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Chapter 1

General introduction



Streptomyces are soil-borne multicellular bacteria, well-known for their ability
to produce many clinically important antibiotics, like neomycin, streptomycin
and many more [1-3]. Compared to most bacterial model species,
Streptomycetes have a rather unique lifecycle, which starts from spores. If
spores encounter a favorable and nutrient-rich environment, typically one or
two germ tubes are formed at the distal end of each spore. These tubes form
filaments, or hyphae, that grow by tip extension. Subsequently, the growing
hyphae branch, leading to the formation of a vegetative mycelium that
degrades organic material in the soil [4]. The vegetative hyphae contain
semi-permeable cross-walls and are multinucleated [5]. When nutrients are
exhausted, differentiation is initiated, leading to the formation of hydrophobic
aerial hyphae that grow out of the substrate and which subsequently develop
into long spore chains. These spores possess a thick cell wall, which makes
them resilient to harsh conditions. Following dispersal to more favorable
environments, the spores can reinitiate this lifecycle.

In their natural environment, Streptomyces are exposed to numerous
stressors in their environment, such as heat stress, changes in acidity of the
soil, competetive bacteria and bacteriophages [6-9]. The bacterial cell wall is
a shape-defining and stress-bearing structure that can protect bacteria
against exposure to most of these stresses. This wall is either a single layer
of peptidoglycan between an inner and an outer membrane in diderm
bacteria, or a thick peptidoglycan layer outside the cytoplasmic membrane
in monoderm bacteria, such as Streptomyces [10].

Counterintuitively, Streptomyces can transiently lose their cell wall under
hyperosmotic growth conditions or during antibiotic treatment, resulting in the
formation of so-called cell wall-deficient (CWD) cells [11, 12]. These spherical
cells are able to survive in an osmoprotective environment and can revert to
the mycelial mode-of-growth when the stressors are no longer present.
However, little was known about the relevance of these cells in nature [10].

Bacteriophages, or in short phages, recognize their hosts by binding to
receptor proteins located on, or attached to, the cell wall of bacteria.
Therefore, we hypothesized that the shedding of the cell wall may also
protect the cells from phage infection. In this case, the phages might be
unable to recognize their host when the cell wall and its associated receptor



proteins are absent. Since most research has been done on phage-host
pairs in non-osmoprotective media and with unicellular model bacteria, like
Escherichia coli and Bacillus subtilis [13, 14], the unique lifecycle of
Streptomyces, requires another perspective on phage infection dynamics

(Fig. 1).
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Figure 1. Schematic representation of phage infection in the Streptomyces lifecycle. The
Streptomyces lifecycle starts as a free spore, which in turn grows into a germling. These
germlings form a network of mycelium with vegetative hyphae, which under osmoprotective
stress can form cell wall-deficient cells. Phages cannot infect the dormant spores and prefer
young germlings and vegetative hyphae. After nutrient depletion, aerial hyphae are formed,
which produce spores. It is unknown whether phages can attach and infect aerial hyphae,
sporulation hyphae and CWD cells.



In general, little is known about the interaction of phages with Streptomyces
bacteria during their different morphological states, from multicellular hyphae
to cells after shedding their cell wall. So far, it has been shown that phage
infection is optimal in young germlings and vegetative mycelium [15, 16].
Additionally, we know that phages cannot infect spores, probably due to their
metabolic inactivity or different cell surface, and that the production of aerial
hyphae can prevent spreading of phage infection [17]. However, the infection
dynamics during the cell wall-deficiency stage remain largely unexplored.

The aim of this thesis is to study phage infection in Streptomyces, focused
on cell wall-deficient cells. The results of this thesis contribute to a better
understanding of phage infection dynamics in multicellular bacteria.

In Chapter 2, | review and discuss the hypothesis that bacteria can evade
phage infection by shedding the cell wall. Phages recognize and attach to
receptor proteins on, or attached to, the bacterial cell wall, like peptidoglycan
and (lipo)teichoic acids in Gram-positive bacteria. Gram-negative bacteria on
the other hand, have a wide range of structures on the outer membrane that
phages can recognize, like lipopolysaccharides, transporter proteins and
pores. However, some bacteria are known to shed their cell wall in response
to environmental stressors. Without the protection of the cell wall, bacteria
become spherical, only enclosed by a membrane and very fragile, but also
lack most of the receptor proteins necessary for successful phage
recognition.

Since little is known about the infection dynamics in multicellular bacteria, |
sequenced and characterized three new bacteriophage species in Chapter
3 and 4. When compared to unicellular bacteria like E. coli or Pseudomonas
aeruginosa, relatively few Streptomyces phages have been properly
sequenced and characterized. Therefore, these phages increase our
knowledge on the viral dark matter and are now called Streptomyces phage
Pablito, belonging to the genus Janusvirus, and Streptomyces phage
Vanseggelen and Streptomyces phage Verabelle that belong to the genus
Camvirus. All three new phage species are used in future studies and their
availability will contribute to expand the knowledge on phage-host dynamics
in multicellular bacteria.
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In Chapter 5, | show that phage infection converts the mycelium of most
Streptomyces species into cell wall-deficient cells in osmoprotective
medium, which we hypothesized in Chapter 2. Streptomyces spp. MBT86
was infected with Streptomyces phage Pablito and the presence of cell wall-
deficient cells was quantified. The response to shed the cell wall was
independent of the tested bacteriophage; several other phages could also
induce this reaction. The wall-less cells were protected from phage infection
and could revert to their canonical mycelial mode-of-growth, demonstrating
that a significant fraction of the population survived the phage infection. To
our surprise, not only strains MBT86, but all other tested Streptomyces
strains could form cell wall-deficient cells after infection with a susceptible
phage. Interestingly, we also found this behavior in the unicellular bacteria
E. coli and B. subtilis, which was shown with fluorescent microscopy, phage
growth curves and cryo-electron microscopy.

Since the mechanism behind shedding the cell wall in Streptomyces and the
overall phage infection dynamics in multicellular bacteria remains largely
unknown, we tested a knock-out library of 28 Streptomyces coelicolor cell
wall mutants for their ability to be infected by our in-house phage collection.
In Chapter 6, | describe the discovery of the role of the membrane insertase
YidC2 in S. coelicolor during phage infection. With adsorption assays and
cryo-electron microscopy, we discovered that phage CF3 could not lyse S.
coelicolor AyidC2 and the phages remained inside the infected bacterium,
while the wildtype was killed. We showed that YidC2 plays an important role
during the insertion of the holin-endolysin system from the phage inside the
bacterial membrane, which subsequently leads to lysis of the infected
bacteria.

The main findings of this thesis are summarized and discussed in Chapter
7. Here, | give my perspective for future directions in the research field of cell
wall-deficiency associated with bacteriophages.
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Chapter 2

Cell wall-deficiency as an escape mechanism from
phage infection

Véronique Ongenae, Ariane Briegel and Dennis Claessen
This chapter was published as:

Ongenae, V., Briegel, A., & Claessen, D. (2021). Cell wall-deficiency as an escape mechanism
from phage infection. Open biology, 11(9), 210199.
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Abstract

The cell wall plays a central role in protecting bacteria from some
environmental stresses, but not against all. In fact, in some cases, an
elaborate cell envelope may even render the cell more vulnerable. For
example, it contains molecules or complexes that bacteriophages recognize
as the first step of host invasion, such as proteins and sugars, or cell
appendages such as pili or flagella. In order to counteract phages, bacteria
have evolved multiple escape mechanisms, such as restriction-modification,
abortive infection, CRISPR/Cas systems or phage inhibitors. In this
perspective review, we present the hypothesis that bacteria may have
additional means to escape phage attack. Some bacteria are known to be able
to shed their cell wall in response to environmental stresses, yielding cells that
transiently lack a cell wall. In this wall-less state, the bacteria may be
temporarily protected against phages, since they lack the essential entities
that are necessary for phage binding and infection. Given that cell wall-
deficiency can be triggered by clinically administered antibiotics, phage
escape could be an unwanted consequence that limits the use of phage
therapy for treating stubborn infections.
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Introduction

Bacteriophages, or (in short) phages, are viruses that infect bacteria. It has
been estimated that they outnumber bacteria in the biosphere by a factor of
10 and are present in almost all natural environments [18, 19]. As phages are
non-motile microorganisms, it is presumed that the initial contact between a
phage and a suitable host occurs via random collisions as a result of free
diffusion [20]. Phages recognize their host species by interacting with specific
receptors, especially sugars and proteins, exposed on the bacterial cell
surface. Here, we propose that the ability of bacteria to shed their wall may be
an underappreciated mechanism to evade phage infection, as phages may no
longer be able to recognize their host.

In this perspective review, we will start with discussing the detailed
structure of the bacterial cell envelope and its specific components that enable
phage attachment to their hosts. Currently, all known mechanisms for this first
step of host infection involve bacterial surface-associated macromolecules.
We then discuss the ability of several bacteria to shed their cell wall under
influence of stressors and the consequences of a cell wall-deficient (CWD)
lifestyle. Finally, we will discuss how phage infection may be evaded by
shedding of the cell wall. We hypothesize that phages will no longer be able
to recognize their bacterial host and render such wall-less cells immune to
phage infection. Since cell wall-less states have been reported to occur in
pathogenic species [21, 22], this evasion mechanism may be highly relevant
for the development of phage therapy treatments.

Phage-host attachment

Bacteriophages used to be classified according to morphological types, while
more recently, sequence similarity and phylogenetic relationships have
become the primary method to distinguish taxa [23, 24]. The majority of
phages contain double-stranded DNA in their capsid heads, although single-
stranded DNA, single-stranded RNA and even double-stranded RNA are also
common in nature [25-27]. Approximately 96% of all known phages are tailed
phages (Fig. 1) belonging to the order Caudovirales, which can vary
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tremendously in size, structure and DNA content. This order can be sub-
divided into three families, based on the contractility of the tail, whereby
phages with non-contractile tails can be divided into those with short and long
tails [23, 28]. The best-studied organism in this order is the bacteriophage T4.
This Myoviridae is well studied by cryo-electron microscopy, and detailed
information on the structure and infection process of its host Escherichia coli
are available [29-31].

Myoviridae Podoviridae Siphoviridae
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Figure 1. Tailed bacteriophages. The Caudovirales order consist of three families: (a)
Myoviridae, with a contractile tail, (b) Podoviridae, which have no baseplate and are short-tailed
and (c) Siphoviridae with a long non-contractile tail. Receptor binding proteins (RBPs) can be
found on long- or short-tail fibres and sometimes even on the spike. Created with BioRender.com.

Although phages come in various shapes and sizes, one common feature is
the need to identify and attach to a suitable host. The receptor-binding
proteins (RBPs), often located at the tip of the phage's tail, recognize surface-
associated molecules on a host bacterium. The nature of the bacterial
molecules recognized by phages differs between various taxonomic groups
and is commonly highly specific for the host cell wall or cell envelope
composition. A major component of the bacterial cell wall is peptidoglycan,
which is often associated with phage adsorption in monoderms (formerly

16



called Gram-positive bacteria) [32]. Peptidoglycan strands are composed of
chains of monomers consisting of N-acetylglucosamine and N-acetylmuramic
acid, which are covalently cross-linked via peptide stems to create a gigantic
molecule, called the sacculus [33]. Besides peptidoglycan, other
macromolecules can be found in the cell wall of monoderm bacteria (Fig. 2a),
such as teichoic acids, which are also known to be involved in phage
adsorption [34]. In fact, over 96% of the molecules identified on monoderm
bacteria so far are associated with either residues or structures of teichoic acid
and peptidoglycan [35]. Diderm (Gram-negative) bacteria on the other hand
display a large variety of molecules, as seen in Figure 2b [29]. Molecules that
can be recognized by phages are for instance, enzymes, transporter proteins,
substrate receptors and many more structures located on the outer membrane
[36]. Multiple studies have used the model organism E. coli and more recently
also Salmonella to identify new molecules that are necessary for phage
infection in diderm bacteria, such as the important proteins OmpA, OmpC,
OmpF and LamB, but also many lipopolysaccharides [37-41].

(A) Monoderm bacteria (B) Diderm bacteria
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Figure 2. Bacterial cell wall. (a) The cell wall of monoderm bacteria consists of a thick
peptidoglycan layer intertwined with teichoic acid, which can both be recognized by RBPs of
phages. (b) Diderm bacteria have a thinner peptidoglycan layer and an additional outer membrane
with several components that phages can recognize for attachment. Created with
BioRender.com.

In addition to receptors molecules, proteins and lipopolysaccharides, some
phages can also attach to structures that are not located directly on the cell
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wall or outer membrane of bacteria, such as flagella, pili and capsules. The
adhesion of phages to a flagellum often starts as a process that initially is
reversible. However, the rotating movement of the flagellum guides the
phages towards the cell body, where it then tightly attaches to surface
molecules located near the base of the flagellum [35, 42]. In addition, some
phages can ‘hitchhike’ on non-host bacterial flagella to increase their chances
of meeting a host species. This has been shown for the bacteriophage PHHO1
that can attach to the flagella of the carrier bacteria Bacillus cereus to help
encounter its host E. coli [43]. Another recent example is the transport of E.
coli lambda phage by Capnocytophaga gingivalis swarm [44]. Phages can
also attach to extracellular structures such as pili or fimbriae, which are
proteins that help bacteria to attach to each other or surfaces. For phages
$Cb13 and ¢CbK, it has been shown that the initial attachment to pili is
necessary for successful attachment to Caulobacter crescentus, as mutant
bacteria without pili could not be infected [42]. These studies demonstrate that
loosing structures like pili or flagella is an effective defense mechanism from
bacteria to evade phage attachment. It further suggests that the loss of the
entire cell wall may be an additional effective mechanism for phage evasion.

Bacterial defense mechanisms against phages

To prevent phage infection, bacteria have developed multiple and impressive
anti-phage strategies. Restriction-modification systems act as the prokaryotic
innate immune system, consisting of a restriction nuclease and
methyltransferase. Bacteria prevent self-cleavage by methylation of their own
DNA, while incoming phage DNA is generally not methylated [45]. A more
costly defense system is called the abortive infection process, where the
infected cell initiates programmed cell death before the phage can replicate,
thereby protecting other cells in the bacterial colony [46]. The toxin-antitoxin
system can be seen as one of the components of abortive infection and
consists of a toxin that inhibits bacterial cell growth upon phage infection and
an antitoxin, which protects the cell during normal conditions [47]. The phage
growth limitation (Pgl) system is often described as an inverted restriction-
modification system or abortive infection-like mechanism, where the primary
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infected bacteria do not survive the infection, but mark the progeny phage
DNA by methylation [48, 49]. If such modified phages subsequently infect
neighbouring Pgl+ bacteria, the phage is restricted. Although Pgl systems are
only found in Actinomycetes, a comparable mechanism, called the
BacteRiophage EXclusion (BREX) system was discovered in Bacillus cereus
[50]. This system possesses two genes that are homologous to the Pgl
system. However, unlike Pgl, the BREX system prevents initial phage
replication by methylation [48]. In addition to protein-mediated anti-phage
defenses, some Streptomyces species can use a chemical defense
mechanism. Here, small molecules are produced that serve as phage
inhibitors [51]. The only known adaptive immune system in prokaryotes is the
CRISPR/Cas defense mechanism, which protects against phages and other
foreign genetic elements, like plasmids and transposons [52]. Recently, a new
counter-defense mechanism against CRISPR/Cas has been uncovered,
where phage T4 restores the broken genomic material, thereby making
progeny phages resistant against future CRISPR attacks [53]. For those
interested in more detailed information on anti-phage systems and the phage-
bacteria arms race, we refer to some excellent recent reviews [49, 52, 54, 55].

Bearing anti-phage systems is associated with a trade-off between
fitness costs and the benefit of resisting phages [56]. As bacteria typically only
carry a small subset of the available defense mechanisms, the ‘pan-immune
system’ was recently proposed [54]. Here, the authors suggest that although
a single bacterial strain cannot carry all existing defense mechanisms, it can
use horizontal gene transfer to access defense mechanisms encoded by
closely related species.

However, the bacterial cell wall remains the first barrier a phage needs
to overcome during host infection. The prime defense of bacteria is therefore
directed at the initial prevention of phage attachment to the bacterial surface-
associated macromolecules. When bacteria are living in a biofilm, this mode
of growth already acts as the first layer of protection. Amyloid fibre networks
inhibit phage transport into the biofilm and also coat the surface of individual
cells to prevent phage attachment [57]. Another defense strategy used by the
diderm bacterium Vibrio cholerae is the production of outer membrane
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vesicles with an almost identical cell surface as the bacteria itself, to serve as
natural decoys against phages [58].

Other common mechanisms to prevent phage attachment are shielding
surface-associated molecules by glycosylation, masking them with
polysaccharide capsules or mutating the molecules on the bacterial cell
surface [59-61]. If phages cannot recognize and attach to the molecules on
the cell surface of bacteria, the host will remain uninfected. However, the
production of a capsule or adaptation of receptor molecules can be
metabolically expensive [62]. Therefore, a possible energetically more
favourable way to escape phage binding would be by shedding the cell wall
altogether. In this case, not only the molecules located on the bacterial cell
surface will vanish, but also structures like the capsule, flagella and pili are no
longer present.

Cell wall-deficiency as a possible mechanism to escape phage attack

Some filamentous actinobacteria have the ability to shed their cell wall under
influences of hyperosmotic stress or limited oxygen availability, which may be
common in soil ecosystems [63]. Under these conditions, CWD cells are
extruded from the vegetative mycelia. These cells are unable to proliferate
without their wall and will ultimately revert to the mycelial mode of growth [10].
However, if these CWD cells acquire mutations due to prolonged exposure to
hyperosmotic stress conditions, L-forms are formed that can proliferate
without a cell wall [11, 64]. To start a CWD lifestyle, cells first have to escape
the sacculus, followed by coping with the increased oxidative stresses in the
environment [10]. Thereafter, an upregulation of membrane synthesis is
required, resulting in an enlarged surface area to volume ratio [65]. Not only
filamentous actinobacteria, but many other bacteria, including both monoderm
and diderm species, are able to switch to a CWD state. CWD cells of different
species have been found in the urine of patients suffering from recurrent
urinary tract infection [66]. Additionally, such CWD cells have been detected
in the biofilms of individuals with chronic and aggressive periodontitis [22].
These studies support the assumption that CWD bacteria could hide inside
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their host for an extended amount of time, as they are insensitive to wall-
targeting antibiotics and can possibly also evade elements of the host's
immune system. In fact, exposure to cell wall-targeting antibiotics could even
promote the formation of CWD cells. This response is best studied for B-
lactam antibiotics like penicillin, which targets the catalytic enzymes involved
in cell wall synthesis, resulting in lysis of the bacterial cell wall of for instance
E. coli [67]. Prolonged exposure to these antibiotics can be used to induce cell
wall-deficiency in an osmotically stable environment [67]. While cells without
their wall are inherently fragile, wall-deficiency probably provides bacteria with
some crucial advantages over walled bacteria. In their natural environment,
bacteria are challenged by various stresses, such as changing environmental
conditions, competing organisms and the possibility of phage attack. The
formation of CWD cells has been observed as a response to escape various
environmental stresses [10]. For example in Mycobacterium bovis, where L-
forms were isolated after nutrient starvation and cryogenic stress treatments
[68] or in E. coli, which could survive lethal treatments like autoclaving and
boiling by shedding their cell wall [69]. This indicates that cell wall-deficiency
could be a temporary coping strategy to protect the bacteria during
unfavourable environmental conditions, like the possibility of phage infection.

As the vast majority of molecules phages can attach to, are located in or
associated with the cell wall, transient loss of the wall could render bacteria
immune for phage binding and infection (Fig. 3). In monoderm CWD cells, the
shedding of the wall would result in the loss of almost all known molecules a
phage can recognize, as these are almost invariably associated with
peptidoglycan and teichoic acids in the cell wall. The formation of diderm CWD
cells is less well understood. For example, it remains debatable whether
diderm bacteria that can form CWD cells retain their outer membrane, which
contains the majority of the known molecules that phages recognize.
Literature of CWD diderms with and without their outer membrane have been
reported, and even thin-section electron microscopy cannot clearly distinguish
between a single membrane and two membranes if the periplasm is pressed
closely together [70, 71]. On the other hand, more recent papers have shown
that a rigid outer membrane is essential for the formation and survival of wall-
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deficient cells in E. coli [72, 73]. Here, the outer membrane proteins Lpp,
OmpA and Pal are necessary for this rigidity. These and many more outer
membrane proteins could also serve as molecules for phage attachment and,
perhaps in this manner, serve as a sink for phages. In this way, such CWD
cells could help to protect the other cells in the colony similar to the previously
described decoy outer membrane vesicles of V. cholera [58]. Additionally,
when bacteria shift to a CWD lifestyle, small fragments of the original cell wall
probably remain in close proximity of the newly formed CWD cells for some
time. It may be that these small cell wall particles can also serve as a decoy
for phages, just like outer membrane vesicles [58]. Building upon the theory
that cell wall-deficiency could be an escape mechanism for phage attack, the
holin-endolysin system might also play an important role. Lytic phages use
endolysins to degrade the peptidoglycan layer from inside a bacterium, which
have a similar outcome as penicillin treatment. We know that penicillin is often
used to induce cell wall-deficiency, so possibly the holin-endolysin enzymes
could be a cue for other nearby bacteria to shed their cell wall and therefore
be protected from the released phages.
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Figure 3. Cell wall-deficiency as an escape mechanism for phage infection. Walled bacteria
are susceptible to phage infection, since phages can recognize molecules located on the cell
surface or bind to structures such as pili and flagella. Several bacteria can shed their wall and
form wall-deficient cells. We hypothesize that phages can no longer recognize its host in this wall-
deficient state, which therefore stays uninfected. Created with BioRender.com.

Wall-deficient cells of Actinomycetes that revert back to filamentous growth
often show a wide range of phenotypically different colonies, which can be
explained by gross genetic changes [11, 74]. Such mutations can sometimes
lead to the evolution of beneficial traits, such as phage-resistance [75]. Many
phages can infect members of the bacterial Actinobacteria phylum and for
most bacteria, even multiple phages are known [76]. There is rich literature on
phages that can infect Actinobacteria but, to our knowledge, no phage is
currently known to infect Kitasatospora viridifaciens, which easily makes CWD
cells. In fact, one of the features by which Kitasatospora species are classified
in their unique genus is their resistance to the most common Streptomyces
phages [77, 78]. Perhaps K. viridifaciens has accumulated a specific set of
mutations during many switches of CWD cells to the mycelial mode of growth
in nature, resulting in broad resistance against most common Streptomyces
phages. Nevertheless, this resistance to phages can also be explained by our
hypothesis that the formation of wall-deficient cells is an escape mechanism
by itself, although both possibilities are not mutually exclusive. On the other
hand, switching to a wall-less state may not only be beneficial for the bacteria,
but also for the bacteriophage. A recent study demonstrated that T4-like
phages could be adsorbed by E. coli L-forms, which however did not result in
lysis of these CWD bacteria [79]. These results imply that cell wall-deficiency
could not only be an escape mechanism for the bacterial host, but the phage
may also profit from this situation, as they could switch to a pseudolysogenic
lifestyle within CWD cells. Taken together, these examples demonstrate the
advantages of switching to a CWD lifestyle during the possibility of phage
attack.
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Concluding remarks and outlook

Our knowledge about the biology of bacteriophages and their bacterial host
have increased significantly over the last few decades. However, the
understanding of CWD cells and their ecological role in association with
phages is largely unexplored territory. The hypothesis that cell wall-deficiency
could be a new and underexplored mechanism for phage evasion raises
several interesting research options. The most interesting one would be to
investigate if phages indeed cannot recognize their usual host and whether
this is due to the absence of molecules in the cell wall. On the other hand, if
phages are still able to recognize their host without a cell wall, to which
molecule(s) do they attach and can they eject their genome?

Perhaps CWD cells are currently one step ahead in the ongoing
evolutionary arms race between phages and their host. If we assume this to
be true, would there already be a sign of coevolution between the phage's
RPBs and the CWD surface-associated molecules? Most research about
CWD bacteria, such as mycoplasma, protoplasts and L-forms, and their
interaction with phages, date from the pre-molecular era [80-82]. It would be
interesting to explore their interaction with more modern technologies, such
as cryo-EM, next-generation sequencing or genome editing.  Apart  from
exploring possible phage—host interactions and defense mechanisms in CWD
bacteria, improving our understanding on bacterial and phage biology may
provide biotechnological advances in, for example, phage therapy. In this
case, specific phages are used as an alternative for antibiotics to treat
bacterial infections [83]. Phage therapy therefore seems like a suitable
strategy to treat recurrent infections and chronic diseases caused by CWD
bacteria, as they are insensitive to wall-targeting antibiotics and phages can
selectively kill pathogenic bacteria without harming the host or its microbiome.
However, the use of bacteriophages for treating stubborn infection might be
restricted if phages do not recognize wall-deficient pathogenic bacteria. In
addition, clinically administered antibiotics can trigger the formation of CWD
cells, which could be an unwanted consequence that limits the use of
bacteriophage treatment afterwards. If phages are unable to recognize the
CWD bacteria, a mixture of different phages should be considered for phage
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therapy or the genomes of bacteriophages could be genetically modified [84,
85]. Further studies should continue to contribute valuable insights on phage
infections of CWD cells and phage therapy.
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Abstract

Streptomycetes are ubiquitous soil bacteria. Here we report the complete and
annotated genome sequence and characterization of Strepfomyces phage
Pablito, isolated from a soil sample in Haarlem, the Netherlands
using Streptomyces lividans as host. This phage was able to infect a diverse
range of Streptomyces strains, but none belonging to the sister
genus Kitasatospora. Phage Pablito has double-stranded DNA with a genome
length of 49,581 base pairs encoding 76 putative proteins, of which 26 could
be predicted. The presence of a serine integrase protein indicated the
lysogenic nature of phage Pablito. The phage remained stable over a wide
range of temperatures (25-45°C) and at pH=7.0, but lost infectivity at
temperatures above 55 °C or when the pH dropped below 6.0. This newly
isolated phage is closely related to Streptomyces phage Janus and Hank144
and considered a new species classified in the genus Janusvirus, within the
subfamily Arquattrovirinae.
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Introduction

Streptomyces spp. are Gram-positive, spore-forming bacteria that thrive in
almost all soil environments. They are well-known for their ability to produce
a wide array of clinically-relevant antibiotics, such as streptomycin, neomycin,
chloramphenicol and many more [86-88]. Most research has been focused on
the industrial use of these bacteria and their secretion of secondary
metabolites [89, 90]. However, it remains largely unknown how
bacteriophages can recognize, attach and infect these multicellular
bacteria. Streptomyces have an unusual lifecycle, which starts when spores
encounter a favorable environment. This triggers germination and outgrowth
into a so-called vegetative mycelium. After a period of vegetative growth,
aerial hyphae are formed that can develop into chains of spores. These spores
can be dispersed to more favorable environments to establish new colonies.
Previous research has shown that Streptomyces phages can only infect
young vegetative mycelia, but are unable to infect spores [15, 16]. However,

most bacteriophage research has been focused on unicellular bacteria, while
the interactions and underlying mechanisms of bacteriophages infecting
multicellular bacteria, like Streptomyces, remains largely unexplored. Besides
the phage growth limitation system [91, 92] , chemical defense [51] and
recently discovered cell wall-deficiency [93], many more defense mechanisms
against phage attack might be present in Streptomyces.

In addition, relatively few Streptomyces phages have been properly
sequenced and characterized in comparison to other genera. Therefore, it is
important to isolate new phages infecting multicellular bacterial species,
allowing us to expand our knowledge about the immense viral diversity.

In this paper, we describe a newly discovered Actinobacteriophage,
called Streptomyces phage Pablito, which was isolated from a soil sample in
the Netherlands. This phage belongs to the genus Janusvirus, within the
subfamily Arquattrovirinae. Phage Pablito is a temperate phage with an
icosahedral capsid head of 56.1+ 1.3 nm and a long non-contractile tail of
163.5+ 0.4 nm. Finally, we provide a whole genome analysis of this newly
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identified phage. Together, these results shed light on phage taxonomy and
can expand the knowledge on phage-Streptomyces interactions in the future.

Material and methods
Bacteriophage isolation

Phage Pablito was isolated from a soil sample obtained from the National Park
Zuid-Kennemerland in the Netherlands (N52°23'31", E4°34'49"). To this end,
0.5 g soil was mixed with spores from the host S. lividans strain 1326 in 10 ml
Difco Nutrient Broth (DNB) (BD Biosciences) supplemented with 0.5% glucose
and 4 mM Ca(NOs)2 and incubated overnight at 30 °C, while shaking at 130
RPM. After 24 h, the culture was centrifuged for 10 min at 4000 g and the
supernatant containing phages was filtered through a 0.22 um filter (Millipore).
The supernatant was subsequently spread onto a DNB agar plate, followed
by applying an overlay (in DNB soft agar) containing 102 spores ml~" from S.
lividans. The plate was incubated at 30 °C for 24-48 h before plaque formation
was assessed. Single plaques were purified by streaking them twice to a fresh
double agar overlay plate containing the bacterial host. High titre single viral
stocks were obtained by picking purified plaques and incubating them with S.
lividans in DNB medium for 10 min before plating on double-agar overlay DNB
plates. Viral lysates were collected by flooding the plate with 24 ml DNB and
gently rocking the plate for 2 h. The supernatant was filtered through a
0.22 um filter. Collected phages were stored at 4 °C.

Host range analysis

The host range of phage Pablito was determined using serial dilutions on
double agar overlay plates. In short, 3 pl of the phage dilution was spotted in
duplicate on a bacterial lawn of different Streptomyces and Kitasatospora
strains from the Microbial biotechnology (MBT) collection at Leiden University
[94], which represents an in-house collection of isolated actinomycetes. The
plates were incubated at 30 °C for at least 24 h before lysis was observed.
The presence of a lysis zone was scored as a positive result. The efficiency
of plating (EOP) for a given strain was calculated relative to the host strain S.
lividans when plaques were observed.
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Stability of phage Pablito

A one step-growth curve analysis was performed in triplicate to calculate the
latent period and phage burst size [95]. In short, 10° spores ml~! of S.
lividans were allowed to germinate in 10 ml DNB medium at 30 °C for 5 h.
At T =0, the culture was infected with phage Pablito at Multiplicity of Infection
(MOI1)=0.01 and 100 pl was sampled at 10 min intervals up to 180 min. The
samples were filtered, diluted and immediately plated on double agar plates.
Burst size was calculated using the following formula:

(total phages after burst (T = 80 and T = 90) / total phages before burst (T =0to T = 70)

Burst size =
urst size number of phages at T = 0

The thermal stability of phage Pablito was determined by incubating 1 ml of
lysate (108 PFU ml~") at 25, 30, 37, 45, 55 and 65 °C. The samples were
filtered after 1 h of incubation and immediately plated on double agar plate to
determine the phage titre. For pH stability, 10 ul of a phage Pablito suspension
(10° phages mi~') was added to 990 ul DNB medium adjusted to different pH
values (2-9) using 6 M HCI or 1 M NaOH. The tubes were then incubated at
30 °C for 1 h before the samples were filtered through a 0.22 um filter and
plated using the double agar overlay method. All measurements were
performed in triplicate.

DNA extraction and phylogenetic analysis

DNA of phage Pablito was isolated using the Phage DNA Isolation Kit from
Norgen (Thorold, Canada) according to the manufacturers protocol. After
isolation, multiple samples were pooled and DNA was concentrated using the
Concentrator Plus (Eppendorf) for 20 min. Whole-genome sequencing and de
novo assembly of phage Pablito was performed by BaseClear using lllumina
NovaSeq PE150 sequencing with a mean coverage of 118.21 (Leiden, the
Netherlands). The complete genome sequence of Streptomyces phage
Pablito was deposited at GenBank under accession number OK412919. A
linear map of the genome was constructed by Geneious Prime 2020.1.2 and

PhageTerm was used to determine genome ends [96].
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Phylogenetic analysis was performed using the putative protein sequence of
the major capsid head protein. The protein sequences of Streptomyces phage
Janus, Hank144, Pablito and Joe were acquired from NCBI and aligned using
MUSCLE [97]. A Maximum Likelihood phylogenetic tree was constructed
through Molecular Evolutionary Genetics Analysis Version X (MEGAX) using
100 bootstrap replicates to estimate the genus of Phage Pabilito.

Electron microscopy

Two liquid cultures of S. lividans infected with phage Pablito were filtered,
combined and precipitated overnight with 5 x PEG solution (20% PEGS8000 in
2.5M NaCl) at 4 °C and centrifuged for 70 min at 3500 g after which the
supernatant was discarded. Of the remaining pellet, 3 ul was placed on a glow
discharged 200 mesh carbon coated copper grid (EMS) and allowed to set for
30 s before excess sample solution was removed by filter paper. The phages
were stained with 2% uranyl acetate for 45 s and air-dried for an additional
30 min. The grids were observed using a single tilt specimen holder inside a
120 kV Talos L120C TEM with a Lab6 electron source and Ceta detector at
the Netherlands Center for Nanoscopy (NeCEN, Leiden).

Results
Morphology and host range determination of Pablito

Bacteriophage Pablito produced clear small plaques on the S. lividans host
strain using the double agar overlay method (Fig. 1a). Transmission electron
microscopy (TEM) was used to reveal the morphology of phage Pablito. This
demonstrated that phage Pablito has an icosahedral capsid head of
56.1+£1.3nm (n=3) and a long non-contractile tail of 163.5+0.4 (n=3)
(Fig. 1b). The long, flexible tail together with the icosahedral capsid head were
the first indication that this phage is a siphovirus belonging to the
class Caudoviricites, which was further confirmed by whole-genome
sequencing (see below).
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Figure 1. Morphology of phage Pablito. (a) Plaque morphology of phage Pablito after 24 h of
infection in S. lividans using the DNB double agar overlay plate. (b) Representative TEM images
of phage Pablito. Phage particles were stained with 2% uranyl acetate.

A host range assay on 10 actinomycetes revealed that all
eight Streptomyces strains tested could be infected by phage Pablito
(Table 1). Depending on the host strain, some lysis zones showed a turbid
morphology, which is common for several Streptomyces phages [98], and
was the first indication that phage Pablito might be a temperate phage. The
EOP for a strain relative to the host strain S. lividans from which the phage
was isolated, is given when plaques were countable. On the contrary, the two
species that remained uninfected (i.e. MBT66 and K. viridifaciens) belong to
the sister genus Kitasatospora, members of actinomycetes which are
morphologically similar to Streptomyces but generally classified by their
resistance against Streptomyces phages [77, 78].
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Table 1. Susceptibility of actinomycete strains to infection by phage Pablito as determined

by plaque assays.

Bacterial strain Origin Infectivity Lysis zone morphology = EOP
Streptomyces lividans MBT collection + Clear 1

Streptomyces coelicolor  MBT collection + Turbid
Streptomyces griseus MBT collection + Turbid
Streptomyces venezuelae MBT collection + Turbid

Streptomyces albus MBT collection + Clear 0.3
Kitasatospora virifidaciens DSM40239 - None
MBT13 MBT collection  + Turbid
MBT61 MBT collection ~ + Turbid
MBT66 MBT collection - None

MBT86 MBT collection + Clear 1.5

Genomic analysis

Whole genome sequencing and de novo assembly of phage Pablito revealed
a double-stranded DNA genome of 49,581 base pairs. While its host S.
lividans has relatively high G + C content of 72%, Streptomyces phage Pablito
has a G + C content of 66.4% and a 3'-cohesive termini of CGCCGTGTCTT
(Fig. 2). The genome contains 76 potential coding sequences (CDSs), of
which 50 encode for hypothetical proteins, while the function of 26 CDSs could
be predicted. The latter were categorized as morphogenesis proteins,
nucleotide metabolism and DNA replication proteins, lysogenic module and a
bacterial lysis protein as indicated in Figure 2.
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Figure 2. Schematic representation of the dsDNA genome of Streptomyces phage Pablito.
Arrowheads are indicated in the direction of the CDS. Hypothetical proteins are displayed in
yellow and the color code for predicted proteins is as follows: green for nucleotide metabolism
and DNA replication, orange for morphogenesis, red for lysogeny and dark blue for bacterial lysis.
The green line represents AT content, while the blue line represents GC content. The genome
map was generated through Geneious Prime 2020 1.2.

Phylogenetic analysis (Fig. 3a) based on the putative major capsid head
protein revealed that Streptomyces phage Pablito is similar
to Streptomyces phage Janus and Streptomyces phage Hank144,
while Streptomyces phage Joe is more distantly related. Based on the criteria
from the Bacterial Viruses Subcommittee, 70% nucleotide identity is
established as the cut-off for genera, while 95% identity assigns phages to the
same species [99]. As calculated by the intergenomic distance calculator
VIRIDIC [100], Streptomyces phage Pablito shows 70.0 and 72.5%
relatedness to Streptomyces phages Janus and Hank144, respectively
(Fig. 3b). Since the relatedness of Streptomyces phage Pablito is lower than
95%, this phage is considered a new species according to the International
Committee on Taxonomy of Viruses (ICTV) [100]. Because Streptomyces
phage Janus and Streptomyces phage Hank144 are both temperate phages
and whole genome sequencing revealed the presence of a serine integrase
protein in Streptomyces phage Pablito, we conclude that phage Pabilito is a
temperate phage as well [101]. Together, these data indicate
that Streptomyces phage Pablito is a newly discovered species that can be
included in the genus Janusvirus. A taxonomic proposal has been submitted
to ICTV to officially recognize phage Pablito as part of the
genus Janusvirusas a new species called “Janusvirus Pablito’. The
Actinobacteriophage Database (https://phagesdb.org/) places phage Pablito
in Cluster BD, Subcluster BD2. In addition, phage Pablito is peripherally
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related to two prophages found in Streptomyces finlayi strain NBSH44
and Streptomyces venezuelae strain ATCC 14583.
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Figure 3. Streptomyces phage Pablito belongs to the subfamily Arquattrovirinae,
genus Janusvirus. (a) Evolutionary history of phage Pablito based on the major capsid head
protein. Total of 100 bootstraps replicates were used to calculate the Maximum-Likelihood tree in
MEGA.X. (b) Heatmap calculated by VIRIDICto show pairwise intergenomic
distance/relatedness amongst phage genomes. Genomes of Streptomyces phage Janus
(NC_054660.1) and Streptomyces phage Hank144 (NC_054661.1) were used to show
relatedness, while the genome of Streptomyces phage Joe (NC_054674.1) was used as an
outlier.

One-step growth curve

Streptomyces phage adsorption was found to be maximal for germlings [98].
We therefore incubated S. lividans spores first for 5 h in DNB medium before
infecting the culture with bacteriophages. The one-step growth curve of phage
Pablito showed a relatively long latent period of 80 min, with a burst size of 22
virions per cell (Fig. 4). However, another rise of viral titer was observed
around 150 min, which can happen when multiple phages bind to one
germinated spore, as a sign of delayed adsorption or as an indication of a
lysogenic infection cycle [102]. The highest titre obtained was around 106 PFU
ml=1 after 24 h. A different range of MOI, longer incubation periods and even
flooding of a confluent plaque plate did not result in an increase of the total
number of phages ml".
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Figure 4. One-step growth curve. At MOI =0.01, phage Pablito had a latent period of 80 min
and a second burst at 150 min with a total burst size of 22 virions per cell.

Phage stability

We also assessed the effect of temperature and pH on phage viability. Phage
Pablito was stable up to 45 °C without a reduction in viability (Fig. 5a).
However, the infectivity significantly decreased when the phage was
incubated for an hour at 55 °C or higher. Phage Pablito was relatively stable
at pH 7.0-9.0, while infectivity steeply declined when the pH was lower than
6.0 (Fig. 5b). No plaques were found when the pH was below 4.0, while only
a small amount of activity was retained at pH 5.0 and pH 6.0.
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Figure 5. Stability of phage Pablito. (a) Phage Pablito remains relatively stable at temperatures
ranging from 25 to 45 °C, but decreased stability is observed at higher temperatures. (b) Phage
stability was optimal at pH of 7.0 and higher. A significant drop in PFU’s was observed at pH <6.0.

Conclusion

This study presents Streptomyces phage Pablito as a temperate siphophage
being able to infect diverse Streptomyces strains. Genomic analysis and TEM
images showed that this phage could be classified as a new species in the
genus Janusvirus within the subfamily Arquattrovirinae. Members of this
subfamily/genus have long non-contractile tails and icosahedral capsid heads.
Phage Pablito showed a burst size of 22 virions per cell and was stable at
temperatures ranging from 25 to 45 °C and a pH between 7.0 and 9.0. This
phage can be used in future studies to shed new light on bacteriophage-
Streptomyces interactions and disclose how this phage affects soill
community.
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Abstract

Despite the rising interest in bacteriophages, little is known about their
infection cycle and lifestyle in a multicellular host. Even in the model
system Streptomyces, only a small number of phages have been sequenced
and well characterized so far. Here, we report the complete characterization
and genome sequences of Streptomyces phages Vanseggelen and Verabelle
isolated using Streptomyces coelicoloras a host. A wide range
of Streptomyces strains could be infected by both phages, but neither of the
two phages was able to infect members of the closely related sister
genus Kitasatospora. The phages Vanseggelen and Verabelle have a double-
stranded DNA genome with lengths of 48,720 and 48,126 bp, respectively.
Both phage genomes contain 72 putative genes, and the presence of an
integrase encoding protein indicates a lysogenic lifestyle. Characterization of
the phages revealed their stability over a wide range of temperatures (30—
45°C) and pH values (4-10). In conclusion, Streptomyces phage
Vanseggelen and Streptomyces phage Verabelle are newly isolated phages
that can be classified as new species in the genus Camvirus, within the
subfamily Arquattrovirinae.
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Introduction

Streptomyces are Gram-positive, spore-forming bacteria, with a relatively high
G + C-content [103]. Their multicellular morphology and lifecycle are unique
within the bacteria realm. Furthermore, Streptomyces are well-known for their
ability to produce natural products with a wide range of biological activities
[104]. These include, for example, metabolites that can act as anti-fungals,
anti-virals, anti-tumor agents and many clinically relevant antibiotics [87].
However, the production of these metabolites from Streptomyces can be
negatively influenced by bacteriophage contaminations, which can result in
huge economic losses [105]. Bacteriophages, or phages for short, are viruses

that can infect bacteria. Yet, it remains largely unknown how bacteriophages
can recognize, attach and infect these multicellular bacteria and more detailed

descriptions of new phage species will be beneficial for following research [17,
93].

All known Streptomyces phages belong to the class Caudoviricetes, which
are tailed bacterial and archaeal viruses with icosahedral capsid heads and

double-stranded DNA genomes [106]. The phages within this class are
divided into three morphotypes: long contractile tails (myoviruses), long non-
contractile tails (siphoviruses) or short non-contractile tails (podoviruses). Of
all characterized Streptomyces phages, 91% have long non-contractile tails
and are therefore siphoviruses [107]. Compared to other genera, relatively
few Streptomyces phages have been properly characterized and sequenced.
According to The Actinobacteriophage Database [108], only
340 Streptomyces phages have been sequenced to date, while there are over
2700 Escherichia coli phage genomes deposited in Genbank [109, 110].

Here, we describe two newly discovered Actinobacteriophages, which we
name Streptomyces phage Vanseggelen and Streptomyces phage Verabelle.
These temperate phages belong to the genus Camvirus, within the
subfamily Arquattrovirinae. Vanseggelen has an icosahedral capsid head of
53.7 £ 7.9 nm and a long non-contractile tail of 228.7 + 7.5 nm, while Verabelle
has an icosahedral capsid head of 63.2 £ 1.2 nm and a long non-contractile
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tail of 200.4 £ 1.5 nm. Furthermore, we provide a complete genomic analysis
of these newly identified phages. Together, these results will hopefully
increase our knowledge on phage-host dynamics in Streptomyces in the
future and expanded the list of available, sequenced and
characterized Streptomyces phages.

Material and methods
Bacteriophage isolation

Streptomyces phages Vanseggelen and Verabelle were isolated from a soil
sample obtained from the National Park Zuid-Kennemerland in the
Netherlands (N52° 23' 31", E4° 34' 49") using Streptomyces coelicolor as the
host. Details on isolation procedures are reported previously in detail [111].
The collected phage stock solutions were stored at 4 °C.

Host range analysis

The host range of Vanseggelen and Verabelle was determined by using serial
dilutions on double agar overlay plates. The phage stock solutions were serial
diluted with Difco Nutrient Broth (DNB) (BD biosciences) supplemented with
4 mM Ca(NOs)2 and 0.5% w/v glucose. Droplets of 3 pl of the phage dilutions
were spotted in duplicate on a bacterial lawn of nine different Streptomyces
strains and one Kitasatospora strain from the Microbial Biotechnology (MBT)
collection at Leiden University [94]. Streptomyces strains MBT13, MBT61 and
MBT86 are new species and have not been taxonomically classified yet. The
plates were incubated at 30 °C for at least 24 h before lysis was observed,
after which the presence of a lysis zone was scored as a positive result. The
efficiency of plating (EOP) for a given strain was calculated relative to the host
strain S. coelicolor, only when distinct clear individual plaques were observed.

Morphology analysis

The plaque morphology of Vanseggelen and Verabelle was determined by
using serial dilutions on double agar overlay plates on the host S. coelicolor.
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Representative images of the phages were made using transmission electron
microscopy (TEM). For a single grid preparation, 3 ul of the phage lysates
(Vanseggelen =106 PFU/m| and Verabelle =107 PFU/mI) was placed on a
glow-discharged 200 mesh carbon coated copper grid (EMS) and allowed to
set for 30 s before excess sample solution was removed by filter paper. The
phages were stained with 2% uranyl acetate for 45 s after which excess liquid
was removed and the samples were air-dried for an additional 30 min. The
grids were observed using a single tilt specimen holder inside a 120 kV Talos
L120C TEM with a Lab6 electron source and Ceta detector at the Netherlands
Center for Nanoscopy (NeCEN, Leiden).

Stability analysis

A one-step growth curve analysis was performed in triplicate to determine the
latent period and burst size of both phages [95]. Since Streptomyces phage

adsorption was found to be maximal for germlings [112], 108 spores ml~"! of S.
coelicolor were allowed to germinate in 10 ml DNB medium at 30 °C while
shaking at 200 rpm. After approximately 5 h, the culture was infected with
Vanseggelen or Verabelle at Multiplicity of Infection (MOI) of 0.01 and 100 ul
was sampled at 10 min intervals up to 180 min. The samples were filtered with
a 0.20 um filter, serial diluted with DNB medium and immediately plated on
double agar overlay plates. The burst size was calculated using the following
formula:

(total phages after burst (x) / total phages before burst (y)

Burst size =
urst size number of phages at T = 0

The thermal stability of Vanseggelen and Verabelle was determined by adding
100 I of phage suspension (Vanseggelen=10°PFU/ml  and
Verabelle = 107 PFU/mI) to 900 pyl DNB medium and incubating the phages at
25, 30, 37, 45, 55 and 65 °C. The samples were filtered with a 0.20 pm filter
after 1 h of incubation. A serial dilution was made with DNB medium, which
was immediately spotted on double agar overlay plates to determine the
phage titers. To assess viability at common storage temperatures, the phages
were incubated in DNB medium without glycerol at -80, -20 and 4 °C for seven
days. To determine pH stability, 100 ul of the phage suspensions was added
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to 900 uyl DNB medium that was pH adjusted using 1 M HCl or 1 M NaOH. The
samples were incubated at 30 °C for 1 h before filtration. A serial dilution was
made with DNB medium, which was immediately spotted on double agar
overlay plates to determine the phage titer. All the phage stability
measurements were performed in triplicate. All statistical analyses were
performed with a Student’s t-test.

DNA extraction and phylogenetic analysis

DNA isolation, whole genome sequencing and de novo assembly of
Vanseggelen and Verabelle were performed by the Institute Pasteur using
lllumina NovaSeq PE150 sequencing (Paris, France). The complete genome
sequences of Vanseggelen and Verabelle were deposited at GenBank under
accession number OQ970438 and OQ970439, respectively. Linear maps of
the genomes were constructed by Geneious Prime 2022.1.1
(https:/lwww.geneious.com) and genomes were de novo assembled using

SPAdes v3.15.5 and aligned starting by the phage terminase [113].

A viral proteomic phylogenetic tree and a genomic alignment based on the
whole genome sequences of Streptomyces phages Alsaber, Amela, Endor1,
Endor2, Hydra, Indigo, Joe, Pablito, phiCAM, Saftant, Sitrop, Verse and Yosif

were constructed using ViPtree: the Viral Proteomic Tree version 3.5 [114].

The genome sequences of these phages were acquired from the National
Center for Biotechnology Information (NCBI). Pairwise genome comparisons
of phages within the Camvirus genus were visualized and performed with

clinker [115]. A heatmap to determine intergenomic relatedness was
constructed with the use of VIRIDIC [100].

Results
Morphology and host range

Two novel phages infecting Strepfomyces have been isolated from soil
samples in the Netherlands. Both phages produced small, clear plaques on
the host strain S. coelicolor while using the double agar overlay method
(Fig. 1a). TEM images revealed that Vanseggelen has an icosahedral capsid
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head of 53.7 £ 7.9 nm (n=5) and a long non-contractile tail of 228.7 + 7.5 nm
(n=4). Verabelle has an icosahedral capsid head of 63.2+1.2 nm (n=3) and
a long non-contractile tail of 200.4 + 1.5 nm (n=3) (Fig. 1b).
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Figure 1. Morphology of Vanseggelen and Verabelle. (a) Plaqgue morphology after 24 h of
infection in S. coelicolor, using a serial dilution with the DNB double agar overlay method. (b)
Representative TEM images of Vanseggelen and Verabelle stained with 2% uranyl acetate.

A host range analysis of Verabelle performed on ten different actinomycetes
strains revealed that all nine Streptomyces strains could be infected, and the
phage produced clear as well as turbid lysis zone morphologies depending on
the host (Table 1). Vanseggelen was not able to infect Streptomyces
griseus, Streptomyces lividans and MBT13, but could infect the other
six Streptomyces strains tested (Table 2). However, both phages were unable
to infect K. virifidaciens. When distinct clear individual plaques were visible in
a given strain, the efficiency of plating (EOP) was determined relative to the
original host S. coelicolor.
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Table 1. Host range determination of Streptomyces phage Verabelle.

Bacterial strain Origin Infectivity Lysis zone morphology EOP
Streptomyces coelicolor ~ MBT collection + Clear 1
Streptomyces albus MBT collection + Clear 40.9
Streptomyces cattleya MBT collection + Clear 4.1
Streptomyces griseus MBT collection + Turbid
Streptomyces lividans MBT collection + Turbid
Streptomyces venezuelae  MBT collection + Turbid
Kitasatospora viridifaciens DSM40239 - None
MBT13 MBT collection ~ + Turbid
MBT61 MBT collection ~ + Clear 95
MBT86 MBT collection + Clear 2.2
Table 2. Host range determination of Streptomyces phage Vanseggelen.
Bacterial strain Origin Infectivity Lysis zone morphology = EOP
Streptomyces coelicolor ~ MBT collection + Clear 1
Streptomyces albus MBT collection + Clear 3.2
Streptomyces cattleya MBT collection + Clear 17
Streptomyces griseus MBT collection - None
Streptomyces lividans MBT collection - None
Streptomyces venezuelae MBT collection + Turbid
Kitasatospora viridifaciens DSM40239 - None
MBT13 MBT collection - None
MBT61 MBT collection  + Clear 3.2
MBT86 MBT collection _ + Clear 18
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One-step growth curve

The one-step growth curve of Vanseggelen shows a latent period of 140 min,
with a burst size of 17 virions per bacterial cell (Fig. 2a). The one-step growth
curve of Verabelle also shows a latent period of 140 min, but with a burst size
of 8 virions per bacterial cell (Fig. 2b). The latent period of both phages is

relatively long compared to other Strepfomyces phages [98, 111].
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Figure 2. One-step growth curves of Vanseggelen and Verabelle at MOI=0.01. (a)
Vanseggelen had a latent period of 140 min and a total burst size of 17 virions per cell. (b)
Verabelle had a latent period of 140 min and a total burst size of 8 virions per cell.

Phage stability

Vanseggelen and Verabelle were stable up to 45 °C without a significant
reduction in viability (Fig. 3). The absence of plaques at 65 °C indicates that
Vanseggelen was not viable after incubation at 65 °C for 1 h. In addition,
Vanseggelen made significantly less plaques after storing the phage samples
at — 80 °C for one week (Fig. 4a), while Verabelle could be incubated at
temperatures of —80, —20 and 4 °C without loss in viability (Fig. 4b). The
optimal pH range for Vanseggelen was between pH 6.0-10.0, from which a
decreasing trend in viability was visible at both lower and higher acidity
(Fig. 5a). Verabelle remained relatively stable at pH values from 4.0 to 10.0
and no viability was detected at pH values of 3.0 and 11.0 (Fig. 5b).
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Figure 3. Temperature stability of Vanseggelen and Verabelle. (a) Vanseggelen was stable
from 30 up to 45 °C without a reduction in viability. However, the infectivity significantly decreased
when the phage was incubated for one hour at 55 °C or higher. (b) Verabelle remains stable
between temperatures ranging from 25 to 45 °C, but the viability significantly decreased at higher
temperatures.
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Figure 4. Storage stability of Vanseggelen and Verabelle. (a) Vanseggelen retains its viability
when stored at — 20 or 4 °C (b) Verabelle remains viable at all storage temperatures.
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Figure 5. pH stability of Vanseggelen and Verabelle. (a) Vanseggelen remains relatively stable
at pH values 5.0-10.0. (b) Verabelle remains relatively stable at pH values 4.0-10.0 and shows
no viability at pH values 3.0 and 11.0.
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Genomic analysis

Whole genome sequencing and de novo assembly of Streptomyces phage
Vanseggelen revealed a double-stranded DNA genome of 48,720 base pairs
with a G + C content of 65.6% and a 3'-cohesive termini of CGGTACGTGAT.
This genome contains 72 potential coding sequences (CDSs), of which 37
encode for hypothetical proteins and the function of 35 CDSs could be
predicted (Fig. 6a). Verabelle revealed a slightly smaller double-stranded DNA
genome of 48,126 base pairs with G + C content of 65.0% and a 3'-cohesive
termini of CGTACCGTCAT. Again, the genome contains 72 potential CDSs, of
which 40 are hypothetical proteins and the function of 32 CDSs could be
predicted (Fig. 6b). The three additional CDSs that could be predicted in
Vanseggelen are an additional minor tail protein, an RNA-polymerase sigma
factor and a nucleoid associated Lsr2-like protein. Both genomes possess a
putative integrase, indicating the capability of a temperate lifestyle. The
Actinobacteriophage Database places both phages in Cluster BD, Subcluster
BD3 [108]. Although the genomes of both phages are similar, there are some

sequence variations that result in differences at the protein level (Fig. 7).

Figure 6. Schematic representation of the double-stranded DNA sequence of Vanseggelen
and Verabelle. (a) Overview of the linear genome of Vanseggelen. (b) Overview of the linear
genome of Verabelle. (a)/(b) Arrowheads are indicated in the direction of the coding sequence
(CDS). Hypothetical proteins are displayed in grey and the predicted proteins are color coded as
follows: yellow for head and packaging, red for tail, orange for DNA, RNA and nucleotide
metabolism, green for connector, purple for lysis, light blue for transcription regulation, dark blue
for integration and excision and pink for other. The blue line represents the GC content, while the
green line represents the AT content. The genome maps were generated through Geneious Prime
2022.1.1. (https://www.geneious.com).
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Figure 7. Genomic alignment of Vanseggelen and Verabelle. The predicted genes are
indicated and the colored vertical blocks between the genomes indicate the level of nucleotide

similarity. The genome alignment was generated through ViPTree [114].

Phylogenetic analysis (Fig. 8a) based on the whole genome sequences of the
closest-related phages, revealed that Vanseggelen is most closest related
to Streptomyces phage Endor2 and Verabelle is most closely related
to Streptomyces phage Sitrop. They are more distantly related
to Streptomyces phages Pablito, Hydra and Yosif, which belong to different
genera. These results indicate that both phages belong to the same genus,
namely Camvirus. The genomic alignment of all phages within
the Camvirus genus (Fig. 8b) show that phage Vanseggelen shares a similar
tail fiber protein with phage Endor2, phiCAM, Alsaber, Amela and Endor2,
while Verabelle shares a similar tail fiber protein with phage Sitrop, Saftant
and Joe. The lack of genome similarity in tail fiber proteins between phage
Vanseggelen and Verabelle might explain their difference in host range as
seen in Tables 1 and 2. Additionally, phage Vanseggelen and Verabelle have
a different integrase protein, indicating that they will likely integrate at different
places in their host.
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Figure 8. Phylogeny and genome similarity of Vanseggelen and Verabelle based on the
whole genome sequences. (a) Streptomyces phages Vanseggelen and Verabelle belong to the
genus Camvirus, within the subfamily Arquattrovirinae. The viral proteomic tree was generated

through ViPTree [114]. (b) Genome alligment of all phages within the Camvirus genus starting

at the terminase. Vanseggelen and Verabelle don’t share similarity in the tail fiber protein and
integrase as indicated by light blue arrowheads in Vanseggelen and dark blue in Verabelle.
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Next, a heatmap of the intergenomic relatedness (Fig. 9) was made. The two
phages show a relatedness of 75.0 to each other and Vanseggelen is most
related to phage Endor2 with a relatedness of 82.4, while Verabelle is most
related to phage Sitrop with 77.8. The Bacterial Viruses Subcommittee of the
International Committee on Taxonomy of Viruses (ICTV) has determined that
if a phage exhibits=70% and<95% nucleotide relatedness, the phage
belongs to a new species in an undefined or existing genus. A sequence
similarity of = 95% is the cut-off for identifying a phage as a new species. Since
the relatedness of Vanseggelen and Verabelle is lower than 95% compared to
the top ten most similar Streptomyces phages, these phages are both
considered as new species according to ICTV [24]. A taxonomic proposal has
been submitted to ICTV to officially recognize Vanseggelen and Verabelle as
part of the genus Camvirus, as a new species called “Camvirus vanseggelen”
and “Camvirus verabelle’.

Streptomyces phage Pablito
Streptomyces phage Hydra
Streptomyces phage Yosif
Streptomyces phage Alsaber
Streptomyces phage Amela
Streptomyces phage Endor2
Streptomyces phage Vanseggelen
Streptomyces phage Endor!
Streptomyces phage phiCAM
Streptomyces phage Saftant
Streptomyces phage Sitrop
Streptomyces phage Verabelle

Streptomyces phage Joe

Streptomyces phage Pablito
Streptomyces phage Hydra
Streptomyces phage Yosif
Streptomyces phage Alsaber
Streptomyces phage Amela
Streptomyces phage Endor2
Streptomyces phage Vanseggelen
Streptomyces phage Endorl
Streptomyces phage phiCAM
Streptomyces phage Joe
Streptomyces phage Saftant
Streptomyces phage Sitrop
Streptomyces phage Verabelle

55



Figure 9. Intergenomic relatedness. Genomes of the top ten most similar Streptomyces phages
Alsaber, Amela, Endor2, Endor1, phiCAM, Joe, Saftant and Sitrop were used to show relatedness.
The genomes of Streptomyces phages Pablito, Hydra and Yosif are classified in different genera
as shown in green. The heatmap was calculated by VIRIDIC [100].

Discussion

In this study, the newly isolated Strepfomyces phages Vanseggelen and
Verabelle have been fully characterized and sequenced. These results
increase our insights on phage-host dynamics in Streptomyces and expand
available, sequenced and characterized Streptomyces phages. TEM images
showed that both phages have a long, flexible non-contractile tail with an
icosahedral capsid head typical for siphoviruses. Both phages belong to the
class Caudoviricetes, which was confirmed by whole genome sequencing.
Since the majority of the sequenced Streptomyces phages have a long non-
contractile tail, this tail morphotype is possibly necessary for effectively
penetrating the thick peptidoglycan layer of Gram-positive bacteria. The host
range analysis showed that both phages can form lysis zones with a turbid
morphology with some host strains, indicating that Vanseggelen and Verabelle
are likely able to switch from a lytic to a lysogenic lifecycle. Indeed, since all
other phages belonging to the genus Camvirus are temperate phages and
whole genome sequencing revealed that both genomes contain an integrase
protein, we can conclude that Vanseggelen and Verabelle are temperate

phages as well [101].

Of all sequenced Streptomyces phages available in the Actinobacteriophage
database [76], we have calculated that the average genome length is
73,556 bp with a G + C content of ~61%, which is relatively high, and could
be explained by the relatively high G + C-content of their bacterial hosts. Both
Vanseggelen and Verabelle have a double-stranded DNA with a genome
length of 48,720 bp and 48,126 bp, which is a bit smaller than average. Both
phages were able to infect several different Streptomyces strains, but could
not infect K.  virifidaciens.  Kitasatosporais the sister genus
of Streptomyces that also belongs to the phylum Actinobacteria. Their
morphology and lifecycle are similar to Streptomyces bacteria,
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but Kitasatospora is usually identified by the fact that they cannot be infected
by Streptomyces phages [77, 78]. Possibly, because of the difference in cell
wall composition, since the cell wall of Kitasatospora strains contain both LL-
and meso-diaminopimelic acid [116]. It would be interesting to isolate and

characterize phages on Kitasatospora species in the future to dissect
differences in infectivity between Streptomyces and Kitasatospora phages.

Despite the high degree of nucleotide similarity between the genomes of
Vanseggelen and Verabelle, there were sequence variations that resulted in
differences at the protein level, which could also account for the differences in
host range. Streptomyces phage Verabelle showed a slightly broader host
range infectivity than Vanseggelen, which could be explained by potential
phage specific defense mechanisms or the difference in tail fiber proteins.
Additionally, a different integrase protein was found, which suggest that both
the tail fiber protein and integrase are a common source of variation in closely
related phages within the Camvirus genus.

The one-step growth curve of Vanseggelen and Verabelle showed a long
latent period of 140 min and a relatively low burst size, even when compared

to other Streptomyces phages [98, 111]. The low burst size could be the result

of the morphological complexity of Streptomyces [98]. The meaning of MOI
loses its significance once spores have germinated and a mycelium is formed
as multiple phages are able to attach, but the mycelium would still be counted
as one colony forming unit [112, 117]. This notion of MOI in Streptomyces-
phage dynamics complicates quantitative experiments and could explain the
low burst sizes shown in this study.

Temperature plays a fundamental role in phage attachment, penetration,
multiplication, and the length of the latent period, and is therefore a crucial
factor for phage viability [118]. Both phages remain stable at temperatures
ranging from 30 to 45 °C while phage viability decreases at higher
temperatures. These results are consistent with a previous study that shows
that phages most likely lose their DNA from the capsid head between
temperatures of 50 and 60 °C due to the tail complex breaking of the capsid
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head [119]. This results in the marked loss of infectivity and structural changes
in the capsid proteins. It is suspected that denaturation of DNA and proteins
within the capsid head only occurs at temperatures above 80 °C [120].
Another important factor for phage viability is the acidity of the environment in
which the phage persists. Streptomyces strains can grow well between a pH
range of 5.5-11.5 [119]. However, both Vanseggelen and Verabelle remain
stable at pH values from 4.0 to 10.0. Although the exact effect of acidity on the
capsid head or tail has not been clearly elucidated yet, a previous study
showed that extreme pH values, such as highly acidic or highly alkaline
conditions, can result in the denaturation or structural changes to phage
capsid head proteins [121].

The Streptomyces phages described in this study can help to discover new
insights in the interactions between Streptomyces bacteria  and
bacteriophages. More fundamental research is needed to study the
attachment, lifecycle and infection of phages targeting multicellular bacteria,
like Streptomyces. Since Streptomyces are producing a wide range of
clinically relevant antibiotics, such studies become increasingly important in
order to keep exploiting Streptomyces’ antimicrobial potential and abolish
phage infection in various industries like biotechnology, agriculture and
medicine.

58



59






Chapter 5

Reversible bacteriophage resistance by shedding the
bacterial cell wall

Véronique Ongenae, Adam Sidi Mabrouk, Marjolein Crooijmans, Daniél Rozen, Ariane Briegel
and Dennis Claessen

This chapter was published as:

Ongenae, V., Mabrouk, A. S., Crooijmans, M., Rozen, D., Briegel, A., & Claessen, D. (2022).
Reversible bacteriophage resistance by shedding the bacterial cell wall. Open Biology, 12(6),
210379.

61



Abstract

Phages are highly abundant in the environment and pose a major threat for
bacteria. Therefore, bacteria have evolved sophisticated defense systems to
withstand phage attacks. Here, we describe a previously unknown mechanism
by which mono- and diderm bacteria survive infection with diverse lytic
phages. Phage exposure leads to a rapid and near-complete conversion of
walled cells to a cell wall-deficient state, which remains viable in
osmoprotective conditions and can revert to the walled state. While shedding
the cell wall dramatically reduces the number of progeny phages produced by
the host, it does not always preclude phage infection. Altogether, these results
show that the formation of cell wall-deficient cells prevents complete
eradication of the bacterial population and suggest that cell wall-deficiency
may potentially limit the efficacy of phage therapy, especially in highly osmotic
environments or when used together with antibiotics that target the cell wall.
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Introduction

Bacteria are routinely exposed to a wide range of stresses in their
environment, such as changes in temperature, pH, salt concentration or
nutrient limitation. To withstand such fluctuating conditions, almost all bacteria
are enveloped by a stress-bearing cell wall. Another serious threat are
bacteriophages, which outnumber bacteria in the environment by a factor of
10 [19]. Phages recognize their host by interacting with specific receptors,
especially sugars and proteins, present in the cell wall or exposed on the cell
surface. Following binding and infection, lytic phages will kill their host, while
lysogenic phages persist as prophages inside the bacterium [122, 123]. In
order to counteract phage attack, bacteria have evolved multiple highly
specific escape mechanisms, such as restriction-modification, abortive
infection, or CRISPR/Cas systems, among many others [45-47, 53, 124-129].
Another common and effective strategy to overcome phage attack is by
modifying or masking surface-associated phage receptors [59-61]. However,
these strategies are permanent and often effective only against specific
phages.

Here, we present a robust response that occurs when diverse lytic phages
infect bacterial hosts in osmoprotective environments. We show that upon
phage exposure, the bacteria transiently shed their cell wall, leading to the
formation of viable cell wall-deficient (CWD) cells that increase survival of the
bacterial population.

Material and methods
Strains, bacteriophage isolation and sequencing

Bacterial strains and phages used in this work are listed in electronic
supplementary material, table S1. Actinobacteriophages were isolated from
soil samples collected in the Netherlands at longitude 52°23'31" N and latitude
4°34'49" E. The soil samples were collected at a depth of three cm and stored
at 4 °C before processing. Actinobacteriophage isolation was performed as
described before using Streptomyces lividans (phage LA7 and LD10),
Streptomyces coelicolor (phage CE2 and CE10) and Streptomyces
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griseus (phage GA3) as bacterial hosts in Difco Nutrient Broth (DNB) [95].
High viral titre stocks were obtained by picking streak purified plaques until
confluent lysis was observed. Plates were flooded with DNB broth and lysates
were filtered through a 0.22 um filter. Concentration and activity of these lytic
phages was confirmed using a spot assay. Phages were serial diluted and 3
Ml was spotted on a DNB double agar overlay plate containing the host strain.
After 24 h, PFU's were quantified. Genomic material of bacteriophage LA7
was isolated using the Phage DNA Isolation Kit from Norgen (Thorold,
Canada) according to the manufacturers protocol. Whole-genome sequencing
of phage LA7 followed by de novo assembly was performed by BaseClear
(Leiden, The Netherlands) and the sequencing data are available on NCBI
(GenBank accession no. OK412919). Phage LA7 was later named Pablito, an
unclassified phage in the genus Arequatrovirus [24].

Characterization of bacteria-phage interactions

L-phase broth (LPB) was used to identify if Streptomyces, Escherichia
coli and Bacillus subtilis were able to form CWD cells after phage infection.
LPB is an osmoprotective medium, which consists of a mixture of TSBS and
YEME (1 : 1v/v) supplemented with 25 mM MgClI2 [11]. For Streptomyces
strains, 108 spores ml~' were inoculated in 10 ml LPB medium with 1000
phages ml~'. ODsoo was measured after 24 h of incubation at 30 °C, 200 RPM.
To test if E. coli and B. subtilis could form CWD cells, an overnight culture was
diluted to OD = 0.01 in LPB and incubated at 30 °C until OD = 0.5 was
reached. Subsequently, phages T4 or 929 were added at a MOI of 2.0. The
culture was incubated for 24 h at 30 °C, 200 RPM before imaging.

To produce protoplasts, MBT86 was grown in a mixture of TSBS and YEME
(1: 1 v/lv) supplemented with 5 mM MgCl2 and 0.5% glycine for 48 h at 30 °C,
100 RPM. Protoplasts were prepared by incubating the mycelial pellet in 10
mg ml~" lysozyme solution for one hour [130]. The culture was filtered through
an EcoCloth filter, centrifuged at 1000 g for seven minutes and resuspended
in one ml P+ buffer [130]. Protoplasts of B. subtilis were produced using an
overnight culture that was diluted to OD = 0.01 in LPB medium supplemented
with 25 mM MgClz, 1.2 mg ml~" penicillin G sodium from Duchefa Biochemie
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(Haarlem, The Netherlands) and 8 mg ml~' lysozyme, and grown for 24 h at
30°C. For E. coli spheroplasts, an overnight culture was diluted to OD = 0.01
in LPB medium supplemented with 25 mM MgCl2 and 0.4 mg mlI~! penicillin G
sodium, and was grown for 24 h at 30 °C. Subsequently, MBT86 protoplasts
were inoculated with 1000 phages ml~', while E. coli spheroplasts and B.
subtilis protoplasts were inoculated with phages T4 or 29 at a MOI of 1.0 and
incubated for 24 h at 30 °C, 200 RPM before imaging.

To determine if proteins extruded after phage infection can initiate the
formation of CWD cells, an overnight B. subtilis culture was inoculated in LPB
medium until OD = 0.5 and subsequently infected with 29 at a MOI of 10.
The medium was filtered after 24 h using an Amicon ultra-15 centrifugal filter
unit (30 kDa, Millipore) and the supernatant was added to a fresh overnight
grown B. subtilis culture at OD = 0.5. After 24 h, CWD cell formation was
assessed.

Viability after phage infection

To verify the viability of the CWD cells from MBT86 observed after phage
infection, 100 pl of the phage-infected culture in DNB or LPB medium was
plated in triplicate on MYM medium [131]. The plates were grown for 3 days
at 30 °C before analysing morphology. CFU's of E. coli and B. subtilis were
determined using serial dilution of the phage infected culture on LB plates.
After one day of growth at 30 °C, CFUs were calculated. To calculate the
concentration of phages after infection, 1 ml of a phage-infected culture
(triplicates) was filtered through 0.22 upm, serial diluted and PFU's were
quantified with a spot assay.

Microscopy

The Zeiss Axio Lab A1 upright Microscope, equipped with an Axiocam 105
colour (resolution of 5 megapixel) or Axiocam MRc (resolution of 64.5 nm
pixel~') camera was used to take bright field images. The Zeiss Axio observer
Z1 microscope was used to visualize stained bacteria on a thin layer of LPB
soft agar covering the glass slide. All stains (Molecular Probes) were added
directly to 25 pl of liquid culture. The membrane dye FM5-95 was used at a
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final concentration of 0.02 mg ml~" and the nucleic acid dye SYTO-9 at 0.5
MM. Peptidoglycan was visualized using 0.02 mg ml~' Wheat Germ Agglutinin
(WGA) Oregon. SYTO-9 and WGA Oregon were excited using a 488 nm laser
and monitored in the region between 505-600 nm, while FM5-95 was excited
at 561 nm and detected using a 595 nm long pass filter. Images were adjusted
using OMERO software [132].

Fluorescent labelling of 929 phages was accomplished by adding 475 ul
phage with 25 pl Alexa Fluor 488 NHS-Ester (Thermo Fisher) at a final
concentration of 0.05 mg ml~' (10 mM). The labelled phages were gently
shaken at room temperature for 3 h and washed with an Amicon ultra-0.5
centrifugal filter unit (100 kD, Millipore) in phage storage buffer (100 mM NacCl,
10 mM MgSOg4, 10 mM Tris-HCl and 1 mM EDTA) and stored at 4 °C until use.

The OrganoPlate 2-lane 96 wells plate was used to visualize phage-host
interaction over time. An overnight grown culture of MBT86, E. coli and B.
subtilis was inoculated in 0.5% DNB or LB soft agar, while greater than
10% phages mI~' were inoculated on the other side of the PhaseGuide to allow
free interaction between the channels. Time lapses were recorded using the
Lionheart FX Automated Microscope with temperature set at 30 °C for at least
48 h. Images were analysed using Gen5 software. These movies were used
to quantify CWD cell formation. To exclude rod-shaped bacteria, only particles
with a circularity of 0.8—1.00 were included and every image was checked to
prevent that rod-shaped bacteria were included in the analysis.

Cryo-electron microscopy

E. coli spheroplasts and B. subtilis protoplasts were produced as described
before. After 24 h, the cultures were centrifuged at 300 RPM for 30 min and
the pellet was resuspended with 10 nm gold fiducial markers (Cell Microscopy
Core, UMC Utrecht) at a 1 : 10 ratio. After 10 min of incubation, approximately
108 to 107° phages were added to visualize initial interaction. Of this sample,
3 ul was added to a glow-discharged R2/2 200 mesh holey carbon EM grid
(Quantifoil) for 30 s and the sample was blotted for 1 s, after which the grid
was plunged in liquid ethane using the Leica GP automated freeze-plunger.
The vitrified samples were observed at the Netherlands Center for Nanoscopy

66



(NeCEN, Leiden). Tilt series of E. coli were collected with the 300 kV Titan
Krios 2 TEM (Thermo Fisher Scientific) using a X-FEG electron gun and Gatan
K2 Summit DED (Gatan Pleasanton). The tilt series ranged from —-60 to +60
with a two-degree increment, had a defocus of 8, a pixel size of 4.4 A and a
cumulative dose of 100 electrons per A2. Tilt series of B. subtilis were collected
with the 300 kV Titan Krios 1 TEM (Thermo Fisher Scientific) using a S-FEG
electron gun and K3 bioquantum (Gatan Pleasanton). The tilt series settings
are the same as for E. coli. Tomography software (Thermo Fisher Scientific)
was used to record the data and IMOD software [133] to reconstruct
tomograms.

Results

Filamentous actinobacteria can switch to a CWD state after phage
infection

Many filamentous actinobacteria have a natural ability to form CWD cells in
response to environmental stressors, after which they can revert to
filamentous growth upon the removal of stress [11, 12, 74]. As part of our work
to understand the functions of the transition to CWD cells, we focused
on Streptomyces strain MBT86, a natural isolate from the Qinling mountains,
China [94], which has previously been shown to readily produce CWD cells
[11]. When bacteria were grown in osmoprotective conditions (LPB medium)
in the presence of phage LAY for at least 24 h, we observed that all remaining
cells are CWD after lysis of the dominant mycelial population (Fig. 1a,b;
electronic supplementary material, Fig. S1, movie S1). These cells lacked
most of their peptidoglycan-based cell wall and were only enveloped by their
cell membrane (Fig. 1c,d). Quantification revealed that the number of CWD
cells after 24 h was more than 34 times higher in the presence of phage LA7
(204 £ 125 CWD cells, n = 3) compared to samples without the phage (6 £ 5
CWD cells n = 3). When phage LA7 was added to MBT86 in DNB medium
(without osmoprotectants), no CWD cells were found (Fig. 1e; electronic
supplementary material, Fig. S1A). Consistent with this observation, the
optical density (ODesoo) of MBT86 culture decreased to undetectable levels
within 24 h after addition of the phage, while cultures of MBT86 grown in
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osmoprotective LPB medium with phage reached significantly higher densities
(ODe0o = 0.285 % 0.05 after 24 h). CWD cells were also observed when pre-
grown mycelium was exposed to LA7 (electronic supplementary material, Fig.
S1C). Viability of CWD cells after phage infection was assessed by
determining the number of colony forming units (CFU) after plating mixtures
of liquid cultures that still contained the phages. On average 4.1 x 103 CFU
ml~' were observed. This translated to approximately 4% of the expected
CFU's based on the initial number of spores. As seen in Fig. 1f,g, more
bacteria could survive phage infection in osmoprotective LPB medium
compared to DNB medium. Furthermore, these colonies consisted of
filamentous cells, indicating that the CWD cells had reverted to the canonical
mycelial mode-of-growth. Importantly, this demonstrates that a considerable
fraction of the population survives phage attack. Moreover, fewer new phages
were produced in osmoprotective LPB medium compared to DNB medium
with the same starting concentration of approximately 1000 phages ml~* (Fig.
1h). Taken together, these results show that osmoprotective conditions
provide MBT86 with a survival mechanism against phage attack, coinciding
with a drop in the number of new progeny phages that are produced.
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Figure 1. Formation of CWD cells after phage infection in the actinomycete MBT86. (a)
Morphology of MBT86 after 48 h in LPB medium. Scale bar represent 100 um. (b) Morphology of
MBT86 in LPB medium 24 h after phage LA7 infection. (c) Morphology of MBT86 with and without
phage LA7 24 h after infection. Cells were stained with the DNA dye SYTO-9 (green) and FM5-
95 (red) to dye membranes. Intensity of fluorescence was adjusted for visualization purposes.
Scale bars represent 20 ym. (d) After 24 h of phage LA7 infection, the resulting CWD cells of
MBT86 were stained with the peptidoglycan stain WGA Oregon. Some cells already start to
rebuild their peptidoglycan layer. Scale bar represent 10 um. (e) ODgoo measurement 24 h after
phage LA7 infection in DNB medium and LPB medium. The experiment was performed in
triplicates with standard deviation presented as error bars. In LPB medium after phage infection,
the ODeggo Was still 0.285 £ 0.05. (f) Regrowth of MBT86 after phage infection in DNB medium.
Note that small mycelial fragments grew back into colonies. (g) Regrowth of MBT86 CWD cells
after phage infection in LPB medium. Note that these colonies have developmental defects, as
seen by a mixture of white and grey colonies. (h) Plaque assay showing PFUs of LA7 on DNB
and osmoprotective LPB medium. Images were taken 24 h after LA7 infection.

To determine if the response of MBT86 was specific to LA7, we exposed this
strain to three other lytic phages to which MBT86 was susceptible (CE2, CE10
and LD10). In all cases, we observed a qualitatively similar response and a
marked increase in CWD cells (Fig. 2a,b). However, exposure to phage LA7
yielded more CWD cells compared to exposure to the other phages CE2,
CE10 and LD10. This difference might be explained by a variance of virulence
between the phages. A lower population size of LA7 phages was observed
after 24 h (Fig. 2c), which implies that the bacteria probably had more time to
grow into longer mycelial filaments that subsequently resulted in more CWD
cells. Next, we tested whether other Streptomyces strains than MBT86 would
also behave similarly to phage exposure. Notably, the number of CWD cells
increased after phage infection in all other tested species (Fig. 2d; electronic
supplementary material, Fig. S1D).
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Figure 2. Formation of CWD cells after phage infection is independent of bacteriophage
and common in actinomycetes. (a) Morphology of MBT86 24 h after infection with phages GA3
(non-susceptible), CE2, CE10, LD10 and LA7 in LPB medium. Phages LD10 and LA7 provoke
more CWD cell formation compared to phages CE2 and CE10. Scale bar represents 10 uym. (b)
Spot assay of the five phages used in panel A. Plaques indicate susceptibility to the host strain
MBT86. (c¢) Phage burst measured 24 h after MBT86 infection in DNB medium. (d) Morphology
of CWD cells after phage infection of Streptomyces albus, Streptomyces coelicolor and several
actinomycetes from our culture collection (referred to with the prefix MBT). Cells were stained
with the DNA dye SYTO-9 (green) and FM5-95 (red) to dye membranes. Note that here, the
merged image is shown. Scale bars represent 10 ym.
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Exposure to phages leads to CWD Escherichia coliand Bacillus
subtilis cells

Since the formation of CWD cells after phage infection was observed in
different Streptomyces strains, we wanted to test if this behaviour is also
found in other genera. Therefore, we extended our studies to the
phylogenetically distant species Bacillus subtilis and Escherichia coli, which
split from Streptomyces roughly three billion years ago [134]. Both species
were inoculated in osmoprotective LPB medium and exposed to the lytic
phages @29 and T4, respectively. 24 h after the addition of the phage, both
cultures contained CWD cells, which did not appear to proliferate (Fig. 3). To
quantify CWD cell formation after phage infection in soft agar (another
osmoprotective environment), samples with and without the addition of
phages were analysed. We observed that all B. subtilis cells embedded in soft
agar adopted a CWD lifestyle approximately 12 h after ¢29 phage infection
(Fig. 4a; electronic supplementary material, movie S2). Without addition of the
phage, no CWD cells were observed. A comparable response was observed
with E. coli, where almost 93% of the surviving cells had adopted a wall-
deficient state after 24 h (Fig. 5a; electronic supplementary material, movie
S3). To explore whether the formation of CWD cells was due to endolysins
extruded by lysed bacteria, a phage infected B. subtilis culture in LPB was
filtered and only the supernatant was added to a fresh bacterial culture in LPB.
However, this did not give rise to CWD cells, suggesting there are insufficient
free lytic agents secreted in the medium to induce this response.
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Artificially produced CWD cells survive phage infection

To test whether artificially produced CWD cells were susceptible to phage
infection, the cell wall was stripped away using lysozyme and/or antibiotics.
These cells are referred to as protoplasts for monoderm bacteria and
spheroplasts for diderm bacteria, and they do not proliferate without their cell
wall. Protoplasts of MBT86 and B. subtilis as well as spheroplasts of E.
coli were seemingly unaffected by phage infection and did not disappear from
the culture after exposure to phages LA7, 29 and T4, respectively (electronic
supplementary material, Fig. S2). These results provide direct evidence that
wall-deficiency provides protection against lytic phages. Interestingly, phages
were found near artificially produced spheroplasts of E. coli (electronic
supplementary material, Fig. S3A). This raised the question whether the
phages could attach and maybe even eject their genomic material into wall-
deficient cells.
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Figure 3. Formation of CWD cells after phage infection of E. coli and B. subtilis in LPB
medium. (a) E. coliand B. subtilis were inoculated in LPB medium for 24 h with phages T4
and @29, respectively. CWD cells were stained with WGA Oregon to visualize peptidoglycan. Note
that E. coli CWD cells still have some peptidoglycan, while B. subtilis cells have none. (b)
Morphology of E. coli with and without phage T4 after 24 h in LPB medium. Cells were stained
with the DNA dye SYTO-9 (green) and FM5-95 (red) to dye membranes. (¢) Morphology of B.
subtilis with and without phage @29 after 24 h in LPB medium. Cells were stained with the DNA
dye SYTO-9 (green) and FM5-95 (red) to dye membranes. Scale bars represent 10 um. Note that
CWD cells from B. subtilis are smaller than CWD cells from E. coli and MBT86.

Phages cannot attach to CWD cells of E. coli but can attach and
propagate in B. subtilis CWD cells

To address this question, we used cryo-electron tomography (cryo-ET). The
resulting three-dimensional data of E. coli spheroplasts with phage T4
revealed a highly heterogeneous sample with an inconsistent appearance of
CWD cells and outer membrane vesicles (electronic supplementary material,
Fig. S3B-C, movie S4). However, no phage attachment was observed for any
of the CWD cells or cell fragments that were imaged. Interestingly, cryo-ET
data of B. subtilis showed that bacteriophage @29 was not only able to attach
to protoplasts of B. subtilis (figure 4b) but could also eject DNA into the cells
and propagate. We observed attached phages with filled as well as empty
capsid heads (indicating DNA ejection). Furthermore, we detected filaments
inside some protoplasts that were surrounded by phages (Fig. 4c; electronic
supplementary material, Fig. S4, movie S5). These filaments strongly
resemble p1 proteins that are associated with ¢29 DNA replication [135].

In both B. subtilis and E. coli, significantly more bacteria survived a phage
infection in the osmoprotective LPB medium compared to LB medium
(Fig. 4d and 5b). In addition, B. subtilis grown in LPB medium and pre-made
protoplasts produced similar amounts of 29 progeny, in contrast to LB
medium, where a significantly higher phage titre was observed over time (Fig.
4e). When the same experiment was performed with E. coli, we again noticed
increased levels of phage T4 in LB medium and significantly fewer T4 progeny
in LPB medium over time, as opposed to spheroplasts, that did not produce
any progeny at all (Fig. 5¢). These results are in line with our cryo-ET data
showing that phage 29 was able to attach and propagate in protoplasts of B.
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subtilis, while phage T4 was not observed in association with any E.
coli spheroplasts remnants (Fig. 5d,e).

Altogether, our results imply that transiently lacking or shedding a cell wall is
a common and general escape mechanism against phage attack.
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Figure 4. Growth, cryo-ET and infection rate of B. subtilis after ¢29 phage infection. (a)
Time lapse of B. subtilis after 29 phage infection followed for 48 h. Individual micrographs were
taken from electronic supplementary material, movie S1. Scale bars represent 50 uym. (b)
Four 29 phages with full capsid heads attaching to the membrane of a CWD B. subtilis cell.
Scale bar represents 30 nm. (c) A tomography snapshot of B. subtilis protoplasts with 29, see
electronic supplementary material, movie S3 for the full tomography. On the bottom is an empty
phage attaching to a protoplast, while on top there is a protoplast filled with filaments associated
with phage 929 DNA assembly. Scale bar represents 100 nm. (d) CFUs of B. subtilis 24 h after
phage infection with 29 in LB medium and LPB medium. Significantly more cells survive in LPB
medium (p < 0.0001). (e) Phage ¢29 production measured in plaque forming units (PFU)/ml in
LB and LPB media with protoplasts as a negative control. The 29 production in LB media
compared to LPB media is significantly different (p < 0.027) at t = 24. Statistical analysis was
performed with a Student's f-test.
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Figure 5. Growth and infection rate of E. coli after T4 phage infection. (a) Time lapse of green
fluorescence E. coli after T4 phage infection followed for 48 h. Individual micrographs were taken
from electronic supplementary material, movie S1, in which more details are visible. Scale bars
represent 100 um and 10 um for the inlays. (b) CFUs of E. coli over time after phage infection
with T4 in LB medium and LPB medium. More cells survive after 24 h in LPB medium (p = 0.09).
(c) T4 phage production measured in PFU ml™" in LB and LPB media with spheroplasts as a
negative control. The T4 production in LB media compared to LPB media is significantly different
(p < 0.05) for each timepoint after t = 0. All statistical analysis was performed with a Student's t-
test. (d) Typical view of E. coli tomography data showing empty vesicles and outer membrane
fragments. No attached phages were observed in any of the datasets. (e) Spheroplasts with both
an inner and outer membrane, without phages in proximity. Scale bars represent 200 nm.
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Discussion

The arms race between bacteria and bacteriophages has resulted in the
evolution of many antiphage-defense mechanisms, which we recently started
to uncover [49, 136]. In this study, we have discovered a yet unknown general
escape mechanism against phage attack for both the diderm model
organism E. coli, the monoderm B. subtilis, and various filamentous
actinomycetes. By contrast to L-forms, the CWD cells produced after phage
infection are not able to proliferate and will switch back to the walled mode-of-
growth in favourable conditions [11, 137]. Besides the species tested here,
many more bacteria may be capable of surviving phage infection in
osmoprotective medium. In standard hypotonic cultivation media without high
levels of osmolytes, phages produce endolysins that degrade the bacterial cell
wall and cause lysis. For B. subtilis it has been shown that prophage-encoded
endolysins in LB medium resulted in the release of membrane vesicles that
immediately burst [138]. However, our results show that the addition of spent
media from cultures exposed to phages did not result in the formation of CWD
cells in LPB medium. We hypothesize that the concentration of endolysins in
the supernatant is either not high enough to initiate the conversion to CWD
cells, or these wall-deficient cells are simply a result of the initial attachment
or DNA ejection of phages in supportive medium. However, the exact
mechanism behind the phenomena of bacteria shedding their cell wall in
response to bacteriophages in osmoprotective medium remains to be
uncovered. In nature, bacteria may encounter such osmoprotective
environments, such as inside eukaryotic host cells, plant sap with high levels
of osmolytes or in soil after rain [22, 66, 139-141].

Cryo-ET allowed us to observe the distinct interaction between
bacteriophages and CWD cells. To our knowledge, this is the first time the
interaction of CWD cells and bacteriophages was captured in detail. We
showed that 29 was able to attach, eject DNA and even produce new
progeny phages in B. subtilis protoplasts, as indicated by the observed
filaments inside protoplasts [135]. Phage 929 normally binds to glycosylated
teichoic acid in the cell wall [142], but can sporadically also attach to fragments
of lipoteichoic acids in the membrane of protoplasts [143, 144]. For CWD E.
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colicells, it was hypothesized that T4 could recognize OmpC and
lipopolysaccharide on the remaining outer membrane [30]. However, three-
dimensional cryo-ET imaging revealed that T4 phages were not attached to
remnants of E. coli spheroplasts. On the other hand, a recent paper from
Petrovic Fabijan et al. showed that T4 was able to eject DNA in L-forms of E.
coli, but no cells were lysed [79]. Perhaps the difference in attachment of
phages could be explained by the fact that L-forms are able to proliferate,
whereas spheroplasts cannot. However, no new progeny phages were
produced in either L-forms or spheroplasts of E. coliand we observed an
increased survivability in both forms of CWD cells. Not only E. coli, but also
MBT86 and B. subtilis have a significantly higher survival after phage attack
in osmoprotective medium by adopting a CWD state, compared to walled cells
in normal medium.

Phage therapy is considered a promising alternative to treat antibiotic-
resistant infections [66]. However, in this study, we have shown that both
diderm and monoderm bacteria can escape phage attack by adopting a cell-
wall-deficient lifestyle. These CWD cells can arise in osmoprotective
environments in nature, or in the presence of cell wall targeting antibiotics.
Whereas commonly known phage defense mechanisms like restriction
modification or CRISPR/Cas can protect bacteria against specific phages,
CWD cells might be resistant to a broad range of phages, which warrants a
careful analysis of the interaction between phages and their host.

81



Supplementary data
A

Before

D CWD cell formation after phage infection

2.5%108-
Hm Control

2x108+ = With phage
1.5%108~

1%108+

CWD cells/ml

5x107

0-

82



Figure S1. Morphology of actinomyces after phage infection. (A) Morphology of MBT86 after
24 hours of phage infection with LA7 in DNB medium and LPB medium. (B) MBT86 spores and
phage LA7 were inoculated simultaneously in LPB medium at T=0. After approximately 8 hours,
the spores start to form mycelial fragments that turned into CWD cells after 24 hours. (C) MBT86
spores were pre-grown for 24 hours to form mycelium in LPB before phage LA7 was added. After
another 24 hours, only CWD cells were observed. (D) CWD cells were counted with an
hemacytometer in duplo of several Streptomyces strains in LPB with and without phages.
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Figure S2. Artificially produced CWD cells survive phage infection. MBT86 protoplasts (first
panel), E. coli spheroplasts (second panel) and B. subtilis protoplasts (third panel) were grown in
LPB medium with either phage LA7, T4 or ¢29 and imaged after 24 hours. Cells were stained
with WGA Oregon to visualized peptidoglycan. Protoplasts of B. subtilis have no peptidoglycan,
similar to B. subtilis CWD cells formed after phage infection. Scale bars represents 10um.

A DIC Phage + Alexa Merge

E. coli
Spheroplasts

Figure S3. Heterogeneous appearance of E. coli spheroplasts with phage T4. (A) E. coli
strain ET8 spheroplasts were imaged 24 hours after inoculation with phage T4 that were
previously dyed with Alexa Fluor™ 488 NHS-Ester. The CWD cells did not lyse and phages
surrounded the cells as indicated by fluorescent green dots. Scale bars represents 10um. (B)
Four unattached phages with a full capsid head and one with an empty capsid head. (C) Image
of spheroplast fragments taken from the same tomogram as panel B. Phages were in close
proximity to these fragments but not attached. Scalebars represent 200 nm.
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Ribosomes

Figure S4. Phage ®29 can attach to B. subtilis protoplasts and produce progeny. (A) One
¢29 phage attaching to a B. subtilis protoplasts. (B) A protoplast with ribosomes and filaments
inside. (C) An exploding protoplast extruding phages, filaments and cell debris in the environment.
(D) A protoplast exploding at the bottom and phages with full and empty capsid heads attaching
to CWD cells at the top. (E) Phage ¢29 with a retracted sheet in the process of ejecting DNA
inside a protoplast. (F) Phage @29 attaching to a protoplast. Scale bars represent 70 nm (panel
A), 50 nm (panel E and F) and 200 nm (panel B, C and D).
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Table S1. Strains used in this study

Strains Genotype Reference

Bacterial strains
thr-1 araC14 leuB6(Am) fhuA31
E. coli RP437 lacY1 tsx-78 A- eda-50 hisG4(Oc) Lab collection
rfbC1 rpsL136(strR) xylA5 mtl1
metF159(Am) thiE1, with pBTOK-

sfGFP
E. coli ET8 Wildtype Lab collection
Franklin Norbrega,
Bacillus subtilis Type strain 110NA DSMz
Streptomyces coelicolor (A3)2 M145 Wildtype Lab collection
Streptomyces albus G. ATCC 25426 Wildtype Lab collection
Streptomyces lividans 1326 Wildtype Lab collection
Streptomyces sp. MBT13 Wildtype Lab collection
Streptomyces sp. MBT61 Wildtype Lab collection
Streptomyces sp. MBT66 Wildtype Lab collection
Streptomyces sp. MBT86 Wildtype Lab collection
Phages
T4 Wildtype, host: E. coli Lab collection
@29 Wildtype, host: B. subtilis Franklin Norbrega
Wildtype, host: Streptomyces
Phage CE2 coelicolor This work
Wildtype, host: Streptomyces
Phage CE3 coelicolor This work
Wildtype, host: Streptomyces
Phage CE10 coelicolor This work
Wildtype, host: Streptomyces
Phage GA3 griseus This work
Wildtype, host: Streptomyces
Phage LA7 lividans This work
Wildtype, host: Streptomyces
Phage LD10 lividans This work
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Movie S1. Time laps of MBT86 mycelium embedded in 0.5% DNB soft agar followed for 48 hours
after LA7 infection. The mycelium is losing density over time and starts to produce CWD cells
after approximately 12 hours. Images were acquired automatically every 30 minutes for at least
48 hours.

Movie S2. Time laps of B. subtilis embedded in 0.5% LB soft agar followed for 48 hours after ¢29
infection. After 12 hours, all rod-shaped cells have switched to a spherical morphology. Images
were acquired automatically every 30 minutes for at least 48 hours.

Movie S3. Time laps of green fluorescent E. coli embedded in 0.5% LB soft agar induced with
20ng/ml anhydrotetracycline followed for 48 hours after T4 infection. Most bacteria lyse within 6
hours, but some persistent CWD cells survive. Images were acquired automatically every 20
minutes for at least 48 hours.

Movie S4. Tomogram of E. coli spheroplasts with five phages that did not attach to the cells.

Movie S5. Tomogram of B. subtilis protoplasts filled with filaments associated with phage DNA
assembly and @29 attaching to the membrane with full capsid heads and on the bottom a phage
with an empty capsid head.
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Abstract

Bacteriophage infection has been extensively studied, but the molecular
mechanism of a successful infection cycle remains largely unknown. Here, we
show that phage CF3 needs the host membrane protein insertase YidC2 to
successfully complete its infection cycle in Streptomyces coelicolor.
Adsorption assays and cryo-electron microscopy revealed that phage CF3
could attach and inject its DNA in a strain lacking YidC2, but was unable to
subsequently induce lysis of the bacteria. Additionally, robust interactions
between the holin-endolysin system of the phage and the YidC2 protein of S.
coelicolor were observed and the block in phage release in the yidc2 mutant
could be overcome by Sec-dependent endolysin secretion. Therefore, we
propose that the holin-endolysin system of phage CF3 exploits the membrane
insertase YidC2 to complete the phage infection cycle. Additionally, our
findings suggest that YidC2 is critical for maintenance of cell wall-deficiency
following phage infection. Altogether, our work contributes to a deeper
understanding of the intricate dynamics between bacteria and
bacteriophages, shedding light on the molecular mechanisms of phage
infections.
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Introduction

Bacteriophages, or phages in short, are viruses that can infect bacteria. They
represent the most abundant biological entities in nature and play an
instrumental role in all ecosystems [19]. The interaction between phages and
their hosts has been extensively studied, but mostly in unicellular model
organisms like Escherichia coli, Bacillus subtilis and Pseudomonas
aeruginosa [13, 14, 145-147]. The molecular mechanism behind the phage
infection cycle in non-model bacteria remains largely unknown. The
multicellular lifestyle of Streptomyces is unique in the bacterial realm and
starts when a spore enters a favorable environment. This causes spores to
germinate, leading to the formation of vegetative hyphae. These hyphae
elongate and branch, forming a dense interconnected network of filaments,
called a mycelium. Upon nutrient scarcity, Streptomyces undergoes a process
of differentiation, which involves the formation of specialized hyphae that grow
into the air to form spores again [4]. Concomitant with this morphological
differentiation, chemical differentiation is initiated, leading to the production of
antibiotics and other specialized metabolites [104, 148-150]. Previous
research has shown that phages cannot infect spores, while young
germinating spores are the most vulnerable developmental stage for phage
infection [112]. In addition, recent research showed that aerial hyphae and
spores are formed in response to phage infection to suppress further spread
of phages [17].

Most research on Streptomyces-phage interactions has been focused on the
characterization of defense systems against phage attack, like chemical
defenses [51, 151], the phage-growth limitation system [91] and many more
[152]. One recently discovered escape mechanism against phage attack is
the ability of Streptomyces to become cell wall-deficient (CWD) [93]. Without
their cell wall, the usual receptor molecules like peptidoglycan, teichoic acids
or proteins associated with the cell wall are lost and bacteriophages can no
longer infect the bacterial cell. After evasion of phage predation, the cell wall-
deficient cells of Streptomyces can revert to their canonical mycelial mode-of-
growth [93, 153].

During lytic phage infection, the host cell's metabolism is exploited and
directed towards supporting the production of new progeny phages. Phages
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can encode their own proteins to carry out key cellular functions, or rely on the
host metabolism to complete their infection cycle [154]. A critical step following
the assembly of new phages is lysis of the host to release progeny phages in
the environment. Therefore, phages use so-called holins that are inserted in
the bacterial membrane. These holins enable the passage of endolysins
across the membrane that subsequently cleave the peptidoglycan layer.
Especially in multicellular bacteria, little is known about the host machinery
required for phage production and bacterial lysis. However, if a phage is fully
dependent on host proteins, the host might mutate or eliminate proteins that
the phage requires, to prevent successful phage reproduction.

Here, we show that YidC2 of Streptomyces coelicolor plays a key role during
infection of phage CF3, which is a temperate phage classified in the genus
Camvirus. YidC2 is predicted to be a membrane protein insertase required for
inserting proteins into the membrane [155, 156]. We found that phage CF3
was unable to complete its infection cycle in a Ayidc2 mutant. Adsorption
assays and cryo-electron microscopy revealed that phage CF3 could still
attach and infect S. coelicolor AyidC2, but progeny phages remained stuck
inside the bacteria. Additionally, we found interactions between the holin-
endolysin system and the YidC2 protein with bioinformatics and a bacterial
two-hybrid assay. Notably, the block in phage release in the Ayidc2 mutant
could be overcome by secretion of additional endolysins in a Sec-dependent
manner. Altogether, we hypothesize that the holin-endolysin system of phage
CF3requires YidC2 for proper insertion in the bacterial membrane to complete
the phage infection cycle and subsequently, lyse the bacteria.

Material and methods
Strains and growth conditions

All bacterial strains and phages used in this study are described in Table S1.
Streptomyces strains were grown for five days on Soy Flour Mannitol (SFM)
at 30 °C to collect spores. For growth of Streptomyces in liquid, Difco Nutrient
Broth (DNB) or L-phase broth (LPB) were used [11].

Construction of S. coelicolor AyidC2
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All plasmids and primers used in this study are listed in Table S2 and Table
S3, respectively. To delete yidC2 in S. coelicolor, PCR targeted mutagenesis
was performed [157]. In short, Escherichia coli BW25113/plJ790 containing
cosmid E20 (containing yidC2, SCO2851) was transformed with an integrating
PCR product carrying an apramycin resistance cassette. This PCR product
was generated by using primers E20_KOF and E20_KOR. After introduction
of the PCR product and recombination, E. coli colonies with the mutated
cosmid were selected by being resistant to both apramycin and kanamycin.
The mutated cosmid was isolated and transformed into E. coli
ET12567/pUZ8002, which was then used for conjugation to S. coelicolor. Ex-
conjugants that were apramycin resistant and kanamycin sensitive were
picked and verified by southern hybridization for loss of the yidC2 gene [158].

Construction of Sec-endolysin and Sec-eGFP secretion strains

Genomic DNA of Streptomyces coelicolor M145 or phage CF3 and plasmids
pCB-1 [159] or pGWS758 [160] were used as templates to amplify coding
sequence of Sec signal peptides (SPs)/YidC2, the coding sequence of the
holin-endolysin of phage CF3, the cumate-inducible promoter and the coding
sequence of eGFP, respectively. All genes were expressed using the
integrative plasmid plJ82Cu harboring a cumate-inducible promoter. To create
plJ82Cu, the promoter region of pCB-1 was amplified using primers IDProm-
F and IDProm-R creating a 5 Ndel restriction enzyme site. The amplified
product was then inserted into the plasmid plJ82 that has been linearized with
BamHI via Gibson assembly.

To create S. coelicolor strains expressing Sec-secreted variants of the
endolysin of phage CF3 and eGFP, both genes were placed behind the
sequence encoding the N-terminal SP of SCO5376 [161] under control of the
cumate-inducible promotor [162]. Therefore, primer pairs SecGFP-
F1/SecGFP-R1 and SecGFP-F2/TatGFP-R2 primers were used to amplify the
SP of SCO5376 and eGFP, respectively. For creation of the Sec-secreted
endolysin variant, primer pairs SecGFP-F1/SecEndo-R1 and SecEndo-
F2/TatEndo-F2 were used to amplify the SP of SCO5376 and endolysin,
respectively. Subsequently, Gibson assembly was use to insert the amplified
product pairs into plasmid plJ82Cu that had been linearized with Ndel
digestion, generating plasmids, plJ82Cu-SecGFP and plJ82Cu-SecEndo.
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To express the endolysin and eGFP signal sequence under the control of the
cumate-inducible promoter, both genes were amplified with GFP-F/TatGFP-
R2 and Endo-F/TatEndo-F2, respectively. The amplified products were
subsequently inserted into plJ82Cu that has been linearized with Ndel
digestion via Gibson assembly, yielding plJ82Cu-GFP and plJ82Cu-
Endolysin, respectively. Conjugation [130] and heat-shock transformation
[163] were used to introduce plasmids into Streptomyces and E. coli cells,
respectively.

Bacteria-phage interactions

Phage stocks were isolated as described previously [111]. Briefly,
bacteriophages were added to DNB cultures containing S. coelicolor spores
at Multiplicity of Infection (MOI) = 0.1. After overnight incubation at 30 °C (200
RPM), phages were filtered through a 0.22 um filter for phage stocks of ~107
phages ml-'.

Plaque assays were used to determine if phages could infect the S. coelicolor
mutant strains. To this end, phages were serial diluted in DNB medium and 3
Ml was spotted in duplicate on a DNB double agar overlay plate containing the
strain of interest. After overnight incubation at 30 °C, individual plaques were
quantified. To test the interaction in liquid, bacteria and phages were
inoculated at MOI=1 in 10 ml DNB or LPB and incubated overnight at 30 °C,
while shaking at 200 RPM. To test whether S. coelicolor AyidC2 could make
chemically induced CWD cells, 0.2 mg ml-! lysozyme or 0.5 mg ul-' mitomycin
C was added to the spores in LPB medium.

Bacterial two-hybrid assay

To assess protein interactions, a bacterial two-hybrid assay was used, which
was essentially performed as described [164]. Interactions of LomP and CslZ
were used as the positive control [164]. Primer pairs ThYidC2-F/ThYidC2-R,
ThHolin-F/ThHolin-R and ThEndo-F/ThEndo-R were used to amplify the
genes encoding YidC2, holin and endolysin, respectively, using genomic DNA
of S. coelicolor or phage CF3 as the template. Amplified products were ligated
into either plasmids pKT25 or pUT18C using Xbal and EcoRI restriction
enzyme sites, generating pKT25-YidC2, pKT25-Holin, pKT25-Endolysin,
pUT18C-YidC2, pUT18C-Holin and pUT18C-Endolysin, respectively.
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Conjugation [130] and heat-shock transformation [163] were used to introduce
plasmids into Streptomyces and E. coli cells, respectively.

Membrane fluidity

Membrane fluidity was measured as previously described [165]. In short, three
biological replicates of 20 ml of 16 hour-old mycelium were centrifuged for 10
minutes at 2,500 RPM and washed three times in 5 ml PBS buffer. The pellet
was resuspended in 100 ul PBS containing 1 mM Laurdan (6-Dodecanoyl-N,
N-dymethyl2-naphthylamine, Sigma) dissolved in dimethylformamide (DMF)
and allowed to incubate in the dark for 10 minutes at 30 °C, 200 RPM. The
stained mycelia were collected and washed twice in pre-warmed PBS with 1%
DMF and subsequently resuspended in 100 pl pre-warmed PBS buffer. The
dye was excited at 350 nm and fluorescence was measured at 435 and 490
nm using a Zeiss LSM900 Airyscan 2 microscope with the climate control
chamber set at 30 °C. Images of the hyphal tips were used to calculate
membrane fluidity with the corresponding generalized polarization (GP) value
as described before [166]. Statistical analysis was performed using a
Student’s t-test.

Adsorption assay

To determine if phage CF3 could attach to the bacterial hosts, adsorption
assays were performed. In short, 107 spores were inoculated in 10 ml DNB
broth in triplicate and allowed to germinate for four hours for S. coelicolor and
seven hours for S. coelicolor AyidC2 at 30 °C, while shaking at 200 RPM. At
timepoint zero, 10° phages ml-' of phage CF3 were added to the cultures and
every ten minutes, 100 uyl samples were collected and immediately filtered
through a 0.22 um filter. Plaque assays were performed on strain MBT61 and
after overnight incubation at 30 °C, plaque-forming units (PFU) were
calculated and normalized to 100% free phages at timepoint zero. The effect
of penicillin G (0.4 mg ml"), rifamycin (50 ug ml'), or lysozyme (0.2 mg ml-")
on phage release in the yidC2 mutant was evaluated by adding these
compounds at T=0. The adsorption assay with the AyidC2 Sec-endolysin
strain was performed similarly, but after 60 minutes of infection with phage
CF3, the release of endolysin through the Sec-secretion pathway was induced
by adding 100uM of cumate.
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Microscopy

To image the formation of cell wall-deficient cells, a Zeiss Axio Lab A1 upright
microscope, equipped with an Axiocam 105 colour (resolution of 5 megapixel)
camera was used to take bright field images. eGFP expression after cumate
induction was imaged using a Zeiss LSM900 Airyscan 2 microscope at
excitation and emission wavelengths of 488 nm and 509 nm, respectively.
Images were adjusted using OMERO software [167].

To examine the morphology of phage CF3, transmission electron microscope
(TEM) was used. To prepare a single grid, 3 ul of phage CF3 diluted in DNB
medium (~104 phages ml' ) was pipetted on a glow-discharged 200 mesh
carbon coated copper grid (EMS). After 30 seconds, excess liquid was
removed with filter paper. Next, the phages were stained with 2% uranyl
acetate for 45 seconds, after which excess staining was removed and the
grids were air-dried for 5 minutes. Negative staining images were recorded
using a single tilt specimen holder inside a 120 kV Talos L120C TEM with a
Lab6 electron source and Ceta detector at the Netherlands Center for
Nanoscopy (NeCEN, Leiden).

Cryo-EM was used to investigate S. coelicolor AyidC2 after infection with
phage CF3. In short, spores were allowed to germinate for seven hours in
DNB broth. Afterwards, the germlings were centrifuged for 10 minutes at 5,000
RPM and the bacterial pellet was dissolved in 100 pl lysate of phage CF3 (107
phages ml'). After 30 minutes of infection at room temperature, the culture
was resuspended with 10 nm gold fiducial markers (Cell Microscopy Core,
UMC Utrecht) at 1:25 ratio. Of this sample, 3 pl was added to a glow
discharged R2/2 200 mesh holey carbon EM grid (Quantifoil). After 30
seconds of incubation, the sample was blotted for one second and
immediately plunged in liquid ethane with the Leica GP automated freeze-
plunger. The grids were observed inside the 120 kV Talos L120C TEM with a
Lab6 electron source and Ceta detector at the Netherlands Center for
Nanoscopy (NeCEN, Leiden).

Bioinformatic analysis

96



Protein structures and interactions between proteins were predicted by
Alphafold 3.0 [168] and protein membrane topology and transmembrane
domains were predicted by DeepTMHMM [169]. Sequence alignments were
made with NCBI MSA sequence viewer [170].

Results
YidC2 plays an important role in phage infection

The molecular mechanism of phage infection in bacteria remains largely
unknown. To identify host components required for successful completion of
the phage infection cycle in Streptomyces, we systematically screened a large
collection of S. coelicolor mutants for their susceptibility to our Streptomyces
phage collection (Fig. S1). In short, 46 phages were spotted in duplicate on
plaque assays with 28 different S. coelicolor strains lacking distinct cell wall-
associated proteins. When lysis zones looked visually different compared to
the WT plaque assay, serial dilutions were performed. Most phages did not
show a difference in lysis zone formation in the mutants. However, when
phage CF3 was serial diluted and spotted onto a lawn of S. coelicolor AyidC2
in a double agar overlay assay (Fig. 1A), it was unable to form plaques. This
suggests an interruption in the phage infection cycle. To validate these
observations, we introduced phage CF3 to both the yidC2 mutant and the
parental strain in osmoprotective LPB medium, known to cause the formation
of CWD cells during phage infection [93]. While the parental strain generated
CWD cells following infection, the yidC2 mutant persisted as mycelium (Fig.
1C), underscoring the necessity of YidC2 for completing the infection cycle.

Since S. coelicolor AyidC2 could still be infected by phage CD8, we tested if
this phage could still induce the shedding of the bacterial cell wall in LPB.
However, S. coelicolor AyidC2 did not form CWD cells after infection in
osmoprotective medium with this phage. Interestingly, mitomycin C, a
chemical that induces the lytic cycle of prophages in bacteria, could also not
induce the formation of CWD cells in the yidC2 mutant, unlike the parental
strain that did produce CWD cells upon mitomycin C treatment. Notably, the
yidC2 mutant could produce CWD cells when treated with lysozyme (Fig. 1C).
Taken together, these results show that YidC2 is required for completing the
infection cycle as well as the formation of CWD cells upon phage infection.
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YidC2 is a second paralogue of YidC, which acts as a protein membrane
insertase in bacteria. S. coelicolor possesses two orthologues (YidC1 and
YidC2) of E. coli YidC, which also shows significant homology to B. subtilis
Spollld (Fig. S2). However, the C-terminus of YidC1 has an extension
compared to YidC2, while YidC from E. coli has a relatively long N-terminal
extension that is absent in YidC2. Additionally, YidC1 and YidC2 are highly
divergent and only share around 23% amino acid sequence identity.
Knocking-out YidC in E. coli results in a non-viable mutant, since the export of
many proteins are dependent on this protein [155], but little is known about
the function of YidC1 and YidC2 in S. coelicolor. Knocking-out YidC1 in
S.coelicolor resulted in a non-viable mutant as well (data not shown),
indicating that YidC1 is likely essential, in contrast to YidC2.

To predict the protein structure of YidC2 in S. coelicolor, Alphafold3 was used
[168]. Additionally, membrane topology and transmembrane domains were
predicted by InterPro [169]. As displayed in Figure 1B, YidC2 is predicted to
have six transmembrane domains. Since depletion of YidC is in accordance
with membrane-related defects in E. coli [171], we tested the difference in
membrane fluidity between the S. coelicolor AyidC2 and WT strain. The lipid
dye DilC+2, with a high affinity for fluid membranes was used [172], but no
differences in membrane fluidity were found between the both strains (Fig.
S3). Additionally, no obvious differences in morphology between both strains
could be found though visual inspection, but the yidC2 mutant germinates
approximately 3 hours slower in liquid compared to S. coelicolor (Fig. S4).
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Figure 1. Phage CF3 cannot lyse S. coelicolor AyidC2. (A) Plaque morphology of serial diluted
phage CF3 on S. coelicolor and S. coelicolor AyidC2. (B) Alphafold3 prediction of the structure of
the YidC2 protein in S. coelicolor. The hypothetical membrane protein insertase YidC2 has six
predicted transmembrane domains. (C) In osmoprotective medium, S. coelicolor forms CWD cells
after infection with phage CF3, unlike the yidC2 mutant that retains its mycelial morphology. In
contrast, exposure of the yidC2 mutant to phage CD8 leads to complete lysis without the formation
of CWD cells. Mitomycin C, which induces the lytic cycle of prophages, can induce the CWD state
in S. coelicolor, but not in S. coelicolor AyidC2. Interestingly, cell wall-deficiency can be induced
by lysozyme in both strains.

YidC2 is required for the release of phages after infection

To examine the morphology of phage CF3, electron microscopy was used
(Fig. 2A). This revealed that phage CF3 is morphologically classified as a
siphovirus. Sequencing revealed that phage CF3 is a species in the genus

99



Camvirus, closely related to Streptomyces phage Vanseggelen [173]. These
phages were previously shown to attach to the cell wall of Streptomyces via
receptor proteins on their tail fibers. To test if phage CF3 could still adsorb to
the yidC2 mutant, an adsorption assay was performed. Since the S. coelicolor
AyidC2 has a reduced growth speed (Fig. S4), we allowed the mutant spores
to germinate for seven hours, contrary to the spores of the parental strain,
which were germinated for four hours. These different incubation times were
selected, as they resulted in a comparable length of the germ tubes. Phage
CF3 can adsorb to the parental strain and new progeny phages are released
into the environment after 30 minutes (Fig. 2B). While the phages could still
adsorb to the yidC2 mutant as well, no new progeny phages were detected
even after 90 minutes of infection. Since phages can adsorb to the parental
and the mutant strain, it is unlikely that YidC2 serves as the receptor for CF3
or inserts the receptor in the bacterial membrane.

To gain further understanding of the specific stage at which the infection cycle
was blocked, we infected 7-hour-old germlings of the yidC2 mutant with phage
CF3. Thirty minutes after the phage infection, we plunged the samples in liquid
ethane and conducted imaging using cryo-EM. As seen in Figure 2C, we
observed phages with both full and empty capsid heads inside the bacterium.
The phages do not have a coherent size and capsid heads without DNA seem
to gather at the cell membrane. This indicates that the phage successfully
injected its DNA into the host and initiated the assembly of new phages.
Consequently, it seems that the infection cycle was stalled during the release
of the phage particles from the host.
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Figure 2. Phage CF3 cannot release progeny phages after infection in S. coelicolor AyidC2.
(A) Representative TEM image of phage CF3 stained with 2% uranyl acetate. (B) Adsorption
assay showing that phage CF3 can still adsorb and replicate in S. coelicolor but does not replicate
in S. coelicolor AyidC2. Note that S. coelicolor AyidC2 was allowed to germinate for seven hours
instead of four hours, since this strain germinates slower. (C) Cryo-EM image of S. coelicolor
AyidC2 30 minutes after infection with phage CF3. (D) Adsorption assay of phage CF3 with
additional penicillin G in S. coelicolor AyidC2 showing an increase in phage titer after 20 minutes.
(E) Adsorption assay of phage CF3 with additional rifamycin in S. coelicolor AyidC2 showing an
increase in phage titer already after 10 minutes.

To verify if progeny phages were stuck inside the bacteria, we performed
additional adsorption assays, while adding antibiotics that cause lysis of the
host. When penicillin G, which inhibits cross-linking in the peptidoglycan [174],
was introduced in the adsorption assay, we observed that progeny phages
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were released into the medium of the yidC2 mutant after 20 minutes (Fig. 2D).
This aligns with our hypothesis that functional phages are assembled, but
unable to exit the host. A similar response was observed with rifamycin (Fig.
2E), which leads to a suppression of RNA synthesis and ultimately cell death
of the bacteria [175]. We also tested if lysozyme could lyse the bacteria from
the outside to aid phage CF3 to get out of the bacteria, but phage CF3 could
not survive an adsorption assay with additional lysozyme (Fig. S5).

YidC2 is predicted to interact with the holin-endolysin system of phage
CF3

Since YidC2 is a predicted membrane protein insertase, we hypothesized that
phage CF3 utilizes this host protein to putatively insert some of its own
proteins in the membrane. One of the phage machineries that interacts with
the bacterial membrane is the holin-endolysin system. The holin and endolysin
of phage CF3 could be predicted by a BlastP search of all proteins of phage
CF3 to the Actinobacteriophage database [108]. This holin is a type Il holin,
which has one transmembrane domain [176], and does not have a secretion
peptide, indicating that it requires insertion into the membrane by another
protein.

To predict whether YidC2 interacts with the holin-endolysin system of phage
CF3, predicted aligned error (PAE) plots were made using Alphafold3 (Fig. 3).
We observed a strong predicted interaction between YidC2 and the holin
protein (Fig. 3A), while YidC2 is also predicted to interact with the N-terminus
of the endolysin protein (Fig. 3B). The endolysin interacts strongly with itself,
but also with the C-terminus of the holin protein (Fig. 3C). These results were
partially confirmed with a bacterial two-hybrid assay in Figure 3D, but the
strong interaction between YidC2 and the holin protein as predicted by
Alphafold3 was not observed here. However, these results indicated that the
holin-endolysin system of phage CF3 probably makes a robust interaction with
the YidC2 protein from S. coelicolor.
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Figure 3. Predictions of holin, endolysin and YidC2 interactions. Predicted aligned error
(PAE) plots made with Alphafold3, where a dark green color indicates higher confidence in an
interaction between the two proteins. An interface predicted template modeling (ipTM) score <0.6
likely suggest a failed structure, and >0.8 represents confident high quality predictions, while a
predicted template modeling (pTM) score >0.5 indicates that the overall predicted fold is highly
similar to the true structure [168]. Note that TM scores are very strict for small proteins, like the
holin protein. (A) PAE plot of the YidC2 protein with the holin protein from phage CF3. The dark
green color in the interaction section indicates that an interaction between the two proteins over
their entire length is highly likely. Scores of ipTM = 0.61 and pTM = 0.67. (B) PAE plot of the YidC2
protein with the endolysin protein of phage CF3. The endolysin is highly likely to interact with
itself, and a weak interaction is predicted between YidC2 and the endolysin. Scores of ipTM =
0.21pTM = 0.42 (C) PAE plot of the endolysin protein and holin protein of phage CF3. An
interaction is predicted between the C-terminal of the endolysin and the C-terminal of the holin
protein. Scores of ipTM = 0.32 and pTM = 0.49. (D) Bacterial two-hybrid assay. Blue color
indicates predicted interaction. Endolysin strongly interacts with itself, which was also seen in the
Alphafold3 predictions. Additionally, the holin and endolysin of phage CF3 have a predicted weak
interaction, and the endolysin interacts with the YidC2 protein.
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All our data suggested that YidC2 may be required for the insertion of the
holin-endolysin system of phage CF3 into the host membrane, facilitating the
transport of endolysins across the membrane. To corroborate these findings,
we engineered a strain with the endolysin protein placed behind a Sec-
secretion signal and expressed from a cumate-inducible promotor. This setup
ensures that upon cumate induction, endolysins are synthesized and secreted
independent of the YidC2 protein. To test our setup, we first created a cumate
inducible Sec-eGFP S. coelicolor strain, leading to secretion of eGFP to the
exterior of the cell upon cumate induction. Indeed, as seen in Figure 4A, the
eGFP signal is not retained inside S. coelicolor when the inducer was added
to the Sec-eGFP strain, indicating that the Sec-secretion signal leads to
efficient transport of e GFP across the membrane into the environment. When
we infected the inducible Sec-endolysin parental and Ayidc2 strain with phage
CF3, we observed clearer lysis zones upon cumate induction compared to the
uninduced plaque assays (Fig. 4B). However, the efficiency of plating was still
lower in the yidc2 mutant compared to the wildtype. Therefore, an additional
adsorption assay was performed using the Sec-endolysin Ayidc2 strain, to
verify if phage CF3 could escape the bacteria after cumate induces the release
of additional endolysins 60 minutes after phage infection (Fig. 4C).
Importantly, we observe that phage CF3, upon induction, could escape from
the bacteria after 120 minutes. These results show that the block in phage
release in S. coelicolor Ayidc2 can be overcome by ectopic expression and
Sec-dependent secretion of the endolysins.
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Figure 4. YidC2-independent secretion of the endolysin rescues release of phage CF3. (A)
An inducible Sec-dependent eGFP protein is secreted outside of the cells after induction with
100uM cumate. Without cumate, the cells are not fluorescent. Scale bar is 20um. (B) The WT and
AyidC2 strain with Sec-secreted endolysin proteins show clearer lysis zones when the bacterial
strains are induced with 100puM cumate and infected with a serial dilution of phage CF3. (C)
Adsorption assay of the AyidC2 Sec-endolysin strain with phage CF3. Phage CF3 was added to
young germlings at T=0 and after an hour of phage infection, the strain was induced with 100uM
cumate to release endolysins in a Sec-dependent manner, which causes an increase in free
phages after 120 minutes.
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Summary and discussion

Our knowledge on the molecular mechanism of completing a successful
phage infection is generally unknown. Once a phage has managed to eject its
genome into a suitable bacterium, the phage has to redirect the metabolic
activities of the host towards progeny phage production. Most phages depend
on the host cell to supply essential amino acids, energy and machinery for
replication. However, the strategies of a successful phage infection and thus
a successful host-takeover are different for each particular phage-host pair
[177]. After phage replication, holin proteins disrupt the bacterial membrane,
allowing the fully-folded endolysin that accumulated in the cytosol to access
the peptidoglycan, causing cell lysis and release of progeny phages [178].
Here, we showed that the membrane protein insertase YidC2 of S. coelicolor
has a crucial interaction with the holin-endolysin system of phage CF3.
Additionally, YidC2 might also be involved during cell wall shedding in these
multicellular bacteria. Interestingly, these results could also be relevant for
completion of the phage infection cycle in unicellular bacteria, as shown
before [93].

Plaque assays and phage infection assays in liquid showed that S. coelicolor
AyidC2 was no longer susceptible to infection by phage CF3. Interestingly, no
morphological differences were found between the wildtype and the yidC2
mutant. Additionally, adsorption assays and cryo-EM revealed that phage CF3
could still attach and infect S. coelicolor AyidC2, but progeny phages could
not lyse the host and accumulated inside the bacteria. Therefore, we
hypothesized that the holin-endolysin system of phage CF3 interacts with the
putative membrane protein insertase YidC2, which subsequently inserts the
phages’ holin protein in the bacterial membrane.

We predicted the interaction between the holin-endolysin system and the
YidC2 protein with Alphafold3. Here, we showed that YidC2 has a strong
predicted interaction with the holin protein and interacts with the N-terminus
of the endolysin protein, while the holin interacts with the C-terminus of the
endolysin. These results were also confirmed with an in vivo bacterial two-
hybrid assay, suggesting an holin-endolysin interaction, an endolysin/YidC2
interaction and a strong dimerization of the endolysin protein. However, no
interaction was observed between the holin and YidC2 protein in the bacterial
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two-hybrid assay. The interaction interfaces of the holin could be blocked by
the N- or C-terminal fusions or the holin protein could not fold properly during
the assay, leading to a false-negative result [179]. When the endolysin protein
of phage CF3 was synthesized and secreted independently of YidC2 in
cumate-inducible Sec-endolysin AyidC2 strain, we observed that the progeny
phages could be released into the environment. Plaque assays showed
clearer lysis zones when additional endolysins were induced from inside the
Sec-endolysin AyidC2 strain, but the infection could not be restored to the
wildtype lysis zone morphology. Perhaps more proteins of phage CF3 rely on
a functional YidC2 for release of healthy progeny phages. Since release of
additional endolysins via the Sec-pathway is not enough to entirely restore the
infection during plaque assays, perhaps lysis and subsequent progeny phage
release is not completely holin-independent or the catalytic activity of the
endolysins needs to be enhanced by holin interactions or various other
processes [180, 181].

Notably, the term “holin” might be misleading, since not all holins form a hole
or channel that let the endolysin pass through and many holins are
uncharacterized at the molecular level [182]. Previous research has shown
that phage-derived holins can be used for non-lytic endolysin translocation, by
permeabilizing the bacterial cytoplasmic membrane and subsequent passage
of secreted endolysins [183]. Correct insertion of the type Il holin into the
bacterial membrane exposes the C-terminus region, allowing the endolysin to
associate. The membrane is then destabilized by multimeric patches of holins,
resulting in local thinning of the membrane. The multimeric holin patches are
triggered by an interaction with the single transmembrane helix and the holin
flips irreversibly in a transmembrane orientation, moving the associated
endolysin through the membrane. The endolysin will be released from the
holin by the unstable transmembrane-oriented transition state. Subsequently,
it will enzymatically degrade the peptidoglycan layer of the host bacterium
[183]. Interestingly, this might also explain why we see the formation of CWD
cells in WT S. coelicolor after phage infection, since the holins do not form the
typical pore, and therefore the membrane remains intact in osmoprotective
medium (Fig. 5).
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Figure 5. Hypothetical model of the function of YidC2 during infection with phage CF3. In
S. coelicolor, YidC2 is a predicted membrane protein that integrates the phages’ holin into the
membrane. The endolysin interacts with the YidC2 protein, while the holin interacts with the C-
terminus of the endolysin and probably also with YidC2. Then the endolysin switches
conformation by interacting with itself and the holin is integrated in the membrane by YidC2. The
holin destabilizes the membrane and switches to a transition state, subsequently “flipping” the
endolysin through the membrane, so it can break down the peptidoglycan layer. Since the holin
does not make a pore, the membrane remains intact, allowing the cell to shed the cell wall and
switch to a CWD state. When YidC2 is knocked-out, the phage’s endolysin cannot interact with
YidC2 and the holin cannot be properly inserted in the membrane. Therefore, the progeny phages
remain “stuck” inside the bacteria. Created with BioRender.com.

Taken together, this work suggests a molecular interaction between the holin-
endolysin system of phage CF3 and the bacterial protein YidC2 from S.
coelicolor. This further expands our knowledge on how phages takeover and
manipulate the hosts metabolism. Additionally, we discovered that YidC2 plays
a role during shedding of the bacterial cell wall after phage infection in
Streptomyces. Altogether, these results form the basis to further explore the
molecular mechanism of phage infection in Streptomyces, that are often used
for antibiotic production in industry.
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Supplementary data
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Figure S1. Phage-host interactions of S. coelicolor mutants against our phage library.
Bacteria-phage interactions are depicted as plaque formation, both turbid and clear (green) or no
visible plaque formation (red). Note that not all phages have been sequenced and we therefore
suspect that phage CF3, CF2, CD8 and CE10 have a similar lifecycle.
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Figure S2. Alignment of E. coli YidC (NP_418161), B. subtilis SPOIIlJ (Z14225), S. coelicolor
YidC1 (Y16311; SCO3883) and YidC2 (NP_627080; SC0O2851). Black boxes indicate identical
aa residues, while grey boxes indicate conserved aa changes. Note that amino acids 1-60 of E.

coli YidC are not shown.

S. coelicolor S. coelicolor Ayid®2

- -

GP value

Figure S3. Membrane fluidity of S. coelicolor AyidC2. (A) Analysis to measure membrane
fluidity using Laurdan staining. 24-hour old mycelia of both strains were labeled with 1mM 100uM
Laurdan. The generalized polarization (GP) values range from +1 (less fluid) to -1 (more fluid).
No significance in membrane fluidity of S. coelicolor AyidC2 was observed. (B) Representative

images of the Laurdan staining. Scalebar represents 10 ym.

112



S. coelicolor AyidC2

Figure S4. Growth speed. The yidC2 mutant has a reduced growth speed in DNB medium at
30°C compared to the parental strain. After 7 hours of incubation, the mutant strains has
developed germ tubes of approximately the same length as the parental strain at 4 hours.
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Lysozyme + phage CF3

Figure S5. Phage CF3 does not survive an adsorption assay with lysozyme. When an
adsorption assay of the yidC2 mutant was supplemented with 0.2 mg ml”' lysozyme and phage
CF3, the phage did not give any plaques on Streptomyces strain MBT61, even at timepoint zero.
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Table S1. Bacterial strains and phages used in this study.

Strains Description Reference
Bacterial strains
Streptomyces coelicolor M145 Wildtype Lab collection [94]

Streptomyces coelicolor AyidC2
Streptomyces sp. MBT61
Escherichia coli BW25113/plJ790

Escherichia coli ET12567/pUZ8002

AyidC2::aac(1V)3
Wildtype
K12 derivative: AaraBAD, ArhaBAD

dam, dem, hsdS, cat tet

This work
Lab collection [94]
Lab collection [157]

Lab collection [157,
184]

Phages
Phage CF3 Wildtype, host: Streptomyces This work
coelicolor
Phage CD8 Wildtype, host: Streptomyces This work
coelicolor
Table S2. Plasmids used in this study.
Description Reference
Plasmids
plJ790 A-RED (gam, bet, exo), cat, araC, rep101' [157]
puUZ8002 tra, neo, RP4 [185]
S. coelicolor cosmid  Carb®, KanR [157]
pCB-1 addgene, #210387 [159]
pGWS758 Used to amplify coding sequence of eGFP [160]
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plJ82
plJ82Cu

plJ82Cu-SecGFP

plJ82Cu-SecEndo

plJ82Cu-GFP
plJ82Cu-Endo
pKT25

puUT18C
pKT25-YidC2
pKT25-Holin
pKT25-Endolysin
pUT18C-YidC2
pUT18C-Holin

pUT18C-Endolysin

Streptomyces integrative plasmid
plJ82 containing the cumate-inducible promoter

plJ82 plasmid expressing signal peptide of
SCO05376-eGFP fragment from cumate inducible
promoter

plJ82 plasmid expressing signal peptide of

SCO05376-endolysin fragment from cumate inducible

promoter

plJ82 plasmid expressing eGFP from cumate
inducible promoter

plJ82 plasmid expressing endolysin from cumate
inducible promoter

pSU40 derivative expressing the T25 fragment of
CyaA (amino acids 1-224)

pUC19 derivative expressing the T18 fragment of
CyaA (amino acids 225-339)

pKT25 containing nucleotides 1-714 of YidC2

pKT25 containing nucleotides 1-279 of holin
pKT25 containing nucleotides 1-861 of endolysin
pUT18C containing nucleotides 1-714 of YidC2
pUT18C containing nucleotides 1-279 of holin

pUT18C containing nucleotides 1-861 of endolysin

[130]
This study

This study

This study

This study
This study
[186]
[186]
This study
This study
This study
This study
This study

This study

Table S3. Primers used in this study.

Description

Primers
E20_KOF

E20_KOR

ACGTACTGGACCGTAGGCACGCACCGGACCGGCCCGTGTTCAATTCC

GGGGATCCGT

CTTGCCCGGCACGACGAGACCCTCGGAGGGCTCACCCACCCATGTAG

GCTGGAGCTGCTTC
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IDProm-F

IDProm-R

SecGFP-F1

SecGFP-F2

GFP-F

TatGFP-R2

TatEndo-F2

SecEndo-R1

SecEndo-F2

Endo-F

ThYidC2-F

ThYidC2-R

ThHolin-F

ThHolin-R

ThEndo-F

ThEndo-R

AATTCGATATCGCGCGCGGCCGCGAACAATAAGGCCTCCCTAACGG
GGCTGCAGGTCGACTCTAGACATATGGACACTCCTTACTTAGAATAATAC
l'?'\'lp'\:'lgl'p(;)c';l'AAGTAAG GAGTGTCCATATGCGCTTCAGACACAAAGCCGCGG
CACTCGCAGC
CGAGCCCGGCCCAGGCGGCCACGATGGTGAGCAAGGGCGAG
TTATTCTAAGTAAGGAGTGTCCATATGGTGAGCAAGGGCGAG
GGCTGCAGGTCGACTCTAGAGCATATTACTTGTACAGCTCGTCCATGCCG
é(:\CCCGCCGCTCATGCCGCAGACGTGAGTGCAGTGCAGAAGGTCATC
ATGACCTTCTGCACTGCACTCACCGTGGCCGCCTGGGCCGGGCTC
CGAGCCCGGCCCAGGCGGCCACGGTGAGTGCAGTGCAGAAGGTCATC
TTATTCTAAGTAAGGAGTGTCCATGTGAGTGCAGTGCAGAAGGTCATC
gccTCTAGAaATGTCCGTTTTCGCCAGCCTGGTCGAGCAC
cggGAATTCtcaTCAGCGGTACAGCACGGCCCGC
gccTCTAGAaATGGGCCGACACACCGCAC
cggGAATTCtcaTCAGCCCTCGTAGGCCGACTCG
gccTCTAGAaGTGAGTGCAGTGCAGAAGGTCATC

cggGAATTCtcaTCAGCGACGACCACACTGCTTC
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Chapter 7

Summary and general discussion
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Streptomyces are filamentous bacteria that flourish in soil, where they
encounter a wide array of environmental fluctuations. Their ability to adapt and
withstand many stressors relies on their capacity to switch to different
morphological states, including the formation of aerial hyphae, spores and
likely cell wall-deficient (CWD) cells that can be extruded under hyperosmotic
stress conditions [11, 12, 93]. One of the common stressors bacteria are
exposed to are bacteriophages, as they are the most abundant biological
entities on this planet [19].

In general, phages recognize their host by binding to receptor proteins
attached to, or located on, the bacterial cell wall. Next, phages eject their
genome, make progeny phages and eventually lyse the host. However, little
is known about the infection cycle of phages in multicellular bacteria. So far,
we know that Streptomyces phages are unable to attach to spores, and prefer
replication in young vegetative mycelium [15, 16]. Interestingly, older
mycelium can even protect younger germinating spores by producing
molecules, like daunorubicin and actinomycin D, that kill phages [51, 187].
Recent research has shown that the viral impact on a colony can be restricted
by increasing the formation of aerial hyphae and spores near the site of an
infection [17]. This transient phage resistance by morphological differentiation
is not only observed for spores, but also during the production of cell wall-
deficient cells.

The work presented in this thesis provides new insights into the biology of
phage-Streptomyces interactions and analyzes the ecological role of CWD
cells in nature.

Cell wall-deficiency as an escape mechanism from phage infection

For phages to complete a successful infection cycle, the first step is to
recognize and attach to a suitable bacterial host. The receptor-binding
proteins (RBPs) on the phages' tail fibers, tail spike or even head fibers, play
a crucial role in viral attachment and subsequent genome delivery in the host
bacterium [188]. The RBPs recognize surface associated macromolecules on
the cell envelope, like lipopolysaccharides, transporter proteins or substrate
receptors for diderm bacteria and peptidoglycan and (lipo)teichoic acids on
monoderm bacteria. However, some phages can also recognize receptor
proteins on structures like flagella, pili and capsule layers [35]. Many defense
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systems have been discovered recently that interfere with this initial step of
phage infection [189]. In Chapter 2, we hypothesized that shedding of the cell
wall might be an efficient strategy for transient resistance against phages.
Many bacteria are known to shed their cell wall in response to environmental
stressors, and most receptor proteins that phages are able to recognize are
usually located, associated with, or attached to the bacterial cell wall [190].
Therefore, we reasoned that CWD bacteria could temporarily render immunity
from phage attachment and infection by losing the cell wall, before reverting
to the walled mode-of-growth.

To test this hypothesis, we exposed several bacterial strains under
hyperosmotic stress to bacteriophages in Chapter 5. As we predicted, the
mycelium of Streptomyces strain MBT86 was entirely converted into cell wall-
deficient cells after infection with phage LA7 (which was later named Pablito,
in Chapter 3) in osmoprotective medium. These CWD cells could revert to the
mycelial mode-of-growth and significantly more colony forming units were
obtained after phage infection, indicating that a greater fraction of this
multicellular population could survive an infection in osmoprotective medium
compared to the standard Streptomyces growth medium (see Fig. 1). Not only
this strain, but all tested Streptomyces strains became CWD after infection
with a susceptible phage, although some strains seemed to make more CWD
cells compared to others. This might be explained by the different phage-host
pairs and therefore differences in infection mechanisms, or the timing of phage
infection, since there seems to be an ecological trade-off between phage
reproduction rate and progeny release [191]. Some phages quickly assemble
and release new progeny phages, leading to early lysis of the host and
perhaps the bacteria have less time to grow into long hyphae, resulting in less
CWD cells.

Not only multicellular bacteria, but also Escherichia coli and Bacillus subtilis
were able to shed their cell wall after phage infection. Therefore, we expected
that many other bacteria are capable of shedding the cell wall after phage
infection, which was later also shown in detail for Listeria monocytogenes and
Enterococcus faecalis [153]. The interaction between E. coli, B. subtilis and
their respective phages was also imaged using cryo-electron microscopy. This
revealed that phage T4 could no longer bind to E. coli CWD cells, probably
because the receptor proteins that phage T4 recognizes are located on the
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outer membrane [31]. Interestingly, phage @29 could still attach and infect
CWD cells of B. subtilis. The RBPs of this phage are likely recognizing
lipoteichoic acids, which are anchored in the membrane, and remnants could
still be present in CWD cells and exposed to the environment [142].

Walled bacteria

Conventional media

/....".oooo....

—»

..
o**
o

Cell wall-deficient

bacteria : .
Osmoprotective media

Figure 1. Schematic overview of phage infection in Streptomycetes in conventional and
osmoprotective medium. In normal medium, phages recognize the RPBs on the bacterial cell
wall and the hyphae lyses. In osmoprotective medium, the mycelium can become cell wall-
deficient and phages no longer recognize their usual host, which therefore stays uninfected.

Although the mechanism of shedding the cell wall after phage infection in
osmoprotective medium still remains unclear, it was later shown that the
endolysins released from lysed L. monocytogenes bacteria cause degradation
of the cell walls of uninfected cells [153], where this transition to cell wall-
deficiency was also observed. However, when we added spent medium of a
CWD culture after phage infection to an uninfected culture of B. subtilis, we
did not observe formation of CWD cells (Chapter 5). This suggest that either
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the concentration of endolysins was too low, or that B. subtilis does not
become CWD due to endolysin release of neighboring bacteria. These results
emphasize that every phage-host pair might react differently and that not all
research on model organisms can be extrapolated to other bacteria.

Identifying new Streptomyces phage species

Characterizing and sequencing more phages that infect multicellular bacteria
to increase our knowledge on this viral dark matter is of extreme importance.
In Chapter 3 and 4 we have isolated three new phage species. Streptomyces
phage Pablito could be characterized as a new species in the genus
Janusvirus, while Streptomyces phage Verabelle and Vanseggelen were
classified as new species in the genus Camvirus. All three phages have a
dsDNA genome with a relative high G+C content of over 65% and are
predicted to have a temperate lifestyle. Compared to other phages from model
organisms like E. coli, relatively few Streptomyces phages have been
accurately sequenced, classified and characterized [173]. Additionally, mostly
dsDNA phages have been isolated and ssDNA, ssRNA and dsRNA
Streptomyces phages are highly underrepresented [76]. This bias could be
due to the standardized isolation methods and difficulties sequencing phages
with a single-stranded genome [98, 130, 192]. However, new high-throughput
isolation methods could really benefit this field, for example by using the
Mimetas microfluidics platform [193]. Here, 96 different Streptomyces strains
can be tested simultaneously for susceptibility to phage infection in
environmental samples, speeding-up the usually time-consuming protocol of
phage enrichment, isolation and microscopic characterization of the phage-
host interaction.

Isolating and characterizing more Streptomyces phages could in the long run
lead to a BASEL-like collection for these multicellular bacteria. The BASEL
collection [194] is a phage library consisting of E. coli phages that are all well-
sequenced, phenotypically characterized and for which host receptors
proteins are known. This collection is broadly used and facilitates the
discovery of the molecular mechanisms of phage-host interactions [195-197].
For Streptomyces phages, there is the Actinobacteriophage database [76], but
this consists solely of phage genomes and is not readily available for
experiments. Since we only know the tip of the iceberg of the interaction
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between phages and their multicellular bacterial hosts, a library of sequenced
and characterized Streptomyces phages would greatly benefit the field and
hopefully contribute to more open science and collaborations between
different research groups worldwide.

Mechanism of phage infection in multicellular bacteria is largely
unknown

Since a commonly used Streptomyces phage library is not readily available,
we have infected 29 different Strepfomyces coelicolor mutant strains lacking
distinct cell wall-associated proteins, with 46 phages of our own collection to
begin to understand the molecular mechanism of phage infection in
multicellular bacteria. In Chapter 6, we identified that phage CF3 could no
longer successfully infect S. coelicolor lacking YidC2. This protein is predicted
to be a membrane protein insertase in E. coli and B. subtilis, but little is known
about its function in Streptomyces [155, 156]. Unlike its parent, S. coelicolor
AyidC2 did not form CWD cells after phage infection. CWD cells of the AyidC2
mutant could only be formed by exposing the strain to lysozyme, indicating
that YidC2 plays an important role in shedding of the cell wall after phage
infection. Interestingly, phage CF3 could still attach to S. coelicolor AyidC2.
However, using biochemistry and cryo-electron microscopy, we found that the
progeny phages could no longer be released into the environment due to a
block in degradation of the host cell wall.

To enhance our understanding of YidC2’s role in the infection process, we
hypothesized that the phage might exploit this protein to insert some of its own
proteins into the membrane. Since most known phage holins are membrane-
associated proteins, we closely examined the holin-endolysin system of phage
CF3. Previous studies showed that holin proteins disrupt the membrane by
making holes, through which the endolysin protein can exit and subsequently
break down the peptidoglycan layer [182]. However, some holins do not form
the typical “holes”, but can be used for non-lytic protein translocation, by
temporarily permeabilizing the membrane, so that endolysins can passage
[183]. Using Alphafold3 combined with a bacterial two-hybrid assay and
characterization of endolysin secretion mutants, we could show that YidC2
interacts with the holin-endolysin system of phage CF3. We propose that
YidC2 facilitates insertion of the holin and endolysin of phage CF3 into the
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membrane. Through non-lytic protein translocation, the endolysin is flipped
across the membrane, allowing it to enzymatically degrade the peptidoglycan
layer. This mechanism allows the cell membrane to remain intact and the
bacteria will form CWD cells.

Outlook and future directions

The results of this thesis are a promising starting point to further improve our
understanding of the ecological value of cell wall-deficient bacteria in nature
and the interaction between phages and their multicellular hosts. The
combination of several techniques, like confocal microscopy, electron
microscopy, genetics and many more, made this work possible and allowed
for the discovery of unprecedented new insights. However, several questions
remain to be explored. For example, can phages traverse though mycelial
hyphae? This hypothesis could be investigated by live-imaging of a
fluorescent Streptomyces phage during infection [198]. However, deleting or
adding genes in Streptomyces phages is relatively complicated, probably due
to the high G+C content, low burst sizes and small capsid heads. One way to
circumvent these disadvantages is by integrating temperate Streptomyces
phages into their host, and manipulating the phage genome inside the bacteria
with genome editing systems like CRISPR-Cas9 [162, 199], after which the
engineered phages can be isolated from their host with mitomycin C, which
induced excision of temperate phages from the bacterial genome [200]. Live-
imaging of a fluorescent phage during infection in Streptomyces could resolve
whether phages can actually travel though hyphae and may also shed a light
on the mechanism-of-action of cell wall-deficiency after phage infection in a
multicellular host.

Since most research on phage-host interactions has been done in unicellular
bacteria [19, 48, 54], multicellular bacteria might respond with a completely
different mode-of-action. In phage research, the ratio between phages and
bacteria during infection, or Multiplicity of Infection (MOI) is an important
concept. An MOI of 1, for example, is calculated as one bacterium getting
infected by one phage, and an MOI of 0.1 means that for every 10 bacteria,
only one is infected by a phage. Streptomyces spores can make one or two
germ tubes and further in the lifecycle, the mycelial network gets counted as
one colony forming unit. So, MOI calculations with multicellular bacteria loses

125



its significance, once a spore has germinated [98] and when Streptomyces
are infected with phages at low MOI, only one or two hyphae of a whole
mycelium will be infected. Perhaps, the multicellular mycelial colony signals to
uninfected hyphae to produce CWD cells in order to save the population,
similar to abortive infection in unicellular bacteria [46]. For these reasons,
calculating MOI in multicellular bacteria like Streptomyces, should be
optimized and a new and more accurate formula for MOI in multicellular
bacteria would benefit this research field.

However, the most urgent question that remains to be resolved would be to
answer the impact of shedding the bacterial cell wall in phage therapy. Phage
therapy is a promising strategy for treating antibiotic-resistant bacteria.
However, my work has shown that bacteria can readily become CWD upon
exposure to phages, which provides a protective mechanism for the
population of bacteria. Interestingly, previous research has shown that cell
wall-deficient bacteria were found in blood samples and in patients with
recurrent urinary tract infections [66, 201, 202]. This indicates that urine and
blood can sustain the transient morphological state of CWD cells and that
clinical trials testing phage therapy should take this morphological switch into
consideration. For example, phage therapy shows promising outcomes when
treating mycobacterial infections, but there never is a 100% success rate [203,
204], which might be explained by the ability of many mycobacterial strain to
form viable cell wall-deficient cells [205]. Alongside conventional diagnostics
tools, a next step would be to also monitor the formation of CWD cells after
phage infection during experimental procedures and clinical trials for phage
therapy treatments, which have likely been overlooked in the past [206]. This
would increase our knowledge on the occurrence and impact of CWD cells
after phage therapy and will contribute to our battle against antibiotic-resistant
bacteria.
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Nederlandse samenvatting

Streptomyces zijn filamenteuze bacterién die goed gedijen in de bodem, waar
ze te maken krijgen met een breed scala aan milieufluctuaties. Hun vermogen
om zich aan te passen en vele stressfactoren te weerstaan, berust op hun
capaciteit om zich te veranderen in verschillende morfologische gedaantes,
waaronder luchthyfen, sporen en celwandloze cellen, die kunnen worden
gevormd onder hyperosmotische stressomstandigheden [11,12,93]. Eén van
de meest voorkomende stressfactoren waaraan bacterién worden
blootgesteld, zijn bacteriofagen, aangezien dit de meest aanwezige
biologische entiteiten op deze planeet zijn [19].

In het algemeen herkennen fagen hun gastheer door zich te binden aan
receptoreiwitten die aan, of op de bacteriéle celwand zijn bevestigd.
Vervolgens injecteren fagen hun genoom, maken ze nieuwe fagen, en lyseren
uiteindelijk de bacteriéle cel. Desalniettemin, is er weinig bekend over de
infectiecyclus van fagen in multicellulaire bacterién. Tot nu toe weten we dat
Streptomyces fagen niet kunnen binden aan sporen en de voorkeur geven
aan replicatie in jong vegetatief mycelium [15,16]. Interessant genoeg kan
ouder mycelium, jongere kiemende sporen zelfs beschermen door moleculen
te produceren, zoals daunorubicine en actinomycine D, die fagen kunnen
doden [51,186]. Recent onderzoek heeft aangetoond dat de virale impact op
een kolonie kan worden beperkt door de vorming van luchthyfen en sporen
nabij de plaats van een infectie te vergroten [17]. Deze tijdelijke
faagresistentie door morfologische differentiatie  wordt niet alleen
waargenomen bij sporen, maar ook tijdens de aanmaak van celwandloze
cellen.

Het werk dat is gepresenteerd in dit proefschrift biedt nieuwe inzichten in de
biologie van faag-Streptomyces interacties en analyseert de ecologische rol
van celwandloze cellen in de natuur.

Celwandloze cellen als ontsnappingsmechanisme voor faaginfectie

Om een succesvolle faag infectiecyclus te voltooien, is de eerste stap het
herkennen en binden aan een geschikte bacteriéle gastheer. De
receptorbindende eiwitten op de staartvezels, staartspike of zelfs kopvezels
van de fagen, spelen een cruciale rol in virale hechting en de daaropvolgende
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genoominjectie in de bacterie [187]. De receptorbindende eiwitten herkennen
oppervlaktegeassocieerde macromoleculen op de celwand, zoals
lipopolysacchariden, transportereiwitten of substraatreceptoren voor Gram-
negatieve bacterién en peptidoglycaan en (lipo)teichoinezuren voor Gram-
positieve bacterién. Sommige fagen kunnen echter ook receptoreiwitten op
structuren zoals flagellen, pili en capsule lagen herkennen [35]. Veel
afweersystemen die recent zijn ontdekt, interfereren met deze eerste stap van
de faaginfectie [188]. In Hoofdstuk 2 heb ik de hypothese opgesteld dat het
afwerpen van de celwand een efficiénte strategie zou kunnen zijn voor
tijdelijke resistentie tegen fagen. Van veel bacterién weten we dat ze hun
celwand af kunnen werpen als reactie op omgevingsstressfactoren, en de
meeste receptoreiwitten die fagen kunnen herkennen zijn meestal
gelokaliseerd, geassocieerd met of bevestigd aan de bacteriéle celwand
[189]. Daarom redeneerden we dat celwandloze bacterién tijdelijk immuniteit
tegen faaghechting en -infectie zouden kunnen verkrijgen door het verliezen
van de celwand, voordat ze terugkeren naar de groei met celwand.

Om deze hypothese te testen, hebben we verschillende bacteriestammen
blootgesteld aan hyperosmotische stress en bacteriofagen in Hoofdstuk 5.
Zoals we voorspelden, werd het mycelium van de Streptomyces bacterie
MBT86 volledig omgezet in celwandloze cellen na infectie met faag LA7 (die
we later Pablito hebben genoemd in Hoofdstuk 3). Deze celwandloze cellen
konden terugkeren naar de filamenteuze groeiwijze en er werden significant
meer kolonievormende eenheden geobserveerd na faaginfectie, wat aangeeft
dat een groter deel van deze multicellulaire populatie een infectie in
hyperosmotisch medium kon overleven in vergelijking met het standaard
Streptomyces groei medium (zie Figuur 1). Niet alleen deze stam, maar alle
geteste Streptomyces stammen werden celwandloos na infectie met een faag,
hoewel sommige stammen meer celwandloze cellen leken te maken in
vergelijking met andere. Dit zou kunnen worden verklaard door de
verschillende faag-bacterie combinaties en daarom dus verschillen in
infectiemechanismen, of door het tijdstip van faaginfectie, aangezien er een
ecologische afweging lijkt te zijn tussen de faagreproductiesnelheid en de
afgifte van nakomelingen [190]. Sommige fagen produceren snel nieuwe
fagen, wat leidt tot vroege lysis van de gastheer en misschien minder tijd voor
de bacterién om lange hyfen te vormen, resulterend in minder celwandloze
cellen.
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Niet alleen multicellulaire bacterién, maar ook de eencellige bacterién
Escherichia coli en Bacillus subtilis waren in staat hun celwand af te werpen
na faaginfectie. Daarom verwachtten we dat veel andere bacterién ook in
staat zijn hun celwand af te werpen na faaginfectie, wat later ook gedetailleerd
werd aangetoond voor Listeria monocytogenes en Enterococcus faecalis
[153]. De interactie tussen E. coli, B. subtilis en hun respectieve fagen werd
in beeld gebracht met behulp van cryo-elektronenmicroscopie. Dit toonde aan
dat faag T4 niet langer kon binden aan celwandloze cellen van E. coll,
waarschijnlijk omdat de receptoreiwitten die T4 herkent, zich op het
buitenmembraan bevinden [31]. Interessant genoeg kon faag ¢29 nog steeds
hechten en infecteren aan celwandloze cellen van B. subtilis. De
receptorbindende eiwitten van deze faag herkennen waarschijnlijk
lipoteichoinezuren, die verankerd zijn in het membraan, en restanten daarvan
kunnen nog steeds aanwezig zijn in celwandloze cellen en daarom
blootgesteld zijn aan de omgeving [142].
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Figuur 1. Schematisch overzicht van faaginfectie in Streptomyceten in standaard en
hyperosmotisch medium. In normaal medium herkennen fagen de receptorbindende eiwitten
op de bacteriéle celwand en de hyfe van het mycelium lyseert. In hyperosmotisch medium kan
het mycelium veranderen in celwandloze cellen en herkennen fagen hun gebruikelijke gastheer
niet meer, waardoor deze ongeinfecteerd blijft.

Hoewel het mechanisme van het afwerpen van de celwand na faaginfectie in
hyperosmotisch medium nog steeds onduidelijk blijft, werd later aangetoond
dat de “endolysin” eiwitten die vrijkomen uit gelyseerde L. monocytogenes
bacterién, de celwanden van ongeinfecteerde cellen afbreken [153], waarbij
de overgang naar celwand-deficiénte cellen ook werd waargenomen. Echter,
toen wij medium van een celwandloze cultuur gecreéerd na faaginfectie,
toevoegden aan een ongeinfecteerde cultuur van B. subtilis, observeerden we
geen vorming van celwandloze cellen (Hoofdstuk 5). Dit suggereert dat ofwel
de concentratie van endolysin eiwitten te laag was, of dat B. subtilis niet
celwandloos wordt door de endolysin afgifte van naburige bacterién. Deze
resultaten benadrukken dat elk faag-bacterie paar anders kan reageren en
dat niet al het onderzoek op modelorganismen kan worden geéxtrapoleerd
naar andere bacterién.

Het identificeren van nieuwe Streptomyces fagensoorten

Het karakteriseren en sequencen van meer fagen die multicellulaire bacterién
infecteren om onze kennis over deze virale “dark matter” te vergroten, is van
groot belang. In Hoofdstukken 3 en 4 hebben we drie nieuwe fagensoorten
geisoleerd. Streptomyces faag Pablito kon worden gekarakteriseerd als een
nieuwe soort in het geslacht Janusvirus, terwijl Streptomyces fagen Verabelle
en Vanseggelen werden geclassificeerd als nieuwe soorten in het geslacht
Camvirus. Alle drie de fagen hebben een dsDNA-genoom met een relatief
hoog G+C-gehalte van meer dan 65% en hebben waarschijnlijk een lysogene
levensstijl. In vergelijking met andere fagen van modelorganismen, zoals E.
coli, zijn relatief weinig Streptomyces fagen accuraat gesequenced,
geclassificeerd en gekarakteriseerd [172]. Bovendien zijn meestal dsDNA-
fagen geisoleerd en zijn ssDNA-, ssRNA- en dsRNA Streptomyces fagen
sterk ondervertegenwoordigd [76]. Deze bias zou te wijten kunnen zijn aan de
gestandaardiseerde isolatiemethoden en moeilijkheden bij het sequencen van
fagen met een enkelstrengs genoom [98,130,191]. Nieuwe “high-throughput”
isolatiemethoden zouden dit veld daarentegen aanzienlijik kunnen
bevorderen, bijvoorbeeld door gebruik te maken van het “Mimetas
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microfluidics platform” [192]. Hier kunnen 96 verschillende Streptomyces
stammen gelijktijdig worden getest op vatbaarheid voor faaginfectie uit
verschillende milieumonsters, wat het gebruikelijk tijdrovende protocol van
faagverrijking, isolatie en microscopische karakterisering van de faag-bacterie
interactie versnelt.

Het isoleren en karakteriseren van meer Streptomyces fagen zou op de lange
termijn kunnen leiden tot een BASEL-achtige collectie voor deze
multicellulaire bacterién. De BASEL-collectie [193] is een faagbibliotheek
bestaande uit E. coli fagen die allemaal goed gesequenced, fenotypisch
gekarakteriseerd zijn, en waarvan de bacteriéle receptoreiwitten bekend zijn
[194-196]. Deze collectie wordt breed gebruikt en faciliteert de ontdekking van
de moleculaire mechanismen van faag-bacterie interacties. Voor
Streptomyces fagen is er de Actinobacteriofaag-database [76], maar deze
bestaat uitsluitend uit faaggenomen en is niet direct beschikbaar voor
experimenten. Aangezien we slechts het topje van de ijsberg kennen van de
interactie tussen fagen en hun multicellulaire bacteriéle gastheren, zou een
bibliotheek van gesequenced en gekarakteriseerde Streptomyces fagen het
veld enorm ten goede komen en hopelijk bijdragen aan meer open
wetenschap en samenwerkingen tussen verschillende onderzoeksgroepen
wereldwijd.

Het mechanisme van faaginfectie in multicellulaire bacterién is
grotendeels onbekend

Aangezien een veelgebruikte Streptomyces fagenbibliotheek niet direct
beschikbaar is, hebben we 29 verschillende Streptomyces coelicolor
mutantstammen, die specifieke celwand-geassocieerde eiwitten missen,
geinfecteerd met 46 fagen uit onze eigen collectie om het moleculaire
mechanisme van faaginfectie in multicellulaire bacterién te begrijpen. In
Hoofdstuk 6 observeerden we dat faag CF3 niet langer succesvol S.
coelicolor kon infecteren die YidC2 miste. Dit eiwit is waarschijnlijk een
membraaneiwit insertase in E. coli en B. subtilis, maar er is weinig bekend
over zijn functie in Streptomyces [155,156]. In tegenstelling tot de wildtype,
vormde S. coelicolor AyidC2 geen celwandloze cellen na faaginfectie.
Celwandloze cellen van de AyidC2 mutant konden alleen worden gevormd
door de stam bloot te stellen aan lysozym, wat aangeeft dat YidC2 een
belangrijke rol speelt bij het afwerpen van de celwand na faaginfectie.
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Interessant genoeg kon faag CF3 nog steeds hechten aan de AyidC2 mutant.
Met behulp van biochemie en cryo-elektronenmicroscopie, ontdekten we dat
de nieuwe fagen die werden geproduceerd in de AyidC2 mutant, niet langer
werden vrijgegeven in de omgeving vanwege een blokkade in de afbraak van
de bacteriéle celwand.

Om ons begrip van YidC2's rol in het infectieproces te verbeteren, stelden we
de hypothese dat de faag dit eiwit zou kunnen gebruiken om enkele van zijn
eigen eiwitten in het membraan te zetten. Aangezien “holins” de meest
bekende membraan-geassocieerde eiwitten van de faag zijn, hebben we het
holin-endolysin systeem van faag CF3 nauwkeurig onderzocht. Eerdere
studies toonden aan dat holin eiwitten het membraan verstoren door gaten te
maken, waardoor endolysin eiwitten naar buiten kunnen om vervolgens de
peptidoglycaanlaag af te breken [181]. Sommige holins vormen echter niet de
typische "gaten", maar kunnen ook worden gebruikt voor niet-lytische
eiwittranslocatie, door tijdelijk het membraan permeabel te maken, zodat
endolysinen kunnen passeren [182]. Met behulp van Alphafold3, in combinatie
met een bacteriéle two-hybrid assay en karakterisering van endolysin-secretie
mutanten, konden we aantonen dat YidC2 een interactie aangaat met het
holin-endolysin systeem van faag CF3. Daarom denken we dat YidC2 de
insertie van de holin en het endolysin eiwit van faag CF3 in het membraan
vergemakkelijkt. Door middel van niet-lytische proteinetranslocatie wordt dan
het endolysin eiwit door de holin door het membraan geflipt, waardoor het de
peptidoglycaanlaag enzymatisch kan afbreken. Dit mechanisme zorgt ervoor
dat het celmembraan intact blijft en de bacterién celwandloze cellen vormen.

Conclusie en toekomstige visie

De resultaten van dit proefschrift vormen een veelbelovend startpunt om ons
begrip van de ecologische waarde van celwandloze bacterién in de natuur en
de interactie tussen fagen en hun multicellulaire gastheren verder te
verbeteren. De combinatie van verschillende technieken, zoals licht en
fluorescentie microscopie, elektronenmicroscopie, genetica en nog veel meer,
maakte dit werk mogelijk en stelde ons in staat ongekende nieuwe inzichten
te ontdekken. Echter, er blijven nog verschillende vragen over die onderzocht
moeten worden. Bijvoorbeeld, kunnen fagen door hyfen van een mycelium
reizen? Deze hypothese zou kunnen worden onderzocht door live-imaging
van een fluorescerende Streptomyces faag tijdens infectie [197]. Het
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verwijderen of toevoegen van genen in Streptomyces fagen is relatief
ingewikkeld, waarschijnlijk vanwege het hoge G+C-gehalte, lage opbrengst
van nieuwe fagen na infectie, en kleine fagenhoofdjes. Eén manier om deze
nadelen te omzeilen is door lysogene Streptomyces fagen te integreren in hun
gastheer en het faaggenoom binnenin de bacterie te manipuleren met
genoom bewerkingssystemen zoals CRISPR-Cas9 [162,198], waarna de
gemanipuleerde fagen kunnen worden geisoleerd uit hun gastheer met
mitomycine C, wat excisie van lysogene fagen uit het bacteriéle genoom
induceert [199]. Live-imaging van een fluorescerende faag tijdens infectie in
Streptomyces zou kunnen onthullen of fagen daadwerkelijk door hyfen
kunnen reizen en kan ook licht werpen op het mechanisme van
celwandloosheid na faaginfectie in een multicellulaire bacterie.

Aangezien het meeste onderzoek naar faag-bacterie interacties is uitgevoerd
in eencellige bacterién [19,48,54], zouden multicellulaire bacterién op een
geheel andere manier kunnen reageren. In faagonderzoek is de verhouding
tussen fagen en bacterién tijdens infectie, of “Multiplicity of Infection” (MOI)
een belangrijk concept. Een MOI van 1, bijvoorbeeld, betekent dat één
bacterie wordt geinfecteerd door €én faag, en een MOI van 0,1 betekent dat
er voor elke 10 bacterién slechts één wordt geinfecteerd door een faag.
Streptomyces sporen kunnen één of twee kiembuizen maken en verder in de
levenscyclus wordt het mycelium geteld als één kolonievormende eenheid.
Dus, MOI-berekeningen met multicellulaire bacterién verliezen hun betekenis
zodra een spoor gekiemd is [98]. Wanneer Streptomyces geinfecteerd wordt
met fagen bij lage MOI, zullen slechts één of twee hyfen van een heel
mycelium worden geinfecteerd. Misschien signaleert de multicellulaire kolonie
naar ongeinfecteerde hyfen om celwandloze cellen te produceren om de
populatie te redden, vergelikbaar met abortieve infectie in eencellige
bacterién [46]. Om deze redenen zouden MOI-berekeningen in multicellulaire
bacterién, zoals Streptomyces, geoptimaliseerd moeten worden en zou een
nieuwe en meer accurate formule voor MOI in multicellulaire bacterién dit
onderzoeksveld ten goede komen.

Echter, de meest urgente vraag die beantwoord moet worden, is de impact
van het afwerpen van de bacteriéle celwand tijdens faagtherapie.
Faagtherapie is een veelbelovende strategie voor de behandeling van
antibioticaresistente bacterién. Mijn werk daarentegen, heeft aangetoond dat
bacterién gemakkelijk celwandloze cellen kunnen vormen na blootstelling aan
fagen, wat een beschermend mechanisme biedt voor de bacteriepopulatie.
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Interessant genoeg heeft eerder onderzoek aangetoond dat celwandloze
bacterién werden gevonden in bloedmonsters en ook bij patiénten met
terugkerende urineweginfecties [66,200,201]. Dit geeft aan dat urine en bloed
de tijdelijke morfologische staat van celwandloze cellen kunnen ondersteunen
en dat klinische proeven die faagtherapie testen, deze morfologische
verandering in overweging zouden moeten nemen. Bijvoorbeeld, faagtherapie
toont veelbelovende resultaten bij de behandeling van mycobacteriéle
infecties, maar er is nooit een 100% succespercentage [202,203], wat
mogelijk kan worden verklaard door het vermogen van veel mycobacteriéle
stammen om levensvatbare celwandloze cellen te vormen [204]. Naast
conventionele diagnostische hulpmiddelen zou een volgende stap zijn om ook
de vorming van celwandloze cellen na faaginfectie te monitoren tijdens
experimentele procedures en Kklinische proeven voor faagtherapie
behandelingen, die waarschijnlijk in het verleden over het hoofd zijn gezien
[205]. Dit zou onze kennis over het voorkomen en de impact van celwandloze
cellen na faagtherapie vergroten en bijdragen aan onze strijd tegen
antibioticaresistente bacterién.
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