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Bacteriophages are present in every environment that supports bacterial growth, including manmade ecological niches. Virulent
phages may even slow or, in more severe cases, interrupt bioprocesses driven by bacteria. Escherichia coli is one of the most widely
used bacteria for large-scale bioprocesses; however, literature describing phage-host interactions in this industrial context is
sparse. Here, we describe phage MED1 isolated from a failed industrial process. Phage MED1 (Microviridae family, with a single-
stranded DNA [ssDNA] genome) is highly similar to the archetypal phage phiX174, sharing >95% identity between their
genomic sequences. Whole-genome phylogenetic analysis of 52 microvirus genomes from public databases revealed three geno-
types (alpha3, G4, and phiX174). Phage MED1 belongs to the phiX174 group. We analyzed the distribution of single nucleotide
variants in MED1 and 18 other phiX174-like genomes and found that there are more missense mutations in genes G, B, and E
than in the other genes of these genomes. Gene G encodes the spike protein, involved in host attachment. The evolution of this
protein likely results from the selective pressure on phages to rapidly adapt to the molecular diversity found at the surface of
their hosts.

Bacteriophages play a critical role in controlling bacterial eco-
systems (1). They are thought to maintain genetic diversity by

targeting the most abundant bacterial strains, as described by the
“killing the winner” hypothesis (2, 3), and contribute to bacterial
evolution through horizontal gene transfer (4). Bacterial viruses
may play an important role in balancing natural bacterial ecosys-
tems, but their bactericidal nature can create a significant imbal-
ance in biotechnological processes. Humans have used bacteria
for millennia to transform foods, improving flavors and increas-
ing preservation time (5), but it is only since the late 20th century
that we have used microorganisms to produce molecules with
commercial value. Biotechnological processes driven by microor-
ganisms, usually in monoculture or using very few strains, are
susceptible to interference by virulent phages (6, 7). Despite the
industry’s acknowledgment that phages pose a significant risk for
large-volume fermentation processes, and with the exception of
the dairy industry, literature on the impact of phages on bioindus-
try processing is sparse. The milk fermentation industry has con-
tributed most to the advancement of knowledge on the interaction
of industrial bacterial strains and their phages. Many efficient
phage control strategies have been implemented in the dairy in-
dustry, for example, training of employees, improved plant de-
sign, rotation of starter strains, and use of phage resistant starter
strains (reviewed in references 6–8).

Escherichia coli is widely used in the biotechnological industry
because it is easily genetically modified, grows fast, and is cost
efficient for producing high biomass yields. E. coli variants resis-
tant to virulent phages T1 and T5 (Siphoviridae family, double-
stranded genome, and noncontractile tail) are commercially
available and are commonly used in research and by the industry
to produce biomolecules of interest. In these variants, the fhuA
gene, which codes for an outer membrane transporter and recep-
tor of phages T1 and T5, has been inactivated (9). These bacterial
cells are impervious to phages T1 and T5 because the phages are
unable to adsorb to bacterial surface components to initiate the

infection process (10). However, the ongoing arms race evolution
between bacteria and phages led to the emergence of T-odd phages
that can infect fhuA mutants (11).

We report here a case study where a bioprocess driven by E.
coli was inhibited by a virulent phage. Interestingly, this phage
belongs to the Microviridae family (single-stranded DNA [ss-
DNA] viruses and tail-less) and is highly similar to the archetypal
phage phiX174. Phages of the Microviridae family are small icosa-
hedral viruses with a 5.3- to 6.1-kb genome generally coding for 11
proteins. Three proteins have structural roles: gpF, gpG, and gpH.
Gene F codes for the major capsid protein that assembles into a
procapsid, guided by gpB and gpD, the internal and external scaf-
folding proteins, respectively (12). The mature capsid harbors 12
spikes, each composed of five subunits of gpG. The spikes are
involved in recognizing the bacterial host. The exact function of
the gpH protein, also part of the spike structure, was recently
elucidated. Virus attachment to the bacterial surface triggers a
change in gpH conformation, which then forms a tail-like struc-
ture used to translocate the viral DNA into the bacterial cytoplasm
(13). The gpA, gpC, and gpJ proteins are involved in DNA repli-
cation and packaging, while the roles of the nonessential gpA* and
gpK proteins are still undefined (12). The gpE protein is involved
in cell lysis (12). According to the International Committee on
Taxonomy of Viruses (ICTV) (14), the Microviridae family com-
prises the subfamily Gokushovirinae, which includes three genera
(Chlamydiamicrovirus, Bdellomicrovirus, and Spiromicrovirus).
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The genus Microvirus is not included in the Gokushovirinae, and it
includes five species (G4, phiX174, St-1, phiK, and alpha3). The
classification of these Microvirus phages is based on host range and
temperature sensitivity (14).

The small genome and the short latent period of the Micro-
viridae also make them an attractive evolutionary model. Many
studies have been conducted to better understand how ssDNA
viruses evolve, and at least two different approaches have been
used to investigate Microviridae evolution. The first approach in-
volves replication of viruses in a chemostat with and without dif-
ferent selective pressures for many generations (15–23). The sec-
ond approach is based on isolating and sequencing novel
members of the virus family (24) and surveying environmental
sequences (25). A recent review on evolutionary studies showed
that Microviridae phages undergo parallel evolution, meaning that
a common ancestor evolved the same molecular substitutions
even when different selective pressures were used (26). Moreover,
some degree of convergent evolution occurred, since the substitu-
tions arising from laboratory experiments were also observed in
the natural virus population. Some studies focused on the adap-
tation of phiX174 to different hosts and revealed that host-specific
evolution occurred mainly in the major capsid protein (gpF) (18,
27). However, others found that mutations in gpH appeared to be
necessary for specific interactions with host receptors, while mu-
tations in the major capsid protein appeared to play a role in
capsid stability (15). Those authors suggested that these structural
alterations could play an important role in adaptation to a novel
host.

We report here the characterization of a Microviridae phage
isolated from a failed E. coli-driven biotechnological process. The
genome sequence of this phage reveals evolutionary patterns not
previously observed for this phage species (phiX174), shedding
light on host adaptation of Microviridae.

MATERIALS AND METHODS
Bacterial strain, phage, and growth conditions. The host strain E. coli
SMQ-1277 was grown in tryptic soy broth (TSB) medium at 37°C with
aeration. The phage was isolated as previously described (28, 29). Briefly,
a sample containing phages was filtered through a 0.45-�m syringe filter,
the filtrate was serially diluted, and the dilutions were added to E. coli
SMQ-1277. The mixture was then quickly added to TSB soft agar (con-
taining 0.75% agar) and poured onto TSB agar plates. To improve lysis,
TSB medium was supplemented with 25 �M MgSO4. Phage MED1 was
purified three times from isolated plaques before genome sequencing
(30). Phage MED1 and E. coli SMQ-1277 were deposited at the Félix
d’Hérelle Reference Center for Bacterial Viruses (http://www.phage
.ulaval.ca/) under accession numbers HER504 and HER1504, respec-
tively. For host range analyses, E. coli strains HER1024 (also named B or
ATCC 11303; host of phages T1, T2, T3, T4, T5, T6, and T7), HER1036 (C
or ATCC 13706; host of phage phiX174), HER1144 (K12S; host of phage
lambda), HER1382 (host of phage HK97), and HER1462 (C-3000; host of
phage MS2) were obtained from the Félix d’Hérelle Center.

Electron microscopy. Phage MED1 was observed by electron micros-
copy as previously described (31). Briefly, 1.5 ml of phage lysate was cen-
trifuged at 23,500 � g for 1 h at 4°C, and the pellet was washed twice with
ammonium acetate (0.1 M; pH 7.0). The resulting solution containing
phage was then used to prepare observation grids. The grids were stained
with phosphotungstic acid (2%; pH 7.0) and observed with a JEOL 1230
electron microscope.

DNA extraction, genome sequencing, and analysis. Viral nucleic acid
was extracted using a QIAamp viral RNA minikit (Qiagen) according to the
manufacturer’s instructions, except that we used 60 �l of Tris-EDTA (TE)

buffer (pH 8.0) for the final elution. Second-strand synthesis was conducted
with the Clone Miner cDNA library construction kit (Invitrogen) according
to the manufacturer’s instructions, with the following modifications: isoamyl
alcohol was not added to the phenol-chloroform solution used to extract the
DNA after second-strand synthesis, and the double-stranded DNA (dsDNA)
was dissolved in 25 �l of TE buffer (pH 8.0). The sequencing library was
prepared using a Nextera DNA Sample Prep kit (Illumina) according to the
manufacturer’s instructions. The library was sequenced on a MiSeq system
(Illumina) using a MiSeq reagent kit (2 � 151 nucleotides [nt]; Illumina). De
novo assembly was performed with Ray assembler version 2.2.0-devel, using a
kmer size of 31 (32).

Whole-genome phylogeny. The genomes (n � 55) were selected by
searching the NCBI nucleotide database for the term “microvirus” and
excluding uncultured sequences to avoid working with chimeric se-
quences and phiX174 variants from evolutionary studies. Phylogenetic
analysis of the complete genomes was conducted by defining the origin
of all genomes as the start codon of the gpA gene. The genomes were
aligned using MAFFT (v7.130b) (33) with the L-INS-i parameters, and
the alignment was converted to the PHYLIP format using BioPython
(34) in-house scripts. The most probable nucleic acid substitution
model was selected using jModelTest (v2.1.4) (35), and we used this
output in PhyML to generate the tree (36). Branch support values were
calculated using the Shimodaira-Hasegawa-like procedure (37). The
leaves of the tree were renamed using the Newick utilities package to
render them compliant with the PHYLIP format and to convert them
back to human-readable names after calculating the maximum likeli-
hood (38). Finally, the tree was visualized using the Web interface
iTOL (http://itol.embl.de/) (39). The phylogenetic tree was pruned
using Python ETE 2.2rev1026 package (40) to focus only on the
phiX174 group (see Fig. 3B).

Comparative genomics. The type phage of each group was used for
the intergenotype comparison. The schematic representation of the ge-
nome was manually constructed in Adobe Illustrator. The percent iden-
tity was calculated from a Protein-Protein BLAST analysis (package
2.2.28�) (41), using the number of identical amino acids divided by the
length of the longest protein from the pairwise comparison.

Protein phylogenies and evolution of the phiX174 species. The gene
sequences extracted from GenBank files were aligned using MAFFT with the
parameter G-INS-i (33) to improve global alignment. Single nucleotide vari-
ants (SNVs) were extracted from the pairwise comparison of all unique se-
quence combinations. The impact of each SNV on the protein sequence
(nonsense versus missense) was reported in a table, which was used to gener-
ate Fig. 4. The graphs were generated using the ggplot2 R package (version
0.9.3.1) (42). The protein phylogenies were analyzed in a way similar to the
analysis of genome phylogeny. First, the protein sequences were aligned using
MAFFT with the parameter G-INS-i. The protein sequences from phage ID18
(G4 species) were included in the phylogenetic analysis as an outlier, which
was later removed from the tree using the ETE 2.2rev1026 package, preserving
the branch length for the phiX174 group (40). The most probable amino acid
substitution model was determined using ProtTest (3.2) (43), which was then

FIG 1 Electron micrograph of MED1. Bar, 50 nm.

Microviridae Isolated from a Failed Bioprocess

November 2014 Volume 80 Number 22 aem.asm.org 6993

http://www.phage.ulaval.ca/
http://www.phage.ulaval.ca/
http://itol.embl.de/
http://aem.asm.org


implemented in PhyML to estimate the best phylogenetic trees. The branch
support values were calculated using the Shimodaira-Hasegawa-like ap-
proach (37). The trees were rendered using ETE 2.2rev1026 (40). Finally, the
variable sites identified in gpG were mapped in the structure of phiX174
(MMDB accession number 52636; PDB accession number 2BPA) (44) using
Cn3D software (45). The blue-red color gradient is based on the conservation
score calculated by Jalview (46) for each residue.

Nucleotide sequence accession number. The complete annotated
genomic sequence of phage MED1 was deposited in GenBank under ac-
cession number KJ997912.

RESULTS AND DISCUSSION
Isolation of the phage. A phage-contaminated sample was ob-
tained from a biotechnological company using E. coli as one of its
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production platforms. The pH-controlled organic acid fermenta-
tion process suffered from a �10-fold decrease in rate of produc-
tion after about 5 h. The rate of production was monitored as the
rate of base addition. Bacterial growth also arrested, but complete
lysis was not observed in the industrial fermentor. A sample from
the industrial fermentation broth was filtered (0.45 mm), and
phage plaques were observed in a plaque assay against the E. coli
production organism. The virulent phage MED1 was isolated
from the resulting plaques (28, 29).

Optimizing the concentration of MgSO4 in the medium sig-
nificantly increased phage MED1 titers. The most efficient in-
fection was obtained with a concentration of 25 �M MgSO4

(data not shown). Although tailed phages are more frequently
reported to be contaminants in cases like this, we observed, by
electron microscopy, that MED1 was similar in morphology to
the archetypal phage phiX174 (Fig. 1). This is surprising, since
to our knowledge, Microviridae phages have not been previously
reported to interfere with industrial bioprocesses. We tested the
host range of MED1 against the host strains of coliphages T1, T2,
T3, T4, T5, T6, T7, phiX174, 	, HK97, and MS2, and it infects
only the host strain of phiX174 (HER1036) and E. coli SMQ-1277.
To further characterize MED1, we sequenced its genome and
compared it to other phages belonging to the Microviridae family.

Genome sequencing. We used a nucleic acid extraction column
to extract the MED1 genome, convert the ssDNA to dsDNA, and
sequence the resulting dsDNA using a MiSeq apparatus. We assem-
bled the genome into a single contig of 5,386 nt with an average

coverage of 842-fold. A nucleotide BLAST analysis against the NCBI
nonredundant database confirmed that MED1 belongs to the Micro-
viridae family, sharing �95% identity with phiX174. The genome
of MED1 codes for the same 11 proteins encoded by the phage
phiX174 genome, and genome synteny is highly conserved across
all 52 genomes belonging to the Microvirus genus (Fig. 2), with the
exception of the alpha3 species, reported to code for five addi-
tional putative proteins not found in phiX174 and G4 species.
When members of the genus Microvirus are compared, there is
considerable diversity between species and often �40% identity
between their amino acid sequences. Conversely, intergenotype
comparison reveals an astonishingly high level of conservation
(Fig. 2).

Whole-genome phylogeny. We conducted a phylogenetic
analysis to classify phage MED1. As indicated previously, the
ICTV recognizes five species of the Microvirus genus, phiX174,
phiK, G4, alpha3, and St-1, based on host range and temperature
sensitivity (14). However, a phylogenetic analysis by Rokyta and
colleagues (24) suggested that the genus Microvirus should be sub-
divided into three species: phiX174, alpha3, and G4. Those re-
searchers suggested that the species phiK should belong to the
alpha3 species (24), but they did not analyze the St-1 species.

Our analysis of 56 genomes included all genomes belonging
to the Microviridae available in the NCBI GenBank database (55
genomes) and our MED1. Of these 56 genomes, 52 belong to the
Microvirus genus, while the remaining four phages belong to the
Gokushovirinae subfamily (Fig. 3). Our phylogenetic analysis

0.1

alpha3
St−1

phiK
NC35
NC3

WA45
WA13

NC28
ID62

NC29
ID21
ID32

WA14
ID18

ID204 Moscow/ID
ID2 Moscow/ID/2001
FL68 Tallahassee/FL/2012
FL76 Tallahassee/FL/2012

ID52
NC6

NC2
NC19
NC13
ID41
ID11
WA5
G4
WA2
WA3

WA6
NC10
ID8
ID12

ID1
ID22

ID45
NC56
NC41
NC5
NC16
NC37

WA10
S13
NC51
phiX174

ID34
NC11
MED1
NC1
NC7
WA4
WA11

Chlamydia phage Chp1
Chlamydia phage 3
Chlamydia phage Chp2

Chlamydia phage PhiCPG1

3α

φ

G4

X174

Gokushovirinae

Microviridae
ID1

ID22
ID45

NC56
NC41
NC5
NC16
NC37
WA10

S13
NC51

phiX174
ID34

NC11
MED1
NC1
NC7

WA4
WA11

0.01

A

B

FIG 3 Maximum likelihood phylogenetic tree of the microvirus genome sequences retrieved from the NCBI database and MED1. (A) Phylogenetic tree showing
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shows that all of these phages group within three species: phiX174,
alpha3, and G4. The phiK and St-1 phages cluster with the alpha3
species. On the basis of our observations and those of Rokyta et al.
(24), we propose to adapt the classification of the Microviridae and
divide the Microvirus genus into three species, namely, phiX174,
alpha3, and G4. Phylogenetic analysis based on genome alignment
reveals that MED1 is most closely related to phages NC1, NC7,
WA4, and WA11. This grouping is supported by a branch support
value of 97.9% (Fig. 3B).

Comparison of MED1 with the phiX174 species. First, we in-
vestigated the distribution of SNVs across the coding sequences of
the phages belonging to the phiX174 species. The box plots in Fig.
4 show the number of SNVs per gene, where each data point
within the box represents a pairwise comparison between a gene
from a reference phage and the orthologous gene from the other
18 phiX174-like phages. Thus, 19 versions of this figure were gen-

erated for the phiX174 species (one for each phage) (data not
shown). We provide two typical examples in Fig. 4. Pairwise com-
parison of all phage genes revealed that the total number of SNVs
per gene correlates with the size of that gene (average R2 � 0.719;
standard deviation [SD] � 0.133) (Fig. 4, top). We reached the
same conclusion for the number of SNVs leading to a synonymous
substitution (average R2 � 0.697; SD � 0.135) (Fig. 4, middle).
The linear regression model did not apply when we considered
only SNVs resulting in a nonsynonymous substitution (average
R2 � 0.231; SD � 0.081) (Fig. 4, bottom). Even though genes B, E,
and G are relatively small, they accumulate more missense muta-
tions than the other genes harbored by the phiX174-like phages.

The products of genes B and E are encoded within genes A and
D (Fig. 2), respectively, using an alternate reading frame. Gene B
and E sequences must be more permissive to maintain the func-
tionality of genes A and D, which code for the phage DNA repli-

FIG 4 Frequency of SNVs for MED1 (A) and ID34 (B) as a function of the size of the genes. (Top) Frequency of all SNVs; (middle) frequency of SNVs corresponding
to synonymous mutations; (bottom) frequency of SNVs corresponding to nonsynonymous mutations. The results indicate that the number of synonymous mutations
correlates with the size of the gene (R2 � 0.92), unlike the number of nonsynonymous mutations, which does not (R2 � 
0.0185). This shows that the selective pressure
is not the same for all genes, as the number of mutations found in gene G is greater than in the other genes. The gray shading shows the 95% confidence interval for the
linear regression.

Labrie et al.

6996 aem.asm.org Applied and Environmental Microbiology

http://aem.asm.org


cation protein and the external scaffolding protein, respectively.
The gpA and gpD proteins require stringent structural constraints
to conserve their function. Gene B was exchangeable between
phages phiX174, G4, and alpha3, even when gpB orthologs shared
�70% amino acid sequence identity. Thus, gpB appears inher-
ently tolerant to mutations (47).

The gpG protein is not encoded within another gene but still
shows evidence of diversification (Fig. 4 and 5). This gene codes for

the major spike proteins and plays a role in host recognition (48). The
capsid spikes of phage phiX174 are composed of a gpG homopen-
tamer and one copy of gpH (49). The gpH pilot protein guides phage
DNA across the cell wall and bacterial membranes (48). It was re-
cently demonstrated that adsorption of the virus to the host triggers a
conformational change of gpH, which forms a tail-like structure re-
sponsible for translocation of the phage DNA into the host cell (13).
While gpH is highly conserved within the phiX174 species, our phy-

FIG 5 Phylogenies of the protein alignments of phiX174-like phages. Phage ID18 (G4 species) was used as the outgroup, which was then pruned from the final
tree. Gray spheres indicate branches with support values of �95%. The size of the sphere is proportional to the branch support values. This figure shows that gpG
is among the most diverse proteins, along with gpB and gpE, encoded within the gpA and gpD genes, respectively.
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logenetic analysis of gpG reveals that this protein is prone to mutation
(Fig. 5). This suggests that the phiX174 phages rapidly adapt to the
genetic landscape of their host, especially to the genetic diversity
found in genes coding for cell surface components.

In an evolutionary study of eight Microviridae phages, Rokyta
and colleagues observed that the majority of mutations detected at
the end of an evolutionary walk were missense changes that oc-
curred in genes coding for structural proteins (gpF, gpG, gpH, and
gpJ) (23). Five missense mutations were found in the G gene.
These mutations probably did not affect attachment to the bacte-
rial host, since the predicted location of the amino acid change was
at the junction of the spike structure and the capsid protein gpF
(23). We also analyzed the positions of gpG mutations in the spike
structure for phiX174-like phages (Fig. 6). Unlike the previous
study (23), we found that the less conserved residues were located
at the surface of the spike structure (Fig. 6). This suggests that the
observed variability in gpG protein sequences is involved in host
recognition and attachment (Fig. 6). Interestingly, others reported
that the gpF (major capsid) protein was the principal component
mutated when coliphage phiX174 evolved to infect Salmonella as
an alternative host. Those researchers postulated that since the
mutations were in the vicinity of the gpF/gpG interface, the af-
fected residues could be involved in host attachment. Previous
studies also mapped mutations resulting in host range alterations
to genes G, H, and F (50–52).

We also analyzed the phylogeny of the proteins encoded by all
phages belonging to the phiX174 species. With the exception of
gpB and gpE, gpG has the longest branches (Fig. 5). The phylogeny
of gpG also indicates that the observed diversity in gpG sequences
could result from horizontal gene transfers, since the tree topology
is different from most proteins and from the whole-genome phy-
logeny (Fig. 2 and 5). It must be stressed that most phiX174 evo-
lutionary studies examine the evolution of the virus under a given
condition or selective pressure, while in this study, we analyzed

viral evolution by comparing the genomes of phages isolated from
different sources and using different E. coli host strains. Thus, the
variability observed for gpG is likely a snapshot of the viral diver-
sity occurring in these different samples. The variability in gpG
was also analyzed in the G4 and alpha3 species, and the same trend
was observed: gene G accumulates more missense mutations than
all other genes. These observations contrast with previous results,
where very little variation was detected in gpG (26).

Bacteriophages are an indissociable component of bacterial
ecosystems, and they constantly evolve with their hosts. Phages
also represent a nonnegligible risk for bioindustry, from foods
to biopharmaceuticals, since they may cause delays in biopro-
cesses and variability in the quality of the final product, ulti-
mately impacting cost and production. We described a phage
belonging to the Microviridae family (ssDNA phage) isolated
from a bioprocess driven by E. coli, which provided a unique
opportunity to study its evolution outside a laboratory envi-
ronment. The analysis of its genome revealed that this phage is
highly similar to the archetypal phage phiX174. The phylogeny
and distribution of SNVs in Microviridae coding sequences in-
dicated that gene G accumulates missense mutations to a
greater extent than most of the other genes. This gene plays a
role in host recognition and adsorption, requiring it to rapidly
respond to changes in the host surface to remain competitive.

Microviridae have been well studied because their small ge-
nome encodes only a few proteins. Phage phiX174 was the very
first whole genome to be sequenced and the first virus for which
the complete structure was determined. While phages similar to
phiX174 have been reported to be abundant in the environment,
they are challenging to isolate (25). We believe that isolation and
characterization of additional Microviridae phages are key to a
better understanding of the evolution of members of this phage
family in their natural environment.

A.    Virus structure B.        Spike structure

B
Side viewphiX174 Outer view Inner view

Conservation score legend
78910 6 5 4 3

FIG 6 Distribution of gpG variable sites in the phiX174-like phages. (A) Structure of the complete mature phiX174 virion, where the capsid protein is
yellow and the spike protein is gray. (B) Structure of the spike. The blue-red color gradient indicates the conservation score of the residues. The
less-conserved residues are represented in red and the most conserved ones in blue. The sites conserved in all phages are represented in gray. Different
shades of gray are used to differentiate gpG monomers in the spike structure. Most of the less-conserved residues are at the surface of the spike structure,
probably involved in attachment to the host.
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