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REVIEW

Bacteriophage secondary infection

Stephen T Abedon

Department of Microbiology, the Ohio State University, Mansfi eld, OH 44906, USA

Phages are credited with having been fi rst described in what we now, offi cially, are commemorating 
as the 100th anniversary of their discovery. Those one-hundred years of phage history have not 
been lacking in excitement, controversy, and occasional convolution. One such complication is 
the concept of secondary infection, which can take on multiple forms with myriad consequences. 
The terms secondary infection and secondary adsorption, for example, can be used almost 
synonymously to describe virion interaction with already phage-infected bacteria, and which can 
result in what are described as superinfection exclusion or superinfection immunity. The phrase 
secondary infection also may be used equivalently to superinfection or coinfection, with each of 
these terms borrowed from medical microbiology, and can result in genetic exchange between 
phages, phage-on-phage parasitism, and various partial reductions in phage productivity that have 
been termed mutual exclusion, partial exclusion, or the depressor effect. Alternatively, and drawing 
from epidemiology, secondary infection has been used to describe phage population growth as that 
can occur during active phage therapy as well as upon phage contamination of industrial ferments. 
Here primary infections represent initial bacterial population exposure to phages while consequent 
phage replication can lead to additional, that is, secondary infections of what otherwise are not 
yet phage-infected bacteria. Here I explore the varying meanings and resultant ambiguity that has 
been associated with the term secondary infection. I suggest in particular that secondary infection, 
as distinctly different phenomena, can in multiple ways infl uence the success of phage-mediated 
biocontrol of bacteria, also known as, phage therapy.
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INTRODUCTION

Phages interact with bacteria in the course of adsorp-
tion, infection, and virion release. Phage-phage interac-
tions also can take place and may be categorized as oc-
curring among phage virions (such as their aggregation), 
between phage genomes (particularly in terms of genetic 
recombination but also physiologically), or between vi-
rions and phage-infected bacteria. In this commentary I 
initially consider the latter, which involves virion adsorp-

tion to already phage-infected bacteria—over the course 
of which a number of interesting phage-phage interac-
tions can occur, e.g., (Abedon, 1994). Though these in-
teractions all involve secondary adsorptions, they usually 
are referred to instead as either secondary infections or 
superinfections. 

Alternatively, the term secondary infection has been 
used in the phage literature with a distinctly different 
meaning, that is, to describe sequential infections that 
occur during phage population growth, such as in the 
course of phage therapy or within the context of phage 
contamination of industrial fermentations. Secondary 
infections thus can occur either in “parallel”, as equiva-
lent to secondary adsorptions or superinfections (one cell 
simultaneously interacting with more than one phage), 
or instead in “serial” as occurs during phage propagation 
through a bacterial culture (one phage lineage interacting 
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sequentially with a series of cells). Here I consider these 
differing uses along with their distinct impacts on the 
pharmacology of phage therapy.

Parallel secondary infection and its ambiguity
The first use of the phrase “secondary infection” 

within the context of virion interaction with already 
phage-infected individual bacteria was, to my knowl-
edge, by Doermann (1948), who was studying the then 
newly appreciated lysis inhibition phenomenon, and this 
usage is reflected in Benzer et al. (1950). Specifically, 
with lysis inhibition an already phage-infected bacteri-
um– that is, a primary infection–can be induced to delay 
its lysis if a second phage should adsorb (Abedon, 1990; 
1994; 2009a; 2012c; Moussa et al., 2012; 2014; Tran et 
al., 2005; 2007). In 1948, when Doermann published 
his lysis-inhibition study, the mechanism by which lysis 
inhibition was induced was little understood. Indeed, 
the phenomenon of superinfection exclusion had not yet 
been discovered (see French et al., 1952, for overview of 
the earliest descriptions of superinfection exclusion-re-
lated phenomena in bacteriophage); superinfection exclu-
sion itself is a phage-expressed means by which progres-
sion from phage attachment to an already phage-infected 
bacterium can be prevented from progressing to coinfec-
tion of same bacterium (Abedon, 1994). There thus was 
little reason to distinguish between “secondary infection” 
and “secondary adsorption” in describing the action of 
subsequently adsorbing phages on already phage-infect-
ed bacteria since the secondarily adsorbing phages in the 
absence of superinfection exclusion could be assumed 
to reach the cytoplasms of their target bacteria. Indeed, 
Doermann employed both “secondary adsorption” and 
“secondary infection” in his 1948 study, seemingly inter-
changeably.

The term secondary infection, as used to describe 
interactions between virions and phage-infected cells, 
subsequently has been much more frequently used than 
secondary adsorption. This stems, perhaps, from con-
tinuing uncertainty about the extent to which secondary 
adsorption in fact results in coinfection by a secondarily 
adsorbing phage. Alternatively, it is often the case that 
the terms “adsorption” and “infection” are used inter-
changeable, such as to describe a phage-bacterium inter-
action in which knowledge of successful infection also is 
uncertain; witness for example the use of multiplicity of 
infection which in many cases instead more correctly de-
scribes multiplicity of phage adsorption (Abedon, 2008; 
2011a; 2012b; 2014; Abedon et al., 2010; Adams, 1959; 
Bigwood et al., 2009). It is possible, however, to defi ne 
the concept of adsorption narrowly, that is, as a means of 
describing solely virion attachment, with any subsequent 
phage-genome uptake considered instead to represent 
infection. An interchange of the use of infection and 

adsorption, and also secondary infection vs. secondary 
adsorption, nonetheless is neither uncommon nor neces-
sarily incorrect.

The term adsorption, if defi ned more broadly, can de-
scribe aspects of phage-bacterium interaction that follow 
mere virion attachment to a bacterial cell. From this latter 
perspective, it thus may be possible to infer a time course 
of secondary phage interaction with a phage-infected 
bacterium, here with superinfection defi ned as equivalent 
to coinfection by a secondary phage:

In this time course the concepts of secondary attachment 
and secondary adsorption, secondary adsorption and 
secondary infection, and also secondary infection and 
superinfection are assumed to not be synonymous, three 
assertions which are not necessarily valid. To more legiti-
mately refl ect this time course, I therefore replace arrows 
with the lesser-than-or-equal signs to indicate ambiguous 
progression by secondary phages towards successful 
coinfection:

That is, secondary adsorption may or may not represent 
further progression (“greater than”) towards secondary 
infection than secondary attachment, secondary infection 
may or may not represent further progression towards 
coinfection than secondary adsorption, and secondary 
infection may or may not be synonymous with superin-
fection or coinfection.

Contrasting this lesser-than-or-equal-to progression 
from secondary phage attachment through coinfection we 
can state with much less ambiguity the following claim:

Namely, and particularly if we defi ne infection as be-
ginning with phage-genome entrance into the adsorbed 
bacterium’s cytoplasm, there is no overlap between 
the two extremes of virion attachment to an already 
phage-infected bacterium, on the one hand, and coinfec-
tion on the other. Though with less certainty, it also may 
be argued that the following series of inequalities might 
hold as well,

where a lack of overlap is being claimed to exist between 
the concepts secondary adsorption and that of secondary 
infection. This perspective is simply a means of stating 
that phage infection follows phage adsorption.

This contention of a distinction between adsorption 
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and infection is not without precedent. The phenom-
enon known as lysis from without, for example, is a 
mechanism of phage-induced bacterial lysis that results 
from substantial amounts of phage adsorption but little 
phage infection (Abedon, 1992; 1994; 1999; 2011b). 
Furthermore, unless high multiplicities of adsorbing 
phages attach truly simultaneously to individual bacteria, 
then it is substantial secondary adsorption that must be 
inducing lysis from without rather than substantial sec-
ondary infection. Distinctions made between secondary 
attachment, secondary adsorption, secondary infection, 
and even superinfection are not necessarily consistent 
within the phage literature, however, nor unambiguously 
clear even within specific studies. Secondary infection 
nevertheless is a term that often has been used to mean 
the exposure of phage-infected bacteria to additional free 
phages; see Abedon (1994) for numerous older refer-
ences and see also its usage by Adams (1959) and Stent  
(1963).

One distinction that can be made with little ambiguity 
is that between infections that are productive versus in-
fections that instead display lysogenic cycles, with both 
infection types at least potentially serving as primary 
infections, that is, infections of otherwise not phage-in-
fected bacteria. Logically, therefore, the primary infection 
of a bacterial lysogen can be viewed as a secondary in-
fection of a lysogenic infection, see for example, (Davis 
et al., 1999; Espeland et al., 2004; Fogg et al., 2007; Mann 
, 2003; Slavcev and Hayes, 2002; Smith et al., 2012; 
Weinfeld and Paigen, 1964; Werner and Christensen, 
1969; Yamada et al., 2007). One can also describe such 
secondary infections within this context as superinfections 
(Sturino and Klaenhammer, 2006) and indeed the term 
“superinfection” generally appears to be more common 
within the phage literature than “secondary infection”, 
including within the context of the concept of superinfec-
tion immunity as well as that of superinfection exclusion.

Parallel secondary infection-associated 
phenomena

Phenomena that are directly associated with phage 
secondary infection or adsorption of already phage-in-
fection bacteria include the above-noted lysis from with-
out plus mechanisms of resistance to lysis from without 
(Abedon, 1994; Abedon, 1999). Both phenomena possi-
bly play roles in the life history of certain phages, most 
notably the T-even phages, allowing for resistance to the 
premature lysis of cultures as mediated by secondary ad-
sorption (i.e., resistance to lysis from without) along with 
a means of eventually assuring the lysis of those cultures, 
i.e., so-called lysis-inhibition collapse (Abedon, 1992; 
Abedon, 1999; Abedon, 2009a). Secondary infection is 
also seen in the parasitism of phage infections by satellite 
phages, such as phage P4’s parasitism of phage P2 infec-

tions. See Turner and Duffy (2008) for discussion of the 
evolutionary ecology of phage-on-phage parasitism and 
Hyman and Abedon (2012) for its consideration in viral 
systems more generally. In addition, there is the also 
above-noted superinfection exclusion and superinfection 
immunity.

These latter two phenomena operate by distinctly, 
conceptually different mechanisms (Hyman and Abedon, 
2010), with superinfection exclusion a blockage as ex-
pressed by primary phages especially on the successful 
phage genome translocation into the adsorbed bacterium 
(Abedon, 1994) whereas superinfection immunity is a 
post genome-translocation mechanism by which subse-
quent secondary phage genetic contribution to infections 
is curtailed, though not always successfully (Fogg, et 
al., 2010). From the terms employed, we can view these 
phenomena literally as prevention (or exclusion) of sec-
ondarily adsorbing phages from superinfecting (superin-
fection exclusion) versus resistance (i.e., immunity) of 
a primary infection to the continuation of infection by 
secondary phages that nonetheless have successfully ini-
tiated superinfection (superinfection immunity). 

Note that Berngruber et al. (2010) collectively describe 
these two otherwise mechanistically distinct phenomena 
of blockage on successful secondary infection as superin-
fection inhibition. To the extent that secondary infection 
gives rise to some degree of coinfection then we can also 
consider what have been described as mutual exclusion, 
partial exclusion, or the depressor effect. These respec-
tively are the prevention of replication of one of two 
lytically coinfecting but not closely related phages, es-
sentially mutually exclusion but between closely related 
phages, and reductions in burst sizes given coinfection 
between phages that are not clonally related (Abedon, 
1994). That is, to the extent that they act against phages 
that are secondarily infecting, then these mechanisms 
might be viewed as ones of partial or incomplete super-
infection inhibition.

In practical terms, the consequence of a failure of sec-
ondary infection is loss of the secondarily adsorbing phage. 
This loss occurs because the secondary phage must com-
mit to adsorbing–that is, irreversible adsorption–prior to 
testing the infection status of the now adsorbed bacteri-
um. The result inevitably is an ecological loss of phages, 
one which can be considered to be a potential mechanism 
of virion inactivation that is in addition to nucleic acid or 
virion-protein damage. This loss of secondary phages is 
of issue when phages are being employed as antibacterial 
agents, e.g., (Abedon et al., 2011), since phages display 
one-hit killing kinetics of bacteria (Bull and Regoes, 
2006) and thus any more than one adsorbing phage to a 
single bacterium represents a loss of antibacterial agent. 
This loss of secondary phages as killing agents occurs re-
gardless of whether superinfection inhibition is expressed 



Phage secondary infection

VIROLOGICA SINICA6　FEBRUARY  2015　VOLUME 30　ISSUE 1

by the primary infection since a single bacterial cell at 
most can only support a single phage burst. In addition, 
partial interference between coinfecting phages–i.e., 
mutual exclusion, partial exclusion, or depressor effect–
can result in reductions of the productivity of resulting 
infections that in turn could result, for example, in less 
effective in situ phage amplification in numbers and/or 
poor phage penetration into bacterial biofilms (Abedon 
and Thomas-Abedon, 2010). 

We would expect partial interference between coin-
fecting phages to occur particularly given phage therapy 
treatments that employ cocktails of otherwise not full 
coinfection-compatible phage strains. Resulting reduc-
tions in infection productivity during phage therapy, 
however, may be less of a concern given the formulation 
of infection-incompatible phages into cocktails (Chan et 
al., 2013; Chan and Abedon, 2012) so long as coinfec-
tion does not occur until late in phage population growth 
(i.e., until after most or all bacteria have already been 
bactericidally adsorbed), if passive rather than active 
treatments are employed (see below), or instead if phages 
are applied in multiple doses to infections rather than in 
just a single application (e.g., see arguments for multiple 
versus single dosing made in Abedon, 2012a; Abedon, 
2014).

From a non-applied perspective the superinfecting 
phage, even if otherwise “wasted” in terms of bacterial 
killing, nevertheless may still survive to some degree 
genetically. This survival may be measured in terms 
of the proportion of a burst that is associated with the 
secondary phage’s genome (Abedon, 1994), though it 
remains an open question whether the associated propor-
tional loss of primary phage genetic contribution to such 
bursts in fact evolutionarily selects for mechanisms of 
superinfection inhibition (Abedon, 1999). Of far great-
er relevance, however, is the contribution of secondary 
phage genetic survival to phage genome evolution, that 
is, as can result phage genomic mosaicism (Hatfull and 
Hendrix, 2011; Hendrix et al., 1999; Hendri et al., 2008). 
Whether the associated recombination between phages 
is a consequence of coinfection during lytic infections, 
the superinfection of lysogenic infections, or in some 
manner occurring between prophages, unless two phages 
have initially adsorbed simultaneously then coinfections 
are a consequence of secondary infections, and particu-
larly parallel secondary infections.

Parallel vs. serial secondary infection plus 
somewhere in between

Whether or not phage attachment, adsorption, and ge-
nome entry into a bacterium’s cytoplasm occur, or indeed 
whether a phage contributes to an infection’s burst, if the 
bacterium is already infected (primary infection) then 
these secondary phenomena can be viewed, as noted, 

as occurring in parallel with the primary infection. That 
is, they occur essentially at the same time in association 
with the same bacterial cell. Furthermore, and as equiva-
lent to superinfection, this usage of secondary infection is 
borrowed from medical microbiology, that is, the acqui-
sition by an already infected individual of an additional 
infectious agent: Two different infection processes by 
potentially independently originating parasites occur in 
association with same host at the same time, that is, in 
parallel.

Within an individual host, secondary infection with a 
more serial connotation can refer to infections that are 
spatially removed from a primary focal infection, though 
which nonetheless are caused by the same lineages of 
pathogens. In a search of PubMed on “secondary in-
fection” (in quotes), the oldest hit, dating from the late 
19th Century (Pratt, 1899), appears to employ just that 
meaning. Here secondary can be viewed as temporally as 
well as spatially subsequent and therefore representing 
infections or at least “sub” infections that occur in serial. 
As the subsequent infection also occurs within the same 
host, the process can be viewed in addition as having ten-
dencies towards parallel secondary infection. I described 
this form of secondary infection therefore as mixed par-
allel-serial.

This concept of mixed parallel-serial secondary in-
fection would not appear to be applicable to the phage 
infection of individual bacteria. It is also not applicable 
to phage penetration into clonal bacterial clumps (Abedon, 
2011a; Abedon, 2012b; Abedon, 2012c; Abedon, et al., 
2010), that is, unless phage spread is discontinuous such 
that multiple foci of phage infection (secondary infec-
tions) both become established within and are seeded by 
infections–focal-infection equivalents–of the same, clon-
al bacterial formation. Hence,

Alternatively, Iyer and James (1978) speak of using an-
ti-phage serum to prevent the “secondary reinfection”–and 
perhaps synonymously “secondary infection”– of cells that 
perhaps had been phage infected but in fact are no longer 
phage infected. These phage and bacterial hosts other-
wise display what the authors describe as a carrier state 
(Abedon, 2009b).

Thus, at least in principle a phage could be latently 
infecting a given bacterial lineage. As these bacteria 
replicate, at least one daughter cell could host a lytic 
infection while at least one other daughter cell could 
become spontaneously cured of its phage infection. The 
cured bacterium or its daughters could then become rein-
fected by a phage produced by the previously mentioned 
lytic infection. The result is secondary infection of a 
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not-currently phage infected bacterium but where that 
bacterium nonetheless is a member of the same bacterial 
population that otherwise is still hosting the same phage 
population, but in a different cell/location. This is a con-
voluted though not necessarily unrealistic scenario and is 
at least suggestive that this mixed parallel-serial concept 
of secondary infection could be applied to more than one 
phage-associated circumstance. For the general scenario 
to hold, however, then bacteria as host organisms must 
in some sense be viewed as multi-celled, which provides 
the parallel aspect, and also some form of temporal as 
well as spatial discontinuity separating infection foci, in-
fections by what otherwise is a single lineage of phages, 
must exist as well to supply the serial aspect.

Secondary infections can be more purely serial by not 
involving subsequent infections in different locations of 
the same host but instead infections of entirely different 
hosts. Distinct from the phage literature, this usage is 
seen in epidemiology, e.g., (May and Anderson (1983): 
“R0 is the average number of secondary infections pro-
duced when one infected individual is introduced into a 
wholly susceptible host population” (p. 197), but com-
parable wording is found in the phage literature as well 
(Payne et al., 2000; Payne et al., 2001; Wei and Krone, 
2005). This meaning, as applied to phages, appears to be 
equivalent to that of Sanders (1987) (p. 215), who de-
scribe how during “Cheesemaking protocols… effective-
ly disperse phage throughout the product, encouraging 
secondary infections.” Similarly, sequential phage infec-
tions described as “secondary infections” can be viewed 
as occurring within individual bacterial arrangements, 
e.g., such as streptococci (Barron et al, 1970), or within 
biofi lms (Hughes et al, 1998). Equivalent usage is seen 
also with descriptions of the prevention of the secondary 
infection of clonally related bacteria as a consequence of 
the action of bacterial abortive infection systems (Fukuda 
et al, 2008).

 In short, serial secondary infections are sequential in-
fections of different hosts, so thereby are not equivalent 
to parallel secondary infections which instead are of the 

same host. In addition, and also because infections are 
of different hosts, temporal and spatial discontinuities 
between infections occur automatically rather than re-
quiring complicated scenarios, i.e., as was the case when 
considering instead mixed parallel-serial secondary 
infections. See Table 1 for further comparison of these 
varying forms of secondary infection.

Serial secondary infection and phage therapy
The epidemiological or serial perspective on second-

ary infection has entered the phage therapy literature 
as a means of characterizing what has been described 
as “active” treatment (Payne et al, 2000; Payne and 
Jansen, 2001; Payne and Jansen, 2003); see also for ex-
ample (Golshahi et al, 2008; Hudson et al, 2005; Ryan 
et al, 2011). From Payne and Jansen (2003) (p316): “It 
is conceptually useful to distinguish primary infection 
(infection of bacteria by phage from the inoculum) and 
secondary infection (infection of bacteria by phage that 
have been released by lysis of already infected cells). If 
the inoculated phage are numerous enough then the fi rst 
round of primary infection and lysis can by itself remove 
signifi cant numbers of bacteria, which we refer to as pas-
sive phage therapy. When therapy is based on secondary 
infection then there is an increase in phage numbers via 
viral self-replication, which we refer to as active phage 
therapy.” That is, at a minimum phage-mediated biocon-
trol of bacteria, such as phage therapy (Abedon, 2009c), 
can be differentiated into that which does not require in 
situ phage replication (described as passive or inundative 
treatment) versus that which does require in situ phage 
population growth, i.e., active treatment (Abedon et al., 
2010). With passive treatment, phages are supplied to 
target bacteria at high multiplicities (>>1) since bacte-
rial eradication, for statistical reasons, requires multiple 
phage adsorptions of individual bacteria (Abedon, 2011).

These multiple adsorptions, unless they all occur si-
multaneously, presumably involve secondary (2') infec-
tions, but of a parallel nature, that is, phage adsorption of 
already phage-infected bacteria: 

Table 1. Distinguishing among secondary infection varieties

Secondary infection type Parallel Mixed parallel-serial Serial

Involves single host organism? Yes Yes No
Host must be relatively large?a No Yes No
Spatially separated infections? Nob Yes Yes
Potentially multiple infecting lineages? Yesc No No
Initial infection is called? Primary Focal Primary or Index
Historically used in phage literature? Yes Nod Yes

a: For example, multicellular; b: Or at least parallel secondary infection is not defi ned in terms of spatial separation; c: For ex-
ample, two distinct pathogen types or two distinct phage types, though for phages especially this is not an essential criterion; 
d: See, however, discussion in main text.
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Payne R J H and Jansen V A A (2000) nevertheless refer 
to passive treatment as “by primary infection alone”. 
They are not incorrect in this usage, however, but instead 
are using the term secondary infection to describe infec-
tions that occur serially rather than in parallel, i.e., in the 
course of phage population growth: 

Thus, initially supplied phages provide primary infec-
tions which, through phage infection and virion release, 
give rise to subsequent, that is, secondary infections. 
Indeed, the following progression more or less occurs 
as phage densities increase in situ in the course of phage 
population growth,

with the transition between serial to parallel secondary 
infections, on a population-wide basis, occurring 
gradually rather than abruptly. Thus, the proportion of 
adsorptions to non-yet phage infected bacteria (serial 
secondary adsorption) at first predominates but then 
declines as the proportion of phage adsorption to already 
phage-infected bacteria ascends (parallel secondary 
adsorption). I derive this latter point further in the 
following section.

Secondary infection relevance to phage 
therapy

There is more to active phage therapy than simply phage 
population growth. Just as with passive treatment, ratios 
of adsorbing phages to target bacteria must substantially 
exceed one–due to the Poisson distribution of adsorbing 
phages to bacteria–if bacteria are to be eliminated 
(Abedon, 2011). This requirement that multiplicities 
ultimately exceed one leads to an interesting confl ict in 
terms of use of the concepts of secondary infection.

First, as noted and just as one sees with lysis from without 
as considered above, the “primary infections” of passive 
treatment, unless truly occurring simultaneously in terms 
of their adsorption, involve both primary and secondary 
infections, the latter of the parallel kind:

For active treatment to be successful, this same end point 
must be reached, i.e., where phage numbers are suffi-
ciently high that bacterial numbers are substantially re-
duced, a process which inherently will be associated with 
phage adsorption and potentially also infection of already 
phage-infected bacteria.

Second, and contrasting passive treatment, with active 
treatment the original infections will tend to be primary 
in both a serial and parallel sense, with the latter due to 
the initially lower phage multiplicities that active treat-
ment tends to imply. Therefore, there will be a relative 
lack of parallel secondary infections among these other-
wise serial primary infections: 

That is, the initially added phages, which are primary in-
fections in a serial sense, will tend to give rise to bacteria 
that have been adsorbed at most by only a single phage 
(and which as a consequence will make the majority of 
these serial primary infections also primary infections in 
a parallel sense).

As noted, subsequent secondary infections, in an 
epidemiological/serial sense, ultimately must result in 
secondary infections in a per-target-cell/parallel sense if 
phage therapy is to be successful (multiple phage adsorp-
tions of individual bacteria to assure multi-fold eradica-
tion of those target bacteria). These secondary infections 
that are associated with higher phage multiplicities, in 
other words (parallel secondary infections), represent a 
consequence of secondary infections that are associated 
with phage population growth (serial secondary infec-
tions). Thus, as presented also towards the end of the 
previous section,

Secondary infection must occur for active treatment to 
result in substantial elimination of target bacteria. It 
must occur, however, as two wholly distinct phenomena: 
Infection of subsequent bacteria by phages produced in 
situ (secondary infection in a serial sense) in combina-
tion with what in most cases is a subsequent as well as 
staggered high multiplicity infection or adsorption of re-
maining target bacteria (secondary infection in a parallel 
sense).

CONCLUSION

Because of differing traditions, as well as numerous 
associated phenomena, the concept of secondary infec-
tion can be surprisingly complex. It is important nonethe-
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less to distinguish meanings, perhaps particularly as they 
may be employed in the phage therapy literature. To help 
stem confusion, for authors it can be important to defi ne 
intended meanings of secondary infection upon use. In 
particular, parallel secondary infection, as defi ned here, 
involves at a minimum multiple, distinct phages interact-
ing with a single bacterial cell whereas serial secondary 
infection involves multiple phage interactions with mul-
tiple bacterial cells.

COMPLIANCE WITH ETHICS GUIDELINES

The author declares that they have no competing inter-
ests. This article does not contain any study with human 
or animal subjects performed by any of the authors.

REFERENCES

Abedon S. 2011. Phage therapy pharmacology: calculating phage 
dosing. Adv Appl Microbiol. 77:10–40. 

Abedon ST. 1990. Selection for lysis inhibition in bacteriophage. J 
Theor Biol. 146:501–511. 

Abedon ST. 1992. Lysis of lysis inhibited bacteriophage T4-infect-
ed cells. J Bacteriol. 174:8073–8080. 

Abedon ST. 1994. Lysis and the interaction between free phages 
and infected cells. In: The Molecular Biology of Bacteriophage 
T4. Karam JD, Kutter E, Carlson K, and Guttman B (eds).Wash-
ington  DC:ASM Press,  pp397–405.

Abedon ST. 1999. Bacteriophage T4 resistance to lysis-inhibition 
collapse. Genet Res, 74:1–11. 

Abedon ST. 2008. Phage population growth: constraints, games, 
adaptation. In: Bacteriophage Ecology. Abedon ST (ed). Cam-
bridge: Cambridge University Press,  pp64–93.

Abedon ST. 2009a. Bacteriophage intraspecific cooperation and 
defection. In: Contemporary Trends in Bacteriophage Research. 
Adams HT (ed). Hauppauge: Nova Science Publishers,  pp191–
215.

Abedon ST. 2009b. Disambiguating bacteriophage pseudolysoge-
ny: an historical analysis of lysogeny, pseudolysogeny, and the 
phage carrier state. In: Contemporary Trends in Bacteriophage 
Research. Adams HT (ed). Hauppauge: Nova Science Publish-
ers, pp285–307.

Abedon ST. 2009c. Kinetics of phage-mediated biocontrol of bac-
teria. Foodborne Pathog Dis, 6:807–815. 

Abedon ST. 2011a. Bacteriophages and Biofi lms: Ecology, Phage 
Therapy, Plaques. Hauppauge: Nova Science Publishers.

Abedon ST. 2011b. Lysis from without. Bacteriophage. 1:46–49. 
Abedon ST. 2012a. Phage therapy best practices. In: Bacteriophag-

es in Health and Disease. Hyman P, Abedon ST (eds). Walling-
ford: CABI Press,  pp256–272.

Abedon ST. 2012b. Spatial vulnerability: bacterial arrangements, 
microcolonies, and biofi lms as responses to low rather than high 
phage densities. Viruses. 4:663–687.

Abedon ST. 2012c. Thinking about microcolonies as phage targets. 
Bacteriophage. 2:200–204. 

Abedon ST. 2014. Bacteriophages as drugs: the pharmacology of 
phage therapy. In: Phage Therapy: Current Research and Appli-
cations. Borysowski J, Miedzybrodzki R, and Górski A (eds). 
Norfolk: Caister Academic Press, pp69–100.

Abedon ST, Kuhl SJ, Blasdel BG, Kutter EM. 2011. Phage treat-
ment of human infections. Bacteriophage. 1:66–85. 

Abedon ST, Thomas-Abedon C. 2010. Phage therapy pharmacolo-
gy. Curr Pharm Biotechnol. 11:28–47. 

Adams MH. 1959. Bacteriophages.  New York: InterScience.
Barron BA, Fischetti VA, Zabriskie JB. 1970. Studies of the bac-

teriophage kinetics of multicellular systems: a statistical model 
for the estimation of burst size per cell in streptococci. J Appl 
Bacteriol. 33:436–442. 

Benzer S, Hudson W, Weidel W, Delbruck M, Stent GS, Weigle 
J J, Dulbecco R, Watson JD, Wollman EL. 1950. A syllabus on 
procedures, facts, and interpretations in phage. Viruses 1950. 
Delbruck M (ed).  Pasadena: California Institute of Technology , 
pp100–147.

Berngruber TW, Weissing FJ, Gandon S. 2010. Superinfection 
inhibition and the evolution of viral latency. J Virol, 84:10200–
10208. 

Bigwood T, Hudson JA, Billington C. 2009. Influence of host 
and bacteriophage concentrations on the inactivation of food-
borne pathogenic bacteria by two phages. FEMS Microbiol Lett, 
291:59–64. 

Bull JJ, Regoes RR. 2006. Pharmacodynamics of non-replicating 
viruses, bacteriocins and lysins. Proc R Soc Lond B Biol Sci, 
273:2703–2712. 

Chan BK, Abedon ST. 2012. Phage therapy pharmacology: phage 
cocktails. Adv Appl Microbiol, 78:1–23. 

Chan BK, Abedon ST, Loc-Carrillo C. 2013. Phage cocktails and 
the future of phage therapy. Future Microbiol, 8:769–783. 

Davis BM, Kimsey HH, Chang W, Waldor MK. 1999. The Vibrio 
cholerae O139 Calcutta bacteriophage CTX is infectious and 
encodes a novel repressor. J Bacteriol, 181:6779–6787. 

Doermann AH. 1948. Lysis and lysis inhibition with Escherichia 
coli bacteriophage. J Bacteriol, 55:257–275. 

Espeland EM, Lipp EK, Huq A, Colwell RR. 2004. Polylysogeny 
and prophage induction by secondary infection in Vibrio choler-
ae. Environ Microbiol, 6:760–763. 

Fogg PC, Allison HE, Saunders JR, McCarthy AJ. 2010. Bacterio-
phage lambda: a paradigm revisited. J Virol, 84:6876–6879. 

Fogg PCM, Gossage SM, Smith DL, Saunders JR, McCarthy AJ, 
Allison HE. 2007. Identifi cation of multiple integration sites for 
Stx-phage 24B in the Escherichia coli genome, description of 
a novel integrase and evidence for a functional anti-repressor. 
Microbiology. 153:4098–4110. 

French RC, Graham AF, Lesley SM, van Rooyen CE. 1952. The 
contribution of phosphorus from T2r+ bacteriophage to progeny. 
J Bacteriol. 64:597–607. 

Fukuda E, Kaminska KH, Bujnicki JM, Kobayashi I. 2008. Cell 
death upon epigenetic genome methylation: a novel function of 
methyl-specifi c deoxyribonucleases. Genome Biol. 9:R163. 

Golshahi L, Seed KD, Dennis JJ, Finlay WH. 2008. Toward mod-
ern inhalational bacteriophage therapy: nebulization of bacterio-
phages of Burkholderia cepacia complex. J Aerosol Med Pulm 
Drug Deliv, 21:351–360. 

Hatfull GF, Hendrix RW. 2011. Bacteriophages and their genomes. 
Curr Opin Virol, 1:298–303. 

Hendrix RW. 2008. Phage evolution. In: Bacteriophage Ecology. 
Abedon ST (ed). Cambridge: Cambridge University Press, 
pp177–194.

Hendrix RW, Smith MCM, Burns RN, Ford ME, Hatfull GF. 1999. 
Evolutionary relationships among diverse bacteriophages and 
prophages: All the world's a phage. Proc Natl Acad Sci USA. 
96:2192–2197. 

Hudson JA, Billington C, Carey-Smith G, Greening G. 2005. Bac-
teriophages as biocontrol agents in food. J Food Prot, 68:426–
437. 

Hughes KA, Sutherland IW, Jones MV. 1998. Biofi lm susceptibility 
to bacteriophage attack: the role of phage-borne polysaccharide 



Phage secondary infection

VIROLOGICA SINICA10　FEBRUARY  2015　VOLUME 30　ISSUE 1

depolymerase. Microbiology. 144:3039–3047. 
Hyman P, Abedon ST. 2010. Bacteriophage host range and bacteri-

al resistance. Adv Appl Microbiol, 70:217–248. 
Hyman P, Abedon ST. 2012. Smaller fl eas: viruses of microorgan-

isms. Scientifi ca. 2012:734023. 
Iyer VN, James AP. 1978. Single-cell studies on the carrier state of 

bacteriophage IKe, a virus specifi c for conjugative plasmids of 
the N incompatibility and conjugative group. Can J Microbiol, 
24:1595–1601. 

Mann NH. 2003. Phages of the marine cyanobacterial picophyto-
plankton. FEMS Microbiol Rev, 27:17–34. 

May RM, Anderson RM. 1983. Parasite-host coevolution. In: Co-
evolution. Futuyma DJ, Slatkin M (eds). Sunderland: Sinauer 
Associates,  pp186–206.

Moussa SH, Kuznetsov V, Tran TA, Sacchettini JC, Young R. 
2012. Protein determinants of phage T4 lysis inhibition. Protein 
Sci, 21:571–582. 

Moussa SH, Lawler JL, Young R. 2014. Genetic dissection of T4 
lysis. J Bacteriol, 196:2201–2209. 

Payne RJH, Jansen VAA. 2001. Understanding bacteriophage 
therapy as a density-dependent kinetic process. J Theor Biol, 
208:37–48. 

Payne RJH, Jansen VAA. 2003. Pharmacokinetic principles of 
bacteriophage therapy. Clin Pharmacokinet, 42:315–325. 

Payne RJH, Phil D, Jansen VAA. 2000. Phage therapy: The pecu-
liar kinetics of self-replicating pharmaceuticals. Clin Pharmacol 
Ther, 68:225–230. 

Pratt JH. 1899. Secondary infection of the skin and subcutaneous 
tissues by the bacillus typhosus. J Boston Soc Med Sci, 3:170–173. 

Ryan EM, Gorman SP, Donnelly RF, Gilmore BF. 2011. Recent 
advances in bacteriophage therapy: how delivery routes, formu-
lation, concentration and timing infl uence the success of phage 
therapy. J Pharm Pharamcol, 63:1253–1264. 

Sanders ME. 1987. Bacteriophages of industrial importance.In: 
Phage Ecology. Goyal SM, Gerba GP, Bitton G (eds). New 
York: John Wiley & Sons,  pp211–244.

Slavcev RA, Hayes S. 2002. Rex-centric mutualism. J Bacteriol, 
184:857–858. 

Smith DL, Rooks DJ, Fogg PC, Darby AC, Thomson NR, McCar-
thy AJ, Allison HE. 2012. Comparative genomics of Shiga toxin 
encoding bacteriophages. BMC Genomics, 13:311. 

Stent GS. 1963. Molecular biology of bacterial viruses. San Fran-
cisco: WH Freeman and Co.

Sturino JM, Klaenhammer TR. 2006. Engineered bacterio-
phage-defence systems in bioprocessing. Nat Rev Microbiol, 
4:395–404. 

Tran TA, Struck DK, Young R. 2005. Periplasmic domains defi ne 
holin-antiholin interactions in T4 lysis inhibition. J Bacteriol, 
187:6631–6640. 

Tran TA, Struck DK, Young R. 2007. The T4 RI antiholin has an 
N-terminal signal anchor release domain that targets it for deg-
radation by DegP. J Bacteriol, 189:7618–7625. 

Turner PE, Duffy S. 2008. Evolutionary ecology of multi-phage 
infections. In: Bacteriophage Ecology. Abedon ST (ed). Cam-
bridge: Cambridge University Press, pp195–216.

Wei W, Krone SM. 2005. Spatial invasion by a mutant pathogen. J 
Theor Biol, 236:335–348. 

Weinfeld H, Paigen K. 1964. Evidence for a new intermediate 
state of the viral chromosome during cooperative infection by 
host-modifi ed lambda phage. Virology, 24:71–83. 

Werner ER, Christensen JR. 1969. Infection by bacteriophage P1 
and development of host-controlled restriction and modifi cation 
and of lysogenic immunity. J Virol, 3:363–368. 

Yamada T, Kawasaki T, Nagata S, Fujiwara A, Usami S, Fujie M. 
2007. New bacteriophages that infect the phytopathogen Ralsto-
nia solanacearum. Microbiology. 153:2630–2639. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /None
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /None
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /None
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Japan Color 2001 Coated)
  /PDFXOutputConditionIdentifier (JC200103)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF005B57FA4E8E201C0053007000720069006E006700650072004F006E006C0069006E0065005F0031003000300033005F004100630072006F0038201D005D00204F7F75288FD94E9B8BBE5B9A521B5EFA7684002000410064006F006200650020005000440046002065876863900275284E8E9AD88D2891CF76845370524D53705237300260A853EF4EE54F7F75280020004100630072006F0062006100740020548C002000410064006F00620065002000520065006100640065007200200035002E003000204EE553CA66F49AD87248672C676562535F00521B5EFA768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (Japan Color 2001 Coated)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 0
      /MarksWeight 0.283460
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /JapaneseWithCircle
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


