infected E. coli
cells results in severe inhibition of phage lytic develop-
ment. This simple strategy cannot eliminate phages from
the infected culture but it can ensure a dramatic decrease
in phage burst size. Lower number of phages produced in
contaminated bacterial cultures makes a contamination
of the facility significantly less likely. Therefore, we believe
that the method presented in this report may be useful in
preventing phage spreading in fermentation facilities.

Methods

Bacteria and phages

Escherichia coli wild-type strain MG1655 [14] was used in
all experiments. Bacteriophages A papa, AcIb2, P1vir and
T4 were from our collection.

Culture media and cultivation conditions

Luria-Bertani (LB) medium was as described previously
[15]. Minimal media MM [16-18] and FB [19], containing
various carbon sources, were employed. Bacteria were cul-
tivated either in laboratory flasks or in a chemostat. In the
latter case, the volume of the chemostat was 150 ml and
the medium exchange rate was 30 mlmin-!. Carbon
source deprivation was achieved by stopping the provi-
sion of nutrients by switching off the feed pump. Bacteria
cultured in a chemostat were infected with bacteriophages
after exchange of five volumes of the medium.
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Phage titration

Number of bacteriophages (plaque forming units, PFU)
per volume unit was determined by standard titration.
Briefly, 5 ul of serial dilutions of samples were spotted on
bacterial lawn, prepared in a top, soft (0.7%) agar.
Plaques were counted after overnight incubation at indi-
cated temperature. Alternatively, 0.1 ml of each serial
dilution of the sample was mixed with 0.1 ml of E. coli cul-
ture, incubated for 10 min, mixed with 3 ml of the top
agar, and poured onto a standard LB plate. Plates were
incubated as described above. In experiments with phage
P1, CaCl, was added to final concentration of 5 mM to
allow efficient phage adsorption.

Authors' contributions

ML conceived the study, participated in the design and
coordination of the study, and participated in preparation
of the manuscript, PG and JML carried out chemostat
experiments, AWJ carried out experiments with the phage
development in flask cultures, AC participated in the
design of flask cultures experiments, AW participated in
the design of the study and helped to draft the manu-
script, GW participated in the design and coordination of
the study and drafted the manuscript, PN participated in
the design and coordination of the study and helped to
prepare the manuscript. All authors read and approved
the final manuscript.

Acknowledgements

This work was supported in part by the Ministry of Science and Higher Edu-
cation (project grants no. 0455/P04/2005/29 to ML and N301122 31/3747
to AW), Institute of Oceanology of the Polish Academy of Sciences (task

grant no. IV.3.1 to GW), CIMO Finland (award to ML), and by the Alfried
Krupp von Bohlen und Halbach Stiftung (to PN).

References

I.  Jones DT, Shirley M, Wu X, Keis S: Bacteriophage infections in
the industrial acetone butanol (AB) fermentation process. |
Mol Microbiol Biotechnol 2000, 2:21-26.

2. LosM, Czyz A, Sell E, Wegrzyn A, Neubauer P, Wegrzyn G: Bacte-
riophage contamination: is there a simple method to reduce
its deleterious effects in laboratory cultures and biotechno-
logical factories? | Appl Genet 2004, 45:111-120.

3. Hadas H, Einav M, Fishov |, Zaritsky A: Bacteriophage T4 devel-
opment depends on the physiology of its host Escherichia coli.
Microbiology 1997, 143:179-185.

4. Gabig M, Obuchowski M, Wegrzyn A, Szalewska-Palasz A, Thomas
MS, Wegrzyn G: Excess production of phage L delayed early
proteins under conditions supporting high Escherichia coli
growth rates. Microbiology 1998, 144:2217-2224.

5. Wegrzyn A, Czyz A, Gabig M, Wegrzyn G: ClpP/ClpX-mediated
degradation of the bacteriophage A O protein and regulation
of L phage and A plasmid replication. Arch Microbiol 2000,
175:86-93.

6. Czyz A LosM, Wrébel B, Wegrzyn G: Inhibition of spontaneous
induction of lambdoid prophages in Escherichia coli cultures:
simple procedures with possible biotechnological applica-
tions. BMC Biotechnol 2001, 1:1.

7. Neubauer P, Mathiszik B, Los M: Simulation tool for estimation
of optimal bacterial growth rate to reduce effects caused by
bacteriophages. In Modern Bacteriophage Biology and Biotechnology
Edited by: Kerala: Research Signpost. Wegrzyn G; 2006:153-164.

http://www.biomedcentral.com/1472-6750/7/13

8. Gupta A, Rao G: A study of oxygen transfer in shake flasks
using a non-invasive oxygen sensor. Biotechnol Bioeng 2003,
84:351-358.

9.  Zanzotto A, Boccazzi P, Gorret N, Van Dyk TK, Sinskey AJ, Jensen
KF: In situ measurement of bioluminescence and fluores-
cence in an integrated microbioreactor. Biotechnol Bioeng 2006,
93:40-47.

10. Gabig-Cimifiska M, Holmgren A, Andresen H, Bundvig Barken K,
Wumpelmann M, Albers ], Hintsche R, Breitenstein A, Neubauer P,
Los M, Czyz A, Wegrzyn G, Silfversparre G, Jurgen B, Schweder T,
Enfors S-O: Electric chips for rapid detection and quantifica-
tion of nucleic acids. Biosensors Bioelectron 2004, 19:537-546.

1. Gabig-Cimifiska M, LosM, Holmgren A, Albers |, Czyz A, Hintsche R,
Wegrzyn G, Enfors S-O: Detection of bacteriophage infection
and prophage induction in bacterial cultures by means of
electric DNA chips. Anal Biochem 2004, 324:84-91.

12. LosM: Virus detection today. In Modern Bacteriophage Biology and
Biotechnology. Modern Bacteriophage Biology and Biotechnology Edited by:
Wegrzyn G. Kerala: Research Signpost; 2006: 13 1-152.

13.  LosM, Los]M, Blohm L, Spillner E, Grunwald T, Albers |, Hintsche R,
Wegrzyn G: Rapid detection of viruses using electrical bio-
chips and anti-virion sera. Lett Appl Microbiol 2005, 40:479-485.

14. Jensen KF: The Escherichia coli K-12 "wild types" W3110 and
MG1655 have an rph frameshift mutation that leads to pyri-
midine starvation due to low pyrE expression levels. | Bacteriol
1993, 175:3401-3407.

5. Sambrook J, Fritsch EF, Maniatis T: Molecular Cloning: a Laboratory Man-
ual Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press;
1989.

16. Mitchell JJ, Lucas-Lenard JM: The effect of alcohols on guanosine
5'-diphosphate-3'-diphosphate metabolism in stringent and
relaxed Escherichia coli. | Biol Chem 1980, 255:6307-6313.

17.  Wegrzyn G, Neubauer P, Krueger S, Hecker M, Taylor K: Stringent
control of replication of plasmids derived from coliphage .
Mol Gen Genet 1991, 225:94-98.

18. Wegrzyn G, Taylor K: Inheritance of the replication complex
by one of two daughter copies during lambda plasmid repli-
cation in Escherichia coli. | Mol Biol 1992, 226:681-688.

19. Teich A, Lin HY, Andersson L, Meyer S, Neubauer P: Amplification
of ColEl related plasmids in recombinant cultures of
Escherichia coli after IPTG induction. | Biotechnol 1998,
64:197-210.

Publish with BioMed Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and publishedimmediately upon acceptance
« cited in PubMed and archived on PubMed Central
« yours — you keep the copyright

Submit your manuscript here:

O BioMedcentral
http://www.biomedcentral.com/info/publishing_adv.asp

Page 6 of 6

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10937483
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10937483
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14960775
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14960775
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14960775
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9025292
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9720043
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9720043
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11316465
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11316465
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11316465
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12968289
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12968289
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16187336
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16187336
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14654049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14654049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14654049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15892746
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15892746
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8501045
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6156159
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1825694
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1387171
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9821676
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Inhibition of phage development by removing of a carbon source from the culture medium in flask experiments
	Effects of carbon source depletion on lytic development of bacteriophages in bacteria cultured in a chemostat

	Discussion
	Conclusion
	Methods
	Bacteria and phages
	Culture media and cultivation conditions
	Phage titration

	Authors' contributions
	Acknowledgements
	References

