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The enigmatic epitranscriptome of bacteriophages: 
putative RNA modifications in viral infections 
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RNA modifications play essential roles in modulating RNA 
function, stability, and fate across all kingdoms of life. The 
entirety of the RNA modifications within a cell is defined as the 
epitranscriptome. While eukaryotic RNA modifications are 
intensively studied, understanding bacterial RNA modifications 
remains limited, and knowledge about bacteriophage RNA 
modifications is almost nonexistent. In this review, we shed light 
on known mechanisms of bacterial RNA modifications and 
propose how this knowledge might be extended to 
bacteriophages. We build hypotheses on enzymes potentially 
responsible for regulating the epitranscriptome of 
bacteriophages and their host. This review highlights the 
exciting prospects of uncovering the unexplored field of 
bacteriophage epitranscriptomics and its potential role to shape 
bacteriophage–host interactions. 
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Introduction 
Since the discovery of bacteriophages (phages) more 
than 100 years ago, bacteriophage research has sig
nificantly impacted our understanding of fundamental 
biological processes [1]. Phages have been pivotal as 
model systems for understanding fundamental princi
ples in molecular biology and discovering their bio
technological potential [2]. 

Lytic bacteriophages efficiently infect their bacterial 
host, completing the infection cycle with the release of 
new bacteriophage progeny through cell lysis. The in
fection process is highly regulated on the molecular level 
and typically exhibits a high degree of specificity for a 
given host–bacteria pair. Regardless of the specific hos
t–bacteria pair, bacteriophage infections have con
sistently been observed as temporally highly regulated 
processes in various studies, revealing the precise timing 
of gene expression [3]. Therefore, the bacteriophage 
genes are classified into early, middle and late genes, 
signifying their timing in the infection cycle. To main
tain efficient gene expression and, consequently, phage 
replication and propagation, lytic bacteriophages take 
control over the host’s cellular machinery or its specific 
components. 

Phage gene transcription is catalysed by either bacter
iophage RNA polymerase (RNAP) or host-encoded 
RNAP. Based on our current textbook knowledge, 
RNAPs utilise the host-provided nucleotide pool con
sisting of uridine triphosphate (UTP), adenosine tripho
sphate (ATP), guanosine triphosphate (GTP) and 
cytidine triphosphate (CTP) to generate phage transcripts 
during the different infection phases. It is assumed that 
RNAs transcribed during each phase of phage infection 
are directly translated by ribosomes, resulting in proteins 
from the respective infection phase. However, recent 
multi-omics studies have revealed that the appearance of 
transcripts and proteins in bacteriophages does not always 
coincide, showing, for instance, that early transcripts 
contribute to the translation of late proteins [4]. This 
observation suggests the presence of mechanisms that 
allow to distinguish between bacteriophage RNAs re
flected by their time point of translation. 

Moreover, recent studies show that the stability and 
processing of host and bacteriophage RNA differ strongly 
during infection, indicating precise distinction and se
lective degradation of transcripts [4–6]. 

These findings suggest the existence of so-far-unknown 
additional mechanisms that enable the specific differ
entiation between phage and host transcripts and define 
their processing during infection, raising numerous 
questions, such as: 
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• How do RNA modifications influence the precise 
processing of bacteriophage and host transcripts 
during infection, despite their shared genetic building 
blocks? 

• Could RNA modifications offer an additional me
chanism for regulating phage infections?  

• Which enzymes, supplied by both bacteriophages and 
bacteria, have the potential to shape the presence and 
function of RNA modifications? 

Besides known factors influencing RNA stability and 
fate, such as RNA secondary structure or RNA-binding 
proteins, RNA modifications have been shown to reg
ulate RNA processing in all domains of life. 
Incorporating chemical modifications into RNA strongly 
affects its biochemical properties, stability and function 
in cellular and biological processes [7]. These modifica
tions can be categorised into internal (modifications on 
bases or nucleosides) and terminal (cap-like modifica
tions at 5’-terminus or 3’-terminus) RNA modifications 
(Box 1) (reviewed in [8]). The diversity of the RNA 
modifications within a cell is collectively defined as the 
epitranscriptome. Proteins known as writers (biosynth
esis of the modifications), readers (recognition) and 
erasers (removal) shape the epitranscriptome and its 
function(s) (reviewed in [8]). Their interplay results in a 
wide variety of more than 170 reported RNA modifica
tions [9]. RNA modifications are found in all domains of 
life, with a significant focus on eukaryotes. However, the 
exploration and functional characterisation of RNA 
modifications are still evolving in bacteria, and even less 
is known about bacteriophages in this context. 

Here, we review the current knowledge about selected 
RNA modifications in bacteria and explore the potential 
roles of known RNA modification mechanisms, encom
passing writers, readers and erasers, in the context of 
bacteriophage infection. We focus on bacteriophage in
fections, with an emphasis on bacterial viruses, while 
excluding viruses that infect archaea. Further, we spec
ulate on bacteriophage-encoded factors that may have 
potential roles in shaping bacteriophage and host epi
transcriptomes during the infection (Figure 1). 

Decorating RNAs: RNA modification by host 
and bacteriophage RNA polymerases 
Multi-subunit RNAPs play a pivotal role in shaping the 
epitranscriptome. In the bacterial hosts — during tran
scription initiation (ab initio) — RNAPs can incorporate 
non-canonical nucleotides at the 5’-end of RNAs, in
cluding nicotinamide adenine dinucleotide (NAD), fla
vine adenine dinucleotide (FAD) or dephospho- 
coenzyme A (dpCoA) — giving rise to cofactor-capped 
RNAs (Box 1, Table 1) [10,11]. RNAPs from Escherichia 
coli, Bacillus subtilis and Staphylococcus aureus have been 
implicated in non-canonical transcription initiation  

[10,12,13]. Thus, a broad range of bacterial hosts may be 
equipped with cofactor-capped RNA species before a 
potential infection by a bacteriophage (reviewed 
in [8,14]). 

Bacteriophages have different ways of controlling tran
scription through RNAPs (reviewed in [15,16]). On the 
one hand, bacteriophages such as T4 make use of the 
host’s transcriptional apparatus throughout infection  
[17], as their genome does not encode an enzyme that 
can catalyse RNA biosynthesis. On the other hand, 
bacteriophages can encode their own (set of) RNAP(s) 
that they use to transcribe their own genes [15,16]. In 
the latter case, one can distinguish between virion-as
sociated [18] and non-virion-associated RNAPs [16]. 
The virion- associated RNAP is co-injected with the 
bacteriophage genome into the host cell and ensures 
early transcription of bacteriophage genes not excluding 
its involvement in later stages of infection. Subse
quently, non-virion RNAP is synthesised from early 
bacteriophage genes during infection and drives middle 
and late transcription. Bacteriophages that only partially 
rely on the host RNAP may encode the non-virion 
RNAP only, which is transcribed during infection by the 
host RNAP. 

Drawing from the elucidated mechanisms of RNA 
synthesis during phage infection, one can investigate 
whether host and/or bacteriophage RNAPs incorporate 
non-canonical building blocks, alongside the canonical 
RNA bases U, A, C and G, into phage transcripts. 

Some bacteriophages, such as bacteriophage T4, utilise 
the host RNAP for the transcription of their own genes  
[17]. In this particular case, E. coli RNAPs can in
corporate cofactor-caps upon transcription initiation, as 
described above, thereby likely defining the bacter
iophage/host epitranscriptome during infection. Here, 
one may consider the various strategies of bacter
iophages to hijack the host’s transcriptional apparatus 
and its yet- unknown effect on the epitranscriptional 
regulation [15]. For instance, three adenosine dipho
sphate (ADP)-ribosyltransferases (ARTs) of bacter
iophage T4 post-translationally modify host proteins 
with ADP-ribose from the substrate NAD to modulate 
cellular processes such as transcription [19–21]. The 
ARTs Alt and ModA ADP-ribosylate the host RNAP to 
direct its specificity towards bacteriophage genes  
[19,22]. It is so far unknown whether this post-transla
tional protein modification (ADP-ribosylation) also in
fluences the host RNAP’s ability to initiate 
transcription with cofactors. One could imagine that 
ADP-ribosylation of RNAP could provide a means to 
incorporate RNA modifications to distinguish newly 
synthesised bacteriophage messenger RNAs (mRNAs) 
from host RNA. 
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The T7 bacteriophage is a well-studied example for a 
phage that requires the host RNAP only during the early 
phase of phage infection — in particular — until its own 
RNAP (T7 RNAP) is generated. T7 RNAP transcribes 
T7 genes in middle- and late- infection phase [23]. The 
T7 RNAP is probably one of the most famous single- 
subunit RNAPs (ssRNAPs) and is widely used for in vitro 
transcription applications and protein expression systems  
[23,24]. Moreover, the T7 RNAP stands out with its 

capability to incorporate non-canonical building blocks 
co-transcriptionally [25]. It caps RNAs with various co
factors, for example, NAD, with up to 50% efficiency in 
vitro [25] and accepts modified nucleotides such as 
pseudouridine as substrates to generate internal RNA 
modifications (Box 1, Table 1) [26]. Pseudouridine is a 
critical building block of the Covid-19 mRNA vaccines 
that are generated using large-scale in vitro transcriptions 
with T7 RNAP [27]. Besides its ability to incorporate 

Box 1 Terminal (orange) and internal (blue) RNA modifications in bacteria.  

Current Opinion in Microbiology

For bacterial RNA, the 5´-terminus defines its origin. In primary transcripts, the initiating nucleoside triphosphate gives rise to the triphosphorylated 
5´-end of the RNA. Through nucleolytic RNA processing, 5’-P-RNA is formed, and recent research has revealed the formation of diphosphorylated 
RNA as well [92]. However, the 5’-end of RNA can carry functional groups different from phosphates, due to transcription initiation with non- 
canonical initiating nucleotides. Here, nucleotide-based cofactors such as NAD (here used to refer to the oxidised NAD+), FAD and dpCoA can be 
accepted by RNAPs to initiate transcription, leading to the generation of 5’-capped RNAs. These 5’-RNA-caps, such as the NAD-cap, are assumed 
to protect the modified RNA from degradation by 5´-end-dependent endonucleases such as RNase E [48,49]. 

The role of internal RNA modifications differs strongly based on the type of the modified RNA. For bacterial RNA, m6A, 5-methylcytidine (m5C), 
inosine (I), pseudouridine (Ψ) and 2´-O-methylation (Nm) are the most common internal RNA modifications [8]. However, only two of them were 
detected to date in bacterial mRNA–m6A and inosine [93]. 

Whilst the role of m6A in bacterial rRNA is well-studied and has been determined to play a role in folding and stability, translational control and cell 
fitness [94–96], the presence of m6A in bacterial mRNA, where m6A is predominantly found within open reading frames (ORFs), remains relatively 
unexplored [93]. 

Inosine is a product of C6 deamination of adenosine, which occurs either by spontaneous hydrolysis or enzymatic conversion [97]. Inosine has 
been identified in mRNA of several bacteria, where it exerts a regulatory function. Its presence has a significant regulatory impact in bacteria and 
has been described to be involved in oxidative stress tolerance and the induction of biofilm formation [75,98]. 

Nm was described to have an impact on transcript stability and translation efficiency. Both, m5C and Ψ, were described as being present in tRNA, 
contributing to its structural stabilisation and influence on the translational fidelity of the ribosome [99].   
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non-canonical nucleotides into RNA, T7 RNAP exhibits 
several other advantageous properties for biotechnological 
applications. These include characteristics such as its 
single-subunit nature (unlike bacterial multi-subunit 
RNAPs), high specificity for the short T7 promoter (18 
nt), higher transcriptional speed, independence from 
auxiliary transcription factors, ease of engineering, pos
sible application as a parallel expression system and the 
ability to produce long transcripts [28–30]. This empha
sises the potential and broad applicability of bacter
iophage RNAPs in regard to synthesising and modifying 
RNA. T7 RNAP can even replicate small RNAs or use 
deoxynucleotides as artificial RNA building blocks (re
viewed in [31]). In addition, single-point mutations in T7 
RNAP or its homologues can cause acceptance of deox
ynucleotides or 2’-fluoro-ribonucleotides as alternative 

substrates for transcription [32–34]. However, in vivo, 
evidence for T7 RNAP function in installing RNA 
modifications during T7 infection is still missing. T7-like 
ssRNAPs are found in diverse bacteriophages with var
ious host ranges. These include T7-like RNAPs in Pseu
domonas aeruginosa bacteriophages [35], Klebsiella 
bacteriophages K11 [36] and KP34 [34], Salmonella bac
teriophage SP6 [37] and Synechococcus bacteriophage Syn5  
[38]. However, whether these RNAPs may exhibit similar 
activities as T7 RNAP towards installing RNA modifica
tions in vitro, remains elusive. 

The larger bacteriophages, so-called Jumbo phages (genome 
usually > 200 kb), display additional interesting features of 
transcription (reviewed in [16]). Some Jumbo bacter
iophages form a nucleus-like structure (pseudonucleus), 

Table 1 

Comparison of (hypothetical) biological roles of RNA modifications in bacteriophage infections.     

A Biosynthesis of 5’-modified transcripts  
RNAP (s)  
Host Bacteriophage 

Biological role  • Non-canonical transcription initiation (e.g. NAD, 
FAD and dephospho-CoA) in vitro and in vivo [10,11]  

• Non-canonical transcription initiation (e.g. NAD, 
FAD and dephospho-CoA) in vitro [25]  

• Incorporation of modified nucleotides (e.g. 
pseudouridine) in vitro [25] 

Potential role during 
bacteriophage infection  

• Capping of host transcripts to protect them from 
degradation by bacteriophage enzymes  

• Exploitation of host RNAP for transcription of 
bacteriophage genes and capping of bacteriophage 
RNA to increase their stability  

• Capping of bacteriophage transcripts to protect them 
from degradation by the host  

• Incorporation of the modified nucleotides during 
bacteriophage infection to enhance stability or avoid 
immune recognition of bacteriophage transcripts 

B RNA processing and degradation  
Nudix hydrolases  
Host Bacteriophage 

Biological role  • Decapping of capped RNAs (e.g. NAD-capped RNA) in 
vitro and in vivo by Nudix hydrolases [49]  

• Hydrolysis of PP from the 5´-PPP primary transcripts by 
pyrophosphohydrolases (e.g. RppH)[46,92]  

• No knowledge about bacteriophage Nudix hydrolases 
involved in RNA processing in infections 

Potential role during 
bacteriophage infection  

• Decapping of bacteriophage transcripts by Nudix 
hydrolases to destabilise bacteriophage transcripts 
and induce their degradation  

• Recruitment of host Nudix hydrolases by 
bacteriophages to induce the degradation of (capped) 
host transcripts  

• Expression of own bacteriophage Nudix hydrolases to 
control the stability and degradation of 5´-capped host 
and bacteriophage transcripts 

Endo- and exonucleases 
Biological role  • Cofactor-caps as shields for RNA to protect against 5’- 

P-end-dependent nucleases such as RNase E [48]  
• Unknown impact of RNA modifications on 

bacteriophage nucleases 
Potential role during 
bacteriophage infection  

• RNA modifications as potential epitranscriptomic 
marks for nucleases to distinguish own (host) from 
invader (bacteriophage) RNAs  

• RNA modifications as distinct features of host or 
bacteriophage RNAs to trigger their cleavage 

C Post-translational protein modification  
ART(s) 

Biological role  • No RNAylation observed in any bacteria  • RNAylation of the host’s translational apparatus by the 
bacteriophage T4 ART ModB [55] 

Potential role during 
bacteriophage infection  

• Potential functions of bacterial ARTs in RNAylation to 
counteract bacteriophage infection  

• RNAylation to modulate protein function during 
infection  

• Bacteriophage-mediated RNAylation of host proteins 
as a means to take control over the host cell 

A) Biosynthesis of 5’-modified transcripts, B) RNA processing and degradation and C) post-translational modifications. 
Modifier B (ModB).  
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enabling the compartmentalisation of phage DNA from the 
bacterial cytoplasm. This results in locally separated phage 
gene transcription within the host [39,40]. Upon infection, a 
pseudonucleus is formed to protect the bacteriophage DNA 
from bacterial nucleases and to allow transcription of the 
phage transcripts by the phage-encoded RNAP [41–43]. To 
the best of our knowledge, these nucleus-like compartments 
have not yet been investigated in terms of their exact mo
lecular composition. It is plausible that this compartment 
created by the phage differs from the bacterial cytosol in 
terms of the abundance of nucleotides and epitranscriptional 
writers. This difference may create distinct transcriptional 
environments that either promote or hinder the incorpora
tion of specific RNA modifications by the relevant RNAPs. 
On the other hand, one may argue that transcriptional en
vironments in the cytosol and pseudonuclei may be similar 
to each other allowing to equip phage transcripts similar to 
host transcripts. These hypotheses might be exciting pro
spects for future studies of RNA biosynthesis in Jumbo 
bacteriophages. 

Altogether, bacterial RNAPs can shape cofactor-capped 
transcriptomes of bacterial hosts and — depending on the 
bacteriophage’s transcriptional strategy — might con
tribute to cofactor-capping of bacteriophage transcripts, 
although evidence is lacking so far. In vitro, bacteriophage 
RNAPs possess the capabilities to cofactor-cap transcripts 
and directly incorporate internal RNA modifications. It is 
likely that our current knowledge only scratches the 
surface of bacteriophage RNAP diversity such as single- 
and multi-subunit organisation, infection phase-specific 
occurrence as virion and non-virion RNAPs. Given the 
diverse features of RNAPs and their capabilities to install 
RNA modifications, it is possible that RNA modifications 
may exist in and even regulate bacteriophage infections. 

Cleaning up: removal of modifications by 
Nudix hydrolases 
Bacterial Nudix hydrolases have been described to play 
an important function in the removal of bacterial RNA 
modifications (reviewed in [8]) [44]. Nudix enzymes 
generally hydrolyse nucleoside diphosphates linked to a 
moiety X within their diphosphate moiety, thereby re
leasing a nucleoside monophosphate and a monopho
sphate-X group. In E. coli, 13 Nudix hydrolases are 
described, which vary in their substrate spectrum, ran
ging from nucleoside-based cofactors to modified RNA 
species [45]. A well-characterised Nudix hydrolase 
known to interact with RNA in vivo is E. coli RppH 
(EcRppH). It processes primary transcripts harbouring a 
5’-triphosphate to 5’-monophosphorylated RNAs (5’-P- 
RNAs) (Table 1), favouring their degradation by 5’-end- 
dependent nucleases such as RNase E [45,46]. 

Bacteriophage T4 infection of E. coli represents a well- 
studied scenario for this. Here, EcRppH was suggested 

to promote mRNA decay by generating 5’-P-RNA that 
activates RNase E-mediated RNA decay [46,47]. Ex
perimental evidence showing how far this mechanism 
regulates the presence of host and bacteriophage tran
scripts is missing. 

Another bacterial Nudix hydrolase, described to interact 
with bacterial transcripts, is E. coli NudC (EcNudC). 
EcNudC is known to hydrolyse cofactor-caps from RNA, 
thereby decapping NAD-RNAs in vivo [48] and several 
cofactor-capped RNAs, such as NAD-, FAD- or CoA- 
RNAs in vitro [49–51]. Interestingly, in other bacteria, 
different enzymes are involved in NAD-RNA decapping. 
For instance, due to a missing NudC homologue in Bacillus 
subtilis, BsRppH performs decapping of NAD-RNAs [13]. 

In the context of bacteriophage infection, one could 
speculate that Nudix hydrolases may also be involved in 
processing both bacteriophage and host RNA modifica
tions during infection. It needs to be in
vestigated whether distinct host Nudix hydrolases may 
positively or negatively contribute to bacteriophage in
fections, for example, as a required prerequisite in the 
host cell or as a host defence strategy. Bacterial hosts 
employ various strategies to defend themselves from 
bacteriophage infection. For instance, the Thoeris 
system senses and aborts bacteriophage infection by 
depleting essential NAD from the cellular metabolite 
pool via conversion to cyclic-ADP-ribose [52]. One may 
hypothesise that the Thoeris and related systems may 
also act on NAD-capped RNA or may influence the 
NAD-capping of transcripts by RNAPs during phage 
infections by reducing the NAD pool. Also, it could be 
speculated that bacteriophages could sequester NAD in 
NAD-capped RNA to protect a minimum level of NAD 
in the cell. 

Given the widespread conservation of Nudix hydrolases 
across all domains of life, one might question whether 
these enzymes are also found in bacteriophages that could 
potentially influence the epitranscriptome during the 
phage–host interaction. Interestingly, Nudix hydrolases 
have been predicted in various bacteriophages [53]. 
However, only two bacteriophage-derived Nudix hydro
lases have been characterised [53,54]. The T4-like Vibrio 
bacteriophage KVP40 possesses the Nudix hydrolase 
domain protein NatV active on NAD, NADH and ADP- 
ribose, thereby regulating cellular NAD levels during 
infection [53]. The bacteriophage T4-encoded enzyme 
NudE.1 — named based on its sequence homology to E. 
coli Nudix hydrolase NudE — has been described to 
hydrolyse substrates such as ADP-ribose and FAD, both 
cofactor(-derived) compounds, as well as Ap3A, an alar
mone involved in stress signalling [54]. Notably, the ac
tivity of bacteriophage Nudix hydrolases on cofactors may 
indicate that they could similarly be active on cofactor- 
capped RNAs, such as in the case of EcNudC (Table 1). 
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However, it cannot be generalised that a Nudix hydrolase, 
active on a cofactor, can equally process a cofactor-capped 
RNA. For instance, EcNudE hydrolyses NAD, but is 
inactive on NAD-capped RNA [49], demonstrating dis
tinct substrate specificities. Further, the occurrence of 
Nudix hydrolases in various bacteriophage genomes 
suggests yet-unexplored roles in nucleotide metabolism 
and potential functions in processing or removal of RNA 
modifications. 

Taking control: RNA modifications in host 
take-over 
As mentioned above, the identity, synthesis and removal 
of cofactor-caps (terminal modifications) such as the NAD- 
cap are characterised in bacteria. The general notion per
sists that cofactor-caps such as NAD-caps stabilise host 
transcripts compared with their 5’-triphosphorylated 
counterparts that are more easily degraded by 5’-end-de
pendent nucleases in bacteria [12,13,48,49]. The existence 
of cofactor-capped bacteriophage mRNAs has not been 
studied yet. In general, one might speculate that both 
internal and external RNA modifications could provide an 
additional regulatory layer for the bacteriophage to evade 
bacterial defence systems or to take-over the host cell. A 
recent study has indicated that bacteriophages may also 
use existing RNA modifications of the host to regulate 
cellular processes during infection [55]. Modifier B 
(ModB) — one of the ARTs from bacteriophage T4 — not 
only accepts NAD but also NAD-capped RNA as a sub
strate to attach entire RNA chains to host proteins in a 
covalent manner [55]. Through ModB-mediated ’RNAy
lation’, bacteriophage T4 targets the host’s translational 
apparatus resulting in an efficient bacteriophage infection 
(Table 1) [55]. The concept of ’RNAylation’ suggests a 
direct connection between RNA modification and post- 
translational protein modification, which may be present 
in additional bacteriophage–host interactions. ModB 
homologues appear to exist in various other bacter
iophages targeting Escherichia, Klebsiella or Salmonella as 
indicated by Blast search (Supplementary Table 1). 

These findings exemplify that bacteriophages may ex
ploit their proteins, such as in the case of ModB, to 
’read’ RNA modifications, facilitating host take-over or 
possibly immunity against bacteria, thereby underlying 
the epitranscriptome as an important aspect of bacter
iophage infection. 

Another RNA modification that could significantly im
pact RNA fate and stability during phage infection in
volves the addition of polyA tails at the 3´-end of RNA. 
In contrast to eukaryotes, where polyA tails are im
portant features of mature mRNAs, polyA tails in pro
karyotes actively promote RNA degradation (reviewed 
in [56]). Bacterial polyA polymerases such as Ec polyA 
RNAP I attach multiple adenosines to the 3’-end of 

transcripts, thereby destabilising the RNA (reviewed in  
[56]). PolyA tails of phage RNAs can occur on primary 
transcripts and after initial nucleolytic processing of the 
transcripts. Thus, polyA tails are located within or at the 
ends of protein-coding regions of RNA, indicating that 
they are added to a later stage in the life cycle of a phage 
RNA [57,58]. Importantly, polyA tailing is vital in order 
for some RNA fragments to be degraded [57]. However, 
it is unclear whether polyA tails are directly involved in 
overall destabilisation or even stabilisation of phage 
RNAs during infection [58]. One may speculate that the 
polyA tailing machinery of the host may either be used 
by the host to counteract phage infection by initiating 
RNA degradation. Alternatively, the phage may recruit 
this machinery to selectively enhance the degradation or 
stabilisation of phage and/or host transcripts. 

Molecular duel: potential role of internal RNA 
modifications in bacteriophage infection 
Until now, the functions of most RNA modifications in 
bacteria remain largely unknown — especially for 
mRNAs [8]. Ribosomal RNA (rRNA) and transfer RNA 
(tRNA) modifications play key roles in regulation and 
fine-tuning of translation. In particular, rRNA modifica
tions impact the mRNA decoding efficiency [59–61], 
whereupon tRNA modifications are crucial for ensuring 
the stability, abundance and optimal affinity of tRNAs 
for the ribosomes [62–64]. tRNAs are highly modified 
RNA species decorated with various modifications, in
cluding — amongst others — pseudouridine and inosine 
(Box 1), which are installed by more than 20 different 
modifying enzymes in E. coli (reviewed in [65]). In
triguingly, hypomodification of tRNAs (modification at 
lower levels than usual) triggers their degradation in 
Vibrio cholera, exemplifying the importance of RNA 
modifications for RNA stability and decay [66]. Despite 
such important roles for rRNA and tRNA modifications, 
they have not yet been studied in bacteriophage infec
tions. Host tRNA pools are often downregulated upon 
bacteriophage infections [4,67,68]. Could this be trig
gered by mechanisms of tRNA hypomodification or 
downregulation of tRNA-modifying enzymes in the host 
as a response to infection? Some bacteriophages even 
encode their own tRNAs [67,69] that are expressed 
during infection [4,68]. Do these bacteriophage-encoded 
tRNAs also contain modifications such as pseudouridine 
or inosine? Do host enzymes install these modifications, 
do bacteriophages direct these enzymes to specifically 
act on these tRNAs or do they encode their own mod
ifying enzymes? These questions only exemplify which 
variety and mechanisms of RNA modifications could 
play a role in bacteriophage infections and how they 
might shape central processes such as translation. 

Pseudouridine may have become one of the most fa
mous internal RNA modifications (Box 1). It is an 
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integral part of mRNA-based vaccines, which prevents 
recognition of the RNA by the innate immune system of 
human cells [27,70]. Vaccines without RNA modification 
trigger the innate immune response and are thus less 
effective [27]. Key players in the innate immune re
sponse are toll-interleukin-1 receptor (TIR) domain 
proteins that sense the immunogenic material and acti
vate signalling cascades (reviewed in [71]). Interestingly, 
homologues of eukaryotic TIR domains are also found in 
bacterial defence systems, as recently demonstrated for 
the Thoeris system [52]. Based on the conservation of 
such innate immune recognition systems across all do
mains of life, one may speculate that immune recogni
tion of RNA modifications may take place in 
bacteriophage–host interactions as well. For instance, 
when bacteriophages with single- or double-stranded 
RNA genomes [72] (reviewed in [73]) infect their bac
terial hosts. One could imagine that these genomes are 
decorated with RNA modifications that trigger anti- 
phage defence mechanisms. On the other hand, bac
teriophages may install host-like RNA modifications on 
their transcripts/genomes in order to avoid immune re
cognition and anti-bacteriophage defence. 

Another RNA-modifying event in bacteria is A-to-I 
editing (Box 1). This has been observed in various bac
terial species, including E. coli. For example, in E. coli, the 
enzyme TadA is responsible for converting adenosine 34 
in the anticodon of tRNAs to inosine [74]. Interestingly, 
TadA was shown to perform A-to-I editing in a small set 
of mRNAs, too, which changes distinct codons, as inosine 
is read as guanosine [75]. As a result, different amino acids 
are incorporated into the encoded proteins impacting 
protein function, for instance, increasing the toxicity of 
the HokB protein [75]. Blast search indicates that bac
teriophages may possess TadA homologues in their gen
omes (Supplementary Table 1). Thus, one may 
hypothesise that bacteriophages could fine-tune protein 
expression and diversity through targeted A-to-I editing 
of mRNAs with self- or host-encoded factors. Ad
ditionally, it can be assumed that inosine is also present 
within phage mRNAs. While no information is currently 
available for bacteriophages, A-to-I conversions have been 
observed in eukaryotic viruses. These conversions are 
host-dependent deamination and advantageous for the 
virus in evading the host immune response and reducing 
virus toxicity [76,77]. Interestingly, A-to-I editing also 
occurs as an anti-phage defence mechanism in some 
bacteria. The restriction by an adenosine deaminase 
acting on RNA (RADAR) system senses phage infection 
and converts (deoxy)ATP to (deoxy)inosine triphosphate 
(ITP) by deamination of adenosine to inosine [78]. This 
limits phage infection by inhibiting phage DNA replica
tion and creating an imbalance in the cellular nucleotide 
pool [78,79]. The RADAR system is able to bind and 
translocate RNA [79], however, A-to-I editing of RNA by 
the RADAR system has not yet been observed in vitro 

and in vivo [78,79]. Nevertheless, this exemplifies the 
importance of nucleotides and their modifications during 
phage infections. 

Along this line, also other RNA modifications have been 
detected in eukaryotic viruses. For instance, N6-me
thyladenosine (m6A) has been found in transcripts of 
eukaryotic DNA viruses and in the genomes of RNA 
viruses [80]. These modifications play a role in the reg
ulation of viral replication and protection from the innate 
immune response of the host [80]. Similar protective 
mechanisms against the host’s innate immune response 
can be expected in bacteriophages, given their constant 
evolutionary race with bacteria [81]. 

In summary, although the presence and impact of 
RNA modifications within the phage transcriptome 
have not been reported, the existence of RNA mod
ifications in eukaryotic viruses and the potential dis
covery of homologues of bacterial and eukaryotic 
RNA-modifying enzymes, such as TadA, Mettl3 and 
RluF in phages (Supplementary Table 1), suggest that 
internal RNA modifications are likely present in 
phages. In such a scenario, the presence of internal 
modifications within phage transcripts and possibly 
varying levels of these modifications would help to 
address one of initial questions of this review: how do 
RNA modifications influence the precise processing 
and degradation of bacteriophage and host transcripts 
during infection? 

Housekeeping nucleases: RNA modulation in 
phage–host crosstalk 
RNA synthesis, processing and its selective degradation 
are key processes during bacteriophage infection. Based 
on available time-resolved transcriptomic studies during 
phage infection, a rapid degradation of host RNA is 
observed, while phage transcripts are actively tran
scribed and remain preserved [55,82]. As the abundance 
of host transcripts is already strongly decreased within 
the first minutes of infection, it suggests the presence of 
selective RNA degradation mechanisms during the in
fection, for example, nuclease-based degradation. The 
degradation of RNA by bacterial nucleases has been 
reported to be impacted by terminal RNA modifications. 
Nevertheless, research regarding the influence of RNA 
modifications in the context of phage–host interaction is 
currently lacking [48]. Both bacteriophage and host 
possess their own set of nucleases, which might selec
tively process and degrade RNA throughout the infec
tion process. Here the following questions arise: how do 
these nucleases distinguish between phage and bacterial 
RNA when both types of transcripts are composed of the 
same four nucleotide building blocks? And what con
stitutes the molecular basis for discerning between host 
and phage RNA? In addition to the sequence specificity 
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of nucleases and the impact of RNA secondary structure 
motifs on recognition and cleavage, RNA modifications 
can exert an impact on RNA stability and its suscept
ibility to nucleases [48,83,84]. 

Studies that characterise the processing of transcripts 
during phage infection in the context of RNA modifica
tions are missing to date. However, initial insights into the 
potential impact of RNA modifications on RNA processing 
have been gleaned from previous studies, particularly in 
the case of certain nucleases. For example, in E. coli, 
RNase E plays a central role in RNA processing and has 
also been implicated in the bacteriophage T4 infection 
cycle through the processing of gene-32 mRNA, which is 

crucial for T4 DNA replication and repair [57,82,85–88]. 
Nevertheless, cap structures, such as the NAD-cap, can 
protect transcripts from degradation mediated by RNase E, 
thereby providing another level of post-transcriptional 
regulation [48]. As described above, EcRNAP performs 
NAD-capping of RNA [10] and bacteriophage T4 relies on 
EcRNAP to express its genes [17]. Thus, it is conceivable 
that bacteriophages may utilise cofactor-capping of their 
transcripts [8] to modulate RNA stability against host nu
cleases such as RNase E. 

Another potential strategy employed by bacteriophages 
to counteract host nucleases through RNA modifications 
is illustrated by bacteriophage tRNAs. It is conceivable 

Figure 1  
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that phage-encoded tRNAs have evolved to withstand 
the impact of host anticodon nucleases that deactivate 
tRNAs by cleaving within the anticodon. Notably, the 
anticodon of tRNAs is a heavily modified RNA region  
[65] and one might speculate that RNA modifications 
might influence its cleavage by nucleases, including 
VapC, PrrC, Colicin D and Colicin E5. The latter might 
play a fundamental role in the host’s defence against 
viral infections [67]. 

With numerous instances of nucleases actively processing 
both phage and host RNA during the infection process, it 
becomes increasingly clear that understanding how these 
nucleases differentiate between phage and host tran
scripts is of paramount importance. This inquiry is parti
cularly promising when considering the role of RNA 
modifications in this selective process, as it sheds light on 
the intricate mechanisms at play during phage infection. 

Conclusions 
In this review, we illuminated the known and potential 
writers, readers and erasers of RNA modifications in both 
bacteria and bacteriophages. The field of epitran
scriptomics during phage infection remains understudied 
and the presence of RNA modifications in bacteriophages 
has yet to be proved. This review highlights that both 
bacteria and bacteriophages harbour a variety of genes 
that could encode potential writers, erasers and readers of 
internal and terminal RNA modifications. 

The observed resilience of bacteriophages in main
taining infections and effectively hijacking their host, 
regardless of the presence of numerous anti-phage de
fence systems, strongly suggests the involvement of 
RNA modifications in bacteriophage infections. The 
modifications of phage RNA potentially offer an addi
tional protective layer to phage RNA, making it less 
susceptible to degradation by the bacterial immune 
system. Moreover, phage RNA modifications can act as a 
factor distinguishing between phage and host RNA 
during infection, a process observed but not yet explored 
on a molecular level [4]. On the other hand, it is plau
sible that phages do not just modify their RNA but also 
target host RNA, potentially altering its function through 
these modifications. It is also conceivable that bacter
iophages may reprogram host nucleases to hinder the 
introduction of modifications or exploit them for their 
own advantage. Therefore, both terminal and internal 
modifications, as discussed in this review, could sig
nificantly impact bacteriophage infections, enabling 
phages to manipulate their host or, conversely, con
tributing to anti-phage defence mechanisms. 

All these possibilities become more credible and of higher 
relevance of investigation, when considering the current 

research in the field of the epitranscriptome of eukaryotic 
viruses. For eukaryotic viruses, the impact of RNA 
modifications on the regulation of host take-over during 
the infection was already observed, strongly contributing 
to efficient infection, for example, the substitution of 
uridine by pseudouridine enhances RNA stability and 
decreases anti-RNA immune response [89], or the in
troduction of the FAD-cap protects viral RNA from in
nate immune recognition [90]. Therefore, given the 
features of the RNA modifications and their prevalence 
across all domains of life, and across eukaryotic viruses, it 
is reasonable to speculate their existence in bacter
iophages and potential roles in infection regulation. 

Identifying modified RNA building blocks using well- 
established methods (reviewed in [8]) is the key to ad
dressing this question. Such studies will reveal valuable 
insights into bacteriophage infections, provide mechan
istic details of infection regulation and potentially unveil 
novel bacteriophage and host immune systems. More
over, the rapid advancements in sequencing technolo
gies, especially third-generation methods such as direct 
RNA-sequencing [91], hold the promise of simulta
neously determining both the transcriptome and epi
transcriptome in the future, which would be immensely 
beneficial for this research field. 
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