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SUMMARY
Phase variation is a common mechanism for creating phenotypic heterogeneity of surface structures in bac-
teria important for niche adaptation. In Campylobacter, phase variation occurs by random variation in hyper-
mutable homonucleotide 7–11 G (polyG) tracts. To elucidate how phages adapt to phase-variable hosts, we
study Fletchervirus phages infecting Campylobacter dependent on a phase-variable receptor. Our data
demonstrate that Fletcherviruses mimic their host and encode hypermutable polyG tracts, leading to
phase-variable expression of two of four receptor-binding proteins. This creates phenotypically diverse
phage populations, including a sub-population that infects the bacterial host when the phase-variable recep-
tor is not expressed. Such population dynamics of both phage and host promote co-existence in a shared
niche. Strikingly, we identify polyG tracts in more than 100 phage genera, infecting more than 70 bacterial
species. Future experimental workmay confirm phase variation as a widespread strategy for creating pheno-
typically diverse phage populations.
INTRODUCTION

Phenotypic heterogeneity is a fundamental survival strategy

applied by many microorganisms for the rapid adaptation to

changing environments and selective pressures. An important

mechanism causing phenotypic heterogeneity is phase varia-

tion, which switches the expression of proteins on or off in indi-

vidual cells of a clonal population by reversible, stochastic

events (van der Woude, 2011; van der Woude and Bäumler,

2004). Phase variation thus creates a highly dynamic population

and is essential for niche adaptation, in particular for host-asso-

ciated bacteria, by promoting variable expression of surface

structures (Jiang et al., 2019). Because those surface structures

also function as receptors for natural predators of bacteria,i.e.,

phages, phase variation can also affect phage infection and is

considered an important phage-resistance mechanism (Cota

et al., 2015; Furi et al., 2019; Seed et al., 2012; Turkington

et al., 2019; Zaleski et al., 2005). Indeed, resistance against

phage predation can result from phase variation by switching

off the expression of a phage receptor or by expressing addi-

tional surface structures, thus preventing the phage from binding

to its bacterial host. However, phages are able to efficiently infect
This is an open access article und
such bacterial hosts, and it is still not fully understood how

phages have evolved to overcome the highly diverse and chang-

ing surface that results from phase-variable gene expression in

bacteria.

Phase variation is considered an important strategy for niche

adaptation of the zoonotic pathogen Campylobacter jejuni, a

common commensal of chickens and the major cause of food-

borne-associated diarrhea in humans (Aidley et al., 2018; Bayliss

et al., 2012; Parkhill et al., 2000). In C. jejuni, phase variation is

caused by hypermutable homonucleotide G (polyG) tracts of 7–

11 Gs. Variations in polyG tract lengths arise from slipped-strand

mispairing during DNA replication, which results in insertions or

deletions of Gs that cause translational frameshifts, thereby

randomly switching protein expression on or off. Because

C. jejuni does not encode DNA mismatch repair systems, such

as mutS, mutL, and mutH (Parkhill et al., 2000), the inability to

detect and repair slipped-strand mispairing in polyG regions

leads to high-frequency phase variation (10�4 to 43 10�3 muta-

tions/cell division) and promotes extensive phenotypic heteroge-

neity (Aidley et al., 2018; Bayliss et al., 2012; Parkhill et al., 2000).

In C. jejuni, polyG tracts are observed in 20–30 different genes

and are primarily found in modifiers of surface structures,
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including transferases attaching modifications to backbone

sugars of the capsular polysaccharides (CPS) (Bayliss et al.,

2012). We have previously shown that phase variation of CPS

modifications, such as the commonO-methyl-phosphoramidate

(MeOPN) phage receptor and a 6-O-methyl group resulted in

rapid phage-resistance development in C. jejuni, also in the

chicken gut (Aidley et al., 2017; Gencay et al.; 2018; Sørensen

et al., 2011, 2012). However, even though phase-variable CPS

structures promote phage resistance at a high frequency,

CPS-dependent phages are continuously isolated from the

chicken gut, demonstrating that they co-exist with their bacterial

host in its natural niche (Sørensen et al., 2015). Most of these

phages belong to the Fletchervirus genus and, to date, only a

few genome sequences are publicly available because both

DNA isolation and sequencing are challenging due to the pres-

ence of modified bases, such as the replacement of guanosine

with deoxyinosine across the entire DNA sequence (Crippen

et al., 2019; Javed et al., 2014;). Although only few genome se-

quences are available, comparative genomics have demon-

strated that the Fletcherviruses are highly conserved at the

nucleotide level but show low sequence similarity to other phage

genomes, pointing to the unique nature of these phages. In addi-

tion, although it has been established that Fletcherviruses are

virulent phages, the general prediction of gene functions is diffi-

cult because of the low sequence similarity to other phages, and

receptor-binding proteins (RBPs) have yet to be identified. Here,

we aimed to identify the RBPs of CPS-dependent C. jejuni

phages to understand how phagesmay adapt to the surface het-

erogeneity of phase-variable bacterial hosts.

RESULTS

Fletchervirus phages encode up to four different RBPs,
two of which contain N-terminal polyG tracts
To identify putative RBPs, we selected 18 diverse, CPS-depen-

dent C. jejuni phages from our collection that showed different

dependencies on the phase-variable MeOPN receptor for infec-

tion for genome sequencing (Table S1). The phages were iso-

lated from ducks and free-range chickens in Denmark in 2004

and 2011 (Hansen et al., 2007; Sørensen et al., 2015).

Sequencing revealed that all phage genomes were between

130 and 133 kb in size, and BLASTN searches showed that all

isolates belong to the Fletchervirus genus, as expected. In addi-

tion, all genomes showed high similarity at the nucleotide level

(87%–100% identity), as previously observed for the Fletchervi-

rus genus. To determine genetic differences that could be

responsible for variations in dependency for the MeOPN recep-

tor, we performed comparative genomics that included all 18

Fletchervirus phages. We looked specifically for regions with

varying gene content or genes with different C-terminal regions

because this is a common feature of many RBPs that recognize

diverse hosts. Our analysis identified a region with varying gene

content consisting of two to five conserved open reading frames

(ORFs) of unknown function located between a putative antiho-

lin (Zampara et al., 2020) and a putative recombination endonu-

clease (Figure 1A). Interestingly, two of these open reading

frames (ORFs) contained polyG tracts in their N-terminal with

lengths ranging from 6 to 42 polyGs in different phages. In addi-
2 Cell Reports 35, 109214, June 8, 2021
tion, interrupted tracts (i.e., 50-GGGGTGGGGG-30) were also

observed (Figure 1B). The varying length of the polyG tracts in-

troduces frameshift mutations and early translational stops in

many of the phages, leading to the annotation of numerous

alternate, truncated ORFs (Figure 1A). This indicates that those

ORFs are prone to phase variation by slipped-strand mispairing

of the polyG tract, thus having an important role in regulating the

expression of those genes.

To determine putative functions of the five conserved ORFs,

we performed a detailed in silico analysis of the corresponding

protein sequences, searching for conserved domains. Four

ORFs, including the two ORFs containing polyG tracts, con-

tained pectin-lyase folds or pectinesterase domains (Table S2).

Pectin-lyase domains have recently been found in the tail spikes

of Acinetobacter phages and are responsible for binding to spe-

cific Acinetobacter capsule-surface structures, thus forming the

RBPs of those phages (Oliveira et al., 2017). Thus, we hypothe-

sized that these four ORFs encode tail fibers or tail spikes func-

tioning as the RBPs of the Fletchervirus phages. The fifth ORF,

located just upstream from the putative antiholin, was present

in all phages and contained a domain of unknown function

(DUF4376) (Table S2). This DUF domain is also found in the

tail-fiber chaperone of phage Mu (Haggård-Ljungquist et al.,

1992; North et al., 2019), suggesting that this ORF could function

as a chaperone important for correct folding of the putative RBPs

in our phages.

Comparing the RBPs, the overall amino acid (aa) identity was

less than 21%, with no significant regions of conservation, indi-

cating that all RBPs form distinct proteins and were not the

result of duplication events (Figures S1A and S1B). The four

ORFs were, therefore, named rbp1, rbp2, rbp3, and rbp4 (Fig-

ure 1A). RBP1 is the largest of the four RBPs (445 aa) and was

found in all 18 phages, whereas full-length proteins of RBP2

(300–302 aa), RBP3 (239–242 aa), and RBP4 (232–234 aa)

were substantially smaller, and not all phages encoded these

proteins. In total, 14 phages encode rbp1, rbp2, rbp3, and

rbp4; three phages encode rbp1, rbp2, and rbp4; and one

phage (F336) encodes only rbp1. Moreover, analysis of nine

Fletchervirus genomes previously deposited at NCBI (Fig-

ure S1C) showed that eight of those phages encode all four

RBPs, and one phage encoded rpb1, rbp2, and rbp4, whereas

the proposed chaperone was found in all nine phages. In addi-

tion, protein alignments of all RBPs demonstrated that each

protein was highly conserved across all Fletchervirus phages,

thus indicating no recombination between the predicted

pectin-lyase folds/pectinesterase domains, despite the pres-

ence of a putative recombination endonuclease located up-

stream of rbp1 (Figures S2, S3, and S4). Interestingly, rbp2

and rbp3, containing N-terminal polyG tracts, potentially mak-

ing these genes prone to phase variation, were found in most

Fletchervirus phages.

RBP2 expression is associated with clear plaque
formation of Fletchervirus phages producing a dual-
plaque phenotype
To experimentally verify the function of the putative RBPs, poly-

clonal antibodies were raised against each of the four putative

RBPs with purified proteins from two representative phages
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Figure 1. Organization of the RBP region in Fletchervirus phages

(A) Comparison of the receptor binding protein (RBP) region in our 18 Fletchervirus phages. This region includes rbp1, rbp2, rbp3, and rpb4, whose protein

products form four different RBPs, and a proposed chaperonewith a DUF4673 domain for the correct folding of the RBPs. The ORFs colored in gray take no part

in RBP formation and include a putative recombination endonuclease and a putative antiholin and holin. Homologous genes were aligned for comparison

because not all rpb genes are encoded by all phages. rpb2 and rpb3 contain N-terminal polyG tracts as indicated by the dotted lines.

(B) PolyG tract lengths detected in the genome sequences of the 18 phages. The varying lengths of the polyG tracts result in annotation of additional alternate,

truncated ORFs. See also Figures S1–S4 and Table S2.
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(F336: RBP1 and F358: RBP2, RBP3, and RBP4). Antibodies tar-

geting RBPs are expected to prevent phage infection because

they interfere with the binding to the receptor, and they can

also be used to determine the location of each RBP on the phage

particle by transmission electron microscopy. For these experi-

ments, we selected three representative phages (F336, F358,

and F370) that encode different combinations of the four RBPs

(F336: rbp1, F358: all four RBPs, F370: rbp1, rbp2, and rbp4)

(Figures 2A and S5A). The three phages also varied phenotypi-

cally as they form distinct plaque morphologies. While phage

F336 consistently forms the same type of plaques, phages

F358 and F370 show dual-plaque morphologies, appearing as

turbid or clear (Figures 2B, 2E, and S5B). This dual-plaque

morphology is observed for most of our CPS-dependent phages

(Table S1). Interestingly, the turbid plaques appear at the same

frequency, whereas the number of clear plaques varies between

phage stocks and experiments, and plaques of both pheno-

types, i.e., partly clear and partly turbid, are also sometimes
observed, suggesting phenotypic heterogeneity even at the sin-

gle-plaque level.

Using the antibodies, we demonstrated that infection with

phage F336, which only encodes rbp1, was completely blocked

by antibodies targeting RBP1 because no lysis or plaques were

observed (Figures 2B and 2C). In addition, transmission electron

microscopy of phage F336 with RBP1 immunogold-labeled anti-

bodies shows that the antibodies bind to the entire length of the

tail fibers/spikes (Figure 2D). These results confirm that RBP1

functions as a RBP and that this protein is essential for phage

F336 infection of its bacterial host. In contrast to F336, infection

of phage F358 is not prevented by any of the four RBP antibodies

individually as plaques form at similar frequencies compared

with that of the positive control. This suggests that the four

RBPs can substitute for each other during phage F358 infection

of its host. However, the presence of RBP2 antibodies interfered

with the formation of the clear-plaque phenotype (Figures 2E and

2F). Although the clear phenotype of phage F358 is absent in the
Cell Reports 35, 109214, June 8, 2021 3
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Figure 2. Fletchervirus phages can express multiple RBPs, and RBP2 expression is associated with clear-plaque formation of a dual-plaque

phenotype of this group of phages

(A) Phage F336 only encodes rpb1, whereas phage F358 encodes rpb1, rbp2, rbp3, and rpb4. PolyG tracts are indicated by a red line in rbp2 and rbp3.

(B) Plaque assays (standard and antibody with anti-RBP1 serum) of phage F336 on its propagation host C. jejuni 1447.

(C) Mean log10 pfu/mL values of phage F336 on C. jejuni 1447 from standard and antibody plaque assays.

(D) Transmission electron microscopy of phage F336 mixed with immunogold-labeled anti-RBP1 serum. Labeled antibodies are indicated by the arrow.

(E) Plaque assays (standard and antibodywith anti-RBP2 serum) of phages F358 and F358cp on its propagation hostC. jejuniNCTC12662. Phage F358 produces

a dual-plaque phenotype, i.e., turbid and clear, in which clear plaques are formed at varying frequencies. Here, the F358 stock produced clear plaques at a 10�4

lesser frequency compared with turbid plaque formation, whereas the F358cp stock produced clear and turbid plaques at similar frequencies.

(F) Mean log10 pfu/mL values of phage F358 on C. jejuni NCTC12662 from standard and antibody (anti-RBP serums) plaque assays. Blue bars: clear-plaque

phenotype; gray bars: turbid-plaque phenotype.

(G) Transmission electronmicroscopy of phage F358 and F358cpmixedwith immunogold-labeled anti-RBP serums. Labeled antibodies are indicated by arrows.

For all plaque-assay images 3 3 10 mL of each 10-fold serial dilution (10�–10�7) of the phage are spotted clockwise from the top of the plates. For all antibody-

plaque assays, anti-RBP serums were added at a 1:10 ratio to the phage stock for 1 h at room temperature before serial dilutions of the phage stocks were made

and spotted on the bacterial lawn.

*Anti-RBP2: anti-RBP2 serum was added at a 1:10 ratio to each of the 10-fold serial dilutions (10�–10�7) and incubated for 1 h at room temperature before

spotting. All images are representative of two to four independent experiments. Error bars show standard deviations. See also Figure S5.

4 Cell Reports 35, 109214, June 8, 2021
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Figure 3. Expression of RBP2 is required for infection of C. jejuni when the phase-variable MeOPN receptor is not expressed

(A) Plaque assays (standard and antibody with anti-RBP2 serum) of phage F358 on C. jejuni NCTC12662DMeOPN (MeOPN mutant, NCTC12662D06810).

(B) Mean log10 pfu/mL values of phage F358 onC. jejuniNCTC12662DMeOPN (MeOPNmutant, NCTC12662D06810) from standard and antibody plaque assays.

Blue bars: clear-plaque phenotype. For both plaque-assay images 33 10 mL of each 10-fold serial dilution (10�–10�7) of phage F358 are spotted clockwise from

the top of the plates. All images are representative of two to four independent experiments. Error bars show standard deviations.

See also Figure S6.
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undiluted-phage spots, clear plaques re-appear in the following

serial dilutions reaching a plaque-forming unit (pfu) per milliliter

similar to that without addedRBP2 antibodies. However, in these

experiments, we added sufficient RBP2 antibodies to target all

phage particles in the stock, but not enough to target phages

newly produced on the bacterial lawns. We, therefore, repeated

the plaque assay increasing the amount of RBP2 antibodies and

then observed a complete block of clear plaque formation for

phage F358 (Figures 2E and 2F). Similarly, RBP2 antibodies pre-

vented formation of clear plaques of phage F370, which also en-

codes rbp2 (Figures S5B and S5C). Thus, our results suggest

that the clear-plaque phenotype is associated with expression

of RBP2 and that a newly produced phage population express-

ingRBP2 appears directly on the bacterial lawn during the exper-

iment. In addition, transmission electron microscopy of phage

F358 using immunogold-labeled antibodies demonstrates bind-

ing of RBP1 and RBP3 antibodies to the distal tail fibers/spikes

and, to a lesser extent, binding of RBP4 antibodies (Figure 2G).

However, binding of RBP2 antibodies could not be observed

when using a phage stock that only produced one clear plaque

out of 104 F358 phages (Figure 2G). In contrast, another stock

of F358 (F358cp), producing clear and turbid plaques at similar

frequencies, did demonstrate binding of the RBP2 antibodies

to the distal tail fibers/spikes of phage F358 (Figures 2E and

2G). Similar results were obtained with phage F370 (Figures

S5B and S5D). These results confirm that phages F358 and

F370 express all RBPs as part of their tail fibers/spikes and

that expression of RBP2 is associated with the clear-plaque

phenotype.

RBP2 is required for infection of C. jejuni when the
phase-variable MeOPN receptor is not expressed
We previously demonstrated that phage F336 is completely

dependent on the phase-variable MeOPN receptor for infection

of C. jejuni (Sørensen et al., 2011). Here, we report that phage

F336 only encodes one RBP (rbp1), indicating that RBP1 binds

to theMeOPN receptor. In contrast, phage F358, which encodes
all four RBPs, is able to infect a mutant lacking MeOPN, albeit

with a lower efficiency of plaquing compared with that of the

wild type (Gencay et al., 2018). Interestingly, phage F358 only

produces the clear-plaque phenotype when infecting the

MeOPN-deletion mutant and at similar frequencies as compared

with clear-plaque formation on the wild-type strain (Figures 2F,

3A, and 3B). Because the clear-plaque phenotype is associated

with RBP2 expression, these observations indicate that expres-

sion of RBP2 is involved in the infection of the MeOPN-deletion

mutant. To investigate that, we performed plaque assays on

the MeOPN mutant using phage F358 pre-incubated with the

RBP antibodies, as previously described. As expected, we

observed that RBP2 antibodies completely blocked F358 infec-

tion of the MeOPN-deletion mutant, whereas antibodies against

RBP3 and RBP4 had no effect on F358 plaque formation. Sur-

prisingly, we also observed that F358 infection of the MeOPN

mutant was blocked by antibodies against RBP1 (Figure 3B).

This suggests that RBP2 is dependent on RBP1 to mediate its

function. Equivalent results were obtained with phage F370 (Fig-

ures S6A and S6B). Thus, our results show that RBP2 is essential

for infection in the absence of MeOPN but requires the presence

of RBP1 to establish its function.

PolyG tracts promote phase-variable expression of
RBP2 and RBP3
Our in silico analysis showed that rbp2 contains an N-terminal

polyG tract that varies in lengths between the phages, suggest-

ing a high frequency of mutability in this tract, leading to phase-

variable expression of RBP2. Furthermore, our data indicate that

RBP2 is phase variably expressed within individual phage popu-

lations as well. This is supported by the varying frequencies of

the clear-plaque phenotype associated with RBP2 expression,

as observed for phages F358 and F370 and that the clear-plaque

phenotype re-appears on the bacterial lawns when RBP2 anti-

bodies are diluted out. To investigate whether the rbp2 polyG

variants occur in the individual phage populations, we developed

a script to computationally detect polyG tract lengths in the
Cell Reports 35, 109214, June 8, 2021 5
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Figure 4. Variations in the N-terminal polyG tract length in RBP2 and RBP3 lead to phase-variable expression of these proteins, resulting in

dual-plaque phenotypes

(A) rbp2 polyG tract lengths detected in the genome sequencing reads of phages F358 and F360.

(B and C) Single-plaque PCR sequencing of rbp2 (B) and rbp3 (C) polyG tracts showing lengths and corresponding protein-expression states in different plaque

morphologies of phages F358 and F360. Striped bars: gene expression turned off, fully colored bars: gene expression turned on.

See also Figure S7.
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sequencing reads from all phages encoding rbp2. In all phages,

varying lengths of the rbp2 polyG tract could be detected, pri-

marily ranging from 6 to 10 Gs. However, generally, one specific

tract length appeared to be dominant (Figure S7). In the phage

F358 population, a dominating tract length of 8 Gswas detected,

followed by a distribution of variants with mostly a single-nucle-

otide insertion (9 Gs) or deletion (7 Gs). However, tract lengths of

6 Gs and 10 Gs were also detected, as was a low level of various

interrupted tracts (Figure 4A). Because in-frame translation and

expression of RBP2 requires a tract length of 6, 9, or 12 Gs,

our analysis suggests that most of the F358 phage population

does not express RBP2. In accordance with that idea, the phage

F358 stock used for sequencing formed turbid plaques at a 104

higher frequency than it formed clear plaques associated with

RBP2 expression (Figures 2E and 2F). To confirm that variations

in the polyG tract length of rbp2 resulted in different plaque phe-

notypes, we PCR-amplified the polyG tract region from single

plaques of F358 on the propagation host and on the MeOPN

mutant and subjected them to Sanger sequencing. As expected,

the turbid F358 plaques on the propagation host contained a

polyG tract length of 8 Gs, thus, introducing a frameshift muta-

tion and no RBP2 expression (Figure 4B). In contrast, clear

F358 plaques contained different polyG tract lengths, but most

of the plaques contained a tract length of 9 Gs that resulted in

RBP2 expression. On the MeOPN mutant, only clear plaques

were formed (Figure 3), and all plaques contained a polyG tract
6 Cell Reports 35, 109214, June 8, 2021
length of 9 Gs, confirming that expression of RBP2 is required

to infect C. jejuni in the absence of MeOPN (Figure 4B). Thus,

our data demonstrate that variations in the polyG tract length re-

sults in phase-variable expression of RBP2, which, in turn, leads

to the dual-plaque phenotypes observed for the Fletchervirus

phages.

A variable polyG tract was also detected in the N-terminal of

rbp3, but no specific plaque phenotype could be associated

with RBP3 expression to support phase-variable expression.

We, therefore, confirmed the presence of rbp3 polyG variants

in the sequencing reads for all phages encoding this gene

(data not shown). Because the transmission electron micro-

scopy showed that RBP3 is expressed in the phage F358 stock

used for both sequencing and our experiments, we determined

the polyG tract length of rbp3 in different F358 plaques on the

propagation host and MeOPN mutant by PCR amplification

and sequencing. On the propagation host, we observed variation

in polyG tract lengths in both clear and turbid F358 plaques,

leading to RBP3 expression being both turned on and off (Fig-

ure 4C). This supports the idea that there is no correlation be-

tween RBP3 expression and a specific plaque phenotype on

this C. jejuni strain. However, on the MeOPN mutant, a polyG

tract length of 9 Gs was detected in all the F358 plaques,

introducing a frameshift mutation and switching off RBP3

expression (Figure 4C). To investigate whether expression of

RBP3 in general has to be turned off to successfully infect the
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MeOPN-deletion mutant, we analyzed another phage (F360) that

also encodes all four RBPs and obtained the same results as we

found with the phage F358 (Figures 4B and 4C). Thus, these re-

sults demonstrate that not only is expression of RBP2 needed to

infect the MeOPN mutant but also, surprisingly, the expression

of RBP3 must also be turned off.

PolyG tracts are widespread in phages
Although phase variation mediated by polyG tracts have been

widely documented and studied in bacteria such as Campylo-

bacter jejuni (Aidley et al., 2018; Parkhill et al., 2000) and Neisse-

ria spp. (Adamczyk-Poplawska et al., 2011; Seib et al., 2017), it is

a novel mechanism in phages. To our knowledge, only two

studies have reported variable polyG tracts in phages. A Pbuna-

virus phage infectingPseudomonas carries a tract of 7–10Gs in a

gene encoding a baseplate protein (Ceyssens et al., 2009),

whereas the bpm gene encoding a DNA adenine methylase con-

tains a tract of 8–10 polyGs in the almost-identical Bordetella

phages BPP-1, BIP-1, and BMP-1 (Liu et al., 2004). In both

cases, varying tract lengths were detected during phage propa-

gation introducing frameshift mutations but remained unex-

plained in terms of their function. To investigate whether polyG

tracts could be more widespread in phages and not limited to

the Fletchervirus genus, we developed a script to computation-

ally detect polyG tracts of R7-G nucleotides in all complete

phage genomes available at NCBI. In total, 2,524 phage ge-

nomeswere analyzed, resulting in the identification of 734 poten-

tial phase-variable polyG tracts in 552 genomes (Table S3). Thus

21.9% of the analyzed phage genomes contained polyG tracts.

Most contained only one polyG tract, followed by two polyG

tracts, but up to five polyG tracts were detected in a single

genome with a tract length of 7 Gs mostly observed (Figures

5A and 5B). Althoughmany of these phages are still unclassified,

the classified phages belonged to five different orders, domi-

nated by the Caudovirales and its families (Figure 5B). In total,

the phages belong to more than 100 different genera, infecting

more than 70 bacterial species. Interestingly, when grouping

those bacterial species according to their environmental niche,

most of them are, according to ProGenomes (Mende et al.,

2020), found in host-associated habitats (Figures 5B–5D).

When analyzing a selection of the phage genomes, most polyG

tracts were associated with hypothetical proteins, and thus, for

them, we can currently only speculate on their role and function.

However, interestingly, 79 polyG tracts were identified either in-

side or in close proximity to ORFs annotated with functions

related to tail structure or tail assembly (Table S3). The ORFs

could be divided into categories, such as tail fiber, minor tail pro-

tein, base plate protein, tail assembly chaperone, putative head-

tail connector protein, putative receptor binding protein, and

tape-measure protein, aswell as in intergenic regions associated

with those genes (Figure 5E; Table S3). For example, a polyG

tract was identified in a large non-coding region downstream

of a tail fiber gene in Klebsiella phage F19, suggesting that the

tract could be part of an unannotated gene (Figure 5E). Together,

our findings clearly demonstrate that polyG tracts are wide-

spread in phages, indicating that phenotypic diversity as a result

of phase-variable gene expression could be highly underesti-

mated within this group of microorganisms.
DISCUSSION

Although phase variation is commonly observed in bacteria (van

der Woude and Bäumler, 2004; van der Woude, 2011), we report

here that Fletcherviruses infecting Campylobacter jejuni mimic

their host and use phase-variable polyG tracts to create pheno-

typic diversity and to evade bacterial resistance. We discovered

that Fletcherviruses encode up to four different RBPs (rbp1,

rbp2, rbp3, and rbp4) where rbp2 and rbp3 contain polyG tracts

and are phase variably expressed. Noteworthy, we showed that

phase-variable expression of RBP2 and RBP3 creates pheno-

typically diverse phage populations, which enables Fletchervi-

ruses members to circumvent phase-variable expression of the

commonMeOPNphage receptor (Gencay et al., 2018; Sørensen

et al., 2011).

When comparing our 18 Fletchervirus genomes to the ge-

nomes of nine previously published Fletchervirus phages, we

found that 22 phages encoded all four RBPs; four phages en-

coded rbp1, rbp2, and rbp4; and only one phage (F336) en-

coded only rbp1. These findings suggest that there is strong

evolutionary selection within the Fletchervirus for encoding mul-

tiple RBPs. Phages encoding multiple RBPs have previously

been described to form large complexes consisting of multiple

RBPs (Latka et al., 2019; Plattner et al., 2019). In Fletchervi-

ruses, RBP1 forms the largest of the four RBPs proteins, and

rbp1 is found in all Fletchervirus phage genomes. Although

RBP1 alone is required to target the MeOPN receptor, RBP2

in combination with RBP1 allows infection when that receptor

is not expressed. We, therefore, hypothesize that RBP1 is

essential for tail fiber/spike formation forming a complex with

the phase-variable RBP2 when expressed. Furthermore,

because expression of RBP3 has to be switched off to infect

the MeOPN mutant, we speculate that RBP3 could be

competing with RBP2 for complex formation with RBP1 to exert

its function as well. RBP complex formation has been proposed

for Klebsiella phages (Latka et al., 2019) and has been structur-

ally determined for phage CBA120 belonging to Kuttervirus,

infecting both E. coli and several serotypes of Salmonella (Platt-

ner et al., 2019). In phage CB120, up to four tail spike proteins

(TSPs) have been identified, in which TSP4 forms both an inde-

pendent RBP and the anchor to the baseplate to which the

other TSPs attach (Plattner et al., 2019). In Klebsiella phages,

up to 11 different RBPs were identified, and large, branched

RBP complexes have been proposed, based on conserved do-

mains identified by bioinformatic analysis (Latka et al., 2019). It

is speculated that the conserved domains allow these phages

to quickly add or exchange RBPs, thereby promoting rapid

adaptation or expanding their host range to different capsular

serotypes of Klebsiella (Latka et al., 2019). Despite the large

complexes formed, each RBP can bind its receptor and func-

tion independently of the others in both Kuttervirus and Klebsi-

ella phages. Our data, therefore, suggest that the RBP complex

of Fletchervirus is structurally different to what has previously

been described or proposed because the function of RBP2 is

completely dependent on RBP1. We are currently aiming to

obtain crystal structures of both individual RBPs and RBP com-

plexes to determine the RBP-complex formation in Fletchervi-

rus phages.
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Figure 5. PolyG tracts are widespread in phages belonging to more than 100 different genera, often infecting bacteria living in host-asso-

ciated habitats

(A) Computational analysis of polyG tracts of R7-G nucleotides, and polyG tract lengths observed in complete phage genomes deposited at NCBI.

(B) Classification of the phage genomes containing polyG tracts according to information at NCBI.

(C) Phylogenetic distribution of 100 phage genera containing polyG tracts. Additional information about the genomes is provided in Table S3. Phage F358

(highlighted in green) is included as a representative of the Fletchervirus genus.

(D) Distribution of bacterial-host environmental niches and habitats according to ProGenomes2.

(E) PolyG regions associated with tail structure and tail assembly in selected phage genomes. The polyG-containing gene is shown in orange, and the location of

the polyG tract is marked by a red line. phiKTN6: Pseudomonas phage phiKTN6 (GenBank: KP340288.1), Wizzo: Propionibacterium virus Wizzo (GenBank:

KR337646.1), SJ46: Salmonella phage SJ46 (GenBank: KU760857.1), KH97: bacteriophage HK97 (GenBank: AF069529.1), vB_KpnP_KpV475: Klebsiella phage

vB_KpnP_KpV475 (GenBank: KX211991.1), and F19: Klebsiella phage F19 (GenBank: KF765493.2).
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In all four RBPs, pectin-lyase folds and pectinesterase do-

mains were predicted. However, although these domains

covered the entire length of RBP2, RBP3, and RBP4, only the
8 Cell Reports 35, 109214, June 8, 2021
C-terminal region (174–445 aa) of RBP1was predicted to contain

such a domain. It is a common feature of phage tail spikes/fibers

to have a more-conserved N-terminal region, responsible for



Figure 6. A schematic model of phage-host-population dynamics as a result of phase-variation
Slipped-strand mispairing of polyG tracts leads to phase-variable expression of both the common MeOPN phage receptor and RBP2, ensuring Fletchervirus

phage infection when MeOPN is not expressed. This promotes a stable yet dynamic fluctuation of phenotypically diverse phage and bacterial populations as a

result of phage-resistance development and phages able to infect resistant cells. The figure was made using Biorender.com.
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linking the spike/fiber to the phage tail, and a variable C-terminal

region which often contains enzymatic activity/folds that interact

directly with the bacterial surface receptor (Barbirz et al., 2008;

Leiman and Molineux, 2008). This promotes a cut-and-paste

evolutionary strategy that allows phages to exchange tail spike

modules, particularly the C-terminal, and thereby change spec-

ificity toward a specific receptor (Barbirz et al., 2008; Leiman and

Molineux, 2008). Interestingly, we did not detect any recombina-

tion events across all RBPs in 27 Fletchervirus phages, despite

the presence of a putative recombination endonuclease located

upstream of rbp1, suggesting that this is not a common strategy

applied by these phages. In addition, all four RBP groups

showed high sequence similarity across the entire length of the

proteins, further supporting a novel strategy applied by these

phages for adapting to different surface receptors. Although

our data support RBP1 as interacting with the MeOPN receptor,

it is currently unknownwhat surface structures RBP2, RBP3, and

RBP4 recognize. Considering the high diversity in the gene con-

tent of the CPS loci encoded by different C. jejuni strains (Poly

et al., 2011; Karlyshev et al., 2013), in addition to the phase-var-

iable gene expression, the lack of diversity within the four RBPs

is quite unexpected.

Unlike most virulent phages, many Fletcherviruses members

show a dual-plaque phenotype forming both turbid and clear

plaques on bacterial lawns. Turbid plaques are commonly asso-

ciated with phage-resistance development due to lysogeny of

temperate phages (Clokie and Kropinski, 2009). We speculate

that turbid plaque formation of the Fletcherviruses results from

phage-resistance development because of phase variation

either turning off the expression of the MeOPN receptor (Gencay

et al., 2018; Sørensen et al., 2011) or switching on the expression

of additional surface structures that prevent the phage from

binding (Sørensen et al., 2012). Clear plaque formation was typi-
cally observed in one out of 103–104 turbid plaques and is

directly associated with expression of RBP2, which binds in

the absence of MeOPN. In most phages, the rpb2 gene con-

tained a polyG tract of 6–10 Gs, similar to the tract length re-

ported in C. jejuni. In C. jejuni, these tract lengths are associated

with 10�4 to 43 10�3 mutations/cell division in the polyG regions

(Bayliss et al., 2012). Thus, the same frequency of phase varia-

tion and, thus, mutation rate was observed for both phages

and bacterial hosts when similar polyG tract lengths were en-

coded. We previously found that phage-resistant populations,

because of phase-variable switching of the MeOPN receptor

or a 6-O-Me group, colonized chickens just as efficiently as a

phage-sensitive population (Sørensen et al., 2012). We, there-

fore, foresee a stable yet dynamic fluctuation of phenotypically

diverse phage and bacterial populations as a result of phage-

resistance development and phages able to infect resistant cells

(Figure 6). This ensures continuous co-existence of phages and

C. jejuni in their natural niche, the chicken gut, because phase

variation introduces population dynamics based on reversible

stochastic events, rather than on the accumulation of permanent

genetic changes, such as receptor mutations.

Such population dynamics could consequently affect the use

of Fletchervirus phages in broiler farms, which has been pro-

posed as a promising intervention strategy to reduce Campylo-

bacter loads before slaughter (Jane�z and Loc-Carrillo, 2013).

So far, studies of phage therapy that targets Campylobacter in

chickens and at farm level have demonstrated varying effi-

ciencies and phage-resistance development (Carvalho et al.,

2010; Chinivasagam et al., 2020; Fischer et al., 2013; Ushanov

et al., 2020). However, most of the phages used in these studies

are not well characterized with respect to their receptors, and

they have also not been sequenced. In therapeutic settings, in

which the host target is not well defined, phages encoding
Cell Reports 35, 109214, June 8, 2021 9
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multiple RBPs are often considered advantageous because they

have the ability of bind to several diverse receptors (Gebhart

et al., 2017; Latka et al., 2019; Plattner et al., 2019; Ross et al.,

2016). Indeed, such phages have demonstrated a broader host

range, i.e., infecting several bacterial species (Plattner et al.,

2019) or infecting different serotypes of the same species (Geb-

hart et al., 2017; Latka et al., 2019). Our data show that Fletcher-

virus phages encoding multiple RBPs are able to overcome

resistance caused by phase-variable expression of surface

structures. Hence, choosing phages encoding and expressing

all four RBPs for future applications may further improve the

outcome of such intervention strategies against Campylobacter.

However, considering the population dynamics of both phage

and bacterial host, the timing of the intervention could also be

of great importance when conducting phage therapy in broilers.

Nevertheless, our data support the idea that identifying RBPs

and the receptors they target is of great importance when select-

ing phages to be used as therapeutics.

Even though single-nucleotide repeats, in general, are highly

susceptible to mutations during DNA replication, there are

several advantages of encoding particularly polyG tracts. One

of the advantages is that polyG tracts code for glycine, which

is believed to have a neutral effect on the protein function (Aid-

ley and Bayliss, 2014). In addition, higher mutability of polyG

and polyC tracts is observed compared with the polyA and

polyT tracts (Lin and Kussell, 2012). It has been proposed that

this higher mutability is linked to the DNA structure because

polyG tracts are less tightly twisted, resulting in lesser DNA sta-

bility and a greater tendency for replacement of nucleotides

(Dornberger et al., 1999). Although we found polyG tracts in

21.9% of all complete phage genomes available at NCBI at

the time of our analysis, we could find only two examples in

the literature in which a variation in the tract lengths was

observed (Ceyssens et al., 2009; Liu et al., 2004). This clearly

indicates the polyG tracts are not being recognized or are not

annotated in phage genomes, and thus, variations in tracts

length observed during sequencing are overlooked and not

considered in the following analyses. This could explain why

polyG tracts have not been studied in great details in phages

previously. Tracts of 7 Gs are believed to occur by chance,

and we did, indeed, mostly observe polyG tracts of that length.

Thus, not all of our observed polyG tracts may be prone to

phase variation. However, considering the widespread occur-

rence of polyG tracts in many diverse phage genomes and its

potential evolutionary advantage, phase variation could be a

widely adopted mechanism enabling phages to continuously

infect heterogenic bacterial populations to ensure a long-term

equilibrium of both predator and prey. This is supported by

the presence of polyG tracts associated with ORFs annotated

with functions related to tail structures in several phages infect-

ing different bacterial species classified as host associated,

thus, relying on phase-variable surface structures for niche

adaptation (Jiang et al., 2019). Furthermore, because the

RBPs in Fletchervirus phages were previously annotated as hy-

pothetical proteins, hypothetical ORFs containing polyG tracts

identified in other phages could also be uncharacterized

RBPs. Similar to Fletchervirus, such phages may use polyG

tracts to create phenotypically diverse phage tails and RBPs
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to recognize and bind their bacterial host both in the presence

or absence of phase-variable surface structures expressed in

the natural environments. However, experimental evidence is

needed to confirm the role of polyG tracts as a general mecha-

nism for phage adaptation to changing host surfaces.

C. jejuni and its phages are known to co-exist in the chicken

gut in which C. jejuni inhabits the mucus layer covering the

epithelial cells of the cecum (Epps et al., 2013). Recently, phage

ES17 was shown to reside within the mucus layer with its E. coli

host (Green et al., 2021). This was promoted by the tail fiber of

phage ES17, which contains a pectinesterase domain binding

to components of mucin, rather than showing depolymerase ac-

tivity, i.e., degradation of capsular polysaccharides observed for

other phage tail fibers containing these domains (Latka et al.,

2019; Oliveira et al., 2017). Interestingly, the RBPs encoded by

the Fletchervirus also contain pectinesterase domains or

pectin-lyase folds, with no observed depolymerase activity using

purified RBPs (data not shown). It is, therefore, tempting to spec-

ulate on whether these domains in the RBPs of the Fletchervirus

could have a similar role and bind tomucin, thereby, enabling the

phages to reside in the same niche as their Campylobacter host.

In vitro studies on the co-evolution of phages and bacteria often

show an arms-race strategy, i.e., development of phage-resis-

tant bacteria, such as receptor mutants and phages developing

counter resistance (Betts et al., 2014, 2018; Lenski and Levin,

1985; Meyer et al., 2012; Weitz et al., 2013). However, mutations

of surface structures are often associated with reduced coloni-

zation ability (Bohannan et al., 2002; Lenski, 1988; Mangalea

and Duerkop, 2020). Our findings on phenotypic diversity

caused by phase-variable gene expression, in contrast, provide

an excellent strategy, allowing both phage and bacteria to co-

exist and survive in the gut.

In conclusion, the work presented here expands on the current

strategies allowing phages to adapt and overcome bacterial

resistance and suggests that phase variation is a widespread

and overlooked mechanism for generating phenotypically

diverse phage populations.
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sequence-based species delimitation with confidence intervals and improved

distance functions. BMC Bioinformatics 14, 60.

Mende, D.R., Letunic, I., Maistrenko, O.M., Schmidt, T.S.B., Milanese, A.,

Paoli, L., Hernández-Plaza, A., Orakov, A.N., Forslund, S.K., Sunagawa, S.,

et al. (2020). proGenomes2: an improved database for accurate and consistent

habitat, taxonomic and functional annotations of prokaryotic genomes. Nu-

cleic Acids Res. 48 (D1), D621–D625.

Meyer, J.R., Dobias, D.T., Weitz, J.S., Barrick, J.E., Quick, R.T., and Lenski,

R.E. (2012). Repeatability and contingency in the evolution of a key innovation

in phage lambda. Science 335, 428–432.

Mitchell, A.L., Attwood, T.K., Babbitt, P.C., Blum, M., Bork, P., Bridge, A.,

Brown, S.D., Chang, H.Y., El-Gebali, S., Fraser, M.I., et al. (2019). InterPro in

2019: improving coverage, classification and access to protein sequence an-

notations. Nucleic Acids Res. 47 (D1), D351–D360.

North, O.I., Sakai, K., Yamashita, E., Nakagawa, A., Iwazaki, T., B€uttner, C.R.,

Takeda, S., and Davidson, A.R. (2019). Phage tail fibre assembly proteins

employ a modular structure to drive the correct folding of diverse fibres. Nat.

Microbiol. 4, 1645–1653.

Oliveira, H., Costa, A.R., Konstantinides, N., Ferreira, A., Akturk, E., Sillan-
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-RBP1 This paper N/A

Rabbit polyclonal anti-RBP2 This paper N/A

Rabbit polyclonal anti-RBP3 This paper N/A

Rabbit polyclonal anti-RBP4 This paper N/A

Bacterial and virus strains

BL21-CodonPlus (DE3)-RIL Competent

Cells, codon optimized protein expression

strain, Camr (50 mg/ml)

Agilent Technologies Cat#230245

MP300: BL21-CodonPlus (DE3)-

RIL+pMP31, rpb1 protein expression strain,

Kanr (100 mg/ml), Camr (50 mg/ml)

This study N/A

MP301: BL21-CodonPlus (DE3)-

RIL+pMP32, rpb2 protein expression strain,

Kanr (100 mg/ml), Camr (50 mg/ml)

This study N/A

MP302: BL21-CodonPlus (DE3)-

RIL+pMP33, rpb3 protein expression strain,

Kanr (100 mg/ml), Camr (50 mg/ml)

This study N/A

MP303: BL21-CodonPlus (DE3)-

RIL+pMP34, rpb4 protein expression strain,

Kanr (100 mg/ml), Camr (50 mg/ml)

This study N/A

Campylobacter jejuni 1447: Phage

propagation strain

Hansen et al., 2007 N/A

Campylobacter jejuni NCTC12658: Phage

propagation strain

National collection of type cultures NCTC12658

Campylobacter jejuni NCTC12662: Phage

propagation strain

National collection of type cultures NCTC12662

Campylobacter jejuni NCTC12662D06810:

Common phage receptor MeOPN mutant,

MeOPN-transferase deletion strain, Camr

(20 mg/ml)

Gencay et al., 2018 N/A

Campylobacter phage F207, Fletchervirus,

GenBank: MT863714

This paper, Hansen et al., 2007 See Table S1

Campylobacter phage F336, Fletchervirus,

GenBank: MT863715

This paper, Hansen et al., 2007 See Table S1

Campylobacter phage F348, Fletchervirus,

GenBank: MT863716

This paper, Sørensen et al., 2015 See Table S1

Campylobacter phage F352, Fletchervirus,

GenBank: MT863717

This paper, Sørensen et al., 2015 See Table S1

Campylobacter phage F355, Fletchervirus,

GenBank: MT863718

This paper, Sørensen et al., 2015 See Table S1

Campylobacter phage F356, Fletchervirus,

GenBank: MT863719

This paper, Sørensen et al., 2015 See Table S1

Campylobacter phage F357, Fletchervirus,

GenBank: MT863720

This paper, Sørensen et al., 2015 See Table S1

Campylobacter phage F358, Fletchervirus,

GenBank: MT863721

This paper, Sørensen et al., 2015 See Table S1

Campylobacter phage F360, Fletchervirus,

GenBank: MT863722

This paper, Sørensen et al., 2015 See Table S1

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Campylobacter phage F361, Fletchervirus,

GenBank: MT863723

This paper, Sørensen et al., 2015 See Table S1

Campylobacter phage F365, Fletchervirus,

GenBank: MT863724

This paper, Sørensen et al., 2015 See Table S1

Campylobacter phage F367, Fletchervirus,

GenBank: MT863725

This paper, Sørensen et al., 2015 See Table S1

Campylobacter phage F368, Fletchervirus,

GenBank: MT863726

This paper, Sørensen et al., 2015 See Table S1

Campylobacter phage F370, Fletchervirus,

GenBank: MT863727

This paper, Sørensen et al., 2015 See Table S1

Campylobacter phage F371, Fletchervirus,

GenBank: MT863728

This paper, Sørensen et al., 2015 See Table S1

Campylobacter phage F372, Fletchervirus,

GenBank: MT863729

This paper, Sørensen et al., 2015 See Table S1

Campylobacter phage F374, Fletchervirus,

GenBank: MT863730

This paper, Sørensen et al., 2015 See Table S1

Campylobacter phage F375, Fletchervirus,

GenBank: MT863731

This paper, Sørensen et al., 2015 See Table S1

Chemicals, peptides, and recombinant proteins

Blood agar Base no. 2 Oxoid Cat#CM0271

Brain Heart Infusion broth Oxoid Cat#CM1135

NZCYM Medium Sigma Cat#N3643

DNase I (1 U/ml) ThermoFisher Scientific Cat#EN521

RNase A (10 mg/ml) ThermoFisher Scientific Cat#EN0531

Proteinase K (20 mg/ml) ThermoFisher Scientific Cat#AM2546

Glycogen ThermoFisher Scientific Cat#R0561

Ammonium acetate Sigma Cat#A1542

Critical commercial assays

MagAttract HMW DNA kit QIAGEN Cat#67563

Oligonucleotides

Primer: CP8virus_RBP2_F:

CGTATGCATTAGATGTTGAAGGAA

This paper N/A

Primer: CP8virus_RBP2_R:

ACTGAATCGGGTGTAGTAG

This paper N/A

Primer: CP8virus_RBP3_F:

CATAAGCTTCTGAATTAGTGGATA

This paper N/A

Primer: CP8virus_RBP3_R:

CTACCAATACTGTTACAGCCA

This paper N/A

Recombinant DNA

Plasmid: pET28a+: Protein expression

vector: N-His, N-Thrombin, C-His, Kanr

(100 mg/ml)

Novagen N/A

Plasmid: pMP31: rbp1 expression plasmid,

pET28a+::rbp1+chaperone from phage

F336, Kanr (100 mg/ml)

This paper N/A

Plasmid: pMP32: rbp2 expression plasmid,

pET28a+::rbp2+chaperone from phage

F358, Kanr (100 mg/ml)

This paper N/A

Plasmid: pMP33: rbp3 expression plasmid,

pET28a+::rbp3+chaperone from phage

F358, Kanr (100 mg/ml)

This paper N/A

(Continued on next page)

Cell Reports 35, 109214, June 8, 2021 e2

Article
ll

OPEN ACCESS



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: pMP34: rbp4 expression plasmid,

pET28a+::rbp4+chaperone from phage

F358, Kanr (100 mg/ml)

This paper N/A

Software and algorithms

CLC genomics main workbench 20 QIAGEN N/A

CPT Galaxy and WebApollo platforms Afgan et al., 2018 https://cpt.tamu.edu/galaxy-pub

InterPro Mitchell et al., 2019 https://www.ebi.ac.uk/interpro/

HHpred Zimmermann et al., 2018 https://toolkit.tuebingen.mpg.de/tools/

hhpred

VICTOR Meier-Kolthoff and Göker, 2017 https://ggdc.dsmz.de/victor.php

iTOL Letunic and Bork, 2019 https://itol.embl.de/

BLAST Altschul et al., 1990 https://blast.ncbi.nlm.nih.gov/Blast.cgi

ncbi-lineages GitHub https://github.com/dib-lab/

2018-ncbi-lineages

Other

His GraviTrap GE Healthcare Life Sciences Cat#GE11-0033-99

Amicon Ultra-15 Centrifugal filter units,

10 kDa

Merck Cat#UFC901008

Scripts for detecting polyG tract lengths in

Fletchervirus sequencing reads

This paper https://github.com/matsov/

PolyG-searching-in-

Campylobacter-Phages/

Scripts used for detecting polyG tracts in

complete phage genomes deposited at

NCBI

This paper https://github.com/matsov/

PolyG-searching-in-

Campylobacter-Phages/

Article
ll

OPEN ACCESS
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Dr. Martine

Camilla Holst Sørensen (mcp@sund.ku.dk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The genome sequences of the 18 Fletchervirus phages included in this study are deposited in NCBIGenBank according to the Acces-

sion numbers provided in the Key resources table and Table S1. The scripts used for detecting polyG tract lengths in sequencing

reads and the scripts used for detecting polyG tracts in complete phage genomes deposited at NCBI can be found at https://

github.com/matsov/PolyG-searching-in-Campylobacter-Phages/.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All bacterial strains and phages are listed in the Key resources table and Table S1. C. jejuni was standardly grown on base II agar

plates with 5% calf blood at 41.6�C (�C) under microaerobic conditions (6% O2, 6% CO2, 88% H2N2).

METHOD DETAILS

Preparation of bacterial lawns for phage plaque assays
Bacterial lawnswere prepared as described previously (Sørensen et al., 2017; Gencay et al., 2017). Briefly, C. jejuni strains were stan-

dardly grown for 18–24 h at 41.6�C and harvested into cation adjusted (1 mM CaCl2, 10 mM MgSO4) Brain Hearth Infusion broth

(Oxoid) (CBHI) and adjusted to an optical density at 600 nm (OD600) of 0.35. Bacterial suspensions were incubated for 4 h at

41.6�C under microaerobic conditions before 500 mL was added to 5 mL of molten NZCYM overlay agar (NZCYM broth [Sigma],

0.6% agar) tempered to 45�C and poured onto premade NZCYM basal agar plates (1.2% agar, 10 mg/ml vancomycin). Finally, plates

were dried for 45 min in a flow hood.
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Phage propagation, titration, standard and antibody plaque assays
Phage propagation from single plaques and phage titration was performed as described elsewhere (Sørensen et al., 2017; Gencay

et al., 2017). Briefly, for the propagation the plate lysis methods was performed using the propagation strain and a single plaque from

each phage re-suspended in 400 mL of SMbuffer (100mMNaCl, 8mMMgSO4, 50mMTris-HCl, pH 7.5). Phage stocks were stored at

4�C. Titration and plaque assays were performed using spot assays on bacterial lawns prepared as previously described. Tenfold

serial dilutions of the phage stock in SM buffer up to 10�7 were made, and three aliquots of 10 mL of the undiluted stock (10�) and
each dilution were spotted on bacterial lawns of relevant strains. Plates were incubated for 18–24 h at 41.6�C under microaerobic

conditions and plaque morphologies were noted. Next, plaques were counted and the mean plaque forming units per ml (pfu/ml)

was calculated. For the antibody plaque assays, anti-RBP serums were added at a 1:10 ratio to the phage stock for 1 h at room tem-

perature before serial dilutions were made and spotted on the bacterial lawns. Or alternately, anti-RBP serums were added at a 1:10

ratio to each of the tenfold serial dilution (10�-10�7) and incubated for 1 h at room temperature before spotting. All experiments were

performed in duplicate and the data presented are the means from two to four independent experiments.

Phage DNA isolation
DNAwas extracted from high titer phage stocks (108-109 pfu/ml) propagated from single plaques according to the following protocol.

6 – 10mL of the phage stock was split into 1mL samples and each treated with 20 mg of RNase A and 2 U of DNase I for 1 h at 37�C to

remove bacterial nucleic acids. Next, SDS was added at final concentration of 0,5% followed by proteinase K (final concentration of

50 mg/ml). Samples were gently mixed between each addition by inverting the tubes several times followed by incubation overnight at

56�C todegradephageproteins. PhageDNAwasprecipitatedby standard ethanol precipitation in thepresenceof ammoniumacetate

andglycogen. First ammoniumacetate (3Msolution, pH– 5.3)was added at a final concentration 0,3M, thenglycogenwas addedat a

final concentration of 0.05 mg/ml) followed by two volumes of ice-cold (�20�C) 96% ethanol. Again samples were gently mixed be-

tween each compound addition by inverting the tubes several times before being incubated for 4-7 days at �20�C to precipitate

the DNA. DNA was recovered by centrifugation (12,800 g, 4�C, 30 min) and washed 2 times with 6 mL ice-cold 70% ethanol

(12,800 g, 4�C, 20 min). The DNA pellets were dried at 37�C to remove all traces of ethanol before being precipitated overnight at

5�C in 50-100 ml of nuclease-free sterile ultrapure water or 10mMTris-HCl, pH 7.5. DNA samples were collected into 200-300 ml frac-

tions and cleaned up and further concentrated using the MagAtrract HMW DNA kit (QIAGEN) according to manufacturer’s instruc-

tions. The final DNA fractions were eluted in nuclease-free sterile ultrapure water. DNA concentrations were estimated based on

0.7%–1% gel electrophoresis as the modified phage DNA cannot be measured correctly by fluorometric quantification.

Genome sequencing, annotation, comparative genomics and in silico analysis of RBP protein sequences
Phage genomes were sequenced on a PacBio RS II device (Pacific Biosciences, Menlo Park, CA, USA) using P6/C4 chemistry. One

SMRT cell was used for each phage genome. The sequencing reaction produced between 20610 and 67988 reads with mean read

lengths between 16846 and 27660. Complete de novo genomes were assembled using SMRT Analysis version 2.3 and the HGAP3

algorithm. Average coverage of the phage genomes ranged from 500-fold to 4628-fold.

The phage genomes were annotated using CPT Galaxy and WebApollo platforms (Afgan et al., 2018).

Comparative genomics and RBP protein sequence alignment was performed using the CLC genomicsmain workbench 20 and the

Whole Genome Alignment plugin. Conserved domains in RBP protein sequences were identified using InterPro (Mitchell et al., 2019)

and HHpred (Zimmermann et al., 2018). The taxonomic tree showing 100 different phage genera was generated using the VICTOR

tool (Meier-Kolthoff and Göker, 2017). All pairwise comparisons between genomes were conducted using the Genome-BLAST

Distance Phylogeny (GBDP) method using settings recommended for prokaryotic viruses (Meier-Kolthoff et al., 2013). The resulting

intergenomic distances were used to infer a balanced minimum evolution tree with branch support via FASTME including SPR post-

processing (Lefort et al., 2015). Newick outputs were subsequently used in iTOL tool (Letunic and Bork, 2019) to produce a graphical

output of the results.

Construction of synthetic rpb expression plasmids
Synthetic rbp expression plasmids were based on the genome sequences from phage F336 (rbp1 and chaperone) and phage F358

(rpb2, rbp3, rbp4 and chaperone). All plasmids were designed to co-express each rbp together with the proposed chaperone, as our

in silico analysis indicated that this protein may be important for the correct folding of the RBPs. All plasmids are listed in the Key

resources table.

Construction of pMP31
A 2,122 bp fragment including rbp1 and the downstream chaperone plus an additional TAA stop codon was synthetically produced

and inserted into the NdeI and XhoI cloning sites of pET28a+ producing the RBP1 protein with an N-terminal his-tag.

Construction of pMP32
A 1,621 bp fragment including rbp2 and the downstream chaperone with its promoter plus an additional TAA stop codon was

synthetically produced and inserted into the NdeI and XhoI cloning sites of pET28a+ producing the RBP2 protein with an N-terminal
Cell Reports 35, 109214, June 8, 2021 e4
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his-tag. To ensure that the full length protein of RBP2 was expressed, the polyG tract was mutated by exchanging GGGGGGGGG to

GGTGGTGGG to maintain the correct amino acids, but to prevent potential phase variable expression of rpb2.

Construction of pMP33
A 1,422 bp fragment including rbp3 and the downstream chaperone with its promoter plus an additional TAA stop codon was syn-

thetically produced and inserted into the NdeI and XhoI cloning sites of pET28a+ producing the RBP3 protein with an N-terminal his-

tag. To ensure that the full length protein of RBP3was expressed, the polyG tract wasmutated by exchanging 17G’s to GGAGGAGG

to maintain a minimum amount of correct amino acids, but to prevent potential phase variable expression of rpb3.

Construction of pMP34
A 1,408 bp fragment including rbp4 and the downstream chaperone with its promoter plus an additional TAA stop codon was syn-

thetically produced and inserted into the NdeI and XhoI cloning sites of pET28a+ producing the RBP4 protein with an N-terminal his-

tag.

Protein expression, purification and antibody production
Synthetic plasmids were transformed into E. coli BL21-CodonPlus (DE3)-RIL competent cells (Agilent Technologies) according to

manufacturer’s instructions to produce purified RBP proteins used for antibody production. Briefly, transformed cells were grown

in 1 L LB containing 50 mg/ml chloramphenicol and 100 mg/ml kanamycin at 37�C until an OD600 of 0.6 was reached. Protein expres-

sion was induced with 0.5 mM IPTG (isopropyl b-D-1-thiogalactopyranoside) at 16�C for 16-18 h. Bacterial cells were harvested by

centrifugation and resuspended in binding buffer (20 mM sodium phosphate, 500 mM NaCl, 20 mM imidazole, pH 7.4). Cells were

lysed by sonication followed by centrifugation (16,000 g, 4�C, 12 min.) to remove cell debris. Proteins were subtracted from the su-

pernatant by Ni2+-NTA-affinity chromatography (His GraviTrap, GE Healthcare) according to manufacturer’s instructions and eluted

with 20 mM sodium phosphate, 500 mM NaCl, 500 mM imidazole, pH 7.4. Purity of eluted proteins was verified by SDS-PAGE and

Coomassie blue-staining followed by buffer exchange into PBS using 10 kDA Amicon� Ultra-15 Centrifugal filter units. Purified

proteins were used to raise polyclonal rabbit antibodies against each RBP and were generated by Davids Biotechnologie GmbH

(Germany). Anti-RBP serums were purified on a protein A column and stored at �20�C until use. The binding ability of anti-RBP1,

anti-RBP2, anti-RBP3 and anti-RBP4 serum was confirmed by western blotting.

Transmission electron microscopy and immunogold labeling
Immunogold electron microscopy was essentially performed as described previously (Mc Grath et al., 2006) with the modification

that the incubation of the phages (adsorbed for 20 min to a freshly prepared carbon film) with the primary polyclonal antibodies

was reduced to 2 h (instead of overnight incubation).

Staining was performed as reported before (Sørensen et al., 2015) with 2% (w/v) uranyl acetate on freshly prepared carbon films.

Grids were analyzed in a Tecnai 10 transmission electron microscope (TEM) (FEI Thermo Fisher, Eindhoven, the Netherlands) at an

acceleration voltage of 80 kV. Micrographs were taken with a MegaView G2 charge-coupled device camera (EMSIS, Muenster,

Germany).

PolyG detection in phage genomes
To further investigate the presence of polyG tracts in the assembled genomes, amodular customUnix-based informatic pipeline was

used. The screening was performed on the unassembled reads generated after the sequencing and a single-step normalization was

performed in order to allow a more robust comparison of the abundance and the distribution of polyG repeats among phages (a

16,000 sequences cutoff was used). Briefly, the workflow of the detection pipeline can be resumed as follows: in the first step,

the script detects the potential upstream region (7 bp) of polyG tracts located close both rbp2 and rbp3; after hits detection, the effec-

tive presence for a repeated G trait is checked, allowing repetitions up to 30 bp; then the sequences containing a matching upstream

region and a polyG tracts are checked again for the accordance of the upstream region and subsequently for the accordance of the

downstream region located downward the polyG tract (7 bp). Being aware of the average error rate of the PacBio RS II device and

potential SNPs between the phages, the script was designed to allow a single basemismatch in the upstream or downstream regions

flanking a polyG, regardless of the position in which the mismatch is located.

For the phages F207, F370 and F371, the polyG variants detected were based on less than 100 reads which did not reflect the read

coverage for the rbp2 gene in these phages (Figure S5). Further sequence analysis of these three phages showed that the conserved

7 bp sequences upstream and downstream the polyG tract contained additional SNP variations, thus explaining why our script could

not detect all relevant reads. The scripts can be found at https://github.com/matsov/PolyG-searching-in-Campylobacter-Phages/.

PolyG detection in NCBI genomes
A simplified version of the above script was used to detect the presence of polyG tracts of R 7 G’s in available complete phage

genomes downloaded from NCBI (NCBI genomes section, virus genomes, filtered by bacterial host - accessed on 18/12/2019,

total no. of genomes downloaded: 2,524). The modified script identified the presence of repeated G nucleotides up to 20 bp.

The phylogenetic information of each phage showing a polyG in its genome was then retrieved using the ncbi-lineages tool
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[https://github.com/dib-lab/2018-ncbi-lineages]. After the retrieval of the polyG tracts, the genomic region for the classified

phages in a range of ± 100bp was extracted and blasted against viral proteins using the blastX command of the BLAST suite (Alt-

schul et al., 1990). Score, E-value, Identity and Best Hit are reported for every classified phage genome in Table S3. The scripts

used for these analyses can be found at https://github.com/matsov/PolyG-searching-in-Campylobacter-Phages/.

Single plaque PCR and sequencing
Plaque assays were performed as described above and single plaques were harvested using 1 mL sterile pipette tips. Each single

plaque was transferred to tubes containing 100 ml sterile nuclease-free water and boiled for 10min. at 98�C and subsequently cooled

on ice. Agar debris was collected by centrifugation (12,000 g, 5 min) and 2-5 ml of the supernatant was used as template DNA in PCR

reactions using primers CP8virus_RBP2_F/CP8virus_RBP2_R for amplifying the polyG tract region in rbp2 and primers CP8vir-

us_RBP3_F/CP8virus_RBP3_R for amplifying the polyG tract region in rbp3. PCR products were subjected to Sanger sequencing

to determine the polyG tract length in each plaque. Information about the primers can be found in the Key resources table.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data in the graphs are representative of 2-4 independent experiments and show the mean values with error bars representing stan-

dard deviations as reported in the figure legends.
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