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Co-infection is the simultaneous infection of a host cell by multiple viruses. It can result in complex 

competitive interactions that have significant consequences on virulence and disease dynamics. Our study 

investigated the intracellular mechanisms utilized for viral competition and identified a dominant virus 

during co-infection with a T4 and T7 bacteriophage model in E. coli strain C600. The co-infection was 

performed under two different input multiplicity of infection (MOI) conditions, each favouring one phage 

type. The amount of infectious progeny from coinfected samples was assessed with plaque assays. Results 

indicated that T4 dominated in both conditions, whereas PCR data showed T7 amplification from samples 

that produced only T4 plaques. We speculate that the dominance exhibited by T4 is due to its ability to 

modify the host RNA polymerase to only transcribe its own genes, thereby inhibiting T7 early gene 

transcription. In conclusion, bacteriophage T4 exhibited viral dominance over T7 during co-infection of E. 

coli C600, via mechanisms that interfered with T7 maturation.  

It has been observed in nature that multiple virions can 

coinfect a single host cell. Co-infection remains very 

important in virus evolution because of processes such as 

genetic reassortment, recombination, and complementation 

that can lead to increased virulence(1). However, co-

infection also comes at a cost due to the sharingof host 

resources, which can be further limited with greater 

numbers of infecting virions per cell. Thus, many viruses 

have evolved mechanisms to inhibit viral competitors that 

coinfect the same host cell (2). These mechanisms can 

involve manipulation of host enzymes and repression of 

viral replication (2).  

In 2012, Brewster et al. (2) studied the co-infection of 

Escherichia coliC3000 by bacteriophages MS2, ϕX174, 

and T7. It was observed that co-infections resulted in 

decreased host cell lysis time compared to the component 

mono-infections, thus indicating that viral competition 

played a significant effect on viral outcome (1). However, 

they did not identify the dominant bacteriophage during 

co-infection or adequately address the specific 

mechanisms utilized for competition. Previous 

bacteriophage studies show mechanisms for viral 

competition affect intracellular stages of the phage life 

cycle (2). Therefore, our study explored the intracellular 

aspects of viral competition using a single cell for co-

infection experiments. It was determined that E. coli C600 

was a susceptible host for the genetically similar T-even 

and T-odd bacteriophages, T4 and T7, and could be 

utilized as a co-infection model.  

T4 and T7 are lytic phages, which utilize a tail 

component with tail fibers to facilitate attachment and 

entry into host cells using the LPS receptor (3, 4, 5). 

Bacteriophage T4 has a 169 kb genome consisting of early, 

middle, and late genes that are transcribed by the host 

RNA polymerase which becomes modified at each stage to 

allow progression into the phage replication cycle (6). 

Bacteriophage T7 has a 40 kb genome divided into early 

genes transcribed by the host RNA polymerase and late 

genes, which are transcribed by the T7 bacteriophage-

encoded RNA polymerase (4).  

In this experiment we defined viral dominance as the 

ability of one virus to limit the production of competitive 

infectious progeny. The results indicated that T4 exhibited 

dominance over T7 during co-infection, through 

mechanisms that affect T7 maturation. Our experiment 

provides greater insight into dominance during viral co-

infection via intracellular mechanisms involving the viral 

life cycle.  

MATERIALS AND METHODS 

Strains and growth conditions. Escherichia coli C600 and 

bacteriophages T4 and T7 were obtained from the Microbiology 

421 culture collection from the Department of Microbiology and 

Immunology, University of British Columbia. E. colicultures 

were grown at 30°C in L-Media described in Overby et al. (7). 

1.5% agar plates were made from L-media. Bacteriophages T7 

and T4 were amplified by infecting 4x10
8
 cells/ml E. coliC600 

with an MOI of 0.1 in L-media. The infected cells were incubated 

at 30°C for 4 hours and overnight, respectively, until reduced 

turbidity was observed. The resultant lysates were spun down at 

8000 x g for 10 minutes and the supernatant was collected and 

treated with 0.1% (v/v) chloroform.A plaque assay was used 

afterwards to determine phage titer. 

Plaque assays. Phage samples were enumerated using the 

overlay agar plaque assay method described by Fortier and 

Moineau(8). A 4% soft-overlay agar was used. Infection with T7 

phages produced characteristically larger plaques than with T4. 

Co-infection of T4 and T7 in E. coli C600.Two samples of 

4x10
8
 cells/ml E. coli C600were coinfected with T4 and T7. The 

first was infected with MOI of 0.5 and 1.2, respectively, while the 

second was infected with MOI of 1.2 and 0.5, respectively. The 

infected cultures were incubated for 5 minutes before 

centrifugation at 8000 x g for 10 minutes and disposal of the 

supernatant to remove non-adsorbed bacteriophages. Each pellet 

was  

resuspended, diluted and separated into 25 aliquots of 0.8 cells 

per tube with a total volume of 200 µl per tube. The aliquots were 

incubated at 37°C for 60 min to allow lysis of any infected cells. 

Plaque assays were performed to detect the presence of phages. 
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FIG 1 Effects of MOI on the relative progeny observed following co-

infection of E. coli C600 with T7 and T4. Condition A input MOI for 

T7 and T4 is 1.2 and 0.5 respectively, while Condition B input MOI 

for T7 and T4 is 0.5 and 1.2 respectively.Experiment was performed 
with n=1 and error bars were derived from the Poisson distribution.  

PCR and primer design. Primers were designed through the 

Primer3 program (http://primer3.wi.mit.edu/). T4 bacteriophage 

DNA amplified by forward (5’-

AGAATCGGTCCAGTGCGTTT-3’) and reverse (5’-

GATTGACTGGTGGGGAGTGG-3’) primers gave a 109 bp 

product, while T7 bacteriophage DNA amplified by forward (5’-

TGACATGGCTAAGGTGCTGG-3’) and reverse (5’-

CACACAACGAACGCACATGT-3’) primers gave a 102 bp 

product (Integrated DNA Technologies #8069822). T4 and T7 

lysate stock and E. coli C600 cells resuspended in L-media were 

used as a control. Viral samples were denatured by heating at 

95°C for 10 minutes to release genomic DNA.The PCR reaction 

consisted of 7.5 µl sample, 0.2 mM dNTPs, 1.5 mM MgCl2, 0.5 

µM of each primer pair (forward and reverse), 0.25 U/µl Taq 

Polymerase (Fermentas, EP0401), and 1x reaction buffer in a 

final reaction volume of 20 µl with distilled water. Reactions 

were performed in a T Gradient 96thermocycler (Biometra), with 

samples undergoing an initial denaturation at 93°C for 10 

minutes, followed by 40 cycles of amplification: denaturation at 

93°C for 1 minute, annealing at 52°C for 1 minute, and 

elongation at 72°C for 1 minute. The final extension step was 

done at 72°C for 5 minutes. PCR samples were stored at 4°C until 

analyzed through agarose gel electrophoresis. 

Agarose gel electrophoresis.Samples were run on 2% agarose 

gels in 1x TBE Buffer (89 mM Tris-Borate, 2 mM EDTA; pH 

8.3) at 100 V for 60 minutes alongside a Low DNA Mass Ladder 

(Invitrogen, 10068-013). Gels were post-stained in 0.5 mg/ml 

Ethidium Bromide for 20 minutes before imaged with an 

AlphaImagerMultiImage Light Cabinet (Fisher Scientific). 

RESULTS 

T4 bacteriophage dominates T7 during co-infection of 

E. coli C600. E. coli C600 was coinfected with T4 and T7 

using two differential input MOI conditions. Condition A 

allowed for infection of host cells with T7 and T4 

bacteriophages at respective input MOIs of 1.2 and 0.5, 

while Condition B allowed for infection of host cells with 

T7 and T4 bacteriophages at respective input MOIs of 0.5 

and 1.2. Having an input MOI of 1.2 for one bacteriophage 

theoretically ensured a singular infection for all host cells, 

while an input MOI of 0.5 for the other bacteriophage 

ensured that approximately half of the host cells are 

infected. Theoretically, 50% of the host cell populations in 

Conditions A and B were coinfected. Each MOI condition 

only favours one phage and would demonstrate dominance 

if the disadvantaged phage was able to overcome its viral 

competitor.  

E. coli C600 was confirmed as a susceptible host to both 

T4 and T7 phage (FIG 1). When E. coli C600cells were 

infected under Condition A, the number of T4 than T7 

plaques were not significantly different (59 and 52  

plaques, respectively) (FIG 1). When E. coli C600cells 

were infected under Condition B, more T4 than T7 plaques 

were observed (73 and 13 plaques, respectively). This 

result suggested that T4 overcame the disadvantageous 

Condition A. From this data, it appears that T4 was the 

dominant virus in the co-infection. 

   Co-infected samples were diluted down to single cell 

concentrations and subjected to a plaque assay, none of the 

plates displayed simultaneous T7 and T4 plaques (Table 

1). Instead, virus-specific plaques appeared to be mutually 

exclusive: plates that contained T4 plaques did not contain 

T7 plaques and the reverse was observed as well. Of the 

eight plates exhibiting plaques in Condition A, four plates 

showed only T4 plaques and four plates showed only T7 

plaques (Table 1). Of the six plates exhibiting plaques in 

Condition B, all contained only T4 plaques. 

Since 50% of the host cell population in Condition A 

was theoretically coinfected and 50% of the plates 

displayed only T4 plaques, this result indicated that all of 

the co-infections were dominated by T4. The results of 

Condition B, in which T4 was expected to be present in all 

cell infections, showed T4 but no T7 plaques on all 

plates(Table 1). This supports that T4 dominated over T7 

in all co-infections. However, caution should be taken with 

our interpretation since monoinfection controls were not 

included in this study. 

T7 genome was present in samples coinfected by T4. 

Coinfected samples that successfully produced plaques 

(indicated in Table 1) were subjected to PCR amplification 

of T4 or T7 DNA (FIG 2). As shown in Figure 2A and 2B, 

both T7 and T4 primer sets successfully amplified their 

respective control phages although PCR of the T7 control 

seemed to result in a greater number of amplicons (Lanes 4  

Table 1 Single cell bursts followingT7 and T4 co-infection of E. coli 

C600. Only samplesthat exhibitedobservable plaques are presented. 

The sample letters represent the condition as described in Figure 1 
and the samplenumber represents one of the 25 aliquots. 

Sample 

Average Number of Plaques per 100 μl 

T7 bacteriophage T4 bacteriophage 

A2 47 0 

A4 10 0 

A7 0 5 

A8 25 0 

A9 0 5 

A14 0 18 

A17 0 7 

A18 24 0 

B4 0 6 

B7 0 15 

B9 0 14 

B14 0 7 

B20 0 5 

B21 0 13 

http://primer3.wi.mit.edu/
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T4 primer - + - + - + - + - + - + 
T7 primer + - + - + - + - + - + - 

	

Lane Sample 

1 ladder 

2, 3 E. coli C600 

4, 5 T7 stock 

6, 7 T4 stock 

8, 9 A2 

10, 11 A4 

12, 13 A7 

14 ladder 

15, 16 A8 

17, 18 A9 

19, 20 A14 

21, 22 A17 

23, 24 A18 

25, 26 A22 

 

 
 

T4 primer - + - + - + - + - + 
T7 primer + - + - + - + - + - 

	

Lane Sample 

1 ladder 

2, 3 E. coli C600 

4, 5 T7 stock 

6, 7 T4 stock 

8, 9 B4 

10, 11 B7 

12 ladder 

13, 14 B8 

15, 16 B9 

17, 18 B14 

19, 20 B20 

21, 22 B21 

  

FIG 2 PCR amplicons of T4 and T7 in the samples of mixed 

infections from Table 1. The key on the right of each figure describes 
the samples in each lane. The key below each figure shows the primer 

set used for the sample in the overlying columns.  

and 7, respectively). Non-specific amplification was not 

present, since there were no observable bands for the T7 

control sample using the T4 primer set and vice versa. 

However, within the experimental coinfected samples in 

Condition A or Condition B, only some of the samples 

were amplified by the T7 primers, which appeared at 

around 100 bp as expected (FIG 2A, Lanes 15, 19 and 23, 

and FIG 2B, Lanes 15 and 21). No samples showed 

successful amplification of T4 (FIG 2). Phages were 

present in samples A2, A4, A7, A9, A17, B4, B14, and 

B20, but no amplification was observed (FIG 2 and Table 

1). This may due to low levels or the degradation of viral 

DNA in the samples.T7 genome wasamplified from 

samples that only displayed T4 plaques. This showed that 

these samples were indeed coinfected with both T7 and T4 

phages. Therefore, this result suggested that T7 was 

successfully replicating its genome, but could not complete 

its lifecycle due to T4. 

DISCUSSION 

In Condition A, it is expected that 100% of the E. coli 

C600 cells would be infected by T7, whereas T4 would 

only infect 50% of host cells. In Condition B, it is expected 

that 100% of the E. coli C600 cells would be infected by 

T4, while T7 will only infect 50% of host cells. Altogether 

this means that in both conditions, approximately 50% of 

the infected cell population would be coinfected with both 

T7 and T4 bacteriophages. The dominant bacteriophage 

within the coinfected cells would be identified through 

observation of differential plaque morphology. 

The possibility that unadsorbed free phage could affect 

the accuracy of the plaque assay count is mitigated by the 

centrifugation step where most of the unadsorbed phage 

was removed. Moreover, the samples were diluted down to 

single cell and phage concentrations, so the observed 

plaques attributed the free phage is negligible compared to 

the overall plaque count. Therefore, the plaque assay 

results should not be significantly influenced by the 

unadsorbed phage. Overall, the plaque assays reflected the 

infectious progeny of dominant viral burst.  

Comparatively, PCR amplification of coinfected samples 

reflected the presence of the phage genome and suggests 

that replication was occurring within the host cell. 

Therefore, with regards to the combined plaque assay and 

the PCR data, it may be interpreted that both T7 and T4 

DNA was produced within the host cell, but that only T4 

was able to complete virion assembly, thus resulting in 

only T4 plaques. The data suggested that T4 dominates T7 

via mechanisms that do not directly interfere with genome 

replication and instead inhibits the maturation of T7.  

It was expected that T7 would outcompete T4 

bacteriophage due to its relatively small genome (4, 6).  

This could potentially facilitate faster replication of genetic 

material for virion assembly, however, the results 

suggested otherwise. An important factor that may explain 

T4 dominance over T7 is the fact that the T4 genome is 

more complex, featuring a 169 kb compared to the 40 kb 

genome of T7. The increased genomic complexity of T4 

may encode for proteins that limit T7 replication or 

maturation. For example, both T7 and T4 utilize the host 

RNA polymerase for expression of its viral genes (4, 6). In 

the T7 life cycle, the host RNA polymerase is utilized to 

transcribe its early genes, including the T7 gene product 

0.7(4).In 1997, McAllister and Barrett(4)stated that this 

gene product inactivated the host RNA polymerase four to 

six minutes after T7 infection, in order to block host-

dependent transcription and allow progression to the 

transcription of T7 late genes, using its own virus-encoded 

RNA polymerase. However, in 2004, Ueno and 

Yonesake(6) stated that T4 was able to modify the host 

RNA polymerase within only two minutes of infection, in 

order to facilitate expression of its own proteins. 

Therefore, it is possible that the T4 modification of the 

host RNA polymerase occurs before sufficient 

transcription of the T7 virus-encoded RNA polymerase, 

thereby limiting T7 late gene transcription. 

The accuracy of our interpretation is potentially limited 

due to several experimental restrictions.Comparison of 

Table 1 with Figure 2 showed that only samples with an 

average of 13 or more phages were successfully visualized 

on the agarose gel. This was as expected, since to have at 

least one phage genome present in the 7.5 ul of sample 

used in each PCR reaction, it would require approximately 

13 phages in the 100 ul sample plated in each plaque 

assay. However, results from Table 1 showed that the 

majority of our samples resulted in fewer than 13 plaques, 

which may explain the lack of PCR data observed.  What 

was odd was that the plates that resulted in more than 13 

T4 plaques in the plaque assay data corresponded not to 

T4, but rather to T7 amplification in the PCR data. One 

possibility might be that the presence of both genomes in 
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the PCR reaction resulted in interference of T4 

amplification. However, a control containing both 

genomes and both primers was not investigated.   

It was observed that the T7 control band produced a 

more intense signal than the T4 control band (FIG 2A and 

2B, Lanes 4 and 7), even though the T7 and T4 phage 

lysate stocks used had very similar viral titers. This may 

indicate that the T4 primer had a lower affinity for its 

target than the T7 primer. The samples exhibiting T4 

plaques may have lacked the minimum threshold amount 

of DNA required for PCR amplification by the T4 primer. 

Some samples amplified in the PCR contained a second 

unexpected PCR product of a length shorter than 100 bp 

(FIG 2B, Lanes 19 and 23, and Figure 2B, Lanes 10, 15 

and 21). This non-specific product may be caused by 

template-primer slippage, which results in the deletion of 

nucleotides in the amplification product(9). Since there 

were relatively few phage genomes in the samples to start, 

the shorter amplification product was amplified in 

conjunction with the sample genome to noticeable 

amounts. However, these slippage products were absent in 

the T7 and T4 controls (FIG 2A & B, lanes 4 and 7, 

respectively), which was likely due to the fact that the 

controls contained approximately one million times more 

phage genome than the samples. Therefore, the large 

number of full-length templates would have overshadowed 

any template-primer slippage products that might have 

formed during PCR of the phage stock control. 

Amplification of the E. coli C600 control with T7 

primers resulted in unexpected amplification of PCR 

product (FIG 2A & B, Lane 2). Due to the large number of 

cycles in the PCR and the high number of host DNA in 

this control sample, these bands may be the result of 

nonspecific amplification. Further experiments should be 

performed to confirm T7 sequence presence in the putative 

T7 bands. However, considering the fact that the T7 bands 

are more prominent than the E. coli C600 control bands, it 

is likely that the visible T7 bands are in fact T7 

amplicons.In summary, T4 bacteriophage appeared to 

dominate T7 during co-infection of E. coli C600. T4 

plaques were observed during both advantageous and 

disadvantageous MOI conditions, indicating T4 dominance. 

FUTURE DIRECTIONS 

This experiment should be repeated with the inclusion of 

T4 and T7 monoinfections as controls in order to 

determine if co-infection conditions had an effect on viral 

progeny levels. An extensive PCR study using the same T4 

and T7 primers should be conducted to determine if 

interference of amplification occurred due to the presence 

of both genomes in the reaction. Furthermore, the use of 

T4 and T7 primers that amplify products of different 

lengths would allow for easier differentiation after 

electrophoresis.  

Fluorescence-activated cell sorting (FACS), utilizing 

fluorescent probes specific for T7 and T4 bacteriophage, 

can be used to select for coinfected E. coli. Using FACS to 

separate single coinfected cells into the wells of a 96 well 

plate can allow for a larger sample size. FACS would also 

help concentrate the number of phages present to a 

sufficient level that would allow for quantification of each 

bacteriophage’s genetic material by techniques such as 

quantitative PCR (qPCR). Furthermore, FACS and qPCR 

techniques may be combined in a time-course study to 

provide insight into how each phage may have interfered 

with the other’s life cycle.  
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