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Abstract: The T5-like siphoviruses DT57C and DT571/2, isolated from horse feces, are very closely
related to each other, and most of their structural proteins are also nearly identical to T5 phage. Their
LTFs (L-shaped tail fibers), however, are composed of two proteins, LtfA and LtfB, instead of the
single Ltf of bacteriophage T5. In silico and mutant analysis suggests a possible branched structure
of DT57C and DT571/2 LTFs, where the LtfB protein is connected to the phage tail via the LtfA
protein and with both proteins carrying receptor recognition domains. Such adhesin arrangement
has not been previously recognized in siphoviruses. The LtfA proteins of our phages are found
to recognize different host O-antigen types: E. coli O22-like for DT57C phage and E. coli O87 for
DT571/2. LtfB proteins are identical in both phages and recognize another host receptor, most
probably lipopolysaccharide (LPS) of E. coli O81 type. In these two bacteriophages, LTF function is
essential to penetrate the shield of the host’s O-antigens. We also demonstrate that LTF-mediated
adsorption becomes superfluous when the non-specific cell protection by O-antigen is missing,
allowing the phages to bind directly to their common secondary receptor, the outer membrane
protein BtuB. The LTF independent adsorption was also demonstrated on an O22-like host mutant
missing O-antigen O-acetylation, thus showing the biological value of this O-antigen modification
for cell protection against phages.

Keywords: bacteriophage; T5-like phage; bacteriophage adsorption; phage in situ evolution; tail fiber
proteins; phage branched adhesin; E. coli O-antigen; O-antigen O-acetylation; horse feces

1. Introduction

Bacteriophage T5, infecting many laboratory strains of E. coli, is one of the series of
seven “authorized” “T” phages selected by Max Delbrück that have served as model organisms
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for basic research in phage biology since the 1940s [1]. Recently, T5-related viruses were identified
also in non-Enterobacteriaceae hosts. At the moment, T5-like phages are considered a genus in the
Siphoviridae family with at least 11 representatives with fully sequenced genomes annotated in GenBank
as “T5likeviruses”: coliphages T5, BF23, CEV2, H8, and bv_EcoS_AKF33; Salmonella phages SPC35,
EPS7, and Stitch; Yersinia phage phiR201; Pectobacterium phage My1, and Vibrio phage pVp1 [2–7].

The virion of bacteriophage T5 consists of an isometric icosahedral T = 13 head, containing
105 k.b.p. of genomic DNA, and a long noncontractile tail with a single central tail fiber and three side
tail fibers, with the latter also referred to as L-shaped tail fibers (LTF) [8,9]. In other T5-like phages, the
morphology of the tail fibers is not always known so one may use the same abbreviation for lateral
tail fibers.

T5-like coliphages are widespread in nature, including as components of human and animal
intestinal microbiomes [10,11], see also [12,13]. They are also found in downstream habitats such as
sewage or soils. While maintained in the gut ecosystem even over a limited period of time, these
phages are believed to undergo rapid in situ evolution [14]. The analysis of the multiple, closely
related isolates recovered from related environmental samples may shed light on the mechanisms of
short-term adaptation of the phage genome.

The genome regions that are expected to be a subject to the most intensive selection include the
genes coding for host specificity determinants of the bacteriophage [15,16].

The adsorption apparatus of T5 phage has been characterized in substantial detail [17–19], see
also [9] and references therein. The main T5 receptor is an outer membrane transporter protein,
FhuA, receptor-binding protein pb5 or Oad (reviewed in [9]) that is located at the extremity of the
T5 straight fiber (pb4) protruding from the conical basal structure at the end of the phage’s long
tail [17]. The interaction of pb5 with FhuA is necessary and sufficient for the triggering of phage
DNA ejection [9,20]. Interestingly, gene llp, which is found adjacent to the gene oad, codes for the
receptor-blocking lipoprotein that is expressed in the infected cell and binds to the phage receptor,
excluding superinfection and presumably decreasing phage inactivation on cell debris after lysis of the
host [21,22].

Phage BF23, which is closely related to T5, has an alternative variant of the host-recognition
module with receptor binding protein, Hrs, which is only distantly related to T5 Oad [23]. This protein
recognizes another outer membrane transporter, BtuB, that is required for Vitamin B12 uptake [24]. The
cognate Llp protein encoded by BF23 genome has no homology with its T5 analogue but performs the
same function, blocking BtuB proteins on the infected cell surface, thus preventing superinfection [23].

Phage T5, like other T5-like viruses, carries an additional adsorption device comprised of
three L-shaped fibers (LTFs). These fibers are attached to the thin collar at the upper end of the
conical basal structure, at the level of the interface between tail tube protein (pb6) and Dit protein
pb9 [9,19]. In phage T5, LTFs are formed by pb1 protein [9,17]. It has been demonstrated that LTFs
bind specifically to polymannose motif of bacterial lipopolysaccharide (LPS) O-antigen, increasing
the rate of the phage adsorption on O-antigen-producing strains [25,26]. The interaction of LTF
with LPS is not essential for T5 infection under laboratory conditions and LTF-deficient mutants can
grow effectively [26]. However, the rate of adsorption on O-antigen-producing strains is significantly
decreased in such mutants while the wild type T5 binds to these cells more actively than to the host
lacking the O-antigen polysaccharide [26]. It is unclear whether LTFs contribute significantly to host
range determination of the T5-like bacteriophages with respect to coexisting wild bacterial strains in
their natural habitats.

Here, we present a characterization of two environmental isolates of T5-like phages. These were
recovered from a sample of the horse faeces [14] and, being closely related to each other, have slightly
different host ranges [27]. At the same time, these viruses possess the ltf loci consisted of two genes
instead of one ltf gene in bacteriophage T5. The aim of this work was to identify the primary and
the secondary (the main) receptors of the phages DT57C and DT571/2, to reveal the functions of
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two different Ltf proteins encoded in their genomes and to determine the molecular mechanism
responsible for the difference of the host ranges of these viruses.

2. Materials and Methods

2.1. Phage and Bacterial Strains and Their Cultivation

Bacteriophage BF23 was kindly provided by Vladimir Ksenzenko, IBPM, Pushino, Russia. The
bacteriophages DT57C, DT57-1/2, and DT530 were isolated from the horse faeces in course of our
previous work [14] using E. coli C600 as a host and were maintained in our laboratory collection.
Standard laboratory E. coli strains C600, DH5α, JM109, JM109(DE3), and BL21(DE3) were from
our laboratory collection. Environmental E. coli isolates 4s, HS½, and HS3-104 were recovered
from feces obtained from the same group of horses that served as a source of the abovementioned
phages. The animals were stabled together and are believed to freely exchange intestinal phages
and bacteria [14]. The species-level identification of these strains was confirmed by MALDI-TOF of
whole cells extracts profiling using Biotyper instruments (Bruker-Daltonics, Germany) according to
manufacturer’s recommendations.

E. coli 4s strain produces an OPS that is similar to the O22 type OPS but has an additional
side-chain glucosylation [28]. The mutants of E. coli 4s strain, 4sI and 4sR, were selected previously as
variants that are resistant to bacteriophage G7C [28,29]. E. coli 4sI produces a non-O-acetylated OPS
due to mobile element insertion to wclK gene while 4SR does not produce O-antigen due to disruption
of a synthetic pathway also by a mobile element insertion [28]. E. coli HS1/2 strain produces the O87
type OPS, whose structure has been determined [30].

The mutants of the phages used were obtained in the course of this work. Their genotypes and
host ranges are given in Table 1.

Bacteria were propagated on LB medium (Trypton 10 g, yeast extract 5 g, NaCl 10 g, water up
to 1 L). This medium was supplemented with 15 g of agar per 1 l for plates or with 6 g of agar per 1 L
for top agar used for double-layer phage plating.

2.2. Bacteriophage Host Range Determination

To determine the ability of phages to grow on particular host strains, 5 µL drops of serial dilutions
from 100 to 10´8 of phage stock were applied over the fresh double layer plate inoculated by the strain
of interest. Before the application of phages, plates were dried open in the laminar hood for 15 min
to reduce condensation. Plates were then incubated at 37 ˝C overnight. The results were registered
as follows: (´) no phage growth; (+) growth inhibition zones formed at low dilution with the single
plaques visible in the spots of the higher dilution with estimated efficiency of plating (EOP) within
1 order of magnitude compared to the control plate with E. coli C600 lawn; (I) growth inhibition zone
is visible at lower dilution but it disappeared at higher dilutions without visible plaques formed. If the
plaques were formed at EOP lower than 10´1, then the approximate value of the EOP was registered.

2.3. LPS Analysis

LPS extraction and SDS-PAGE separation and amplification of the O-antigen synthesis cluster
were performed as described [28].

2.4. Bacteriophage Adsorption

Rates of phage adsorption were determined as described earlier [29]. Briefly, the log-phase cells of
the appropriate strain were pelleted by gentle centrifugation at 3000 g for 2 min at room temperature
and resuspended in fresh LB medium up to intended OD600. Then, phage was mixed to the cell
suspension up to the final concentration ca. 2 ˆ 103 PFU¨ mL´1 and the mixture was incubated at
37 ˝C. At the desired time points, 0.5 mL aliquots were taken and immediately centrifuged on the table
top centrifuge at 12,000 g for 1 min. Then, 50–250 µL of supernatant was plated on appropriate host
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strain lawn for free phage enumeration. The same dilution of the phage stock made in LB medium
without the cells was incubated in the same conditions and was plated for estimate the initial PFU
count. Alternatively, if the plating was performed on the same strain as used for adsorption, the initial
time point could be estimated by plating of an aliquot without centrifugation.

2.5. Oligonucleotide Primers and Plasmid Constructions

Primers BF23Llp-R (51-TGACATATCTTTCATGCTCCT) and BF23Llp42-F (51-GGAGAGATAAA
TATGAAAAAGTTTGTAATTGCACTAGTTGC) were used for PCR amplification of llp gene. The
fragment obtained was cloned into pGEM-T vector (Promega, Madison, WI, USA) according to the
manufacturer’s recommendations. The insert orientation was selected to put the llp gene under the
control of T7 polymerase promoter. This construction was named pLlp-7C.

For introduction of amber mutations into selected genes, long (65–75 nt) mutagenizing primers
were designed to provide a ca. 50 nt shoulder for recombination. They were used in PCR together
with corresponding conventional primer to generate DNA fragments that were cloned into pGEM-T
vector and used for recombination with phages. For mutagenesis of LtfB gene of DT571/2 phage,
the mutagenizing primers 71/2f1m-F 51-CGAGTATTTAATTCTTCTTTATCTATAGTGTAGTTAGAG
ATTCACAAGTATTTAGAAGTTAGTGCAACAG (the altered residues are shown in bold) and
71/2f1m-R (51-AGCACTACTTCTGACGAGCG) were used, resulting in Q45opal mutation and change
of the adjacent Ile codon to an alternative one to facilitate PCR detection. Primer 71/2f1mInd-F
(51-GTGTAGTTAGAGATTCACAA) in combination with 71/2f1m-R was used for PCR screening of
the progeny phage plaques for the recombinants.

Similarly the primers 71/2f2m-R (51-ATTCTGAACATAGATGACACTACAACTACTGCTTAG
AAGTATCCTAAATATACAGTAG-31), 71/2f2m-F (51-GATGCTGCTCAAGGTGCTG) were used to
introduce S23am mutation into LtfA gene of DT571/2 phage and the primers 71/2f2mInd-R (51-CAC
TACAACTACTGCTTAG) and 71/2f1mInd-F (51-GTGTAGTTAGAGATTCACAA) served for the
PCR screening.

Primers T5f2-F (51-GTTAGTGCAACAGCACCAGC) and T5f2-R (51-GATATTGCTACCACGTA
TAC) were used for amplification of the divergent regions in LtfA genes in DT571/2 and DT571/2 with
the flanking conserved sequences. The divergent regions in LtfB gene of these phages were amplified
using T5f1-F (51-CCTGTGGTCTTACAACGTCC) and T5f1-R (51-TGCCTAAATCCGGCGCAATG)
primers. The PCR fragments were cloned and used for recombination with target phages to
switch their host ranges (see Results section). Primers BtuB-F (51-CCAACGTCGCATCTGGTTC),
BtuB-F2 (51-GTAACGCTGTTGGGCGAT) and BtuB-R (51-GATCTCGTCATAGACCGA) were used for
amplification and sequencing of btuB genes from the bacterial strains.

2.6. Targeted Phage Mutagenesis Using Recombination with the Plasmids

To introduce plasmid-encoded mutations into the phage genomes, we used high copy number
vectors based on pGEM-T. The appropriate plasmid was electroporated into E. coli C600 or E. coli JM109
cells, with liquid culture of the transformants grown and infected by the appropriate phage at MOI
of 0.01–1.0. The culture was incubated at 37 ˝C with vigorous agitation until visible lysis had occurred.
A drop of chloroform was added and the lysate was plated on E. coli C600 lawn. To detect recombinant
phages, plaques were transferred by toothpicks to plates pre-inoculated with a fresh lawn of test
cultures. Loss of growth was expected for the mutants, while the plate with E. coli C600 lawn, expected
to be permissive for all the mutants generated in this work, was used as a control. Alternatively, for
the recombinants expected to gain the ability to form plaques on strains restrictive for the parental
phage, the lysate obtained after recombination was plated directly on such strain. In the case of ltfB
mutants, the phenotype of which could not be anticipated, the plaques from the primary plating were
transferred onto a new C600 plate to obtain larger plaques. These plaques were cut out of the top
agar using glass capillaries of ca. 0.7 mm diameter. Phages were eluted in 300 µL of physiological
saline over 40 min at room temperature. The resulting extracts were then centrifuged using a tabletop
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centrifuge at maximum speed for 3 min and supernatants were used for PCR screening with one of the
primers designed to hybridize by its 3’ end to the altered nucleotide positions. The identified mutant
phages were purified by a single plaque re-isolation and confirmed by the targeted sequencing of the
mutated locus.

2.7. Selection of Phage-Resistant Bacterial Clones

Selection for bacterial mutants that are resistant to specific phage types was performed using
conventional double-layer plating with appropriate phage lysate containing approximately 109 PFU
added in top agar instead of bacterial culture. Three microliters drops of bacterial culture containing
106–107 CFU were spread over the surface of the phage-containing agar with a glass spatula and the
plates were incubated overnight at 37 ˝C. Resulting colonies were streaked out to the fresh LB plates
and then purified by repeated single colony isolation. Absence of associated phage was confirmed by
streaking the obtained resistant cultures over the lawn of the original phage sensitive strain.

2.8. Phage Morphology Visualization

For negative staining electron microscopy, phage samples were absorbed onto a glow-discharged,
400-mesh, carbon-coated copper grid. After 1 min, excess sample was blotted away and remaining
phages were stained with 1% uranyl acetate water solution for 1 min. Micrographs were acquired on a
FEI Tecnai F20 electron microscope (FEI, Hillsboro, OR, USA) operated at 200 kV with magnifications
ranging from 50,000ˆ to 100,000ˆ. Images were collected using a 4 k ˆ 4 k FEI Eagle CCD camera.
Transmission electron microscope magnification was calibrated using a crossed-line grating replica
(Electron Microscopy Sciences. Hatfield, PA, USA).

For cryo-electron microscopy, four 4 µL aliquots were applied onto glow-discharged Quantifoil
grids with hole size of 2 µm (Quantifoil Micro Tools, Großlobichau, Germany) and subsequently
blotted for 3 s before plunging into liquid ethane using an FEI Vitrobot Mark IV (FEI, Hillsboro, OR,
USA). Images were collected on a FEI Tecnai F20 (FEI, Hillsboro, OR, USA) operated at 200 kV and
using a 4 k ˆ 4 k FEI Eagle CCD camera at a total electron dose of 20 electrons/Å2 and a range of
defocus between ´2 and ´4 µm. Micrographs were acquired at magnifications ranging from 50,000ˆ

to 100,000ˆ.

2.9. Accession Numbers

The nucleotide sequence of phage DT530(1) ltf locus is deposited to GenBank under the accession
number KU236381 the ltf locus of phage DT571/2-ABF under the accession number KU159289, the
sequences of the mutated btuB genes from two E. coli 4sR ltfAR strains are deposited under the
accession numbers KU291214 and KU291215.

3. Results

3.1. Bacteriophage Host Ranges

In the course of our ecological project performed in 2006, a series of five bacteriophages closely
related to coliphage T5 were isolated from a single sample of the horse feces on lawns of the laboratory
E. coli C600 strain [14]. Random clones of these phage’s DNA shared more than 95% identity at the
nucleotide level with T5 phage and also possessed similar but not identical genomic DNA restriction
profiles [14].

Later, one of these isolates, the phage T5-C7, was recognized to be a mixture of two highly related
phages that were originally isolated from a single plaque and remained associated despite multiple
passages performed in the course of our work with this isolate. Extensive restriction fragment length
polymorphism (RFLP) analysis proved that these viruses are distinct isolates that could not have
evolved from a single phage genotype as a result of one or few mutation(s). One of the phages was
then named DT57C and the other DT571/2.
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The host ranges of these bacteriophages are very similar (Table 1) with the exception of their
ability to infect two environmental E. coli isolates obtained from the same animal [14]. Phage DT57C
forms plaques on E. coli 4s that was previously described as an unique host for N4-like bacteriophage
G7C [29] but not on the strain HS1/2. Phage DT571/2 host range is the opposite—it grows on E. coli
HS1/2 but not on E. coli 4s strain. Both phages were able to grow on derivatives of E. coli 4s, the
strains 4sI and 4sR which were selected for resistance to bacteriophage G7C and which are deficient
for O-antigen O-acetylation or O-antigen biosynthesis, respectively [28]. Both strains also were able to
grow on the environmental isolate HS3-104. The phages also are infective for all laboratory strains
tested (C600, NM522, Be/1, BL21(DE3), JM109 and JM109(DE3)).

Table 1. Efficiency of plating (EOP) of bacteriophages and their mutants on different E. coli host strains.
The strain 4sR ltfAR is a mutant of E. coli 4sR selected for resistance for DT571/2 ltfA am phage mutant
(two independent clones having different mutations in btuB gene had the same phenotype so this strain
designation stays for both of them).

Bacteriophage Strains
Bacterial Host Strains

4s 4sR 4sltfAR

ltfAR 4sI 4sI:pwclK HS1/2 C-600 3/104

BF23 ´ + ´ + ´ ´ + ´

DT571/2 ´ + ´ + ´ + + +
DT5712 ltfA am ´ + ´ + ´ ´ + ´

DT5712 ltfB opal ´ + ´ + ´ 10´1b + 10´5a

DT571/2-ABF ´ + ´ + ´ ´ + +
DT57C + + ´ + + ´ + +

DT57C(4s-) I + ´ + I ´ + I
DT530 + + ´ + + ´ + +

DT530(1) ´ + ´ + ´ ´ + I

“+“—Efficiency of plating (EOP) > 0.5; “´“—No phage growth visible in the spot; “I”—No plaques formed,
but the growth inhibition zone appears if a drop of the concentrated phage stock is applied onto the lawn;
a EOP = 10´5, normal plaques formed; b In fresh lysate EOP of ca. 10´1 was observed that dropped after the
phage purification. Plaques are very small and turbid.

The bacteriophage DT530 has a slightly different restriction profile [14], but its host range is
identical to that of the phage DT57C (Table 1). Its derivative, DT530(1), which was spontaneously
selected in the course of propagation in the laboratory (see below), has a narrower host range being
unable to infect efficiently HS3-104 host that is sensitive to both DT57C and DT571/2 phages (Table 1).
To ensure that the resistance of E. coli 4s and E. coli HS1/2 to phages DT57-1/2 and DT57C, respectively,
is due to phage inability to adsorb into these cells and is not a result of the intracellular phage
development inhibition, we performed the adsorption experiment for each of two phages on the E. coli
strains C600, 4s, 4sI, 4sR, HS1/2 and HS3-104. Both DT57C and DT571/2 phages adsorbed efficiently
on C600, 4sI, 4sR and HS3-104. DT57C adsorbed on E. coli 4s but remained unassociated with the cells
if incubated with HS1/2 strain, while DT571/2 behaved inversely adsorbing efficiently on HS1/2 but
not on 4s host strain cells. These results indicate that the host range of our phages on the host strain set
used is determined by their specificity of adsorption.

3.2. Genetic and Functional Analysis of the Adsorption Apparatus

The whole genomes of the bacteriophages DT57C and DT571/2 were sequenced and
annotated [27] and the genes of proteins potentially involved in the host recognition were identified.

3.2.1. Host Recognition Protein and Receptor Blocking Lipoprotein

All phages of our T5-like series possess the same gene sequence for the main receptor binding
protein pb5 (Hrs), which is closer to that of phage BF23 than of phage T5. No a.a. polymorphisms
were observed between our isolates. In contrast to the bulk of the genome that is highly similar to
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T5 at the nucleotide level, hrs gene nucleotide sequences (that are identical in DT57C and DT571/2
phages) are quite divergent from both T5 and BF23 homologs. The amino acid sequence identity with
the phage BF23 counterpart is mosaic (Figure 1) with large divergent patches in the first N-terminal
200 amino acid residues (a.a.) that are believed to be involved in receptor recognition [31,32]. At the
same time, the adjacent llp genes (that are also identical in our phages) coding for the receptor blocking
lipoprotein are almost identical to gene llp of phage BF23 at both nucleotide and protein levels (a single
a.a. substitution is present).Journal 2015, volume,ge–page 8 of 20 
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Figure 1. Alignment of Hrs protein (gp DT57C_000128) sequences of phage DT57C and phage BF23
Hrs (DT571/2 Hrs protein is identical to that of DT57C phage).

The decreased a.a. and nucleotide sequence similarities of hrs gene (with respect to the genomic
neighbourhood) between our phages and phage BF23 suggests that this version of the hrs was a
relatively recent acquisition by the BF23-like ancestor of our phages (or vice versa). The putative
recombination point is located between hrs and llp genes, within the functional module defined by
Mondigler et al. [23]. To test if the functional fit of the Hrs protein and Llp proteins is conserved,
we cloned the llp gene of DT57C phage into the pGEM-T vector under the control of T7 promoter.
The phage inhibiting activity of Llp expression was measured without IPTG induction limiting the
llp expression to the level of the promoter leakage. BL21(DE3) strain was used for comparison of our
phages with phage BF23, and the E. coli JM109(DE3) strain was used for comparison with phage T5
since E. coli BL21(DE3) was found to be resistant to T5 infection. The expression of DT57C llp inhibited



Viruses 2016, 8, 26 8 of 21

infection of the cells by all our isolates and by phage BF23, reducing the efficiency of plating (EOP)
more than 100-fold.

It has to be noted that under the conditions employed, the effect of llp gene expression
against our phage isolates as well as against BF23 phage was less pronounced than as reported
by Mondigler et al. [23]. In their experiments, a decrease in EOP of more than six orders of magnitude
was observed compared to only two orders of magnitude under the conditions employed in this study.
The reasons for this difference are not clear.

Bacteriophage T5 infection was not affected by the phage DT57C gene llp expression at all. These
results indicate that BtuB blocking protein Llp of BF23-type binds also to the receptor of our phages. We
so suggested that Hrs protein in our isolates recognizes the same receptor as BF23 phage Hrs protein
(BtuB), despite substantial differences in their a.a. sequence. The Llp protein should remain functional
for superinfection exclusion in this context. This explains why the progeny of recombination within
the functional module was not eliminated by natural selection. In agreement with this conclusion,
mutants of E. coli C600 selected for BF23 resistance were shown to be resistant to our phages but not
to phage T5 (Vladimir Ksenzenko, personal communication) and mutants of the E. coli 4sR strain
selected for resistance to DT571/2 ltfA´ mutant were resistant to BF23 phage (see below; Table 1). We
sequenced btuB gene of E. coli 4s, E. coli HS½ and E. coli HS3-104 strains. The inferred a.a. sequences
were identical and non-distinguishable from this gene in the majority of published E. coli genomes,
including the type strain E. coli MG1665 sequence. We selected clones of E. coli 4sR for the resistance
of ltfA am mutant completely lacking LTF function (see below) that is thus believed to infect the host
cells only via the direct recognition of the secondary receptor by its Hrs protein. All clones tested
(n = 24) gained simultaneously the resistance to phage BF23 infection. Since we observed no phenotype
differences between these clones, we designate all of them 4sR ltfAR . Sequencing of btuB gene in
two randomly chosen 4sR ltfAR clones revealed a large deletion in one case and the IS mobile element
insertion in another case, both inactivating the gene. Taking all the data together, we conclude that
DT57C and DT571/2 utilize BtuB as the secondary receptor. At the same time, this receptor recognition
cannot be responsible for the host range differences between DT57C and DT571/2 phages.

3.2.2. Lateral Tail Fibers Locus

Phages DT57C and DT571/2 both have two large genes coding for the tail fibers versus one such
gene (g 143 or ltf ) in phages T5 or BF23. These genes were named ltfA and ltfB according to their
positions with respect to the transcription order [27]. Analysis of the published genome annotations
and blastP search revealed that double fiber genes arrangement is shared by several other T5-related
bacteriophages—enterobacteria phages phiR201, SPC35, and vb_EcoS_AKFV33 carry two ltf genes
while phages T5, BF23, H8 and EPS7 possess only one fiber protein, related through its N-terminal
part to LtfA of our phages.

The ltfB genes are almost identical in DT57C and DT571/2 phages except for a short stretch
of divergence in the N-terminal part, between 65 and 90 a.a. residues (DT57C coordinates). The
N-terminal halves of the ltfA genes are also highly related in our phages. Their very N-terminal 80 a.a.
domains share 63% of identity with the corresponding domain of the Ltf protein of bacteriophage T5
mediating the fiber attachment to the T5 virion’s tail. At the same time, LtfA proteins of our phages
have a long region of a.a. sequence divergence at the C-terminal parts of encoded proteins (Figure 2A).
We suggest that this protein region may be involved in the host recognition.

Despite the observed sequence divergence between LtfA and LtfB proteins and between
C-terminal moieties of LtfA proteins of two phages (Figures 2 and 3), all the above-mentioned proteins
carry on their C-terminal extremities the predicted conserved protease domains, pfam13884, that
are related to bacteriophage receptor recognition proteins’ C-terminal chaperone domains that are
autocleavable by their own peptidase activity. The cleavage sites can be easily predicted on the basis of
the conserved motif present in all proteins [33]. A similar autocleavable chaperone domain was found
also at the C-end of bacteriophage T5 Ltf protein [33] (Figure 2B).
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Figure 2. (A) BlastP alignment of the C-terminal fragments of LtfA proteins from phages DT57-1/2 
and DT57C. The fragment that was transmitted by recombination with plasmids (see explanations in 
the text) to switch host specificity is highlighted in green. The predicted autocleavage site is marked 
by “^” and highlighted in yellow; (B) ClustalV alignment of the regions neighboring the putative 
cleavage site of the LtfA and LtfB proteins of our phages and in proteins with known structures of the 
autocleavable C-terminal chaperone domain: Ltf of bacteriophage T5 (X69460), gp12 of Bacillus 
subtilis bacteriophage Ga-1 (NC_002649) and endo-sialidase of E. coli bacteriophage K1F (AJ505988). 
“^” indicates the predicted or experimentally determined autocleavage sites. Red highlight indicates 
the residues conserved in six or more out of seven aligned sequences. 
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terminal moieties of LtfA proteins of two phages (Figures 2,3), all the above-mentioned proteins carry 
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Figure 2. (A) BlastP alignment of the C-terminal fragments of LtfA proteins from phages DT57-1/2
and DT57C. The fragment that was transmitted by recombination with plasmids (see explanations in
the text) to switch host specificity is highlighted in green. The predicted autocleavage site is marked
by “ˆ” and highlighted in yellow; (B) ClustalV alignment of the regions neighboring the putative
cleavage site of the LtfA and LtfB proteins of our phages and in proteins with known structures of
the autocleavable C-terminal chaperone domain: Ltf of bacteriophage T5 (X69460), gp12 of Bacillus
subtilis bacteriophage Ga-1 (NC_002649) and endo-sialidase of E. coli bacteriophage K1F (AJ505988).
“ˆ” indicates the predicted or experimentally determined autocleavage sites. Red highlight indicates
the residues conserved in six or more out of seven aligned sequences.
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Figure 3. Alignment of the C-terminal regions of LtfA and LtfB proteins of the phage DT57C. The
green highlight indicates the region that determines the receptor binding specificity (experimental
evidence for LtfA only). The predicted autocleavage site is marked by “ˆ”. The conserved residues near
the cleavage site are highlighted in yellow.

The middle and C-terminal regions of the LtfA and LtfB protein sequences from our phages share
homology with a number of bacteriophage encoded fiber-proteins. It has to be specifically mentioned
that the region between a.a. positions 223 and 471 in LtfA that is conserved between phages DT57C
and DT571/2 is related to the similarly positioned (a.a. 239–508) region of phiEco32 gp 14 tail fiber
protein. At the same time, the very N-terminal 45 a.a. of the LtfB protein are highly similar (32 out of
45 residues are identical) to another phiEco32 tail fiber protein gp15 (Figure 4). As in phiEco32 phage
the proteins gp14 and gp15 interact to form a branched fiber (Cryo-EM reconstruction data; Peter
Leiman, EFPL, Lausanne, Switzerland, personal communication), one can suggest that LtfA and LtfB
proteins of our phages do also interact. In this case, the LtfA protein would mediate attachment of
LtfB to a viral particle, thereby explaining how LtfB completely lacking any sequence homology to T5
proteins interacts with the virion tail formed by the proteins virtually identical by their a.a. sequences
to bacteriophage T5 tail components.
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other viruses are indicated by similar colors. The green rectangles with double bars indicate the 
receptor binding regions in Ltf proteins, the colors of these double bars indicate one of the three types 
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for O81-like O22-like and to O87-like OPS, respectively. Narrow light blue band indicates the block 
of tandemly repeated 19 a.a. motifs in LtfA protein; (B) Proposed model of the branched LTF 
organization. Only one of three LTFs is shown. The asterisk indicates that corresponding protein is 
proteolitically processed. The thick rectangles with double bars indicate the receptor binding regions 
in Ltf proteins. Dark blue and light blue parts stay for the regions of homology with phiEco32 phage 
gp 14 and gp 15, respectively, red part—the region of homology to phage T5 Ltf. 
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pltfB-7C, and pltfB-71/2. E. coli C600 cells were transformed by these plasmids and the transformants 
were used as hosts to produce of DT57C and DT571/2 phage stocks. The phage progeny originating 
from recombination with the plasmids that was expected to have switched host specificity was 
detected by plating on heterologous hosts (i.e., E. coli 4s for the phage DT571/2 and E. coli HS½ for 
the phage DT57C). Such recombinants were detected with the plasmids pltfA-7C (for DT571/2 phage) 
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Figure 4. (A) Organization of the tail fiber loci in bacteriophages T5, DT57C, DT57-1/2, DT571/2-ABF,
and (partially) phiEco32. The similarity of the a.a. sequence regions in LTFs of T5-like phages with other
viruses are indicated by similar colors. The green rectangles with double bars indicate the receptor
binding regions in Ltf proteins, the colors of these double bars indicate one of the three types of the
Ltf receptor recognition domains: yellow LtfA-DT571/2, blue LtfA-DT57C, orange LtfB specific for
O81-like O22-like and to O87-like OPS, respectively. Narrow light blue band indicates the block of
tandemly repeated 19 a.a. motifs in LtfA protein; (B) Proposed model of the branched LTF organization.
Only one of three LTFs is shown. The asterisk indicates that corresponding protein is proteolitically
processed. The thick rectangles with double bars indicate the receptor binding regions in Ltf proteins.
Dark blue and light blue parts stay for the regions of homology with phiEco32 phage gp 14 and gp 15,
respectively, red part—the region of homology to phage T5 Ltf.

3.3. Host Range can be Modified by Recombination within ltfA Gene

The divergent regions of ltfA and ltfB from DT57C and DT571/2 phages were cloned with the
flanking sequences that are identical in these phages to generate the plasmids pltfA-7C, pltfA-71/2,
pltfB-7C, and pltfB-71/2. E. coli C600 cells were transformed by these plasmids and the transformants
were used as hosts to produce of DT57C and DT571/2 phage stocks. The phage progeny originating
from recombination with the plasmids that was expected to have switched host specificity was detected
by plating on heterologous hosts (i.e., E. coli 4s for the phage DT571/2 and E. coli HS½ for the phage
DT57C). Such recombinants were detected with the plasmids pltfA-7C (for DT571/2 phage) and
pltfA-71/2 (for DT57C phage) at the frequencies of about 10´4.
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The recombinants were purified by repeated single plaque isolation and tested on both host strains
mentioned above. It was shown that they lost the ability to form plaques on the strains permissible for
the parental phages but gained the ability to infect the host of the phage-donor of the ltfA sequence.

Re-sequencing of the ltfA genes from two recombinant phage clones revealed that only a part of
the divergent nucleotide sequence had been acquired, indicating that the determinant of host specificity
is narrower than the whole of the divergent C-terminal region (Figure 2). Interestingly, the sequence of
the identified receptor recognition site of the LtfA protein of DT57C phage matches at 82% identity
the a.a. sequence of the fiber protein from podovirus phiKT, previously isolated by us from the same
horse (our unpublished data; see GenBank NC_019520.1 for the genome sequence). This observation is
in good agreement with phage phiKT ability to grow on E. coli 4s cells [28].

3.4. LtfA Mutants

We characterized an occasionally isolated spontaneous mutant of DT57C phage that was unable
to form plaques on the E. coli 4s strain but produced growth inhibition in spot-test if concentrated
lysate is applied onto the lawn (Table 1). The same behaviour was observed with E. coli strain HS3-104
that is sensitive to both DT57C and DT571/2 phages. The sequencing of the phage mutant genome
revealed a 3 bp in-frame deletion that led to a deletion of A198 a.a. residue in the LtfA protein. The
recombination with the plasmid containing the wild type sequence of this region restored the phage’s
ability to adsorb on the E. coli 4s host.

We also attempted to generate a mutant phage DT571/2 that is deficient in LtfA protein
production, again by recombination with a plasmid containing a mutated sequence. The vast majority
of the phages that had the expected phenotype (lost the ability to grow on E. coli HS1/2 host) were,
however, PCR–negative for the expected mutation. In a control experiment, we picked at random
several hundred plaques of DT571/2 phage grown on E. coli C600 lawn onto HS1/2 plate and observed
that about 30% of the clones had spontaneously lost the ability to infect this host. We thus presumed
that LTF-less mutants arise at an unexpectedly high rate in this phage strains and/or they presumably
have a significant selective advantage if grown on E. coli C600.

Performing the phage-construct plasmid-recombination method with the HS1/2 strain, with
subsequent plating of the progeny onto E. coli C600 lawn, we were able to reduce the background
level of the spontaneous mutations and therefore select the desired ltfA S23am - containing mutant.
This mutant was unable to grow on E. coli HS1/2 and E. coli HS3/104 but retained the ability to form
plaques on E. coli C600 and E. coli 4s mutants lacking O-antigen production or deficient for O-antigen
O-acetylation (Table 1). It appears then that the presence of LtfA protein is essential for both HS1/2
and HS3-104 strain infection. In contrast to the growth on HS1/2 host strain, the type of the LtfA
receptor binding domain is not important on HS3/104 host.

3.5. The Function of LtfB

The phage infection of the cells containing pltfB plasmids (see above) yielded no recombinant
phages featuring switched or expanded host range, indicating that the divergent part of the LtfB
protein is not involved in host recognition as was expected from its N-terminal location. To reveal the
function of LtfB protein we generated a LtfB-lacking mutant of DT571/2 phage. Since the phenotype
of this mutant could not be predicted we used PCR to screen the phage plaques for recombinants.
The generated ltfB Q45 opal mutant was identified, plaque-purified, confirmed by target sequencing,
and the host range of this mutant was tested (Table 1). This mutant lost the ability to grow on E. coli
HS3-104 strain (the observed EOP of 10´5 was due to revertants) but formed small turbid plaques on
an E. coli HS1/2 lawn at the EOP of ca. 10´1 that dropped, however, 100–1000 times if the phage was
CsCl-purified. The re-sequencing of the ltfA gene revealed no alterations. The phages extracted from
the plaques formed by ltfB opal mutant on E. coli HS1/2 lawn retained a similar phenotype suggesting
that they were neither revertants nor secondary mutants selected on this host. Moreover, stocks of
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the mutant produced on E. coli HS1/2 host showed decreased EOP on this strain with respect to
E. coli C600.

The inactivation of the ltfB gene in DT571/2 thus leads to a decreased viability of the phage
(Table 1) if it is plated on O-antigen producing strain HS1/2, and its growth is completely abolished
on the strain HS3-104. At the same time, the LtfA deficient mutant is completely unable to grow on
both hosts. LtfB inactivation did not alter the phage’s growth neither on the laboratory strains (see
Materials and Methods) nor on E. coli 4sR and 4sI mutants, suggesting that lateral tail fiber function
is dispensable on these strains. Electron microscopy of the opal ltfB mutant revealed the absence of
any LTFs (Figure 5). The morphology of the opal ltfB mutant was indistinguishable from the virion
morphology in am ltfA.
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Figure 5. The morphology of DT571/2 phage and its ltf mutants. A. wild type phage (wt) negative
staining; B. wt cryo-EM; C. ltfA´ cryo-EM; D. ltfB´ cryo-EM. The morphology of the wt LTFs appears
more structurally complex than “simple” L-shaped fibers of bacteriophage T5 [17].

These features of am ltfA and opal ltfB mutants, taken together with the fact that this type of
LtfA host recognition domain (DT57C-like or DT571/2 like) is not important for the growth on E. coli
HS3-104, supports our hypothesis that LtfB protein is responsible for recognition of E. coli HS3-104
cells and is attached to the virion via LtfA protein. At the same time, one can conclude that the receptor
recognition by LtfB is dispensable for the infection of the O-polysaccharide (OPS) protected host E. coli
HS1/2 by the phage DT571/2 and similarly of E. coli 4s by the phage DT57C.

3.6. Analysis of E. coli HS3-104 LPS

In order to elucidate the probable nature of LtfB receptor, we purified LPS from E. coli HS3-104
cells and compared it by SDS-PAGE to LPS preparations from E. coli strains 4s, 4sR, 4sI and HS1/2
(Figure 6). The results indicate that E. coli HS3-104 produces OPS and the pattern formed by the
strain 3–104 LPS is significantly different from the other strains suggesting that the O antigen type of
this strain is different from that of 4s or HS1/2 strains. We amplified OPS synthesis gene cluster by
PCR as described earlier [30] and partially sequenced it from the same primers. The NCBI BLASTn
search revealed that the sequences obtained closely match the E. coli O81 OPS synthesis gene cluster.
Therefore, the O81 (or O81-like) type OPS is likely to be a receptor molecule recognized by LtfB protein.
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Figure 6. The SDS-PAGE analysis of LPS extracted from E. coli strains 4s (O22-like), O22, HS3-104 and
HS1/2 (O81 or O81-like). It is clearly seen that the O-unit motility of HS3-104 O-antigen is distinct from
all the other strains (the distances between the neighbour bands that correspond to the LPS molecules
that differ by a single O-unit are slightly different that leads to the increasing phase shift between the
patterns in different lanes on the gel).

3.7. Purified LPSs do not Inactivate Phages DT57C and DT571/2

The incubation of LPS preparations from E. coli 4s and HS1/2 strains with phage particles did
not lead to any decrease in bacteriophage titer. No degradation of O-antigen chains was detectable by
SDS-PAGE, which indicates that the fibers have no OPS hydrolase enzymatic activity. These results
are in agreement with our conclusion that LPS represents primary receptors for phages DT57C and
DT571/2 but does not trigger directly DNA release from the virions.

The purified LPS of E. coli HS1/2 adding up to 0.06 mg¨ mL´1 was shown to slightly inhibit the
adsorption of phage DT571/2 on these hosts (Figure 7). This LPS preparation did not influence phage
DT571/2 adsorption on E. coli 4sR cells. Heterologous LPS exerted no influence on phages DT571/2
adsorption. We did not observe any inhibition of phage DT57C adsorption on E. coli 4s by any of the
LPS preparations. Purified LPS from E. coli HS3-104 also did not influence significantly the adsorption
of our phages on this strain. These findings indicate that the affinity of LTFs to their receptors in the
purified form is relatively low.
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3.8. Natural Genetic Variability of the ltf Locus

The C-terminal regions of ltfA and ltfB genes of our phages are related at the level of a.a. and
nucleotide sequences. This likeness is more pronounced in DT57C phage (Figure 3). Large patches
of divergence are also present, which could explain the differences in receptors’ recognition by these
proteins. Nevertheless, the existing long direct nucleotide repeats in these two genes may suggest that
the ltf locus should be a potential mutation hot spot due to frequent recombination events between
these repeats. This instability should be especially high in DT57C where the level of identity between
two genes is higher.

We determined the ltf locus sequence of phage DT530 that belongs to the same series of
environmental isolates as DT57C and DT57-1/2. This phage was cultivated in our laboratory on
E. coli C600 through several passages since its isolation in 2006. The sequence of its ltf gene is almost
identical to the ltf locus sequence of DT57C phage but contains a large in-register deletion that
joined the ltfA and ltfB genes into a single ORF. Apparently, this deletion was generated as a result
of homologous recombination between identical sequences in the genes ltfA and ltfB and was then
selected due to prolonged cultivation on E. coli C600 strain. We re-purified phage DT530 from the
original stock and re-sequenced its ltf locus. The sequence was very close to the phage DT57C ltf
locus and contained two separate ltf A and ltfB genes. The originally sequenced deletional mutant
of the phage DT530 was named DT530(1), and the name DT530 was assigned to the parental strain
containing intact lateral fiber genes.

In bacteriophage DT530(1), the deletion apparently lead to impaired LTF folding and/or assembly
or yielded a structurally invalid fiber. This can explain the weak growth of this virus on E. coli HS3-104,
and this phage was originally picked for analysis due to this phenotype (Table 1).

To search for naturally occurring deletions that would join LtfA and LtfB proteins but would
result in more active fused LTF protein, we transferred by toothpicks approximately 200 plaques of
DT571/2 opal ltfB phage grown on E. coli C600 that is permissive host for all the ltf mutants to the
lawns of E. coli HS1/2 and E. coli HS 3/104. We were looking for phages generating a stable fiber with
specificity to the E. coli O87 type O-antigen that allows the phage to grow on E. coli HS3-104 host cells.

Plaques that produced good growth on HS3-104 but not on HS1/2 strain were identified. The
phage mutant named DT571/2-ABF was purified by repeated plaque isolation and its phenotype was
confirmed. The mutant phage produces normal plaques on E. coli HS3-104 with EOP close to 1.0 (in
respect to plating on E. coli C600). The sequencing of the phage DT571/2-ABF ltf locus identified a
large deletion from 71916 to 74004 nucleotide positions that fused the a.a. residues 1–663 of LtfA to the
residues 288–767 of LtfB to form a single polypeptide chain (Figure 4). This result is fully compatible
with our conclusion on the specificity of LtfA and LtfB receptor recognition domains.

An extra copy of repetitive 19 a.a. motif (VDSALADKADIATTYTKME) was present within
LtfA—deriving part of the fused LtfA-B protein. It resulted in three (and one more incomplete) copies
of this motif instead of two and one incomplete copy in the wild type DT571/2 LtfA. It has to be noted
that the stretch of these tandemly repeated a.a. motifs is located at 478–542 a.a. positions, immediately
after the predicted region of homology to phage phiEco32 gp 14 protein that was suggested to form
a contact with LtfB in the wild type phage (see above). We thus speculate that this duplication has
a compensatory effect that fixed the negative effect of the LtfB inactivation on the fused Ltf protein
assembly and/or stability. Interestingly, in phage DT5730(1) (see above) the quite similar deletion
event was not accompanied by this duplication and led to the formation of a severely functionally
compromised fiber with only a negligible activity.

4. Discussion

Summarizing all the data, we conclude that LtfA protein is essential for the phage growth on
OPS-producing hosts but is not required on O-antigen deficient host strains. The data indicate that
the LtfA receptors bind the O22-like OPS of E. coli 4s (in DT57C phage) or O87 type OPS of E. coli
HS1/2. The LTF-OPS interaction is required for successful penetration of the phage central fiber with
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Hrs protein through the OPS layer to its BtuB receptor on the outer membrane surface. This conclusion
is consistent with previously published data on phage T5 [25,26], but in contrast to T5, which can grow
on OPS producing E. coli F strain even without LTFs [26], our isolates are strictly dependent on LTFs
function to infect their OPS producing hosts. This indicates that the efficiency of the outer membrane
surface protection by these O-antigen types is much higher than that of polymannose OPS studied
by Heller and Braun [25,26] (see also [28]). The requirement of LtfA protein for E. coli HS3-104 (O81)
infection is independent of the receptor recognition activity of this protein, and its role in this case
appears to be limited to providing an attachment site for the LtfB assembly.

The apparent instability of LtfA protein in the absence of LtfB precluded us from directly
demonstrating LtfB attachment via proteomic or morphological approaches, but the branched LTF
organization in our phages can be reliably inferred from the existing body of bioinformatics and genetic
evidence. This model is also in a good agreement with the observed complex morphology of the
wild-type phage LTFs (the morphology of DT571/2 and DT57C was identical; Figure 5) that appears
more complex than “conventional” phage T5 L-shaped fibers [17]. However, higher resolution images
or reconstructions are required for the direct visualization of the LtfA and LtfB constituents of the
phage lateral fiber. As far as we know, such a tail fiber arrangement has not been previously reported
in Siphoviridae. Branched tail spike adhesins were characterized in E. coli K1 specific podoviruses [34]
and in Vi-I-like myoviruses [35,36], and are believed to expand the viruses’ host ranges by containing
receptor-recognizing proteins that act alternatively on different hosts. We also observed branched
adhesins’ organization in bacteriophage G7C [29]. In this phage, gp 63.1 interacts with gp 66 and
the latter is attached to the virion. The action of both proteins is required for the phage irreversible
adsorption (our unpublished observations; manuscript in preparation).

As mentioned above, about half of the sequenced T5-related phage shares the LTF locus
organization similar to DT57C or DT571/2 suggesting that an acquisition of branched adhesins is of
significant ecological importance for this group of viruses. This speculation is particularly supported
by the observation of the very frequent loss of the LTFs when the phage grows on the permissive
strain and by the observed genetic instability of the double-gene ltf loci that leads apparently to a
frequent spontaneous transition to a single-gene organization with the conservation of the function
of one of the receptor recognition centres of the original branched fiber. The prevalence in nature
of the fiber-containing T5-like phages, many of which have branched LTFs, is indicative of a strong
stabilizing selection for these structures.

The fiber adhesins of bacteriophages have long been known as genetically plastic structures that
can easily change in the course of virus evolution [37,38]. Bacteriophage fibers have also been shown to
be the primary sites of mutation accumulation in laboratory phage-host co-evolution experiments [15]
indicating that mutations in these proteins can have a strong impact on virus fitness. At the same
time, in many siphoviruses like T5 [26] or lambda [39], the side tail fibers have been shown to be
non-essential for infectivity under laboratory conditions. Moreover, the deletion of tail fibers may
increase phage fitness in terms of rates of diffusion within diffusion-limiting media such as agar
gel [39] resulting in faster spread of the phage progeny from the first lysed cells or may be otherwise
restricted by the effective adsorption to the nearest host cells present in the medium.

This contradiction may be explained by the fact that, in natural ecosystems where the host
density is much lower, the increased adsorption rates may provide to the phage a significant selective
advantage, thus facilitating rapid evolution of the fibers that are often responsible for the reversible
attachment stage of adsorption. In agreement with this assumption, receptor recognition by the
LTFs is believed to be less specific than the ultimate infection-triggering interaction of the central
fiber (or its associated adhesin) with the corresponding receptor. In fact, bacteriophage T5 LTFs
recognize polymannose chains, thus mediating a quite rapid but non-specific attachment to the host
cells producing this OPS [26].

In horse hindgut ecosystems, the strain-level diversity of the E. coli population is extremely high.
In the subjects used for isolation of our series of T5-like phages, there were estimated to be as many as
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700–1000 genetically distinct E. coli lineages simultaneously present in samples of faeces [14,40]. The
fraction of the total coliform population that may serve as a host for any given bacteriophage may
be limited to 2% or less ([14] and our unpublished results). Under these conditions, the density of
the available hosts may be quite low (103–104 CFU per 1 mL of the gut contents) and the increased
adsorption rate may strongly facilitate phage population stability in the gut preventing the rate of
phage production from falling below the washout rate.

In contrast to our expectations, the LTFs of our T5-like phage isolates appeared to be involved in
host range determination on an all or nothing basis. The data suggest that the OPSs of E. coli O22, O87
and probably O81 types provide the cells with a highly effective shield, completely protecting them
from even very high phage exposure. In the case of the O22 glucosylated OPS of E. coli 4s strain, the
treatment of cells by deacetylase enzyme derived from the bacteriophage G7C (Nikolay S. Prokhorov.
Andrey V. Letarov., unpublished data) yields cells that are sensitive to DT571/2 phage, which otherwise
is completely unable to infect these intact cells. Switching off the OPS O-acetylation in E. coli 4s by
inactivation of wclK gene by IS element also makes the cell sensitive to all our T5-like phages and
their ltf mutants ([28] and this work). These results demonstrate that the OPS shield efficacy can be
modulated by a modification of the OPS such as O-acetylation. It has long been known that a change
in OPS O-acetylation status due to phase variations [41–43] or lysogenic conversion [44–46] alters the
phage sensitivity of enterobacteria. This effect, however, was explained only by the influence of the
acetylation status on the specific interactions of phage receptor recognition proteins with the OPS
receptors, while, to our knowledge, the possible impact on the efficiency of the non-specific protection
of the other cell surface structures has never been considered in the literature.

Efficient penetration of phages to their final receptor through the O-antigen layer both in E. coli
4s and in E. coli HS1/2 requires a functional LtfA protein while LtfB is essential for adsorption on
E. coli HS3-104 cells. The effect of purified LPS on adsorption of DT57C and DT571/2 bacteriophages,
however, was only moderate, indicating that the interaction of the LTF with OPS is not very strong.
The exact mechanism by which LTF generates a path through the OPS protective shield of the cell
remains to be elucidated. The low (if any) inhibition of the phage adsorption by purified LPSs
observed in our experiments is surprising and contrasts with published data [25]. Low affinity to
the primary receptor may indicate that the penetration of the phage to its secondary receptor upon
initial interaction with the cell is a quite rapid process and that long retention of the virion at the
host cell surface mediated only by the LTFs is not required for infection. Identification of the OPS
binding domain structure at least one of LtfA or LtfB proteins may provide an insight into the specific
mechanisms involved in the LTF–O-antigen interaction.

As it was demonstrated by Lenski and Levin [47,48], E. coli B may become resistant to T5 without
incurring any fitness cost under the laboratory conditions due to mutations in FhuA protein that serves
as a secondary receptor for phage T5 [48]. The secondary receptor BtuB mutants were also selected
in our experiments under the strong pressure of DT571/2 infection in the O-antigen deficient strain.
Nevertheless, in natural environments such as the horse intestinal system, the non-specific resistance
based on receptor shielding by cell surface structures including OPSs appear to be predominant
over the mutational alterations of the BtuB receptor in bacterial avoidance of T5-like phage infection.
This difference may be explained by the fact that in the horse gut the diversity of coliphages may be
quite large ([14] and our unpublished data) and the impact of the T5-like phage infection cannot be
separated from the impacts of other viruses. Instead of modification of FhuA or BtuB which could
be the most beneficial response to T5-like phage infection alone in the in vitro experiments, it is more
beneficial for the bacteria in vivo to respond to more complex challenges through the modification
of external polysaccharide protective structures, which in turn drives the evolution of the T5-like
bacteriophages LTFs.

From this point of view, the demonstrated LTF-independent infection by our phages of the mutant
of E. coli 4s that produces a non-O-acetylated version of the O22-like O-antigen may be considered to be
an ecologically important effect. This interference of different cell surface protection mechanisms may



Viruses 2016, 8, 26 18 of 21

create an opportunity to design a highly effective therapeutical phage mixture using a narrow-spectrum
phage recognizing the O-antigen in combination with other phages that target the resistant mutants
possessing altered O-antigen structures. The advantage of such a scheme may stem from the fact that
phages which are strictly dependent on highly represented host cell-surface molecules, such as OPS,
frequently have high adsorption rates that would increase their ability to control the host population
in situ. For example, phage G7C has a high adsorption constant on E. coli 4s of 2 ˆ 10´8 mL¨ min´1 [29].
At the same time, the disabling of O-antigen modifications completely blocks specific adsorption of
this phage and has apparently no significant fitness cost for the host. The presence of the second virus
that would control this kind of mutated population(s) will force bacteria to acquire other mutations
that are frequently associated with a significant decrease of phage fitness and virulence [49].

5. Conclusions

The in silico and experimental analysis of double LTF genes function in DT57C and DT571/2
bacteriophages revealed that these genes, present also in the genomes of many other T5-like viruses,
define the structure of branched lateral tail fiber carrying different receptor recognition domains on its
LtfA and LtfB proteins. These domains recognize alternative primary receptors, expanding the host
range of the virus. In bacteriophages DT57C and DT571/2 the LtfA proteins recognize (respectively)
O-antigens of O22 or O87 types, and LtfB receptor molecule has been attributed as O81 type O-antigen.
Switching off the synthesis of the O-antigen protective shield or its weakening by the alleviation of
O-units O-acetylation (in E. coli 4s) overcome the absolute requirement for LTF presence for phage
multiplication, allowing direct infection via the recognition of the secondary phage receptor —E. coli
outer membrane protein BtuB, common for both of our phages.
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