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Prophage—encoded genes can pro-
vide a variety of benefits for their
bacterial hosts. These beneficial genes
are often contained within “moron”
elements. Morons, thus termed as the
insertion of the DNA encoding them
adds “more on” the genome in which
they are found, are independent tran-
scriptional units disseminated among
phage genomes through horizontal gene
transfer. Morons have been identified in
the majority of phage genomes and they
have been found to play diverse roles in
bacterial physiology. At present, we are
only beginning to ascribe functions to
the many proteins encoded within these
ubiquitous genetic elements. Recently,
we discovered that the first described
moron-encoded protein, gpl5 of phage
HK97, is expressed from the HK97 pro-
phage and functions as a superinfection
exclusion protein, protecting its host
from genome injection by other phages.
This work and the growing body of data
pertaining to other morons challenges
the traditional view of phages as purely
parasites of bacteria and emphasizes the
symbiotic relationship between bacteria
and prophages.

This year, the Human Microbiome
Project released a comprehensive descrip-
tion of the microbial communities present
within humans."? The increasing recogni-
tion that diverse interactions with these
microbial communities plays a critical role
in health and disease has led to the con-
clusion that an organism’s genes cannot be
studied in isolation when evolution occurs
in the context of complex communities.
Like humans, bacteria possess their own
unique microbiomes, of which bacterio-
phages (phages) are a major component.
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In fact, much of the diversity observed in
closely related bacterial strains is a result
of the incorporation of diverse prophages
into the core bacterial genome.? Also like
the human microbiome, in which the
human body is estimated to contain ten
times more microbial cells than human
cells, phages on earth are estimated to
outnumber bacterial cells by an order of
magnitude.”

While it is clear that predation by
phages is a dominant factor in regulating
bacterial population levels in diverse envi-
ronments,’ it has also become apparent
that phage-encoded genes play an impor-
tant role in enhancing bacterial survival.=*
This seeming paradox is explicable by the
fact that once a phage inhabits a bacterial
community its survival and propagation
is dependent on the success of its host
population. In fact, while some phages
propogate exclusively by a lytic cycle, the
majority of phages live a dual lifestyle;
growing lytically some of the time, but
also incorporating their genomes into
their bacterial hosts and existing passively
as prophages. A prophage is, in effect, a
symbiont; thus, it is evolutionarily adap-
tive for it to express genes that enhance
survival of the host. Given that the vast
majority of bacterial genomes contain
numerous prophages, it could be argued
that most phage genomes spend the bulk
of their existences as prophages. As such,
the production of phage particles could
be viewed as an escape mechanism from
certain adverse conditions, analogous to
spore production by fungal and bacterial
strains. Prophage induction can be trig-
gered a variety of host cell stressors such as
DNA damage,’ changes in pH and tem-
perature,’® heavy metal exposure,' oxi-
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and quorum sensing."” Since survival of
the prophage depends on the fitness of the
bacterial host, the most successful phages
will not be those that integrate silently
within the genome, but those that actively
protect and enhance the fitness of their
host by expressing useful genes. The sim-
ple addition of a prophage to a bacterial
genome thus often has significant pheno-
typic consequences for the host.”®

For a prophage to maintain itself
within the bacterial genome, many of its
genes, such as those involved in particle
formation and cell lysis, must be repressed.
However, amidst this sea of repression, all
prophage genomes contain small islands
of expressed genes, the importance of
which are becoming increasingly appar-
ent. Many of these expressed genes lie
within genetic elements that have been
collectively termed “morons,” which were
first described by Juhala et al. in a paper
comparing the genomes of E. coli phages
HK97 and HKO022." Within these and
other related phage genomes, gene order
is highly conserved such that one can
identify gene function by virtue of gene
position, even in the absence of sequence
identity. This allowed the identification
of inserted genetic elements in HK97 and
HKO022 that were unique to these phages.
Since their presence resulted in more DNA
as compared with related phages they were
designated as morons. In general, morons
appear as obvious additions to a phage
genome; their GC content differs from
the surrounding genes, implying horizon-
tal transfer, and they have their own pro-
moter and terminator elements to mediate
expression from repressed prophages.

The first use of the term moron related
to the genetic element containing gene
15 of phage HK97, which lies in the tail
operon between the genes encoding the
tail tube assembly chaperone and the tape
measure protein. Recently, we discovered
that the product of this moron element,
gpl5, mediates a useful function for the
host cell when expressed from a prophage.
By inserting into the inner membrane
this small protein prevents superinfec-
tion by other phages, including HK97
and HK75, without blocking their bac-
terial cell surface receptors.” Thus, gpl5
appears to prevent phage infection with-
out affecting host cell functions mediated
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by the outer membrane transporters used
by these phages. This exclusion is unre-
lated to traditional repressor-mediated
immunity mechanisms since the phages
it blocks belong to different immunity
groups.” Interestingly, other prophages
express unrelated proteins that exploit
similar entry preventing strategies for
preventing phage infection. For example,
the Cor proteins of E. coli phages HK022,
N15 and ¢80 protect bacterial lysogens
against other phages that require the
FhuA outer membrane protein for entry
by inactivating this receptor.’® This activ-
ity reduces ferrichrome uptake by cells
expressing Cor,'® but it plays an addi-
tional positive role in providing protection
against Colicin M, a protein toxin that is
imported through the FhuA receptor.”
The Salmonella phage P22 membrane-
bound SieA protein blocks genome entry
by phages L, MG178 and MG40 through
an uncharacterized mechanism."® We
observed that gp15 inhibition is indepen-
dent of periplasmic and inner membrane
proteins required for HK97 entry, since
other phages requiring the same factors
are not inhibited by gpl5. However, it is
dependent on features within the phage;
swapping the tail regions of HK97 and
HKO022 is sufficient to alleviate the inhibi-
tion phenotype.” Thus we postulate that
gpl5 inserts into the inner membrane of
E. coli where it interacts directly or indi-
rectly with the incoming phage tail to
prevent it from forming a channel for the
DNA through the membrane. To date, the
precise mechanisms of action of gpl5 are
unknown.

Besides blocking phage infection and
toxin import, some moron-encoded pro-
teins provide other advantages to their
bacterial hosts. For example, the pro-
phage-expressed N Lom protein improves
the ability of E. coli strains to interact
with and invade human epithelial cells,”
and the Salmonella phage SopE® protein,
SopE, secreted by the bacterial lysogen,*
leads to ruffling of the primate kidney
cell membrane” and improved invasion
of human epithelial cells by Salmonella.*
Several moron-encoded proteins have been
discovered that increase the ability of bac-
teria to survive the host immune response
and proliferate in vivo. For example, the
Gifsy-2 Salmonella prophage encodes a
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superoxide dismutase that protects the
bacterium against free radicals generated
by the mammalian immune system.* The
phage N Bor protein has similarly been
demonstrated to increase the resistance of
lysogenized E. coli to serum killing** and
the S. aureus phage @13 sak gene encodes
staphylokinase,”?¢ which disrupts the
fibrin network that forms to keep infec-
tions localized, and degrades human IgG
using a serine protease created by the
activation of human plasminogen into
plasmin at the bacterial cell surface.”
S. pyogenes phage-encoded mitogenic fac-
tors mf2, mf3 and mf4 act as superantigens
to trigger overproliferation of defective
T-cells that are unable to bind a specific
epitope of the antigen, and thus are inef-
fective in clearing the bacterial infection.®
Some morons encode toxin proteins that
directly increase the virulence of the host.
For example, shiga, diphtheria and cholera
toxins which greatly enhance virulence of
E. coli,”” C. diphtheria®® and V. cholera®
infections, respectively, are all encoded by
morons.®

Other morons have been shown to help
bacteria evade the immune response by
modifying bacterial cell antigenicity. For
example, Oac from S. flexneri phage Sf6
acetylates the O-antigen of the bacterial
lipopolysaccharide,® thereby altering the
bacterial cell surface and impairing the
ability of the immune system to recognize
it.¥ This same alteration is also believed to
protect against superinfecting phages that
recognize the O-antigen.’* P. aeruginosa
phage D3 is also a serotype-converting
prophage; it alters the glycosidic linkages
and acetylates the O-antigen.®® These
changes were demonstrated to be the
result of a moron element encoding three
genes: an o-polymerase inhibitor (iap),
an O-acetylase (0oac) and a B-polymerase
(wzyﬁ).36 Although the two Oac proteins
encoded by phages Sf6 and D3 are only
22% identical, their appearance in two
quite different species of bacteria illus-
trates that while moron functions are
diverse, the mechanisms by which they
function may be conserved among phages.

In addition to conservation among
phages, many of the morons discussed
here have bacterial homologs found out-
side of prophage-encoded regions. When
PSI-BLAST  searches were performed
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with HK97 gpl5, all homologs identi-
fied were found in Enterobacteriaceae,
and the majority were not phage or pro-
phage-encoded. The bacterial sequences
belong to the YebO family, a group of
proteins of unknown function.” While
the protein sequence of gpl5 bears a
strong resemblance to these proteins in its
N-terminal region, it is highly diverged at
the C-terminus, and we found that over-
expression or deletion of the E. coli YebO
protein had no effect on HK97 phage
propagation. Thus, we postulate that
yebO was inserted into the phage genome
by horizontal gene transfer, and diverged
over time until it acquired the new func-
tion of providing phage resistance. Similar
to gpl5, oac of Pseudomonas phage D3 has
a number of bacterial homologs, including
Pseudomonas WbpC proteins, with which
it shares 32% sequence identity.”” The
phage D3 Oac protein plays the same role
as that from S. flexneri phage Sf6, but the
D3 protein is approximately twice as large
(687 vs. 333 residues). Analysis of the
closest homologs of each of these phage
proteins reveals that they are bacterial in
origin. Coupled with the large difference
in the size of the proteins, this suggests
that these proteins were independently
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