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Abstract 

In light of an increased interest in the use of phage as a bacterial control agent, this study was 
conducted to determine if phage could be used to remove fecal coliforms from aquatic environments.  A 
suspension was prepared from sewage sludge and tested for the presence of phage. Potential bacterial 
host strains were isolated from sewage sludge and brine water prepared from seawater collected from 
Hampton Beach, Hampton NH. One phage was identified in the viral suspension when grown in the 
presence of a bacteria (RD2-2) isolated from sewage sludge.  None of the brine water bacterial isolates 
were host for this phage. RD2-2 was tentatively identified using BIOLOG, fermentation tests (lactose, 
sucrose, dextrose, inositol, and trehalose), the methyl red and Vogues Proskauer tests. Results from 
BIOLOG and the biochemical tests indicate that the isolated host cell is similar to the enteric bacterium 
Citrobacter freundii. Preliminary data suggests that the phage was unable to infect its host when 
incubated under brine water conditions. 

INTRODUCTION 
Viruses are considered obligate intracellular parasites requiring a specific host cell for its replication 
(Carlton, 1999; Mayer, 2005). Bacteriophage (phage) are viruses that exclusively target and reproduce 
within bacterial cells.  Generally, phage attach to the surface of their host cell by specialized structures 
called tail fibers (Figure One). Once attached, the bacteriophage injects its nucleic acid into the 
bacterium. Using the host cells replication, translation, and transcription machinery, the viral nucleic 
acid is replicated and incorporated into its protein capsid. The escape of mature viruses from the host 
cell places stress on the plasma membrane resulting in the eventual death of the bacterium. 

The host specificity of viruses offer an enticing technology for fighting infections caused by 
bacteria or for the treatment of environments contaminated with pathogenic bacteria. Research into 
potential use of viral therapy is limited, but studies have shown success using this technology to treat 
infections in livestock, plants, aqua-cultured fish and humans (Sulakvelidze and Burrow, 2005; 
Sulakvelidze and Kutter, 2005). The use of phage in the treatment of bacterial infections is an attractive 
alternative to existing therapies (example,  antibiotics), because unlike broad-spectrum antibiotics phage 
target a particular host and are unlikely to illicit resistance in untargeted bacterial strains (Sulakvelidze 
and Kutter, 2005). Also, unlike chemical therapeutic agents, phage are not susceptible to the onset of 
bacterial resistance because they have the ability to evolve with their host (Sulakvelidze and Kutter, 
2005).   
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Figure 1: Basic Structure of Bacteriophage (Madigan and Martinko, 2006). 
 
Enteric bacteria are normal inhabitants of the intestines of humans and other animals (Davis, 2005) 

but are often isolated from aquatic ecosystems after sewage has been introduced into the environment.   
Sewage contains high numbers of potentially very pathogenic enteric bacteria known as fecal coliforms.  
Coliforms are characterized as gram-negative, facultative anaerobic bacteria that ferment lactose within 
48 h at 35°C. Examples of fecal coliforms include Escherichia coli and Enterobacter aerogenes. In their 
natural habitat enteric bacteria are typically harmless but they can produce severe disease symptoms 
when ingested by susceptible individuals, particularly young individuals and individuals with weakened 
immune systems (Davis, 2005). Aquatic environments contaminated with enteric bacteria posses a 
potentially serious threat to wildlife and human health. After hurricane Katrina, high numbers of enteric 
bacteria were isolated from Lake Pontchartrain leaving this popular recreational lake a potential hazard. 
This prompted the current investigation looking at the potential of phage therapy to restore this lake to 
its natural state. 

The objectives of this study were to isolate phage from sewage sludge, identify its enteric bacterial 
host(s), and examine its potential to use as a technology to remove these bacteria from recreational and 
potable water sources without causing harm to natural nonpathogenic bacterial assemblages.  

MATERIAL AND METHODS 

Isolation of Bacteria from Seawater 

Approximately 200 L of seawater were collected from Hampton Beach, Hampton, NH. Brine water was 
prepared by combining 60% seawater and 40% distilled water to approximate salinity conditions found 
in Lake Pontchartrain (4.0 ppt) (USGS, 2002). Brine water was stored in a 210 L aquarium tank and 
held at room temperature for the duration of the project. Bacterial strains were isolated from the brine 
water by streaking brine water samples onto either Tryptic Soy agar  (TS) or Tryptic Soy agar made with 
brine water (TSBW) using a sterile cotton-tipped swab. Inoculated agar plates were incubated for 24 h at 
room temperature. To ensure purity of the culture, after incubation, individual and distinct colonies were 
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identified and inoculated onto either TS or TSBW agar plates using the streak plate technique. After 24 
h incubation at room temperature, a well-isolated colony was transferred to either TS or TSBW agar 
slants. Prior to phage assays and identification tests, 18-24 h broth cultures were prepared by aseptically 
transferring a loopful of bacteria from the agar slant to either TS or TSBW broth. Inoculated broth tubes 
were incubated room temperature while shaking at approximately 150 rpm. 

Isolation of Potential Bacterial Enteric Host Strains from Activated Sewage Sludge 

Two containers (2 liters) of sewage sludge were obtained from the waste water treatment facility located 
in Nashua, NH. Bacteria were isolated from the sewage sludge by plating 100 µl of sludge onto either 
TS or TSBW agar. After 24 h incubation at room temperature, pure cultures were obtained using the 
streak plate technique, and working broth cultures were prepared as previously described for bacterial 
isolation from brine water samples. 

Preparation of Viral Suspension  

A viral suspension was prepared from sewage sludge. Sludge (10 ml) were transferred to a sterile 25 ml 
centrifuge tube and centrifuged at 2000 rpm for 5 min. After centrifugation, the supernatant was 
aseptically transferred to a sterile 15 ml tube without disturbing the pellet. A viral suspension was 
prepared by aseptically filtering the supernatant through a 0.8 µm pore sized cellulose filter to remove 
particulates, followed by filtration through a 0.45 µm pore sized filter to remove bacterial cells and 
cellular debris.  

Viral Isolation 

The Phage Assay (Cappuccino and Sherman, 2001) was used to determine if phage were present in the 
sewage sludge suspension.  Underlay “hard” TS and TSBW agar were prepared as previously described. 
Overlay “soft” TS and TSBW agar were prepared by adding half of the amount of agar used for “hard” 
underlay agar.  Sterile underlay agar was poured into sterile petri dishes and left to harden. After the 
underlay agar had solidified, 1ml of sewage sludge suspension and 3 drops of a 24 h broth culture were 
added to 3.0 ml soft agar, vortexed, then poured on top of the underlay agar. Soft overlay was allowed to 
harden before incubation of plates at room temperature. After 24 h incubation, the plates were checked 
for plaques (clearing zones) within the bacterial lawn, indicating the presence of phage (Figure 2). The 
phage assay was repeated twice using all the bacterial strains isolated from brine water and sewage 
sludge. 

When plaques were identified, a pure suspension was prepared by carefully removing a portion of 
the plaque using a sterile pipette tip and transferring the plaque to 10 ml sterile TS or TSBW. The broth 
was vortexed to free viral particles from the agar and residual cells were removed by aseptically 
transferring the broth to a sterile 25 ml centrifuge tube and centrifuging at 5000 rpm for 5 min. The 
supernatant was aseptically transferred to a sterile 15 ml tube and stored at 5°C.  

The Phage Assay was repeated using isolated bacterial strains and the stored viral suspensions to 
ensure presence of phage, determination of phage numbers, and assess host specificity. Serial dilutions 
(100-10-9) of viral filtrate were prepared. As previously described, 1.0 ml of viral dilutions and 3 drops 
of a 24 h bacterial broth culture were added to soft agar (TS or TSSW) and poured on top of the hard 
agar. Plates were incubated for 24 h and were examined for plaques.   
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Figure 2:  Phage Assay and Plaque Formation (Madigan and Martinko, 2006). 

Identification of Bacterial Host Strains 

BIOLOG 

Bacterial isolates that were found to be host cells for phage were tentatively identified using BIOLOG 
system (BIOLOG, 2006). The BIOLOG system differentiates and identifies bacteria based on 
differences in their ability to metabolize 96 different biochemical substrates. The Gram stain, catalase or 
oxidase tests (catalase-Gram positive or oxidase-Gram negative) were performed on 24 h bacterial broth 
cultures. Based on these tests, the appropriate BIOLOG plate was inoculated with a 150 µl of a 24 h 
bacterial broth culture. After the plates were incubated for 24 h at room temperature, utilizable carbon 
sources were identified and scored giving a characteristic pattern for the individual isolate. Results were 
keyed into BIOLOG's computer program that automatically cross-referenced the resulting patterns to an 
extensive library of identified bacterial species based on the same biochemical tests. Using cluster 
analysis, potential matches for the unknown were determined by the BIOLOG program.    

Fermentation, Methyl Red, and Vogues-Proskauer Tests 

To support strain identification by BIOLOG, fermentation, methyl red, and Vogues-Proskauer tests were 
preformed. Three-loopfuls of 24 h pure broth cultures were inoculated into fermentation broth 
containing lactose, dextrose, sucrose, inositol, or trehalose as sole carbon source. Durham tubes were 
placed into the test tubes in the inverted position to trap gas (CO2, H2), potential end products of 
fermentation. All fermentation tubes contained the pH indicator phenol red. Acid production from the 
fermentation of the sole carbon source was reported when the media changed color from red (pH 7.4) to 
yellow (pH < 6.0). After 48 h incubation at 35°C, inoculated fermentation tubes were scored on the basis 
of acid production (as indicated by a color change from red to yellow) and/or gas production (as 
indicated by gas bubbles trapped in the inverted Durham tube). 

The Methyl Red test (Cappuccino and Sherman, 2001) was used to determine the host cell’s ability 
to oxidize glucose with production of a high concentration of acid end products. Methyl red broth was 
inoculated with 24 h broth test cultures. Tubes were incubated for 24 h at 35 °C. After incubation 3-4 
drops of methyl red indicator (red pH 7.0) were applied to the methyl red tubes. A change in the color of 
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the medium from amber to red (pH 4) was scored positive, and a color change from amber to yellow (pH 
6) was scored as negative.               

Vogues-Proskauer test was used to determine the test organism’s ability to produce non-acidic or 
neutral end products from the fermentation of glucose Cappuccino and Sherman, 2001). Vogues-
Proskauer media tubes were inoculated with 24 h broth test cultures and incubated at 35 °C for 24 h. 
After incubation, 10 drops of Barritt’s A (α-naphthol, 5.0 g; ethanol, 95.0 ml) solution followed by 10 
drops of Barritt’s B solution (KOH, 40.0 g; creatine, 0.30 g; dH2O, 100.0 ml) were added to the test 
tubes. The tubes were shaken every 3-4 minutes for 15 minutes. A positive test was indicated by a color 
change of the media from amber to rose. 

Enteric bacteria (Enterobacter cloacae, Enterobacter aerogenes, and Citrobacter freundii) obtained 
from the Rivier College Culture Collection were used as control organisms for fermentation, methyl red, 
and Vogues-Proskauer tests. All manipulations and preparations of control isolates were prepared as 
described for host cell isolates. 
 
RESULTS 
 
Isolation of Bacteria from Seawater and from Sludge 
Six bacterial strains were isolated from seawater and six bacterial isolates were isolated from sewage 
sludge. All twelve isolates were determined to be Gram negative. Both cocci and bacilli were 
represented (Table 1). 
 

Table 1:  Gram Reaction, Cell Morphology, and Cell Arrangement of Seawater and Sludge Isolates. 

 
  
Phage Assay 
One phage was isolated when plated with bacterial cultures cultured from sludge. Isolate RD2-2 served 
as host for this phage. Viral plaques were not produced when RD2-2 and phage were incubated on brine 
water agar suggesting an inhibitory effect of the brine water on viral infection. The phage assay was 
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performed on brine water isolates to ensure that natural seawater populations of bacteria would not serve 
as host to phage. Results obtained in this study showed that there were no phages present in the sewage 
suspension that infected any of the brine water bacteria isolated in this study. 

Tentative Identification of Host Cell RD2-2  

Results from BIOLOG tentatively identified RD2-2 as Enterobacter arogenes (96.5% similarity) or 
Citrobacter youngae (97.8% similarity). Results from the fermentation, methyl red and Vogues 
Proskauer tests showed that bacterial isolate RD2-2 responded similarly to Citrobacter freundii (Table 
2).   

Table 2:  Results of Fermentation, Methyl Red, and Vogues-Proskauer Tests. 

 

DISCUSSION 

The presence of coliform bacteria in aquatic environments indicates that the environment has been 
contaminated with fecal material originating from humans or other animals. After hurricane Katrina, to 
alleviate flooding problems in the city of New Orleans, billions of gallons of polluted water containing 
potentially dangerous levels of fecal coliforms, were pumped into Lake Pontchartrain leaving the lake in 
an unhealthy state (Daily, 2005). The bacterial host for the phage isolated in this study was found to be 
similar to Citrobacter freudii, a common enteric bacteria belonging to the family Enterobacteriaceae.   
C. freudii is commonly found in sewage and has been associated with nosocomial infections in the 
urinary, respiratory, and biliary tracts of debilitated hospital patients (Tortora et al., 2006). This 
organism represents an increased health risk because an important aspect of this organism’s physiology 
is its ability to resist the affects of antibiotics typically prescribed to treat the infections it causes.  
Resistance is due to an inducible chromosomally encoded cephalosporinase that can inactivate 
cephamycins and cephalosporins (Kim and Lim, 2005).  

Typically, when high numbers of coliforms are found in recreational or potable water sources, 
usage must be restricted to prevent a human or animal health crisis. The restoration of the environment 
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to a healthy state is dependent on local climate conditions and removal of coliforms from aquatic 
environments can take extended periods of time. The use of phage therapy for the removal of pathogenic 
coliforms from polluted water could offer a fast and relatively inexpensive technology. Phage therapy 
would be a safe way to treat contaminated water because phage are specific to their prokaryotic host cell 
and will not infect non-host cells. Unlike enteric bacteria, it is believed that if phage were ingested there 
would be little adverse affects on human health. Although the phage isolated in this study has not been 
identified, a common phage that is known to infect Citrobacter sp. is the temperate phage Mu (Guttman 
et al., 2005). Unlike many other viruses, this phage has a broad host range that includes E. coli, 
Salmonella, and Erwinia (plant pathogens). The potential for this phage to infect and kill several 
potentially harmful enteric bacteria without the application of other phage further supports its potential 
as a control agent. However, in order for this phage to be used as a control agent in Lake Pontchartrain it 
would have to be able to infect its host under brine water conditions. Results from this study suggest that 
the infection of the host by this phage is inhibited under brine water conditions.    

Future studies on the RD2-2 phage will focus on testing the phage on other members of the 
Enterobacteriaceae family for susceptibility. Studies will also focus on phage survivability in brackish 
environments to further assess its potential for future applications in contaminated brine water treatment.     

ACKNOWLEDGMENTS                                                        

We would like to thank Nancy McAuley-Lesier supervisor at the New Hampshire Wastewater 
Treatment Facility for providing the Sewage Sludge.  

REFERENCES 
BIOLOG, Inc. (2006). Phenotype MocroAssaysTM Panels PM-M1 to PM-M4 for Assaying Energy Metabolism 

Pathways and Fingerprinting Mammalian Cells. Hayward, CA. 
Carlton, R. M. (1999). “Phage Therapy: Past History and Future Prospects.” Archivum Immunologiae et 

Therapiae Experimentalis. 47: 267-74. 
Daily, Beth. (2005). “The Price of Protection.” Boston Globe, 7 November 2005, C1+. 
Davis, U. C. (2005). “Enteric Bacteria.” Retrieved March 28, 2006, from 

http://ehs.ucdavis.edu/animal/health/enterics.cfm 
Guttman, B., Raya, R., and Kutter, E. (2005). Basic Phage Biology. In: Bacteriophages: Biology and 

Applications, CRC Press, Boca Rutan FL, pp. 29-66. 
Holt, John G., et al. (2000). Bergey’s Manual of Determinative Bacteriology, 9th edition. Philadelphia: Lippincott 

Williams and Wilkins.  
Kim, J., and Lim, Y.-M. (2005). Prevalence of Depressed AmpC Mutants and Extended Spectrum β-Lactamase 

Producers among Clinical Isolates of citrobacter feundii, Enterobacter spp., and Serratia marcescens in 
Korea: Dissemination of CTX-M-3, TEM-52, and SHV-12. J. Clin. Microbiol.  43: 2452-2455. 

Mayer, G. Dr. (2005). Bacteriology: “Bacteriophage” (Lecture Notes, Chapter 7). Retrieved February 8, 2006, 
from http://pathmicro.med.sc.edu/mayer/phage.htm.  

Sulakvelidze, A., and Kutter, E. (2005). Bacteriophage Therapy in Humans. In: Bacteriophages: Biology and 
Applications, CRC Press, Boca Rutan FL, pp. 381-436. 

Sulakvelidze, A., and Barrow, P. (2005). Phage Therapy in Animals and Agribusiness. In: Bacteriophages: 
Biology and Applications, CRC Press, Boca Rutan FL, pp. 335-380. 

Tortora, G. J., Funke, B. R., and  Case C. L. (2006). Microbiology, An Introduction, 9th edition, Pearson/Benjamin 
Cummings Publishing Co. Inc. 

United States Geological Society Website (2002). Environmental Atlas of the Lake Pontchartrain Basin. 
Retrieved March 28, 2006, from http://pubs.usgs.gov/of/2002/of02-206/env-issues/pit-characterization.htlm. 



Rene N. Beaudoin, Danielle R. DeCesaro, Debrah L. Durkee, and Susan E. Barbaro 

                            8 

_____________________________________ 
*   RENE N. BEAUDOIN was born and raised in Nashua, NH. Before enrolling in the B.S./Biology Program at Rivier 

College in 2003, he attended Nashua High School. His interest in the biological sciences began at a very young age and 
that interest persevered throughout High School and into College. Rene intends to further his education and pursue 
graduate studies upon graduation in May, 2007. 

 

† DANIELLE R. DeCESARO is a native of Billerica, MA. She graduated from Rivier College in May 2006 with a B.S. in 
Biology. She currently works for Marine Polymer Technologies, Tewksbury, MA as a research associate. 

 
‡      DEBRAH L. DURKEE, a graduate’2006 of Rivier College, obtained a Bachelor's Degree in Biology. Currently, Debrah 

is employed by Cowan Technologies, Inc. in Montpelier, Vermont. The topic of Bacteriophage took her interest in the 
spring of 2005 during a microbiology lecture. She immediately knew that her senior independent project would involve 
investigating phage.    
 

§   SUSAN E. BARBARO, Ph.D., obtained a Bachelor of Science Degree from Concordia University, Montreal, Quebec, 
and Master of Science and Doctorate from the University of Waterloo, Ontario. Her desire to understand and protect the 
environment has always played an important role in determining Susan’s research interests. In particular, she is interested 
in the microbial ecology of fresh water and soil ecosystems. Susan has studied and conducted research related to 
microbial physiology, biological control, and bioremediation. Her first full-time teaching position was at Delaware State 
University, a Historical Black College. She joined the faculty at Rivier College in 2003. 


