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The viruses of prokaryotes comprise the bacteriophages of bacteria (‘phages’ for short) and
archaea viruses of archaea. They are ubiquitous and, with an estimated number of 10*
particles, represent the largest and most diverse group of ‘organisms’ on Earth [1-4]. They
play an important role in the balance of prokaryotic populations and communities in the envir-
onment, in the emergence and maintenance of microbial diversity, and in the maintenance of
biogeochemical cycles.

1 Phages

1.1 Structure of phages

Bacteriophages consist of a protein coat enclosing nucleic acid, which can be either double-
stranded (ds) or single-stranded (ss) DNA or RNA, in a linear or circular conformation. The
genome sizes of phages cultivated to date range from approx. 5 kb (e.g. phage PhiX174, 5386
bases ssDNA) up to 500 kbp (e.g. phage G of Bacillus megaterium, 497 kbp dsDNA), although
metagenomic analyses have also identified genome sizes of up to 700 kbp dsDNA [5]. The
small phages possess filamentous or polyhedral phage capsids. The morphology of the larger
phages is more complex [6]. The vast majority of these phages belong to the class
Caudoviricetes within the phylum Duplodnaviria. These are tailed phages whose capsid con-
sists of an icosahedral head and a tail (with an attachment system) of varying morphology and
complexity.

1.2 Reproduction of phages of the class Caudoviricetes

This section primarily describes the reproduction of phages of the class Caudoviricetes, as
they are numerically dominant and their mode of reproduction is relevant to the risk assess-
ment of phages. The replication of a phage proceeds through several steps, from infection to
the release of the phage progeny [7]. First, the phage binds to a specific receptor on the host
cell surface (adsorption) and the nucleic acid enters the cell, e.g., by injection or by being
drawn in. This is followed by the expression of phage genes and the replication of the phage
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genome, usually via multimeric intermediates (concatemers). In parallel, the capsid proteins
are formed, from which heads and tails are assembled. During the packaging of the nucleic
acid into the heads, the concatemers are processed into monomers. This occurs via the
headful mechanism (see section 1.3.1) or through sequence-specific cleavage of the concat-
emers. The latter results in uniform genomes with either cohesive single-stranded ends (e.g.
phage A) or double-stranded redundancies at the ends (e.g. phage T7). The newly assembled
phage particles are typically released via host cell lysis mediated by phage-specific proteins.
The average number of phage progeny per infected cell (burst size) and the time span from
adsorption to lysis (latency period) are characteristic of each phage.

Phages that reproduce exclusively by producing infectious offspring (lytic cycle) are known as
virulent phages. A so-called temperate phage can, in rare cases, undergo a replication cycle
alternative to the lytic cycle. During this process, the phage DNA integrates into the host gen-
ome at a specific site (attachment site) within the infected cell, or it persists in the host cell as
a plasmid. In both cases, the DNA is passively replicated during host cell division and is then
referred to as a prophage. A host carrying a prophage is termed ‘lysogenic’, as the prophage
can be induced under certain stress conditions for the host cell (e.g. DNA damage caused by
UV radiation) and revert to the lytic cycle.

1.3 Gene transfer via transduction

In their natural habitat, phages contribute significantly to horizontal gene transfer via trans-
duction. During transduction, sections of the host bacterium’s genome are packaged into
phage particles and transported to the next host upon infection. A distinction is made here
between two mechanisms of transduction [8].

1.3.1 General transduction

In general transduction, some phage heads contain only a DNA fragment from the host bac-
terium that is as long as the phage genome. General transduction is restricted to phages that,
with the aid of a pac-type processive terminase, recognise, bind to and cleave their concate-
mer replication intermediates at a specific pac site, and then package them into the heads
via the headful mechanism [9, 10]. Once the head is filled with DNA — whereby the length of
the packaged DNA may exceed the length of the phage genome by a few percent — the pac-
type terminase cuts the DNA again without depending on a recognition sequence [10]. After
the DNA has been packaged, the tail is attached to the phage head, resulting in the formation
of a mature phage particle. After the head has been filled, the pac-type terminase remains
bound to the concatemer and packages the next genome [10]. The genomes of the phages
resulting are redundant and cyclically permuted, i.e. they begin at different positions on the
genetic map. The terminases can also recognise pac-like sequences in the bacterial chromo-
some and thus package random chromosomal sequences upstream of such pseudo-pac sites.
It can therefore be assumed that only phages with pac-type terminases are capable of general
transduction. Using bioinformatic tools, it is possible to determine from phage sequencing data
whether the phage genome is presumed to be packaged in the pac-type manner and whether
the phage is therefore capable of general transduction [11]. Also plasmids can be transferred
via transduction.
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A lysate of a generally transducing phage contains only a small proportion of transducing
particles carrying fragments of the genome of the previous host bacterium, e.g. 0.3% to 0.5%
for phage P1 [12] and 0.7% for phage P22 [13]. The transducing particles can adsorb to the
host cell and inject the DNA in the same way as infectious phages. The transduced DNA can
subsequently be integrated into the host genome via homologous recombination or form a
plasmid again. The transduction frequency of bacterial markers ranges e.g. from 10™ to 10°°
per infectious phage particle for phage P1 [12]. Only for a small number of phages it has been
investigated if they are capable of general transduction, but the capacity appears to be wide-
spread. For instance, 99% of the phages induced from lysogenic Salmonella isolates were
generally transducing [14, 15] in contrast to 69% and 24%, respectively, from Escherichia coli
isolates [14, 15].

Only recently, a subtype of general transduction, known as lateral transduction, has been
described for certain temperate Staphylococcus phages [16]. These phages replicate their
DNA whilst still in the integrated prophage state, resulting in multiple integrated phage gen-
omes [17]. Some prophages are excised and packaged. In other, still-integrated prophages,
the pac-type processive terminase binds to the phage-specific pac sites and begins packaging
whilst still in the integrated form [17]. Phage heads are then filled, according to the pac-type
headful mechanism as described above, initially with phage DNA and, as the replication fork
progresses and due to the processive terminase, with host chromosomal DNA. Lateral trans-
duction is approximately 1,000 times more efficient (transductants per infectious phage
particle) than general transduction [16, 17].

1.3.2 Specific transduction

The second mechanism of transduction, specific transduction, is restricted to temperate
phages. Upon induction of the prophage, in some cases the excision of the prophage from the
genome may proceed incorrectly, resulting in regions of the host genome adjacent to the phage
insertion site (attachment site) being excised and packaged along with it. The best-studied
example is the specific transduction of the A phage [18]. Its attachment site lies between the gal
and bio operons of E. coli. Accordingly, only genes from these operons can be transferred
via specific transduction with the A phage genome [19].

1.4 Lysogenic conversion

Some genomes of temperate phages contain, in addition to the genes required for phage
reproduction, genes known as morones [20, 21] or auxiliary metabolic genes (AMG [22]).
These are expressed in lysogenic host bacteria and result in altered fitness or other pheno-
types (lysogenic conversion). The best-known morones are the toxin genes of some temper-
ate phages, which can cause an apathogenic bacterium to become pathogenic. Examples of
prophage-encoded toxins include botulinum toxin, diphtheria toxin, cholera toxin and shiga
toxin [21]. Another example are genes for photosynthesis, encoded in the genomes of cyano-
phages [23]. Lysogenic conversion can also lead to increased biofilm formation, higher col-
onisation frequencies or the expansion of the host range of lysogenic bacteria [24—26].
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1.5 Host range and stability of phages

The vast majority of phages have a so-called ‘narrow host range’, which encompasses only a
few strains of a species. However, there are also phages with a ‘broad host range’, which can
span species or genera [27]. For example, 23 strains of different species were tested to de-
termine the host range of phage P1 [12]. P1 was able to adsorb to and inject DNA into 21 of
these strains. Infectious phage progeny was formed in 14 species. These 14 different species
originated from nine different genera in the order Enterobacterales and two from the Pseudo-
monad group. The phage Mu forms plaques on various strains of species belonging to the
order Enterobacterales, e.g. E. coli, Serratia marcescens, Salmonella Typhi, Enterobacter
cloacae and on some Erwinia species [28].

The stability of phages in the environment depends on the phage itself and the environmental
conditions. Sunlight has a particularly detrimental effect on phage survival, mainly due to its
UV component [29, 30]. Phages can often survive for long periods outside their host, e.g.
weeks or months in soil, water or cell-free culture media [31, 32] or years in spray-dried for-
mulations [33]. Some phages are known to be resistant to heat or drought [34, 35]. For ex-
ample, phages of lactic acid bacteria often survive heat treatment for 15 minutes at 90°C.
However, treatment at 90°C for 45 minutes inactivated all thermotolerant phages tested [36].

1.6 Applications of phages

Phages were originally used primarily for the construction of bacteria via transduction. Today,
phages are used in many areas of biotechnology and food technology, human and veterinary
medicine (pathogen control) and agriculture [37—40]. To this end, they are increasingly being
genetically modified [41-45]. The aim is to improve the phage properties for the respective
application, e.g. by broadening the host range, stabilising the particles, switching from tem-
perate to virulent replication, preventing lysis of the host cell or enhancing biofilm dissolution.
Phages also serve as donor organisms for a wide range of genes, including those for enzyme
production, e.g. T4 DNA ligase and T7 DNA polymerase for molecular biology, depolymerases
for capsule or biofilm lysis [46] or endolysin in the food industry (e.g. against Listeria [47]).
Phage genomes are frequently used as vectors for the transfer of foreign genes and are op-
timised for this purpose through genetic modifications, e.g. based on the phages A and M13
[48].

1.7 Safety-related properties of phages

Phages themselves do not pose a risk to humans, animals or plants. However, due to various
factors they can increase the pathogenic potential of their host bacteria [49].

1.7.1 Lysogenic conversion

Temperate phages may carry their own safety-relevant genes (morones, AMG) in their gen-
ome, which can be transferred to infected cells during lysogenisation and expressed there
(lysogenic conversion). In addition to known pathogenicity genes (e.g. toxin genes), it must
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also be kept in mind that the function of approximately 70% of all phage genes is unknown
[50]. If phages are used as donor or recipient organisms in genetic engineering operations, the
risk assessment must be carried out on the basis of the nucleotide sequence of the phage
genome. Through bioinformatic analyses (e.g. BLAST analyses, annotations or analyses using
the virulence factor database), it can be ruled out with a sufficient degree of certainty that the
phage genes of unknown function include any factors that increase the virulence of host bac-
teria.

The nucleotide sequence also indicates whether the phage is a temperate phage (based on
specific genes for integration/excision of the phage DNA and regulatory genes, e.g. for re-
pression of lytic replication).

1.7.2 Transduction

The proportion of transducing phages among all phages is high, but a phage’s ability to
transduce is rarely determined. Preparations of generally transducing phages contain a small
proportion of infectious particles with genomic segments from the last host of replication (up to
approx. 6% of the bacterial genome in jumbophages). These nucleic acid sequences are
transferred to the new host and can be integrated via recombination (transduction). Such a
DNA fragment may comprise pathogenic genes or gene clusters, or islands of pathogenicity,
etc. For the risk assessment of the phage preparation and, where applicable, the transduct-
ants, the decisive factors are the characteristics of the last host (e.g. virulence-enhancing
genes in its own genome) and whether the phage is capable of general transduction (demon-
strated by experimental data or predicted on the basis of the phage’s genome sequence, see
section 1.3.1).

1.7.3 Host range of phages

Phages can infect either a single host (a strain or a species) or various species or genera
(narrow or broad host range). For most phages, however, the host range is unknown. In studies
leading to lysogenisation (see section 1.4) or transduction (see section 1.3.1) of the infected
cells, it should be noted that organisms other than the intended target organisms may also be
infected.

2 Archaea viruses

Compared with the current state of research and utilisation of phages, the understanding of
archaea viruses is significantly more limited. The International Committee on the Taxonomy of
Viruses (ICTV) currently recognises 61 families of archaea viruses. The genome of archaea
viruses consists mostly of dsDNA, with the exception of two virus families whose members
possess ssDNA genomes. The genomes are either linear or circular and range in size from 5
to 150 kbp [51].

The proportion of genes with unknown function in the archaea virus genome averages 75%
[52].
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The archaea viruses discovered to date can be classified into two distinct types. The older type
of archaea virus originated in the common ancestor of today’s bacteria and archaea. This type
belongs to the Caudoviricetes and often has a phage-like morphology with a head and a tail.
Later in the course of evolution, archaea-specific viruses emerged with a morphology that is
unusual compared to bacteriophages (e.g. droplet-, spindle- or bottle-shaped, or with two tails).

Both Iytic replication cycles and chronic infections are known to occur in archaea viruses [53].
The mechanisms of replication have been elucidated for some archaea viruses, but not yet for
the majority of them [52].

It is not yet clear whether gene transfer mechanisms such as specific or general transduction
also occur in archaea viruses. The transfer of foreign genetic material into viral envelopes has
so far only been demonstrated for Alphafusellovirus beppuense (Sulfolobus spindle-shaped
virus 1, SSV1) and Alphafusellovirus reykfanense (Sulfolobus spindle-shaped virus, SSV2),
which each transfer genetic material from a so-called satellite virus (pSSVx or pSSVi) to their
host bacteria (Sulfolobus solfataricus or Sulfolobus islandicus) [54].

Archaea, the host organisms of archaea viruses, are currently classified in risk group 1 in the
list of donor and recipient organisms under § 5 of the GenTSV, with the only exception of
Methanobrevibacter oralis, which is assigned to risk group 2.

3 Recommendation

Phages are assigned to risk group 1 as donor and recipient organisms pursuantto § 5 (1) in
conjunction with the criteria in Annex 1 of the GenTSV, unless it is documented that they
enhance the human- or animal-pathogenic properties of a bacterium, and if their genome does
not contain any genes homologous to genes for virulence-enhancing factors for human or
animal pathogens.

Phages are assigned to risk group 2 as donor and recipient organisms pursuant to § 5 (1)
in conjunction with the criteria in Annex 1 of the GenTSV, if it is described that they enhance
the human- or animal-pathogenic properties of a bacterium, or if their genome contains genes
with homology to genes for virulence factors or virulence-enhancing factors for human or
animal pathogens.

Propageted phage particles in phage preparations are assigned to risk group 1 pursuant
to § 5 (1) of the GenTSYV, if they are phages that are assigned to risk group 1 as donor and
recipient organisms, and if

— they are not generally transducing, or
— they were produced by replication in non-pathogenic bacteria.

Multiplied phage particles in phage preparations are assigned to risk group 2 pursuant to
§ 5 (1) in conjunction with Annex 1, No. 1 (c) and No. 2.1 (b) of the GenTSV, if the phages are
assigned to risk group 2 as donor and recipient organisms, or if genes for virulence-enhan-
cing factors or genes with another hazard potential have been inserted into their genome, or if

— they are capable of general transduction, such that it cannot be ruled out that the phages
generated are a mixture of phages and generally transducing particles, and
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— they have been propagated in pathogenic bacteria, so that it cannot be ruled out that any
generally transducing particles present may transfer genes for virulence-enhancing
factors.

Archaea viruses (including mixtures of archaea viruses in preparations) are assigned to risk
group 1 as donor and recipient organisms pursuant to § 5 (1) in conjunction with the criteria
in Annex 1 of the GenTSV.

4 Rationale

The classification of phages as donor and recipient organisms depends on whether their
genome contains genes that could increase the pathogenic potential of infected or transduced
bacteria (e.g. toxin or other virulence-enhancing genes). The classification of phage prepara-
tions depends on the classification of the phages used.

If the phages used are capable of general transduction (see section 1.3.1), the risk group of
the bacteria used to produce the preparations must also be taken into account. Even prepar-
ations of risk group 1 phages that are capable of general transduction may contain phages
with toxin or virulence-enhancing genes, if pathogenic bacteria are used for propagation. In
the event of accidental inoculation, these phages could transduce the employees’ endogenous
bacteria and thereby increase their hazard potential.

Archaea viruses and their preparations are assigned to risk group 1. The reason for this is that,
with one exception, all archaea are assigned to risk group 1 and no toxin genes or other vir-
ulence factor genes are known for archaea viruses. For this reason, it is also not to be ex-
pected that archaea viruses will transmit genes that increase the pathogenic potential of in-
fected archaea.

Note:

For phages obtained from strain collections such as the German Collection of Microorganisms
and Cell Cultures, the host bacteria used to produce the phage preparations are usually spe-
cified. If preparations of phages, whose genome is packaged into phage particles via the pac-
type headful mechanism (see section 1.3.1), are obtained from collaboration partners, the
bacteria used to propagate the phages are decisive for their classification for the reasons
stated above. This information must therefore always be requested. If this information is not
available and it is stated that bacteria assigned to risk group 2 are part of the phage host range,
the aforementioned phage preparations must be assigned to risk group 2.
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