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Summary  

This thesis investigates the role of bacterial rRNA modifications in phage-host dynamics, focusing 

on two bacterial model systems: V. campbellii and E. coli. In V. campbellii, m6A-RNA depletion 

did not influence lysogenic phage induction or susceptibility to the lytic phage Virtus. In E. coli, 

the study was extended to include several members of the T-phages and λ phage. T5 phage 

exhibited a significant reduction in plaquing efficiency in the m6A-RNA depleted mutant compared 

to the wild-type strain. Cellular-level studies of T5 phage infections showed that while phage 

adsorption was similar in both strains, the m6A-RNA depleted mutant exhibited a delayed host cell 

lysis, resulting in asynchronous bursts. 

Molecular-scale investigations to assess how m6A depletion influences T5 phage infection 

revealed an increase in ribosome-associated proteins in the wild-type strain upon infection, 

whereas the m6A-RNA depleted mutant showed a reduction in these proteins. Furthermore, the 

m6A-RNA depleted mutant showed reduced polysome (multiple ribosomes bound to an mRNA) 

abundance and increased monosome (free ribosome or single ribosome bound to an mRNA) levels, 

indicating impaired translation efficiency. This was accompanied by a significantly higher 

abundance of some T5 phage transcripts. Thus, the m6A-RNA depleted mutant may compensate 

for diminished translational efficiency by increasing transcript levels or decreasing mRNA 

turnover to maintain protein levels. 

Additional analyses explored RNA modifications in RNA phages, reporting for the first time the 

presence of modifications such as m6A, m2A, m6,6A, and m7G in genomic RNA from the phages 

MS2 and Qβ. Single knockout mutants for the host rRNA methyltransferases catalysing the 

observed modifications did not affect Qβ replication. However, a mutant lacking rsmA which codes 

for RsmA responsible for m6,6A methylation, was found to increase MS2 phage infectivity. This 

result suggests a physiological role of m6,6A modifications in protecting the host against MS2 

infection. 

In conclusion, this thesis provides the first insights into the roles of rRNA modifications, 

particularly m6A in bacteria, highlighting their impact on phage–host interactions. 
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Zusammenfassung 

Diese Arbeit untersucht den Effekt bakterieller rRNA-Modifikationen auf die Phagen-Wirt-

Dynamik und konzentriert sich dabei auf zwei bakterielle Modellorganismen: Vibrio campbellii 

und Escherichia coli. In V. campbellii hatte die m6A-RNA-Depletion keinen Einfluss auf die 

Induktion lysogener Phagen oder die Infektion mit dem lytischen Phagen. Bei E. coli wurde die 

Studie auf mehrere Mitglieder der T-Phagen und λ-Phagen ausgeweitet. T5-Phagen hatten in der 

m6A-RNA-depletierten Mutante im Vergleich zum Wildtypstamm eine signifikante geringere 

Effizienz in der Plaquebildung. Zelluläre Studien zur Infektion mit T5-Phagen zeigten, dass die 

Phagenadsorption bei beiden Stämmen ähnlich war, die m6A-RNA-depletierte Mutante jedoch 

eine verzögerte Lyse der Wirtszellen aufwies, was zu einer asynchronen Lyse führte. 

Untersuchungen auf molekularer Ebene zur Beurteilung, wie sich m6A-RNA-Depletion auf die 

Infektion mit T5-Phagen auswirkt, ergaben einen Anstieg der Ribosomen-assoziierten Proteine im 

Wildtyp nach der Infektion, während die m6A-RNA-depletierte Mutante eine Abnahme dieser 

Proteine aufwies. Darüber hinaus zeigte die m6A-RNA-depletierte Mutante eine verringerte 

Anzahl an Polysomen (mehrere Ribosomen auf einer mRNA) und eine erhöhte Anzahl an 

Monosomen (ein freies Ribosom oder ein einzelnes Ribosom auf einer mRNA), was auf eine 

verringerte Translationseffizienz hindeutete. Diese Veränderungen gingen mit einem Anstieg 

einiger T5-Phagentranskripte einher. Die m6A-RNA-depletierten Mutanten kompensiert 

vermutlich diese verminderte Translationseffizienz, indem die generelle Menge an Transkript 

erhöht wird und somit die Menge an Proteinen konstant zu halten.  

Weitere Untersuchungen ermöglichten den Nachweis von RNA-Modifikationen in RNA-Phagen. 

Damit konnte erstmals die Präsenz der Modifikationen m6A, m2A, m6,6A und m7G in den 

genomischen RNA-Phagen MS2 und Qß nachgewiesen werden. Einzelne Knockout-Mutanten für 

die rRNA-Methyltransferasen des Wirts, die die beobachteten Modifikationen katalysieren, hatten 

keinen Einfluss auf die Qβ-Replikation. Es zeigte sich jedoch, dass das Fehlen von RsmA, das die 

m6,6A Methylierung katalysiert, zu einer Erhöhung der Infektiosität der MS2-Phagen führte. Dieses 

Ergebnis deutet auf eine Rolle von m6,6A-Modifikationen beim Schutz des Wirts vor einer MS2-

Infektion hin.  



 

 XIX 

Diese Arbeit gibt erste Einblicke in die Rolle von rRNA-Modifikationen, insbesondere m6A, in 

Bakterien und demonstriert deren Einfluss auf die Wechselwirkung zwischen Phagen und Wirt. 
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1 Introduction 

Back in 1957, during a lecture at the Society for Experimental Biology, Dr. Francis Crick, who 

later received the Nobel prize in 1962 alongside his colleagues for discovering the molecular 

structure of deoxyribonucleic acid (DNA), introduced the concept of the central dogma of 

molecular biology. He described a unilateral transfer of information from DNA to ribonucleic acid 

(RNA) to proteins and later published it in his paper titled “On Protein Synthesis” (Crick, 1958). 

The discovery of RNA-dependent DNA polymerase (also called reverse transcriptase) in 

retroviruses (Baltimore, 1970; Temin and Mizutani, 1970) strongly challenged the central dogma. 

Crick then refined the central dogma and described a detailed residue-by-residue flow of sequential 

genetic information in a biological system (Crick, 1970). He further stated that genetic information 

cannot be transferred from protein to either protein or nucleic acid (Crick, 1970). However, over 

time, exceptions (Shapiro, 2009) — particularly, alternative splicing (Chow et al., 1977), junk 

DNA (Ohno, 1972), non-coding RNAs (Mattick, 2003), RNA viruses, epigenetics (Jablonka and 

Lamb, 2002) and prions (Prusiner, 1998) — expanded our understanding of molecular biology and 

introduced additional layers to gene flow regulation. One such extra layer is post-transcriptional 

modification of RNA.  

1.1  RNA modifications 

Epitranscriptomics, by definition, describes the functionally relevant changes to the RNA that do 

not alter or mutate its sequence. The word transcriptome refers to the coding and non-coding RNA 

transcripts of a cell. The loanword from the Greek prefix epi – means over, upon or above – implies 

the addition of “something” on top of the traditional RNA transcript sequence. Examples of 

mechanisms that produce such changes are chemical modifications of the most common building 

blocks of RNA – adenine (A), uracil (U), guanine (G), and cytosine (C) (Fig. 1.1). To date, over 

170 RNA modifications have been identified across all domains of life (Fig. 1.1) which are stored 

in an online database for RNA modification pathways called MODOMICS (Cappannini et al., 

2024; Czerwoniec et al., 2009). These chemical changes can regulate RNA metabolism, structure, 

stability, function and fate (Wilkinson et al., 2022). Among the earliest RNA modifications to be 
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discovered were the infamous 5´cap (m7G modification), which protects messenger RNA (mRNA) 

and enhances translation efficiency (Shatkin, 1976) and the poly(A) tail, which stabilizes mRNA 

and facilitates its export from the nucleus (Edmonds et al., 1971). These modifications are essential 

for efficient splicing, demonstrating that RNA modifications are key regulators of gene expression 

and translation.  

 

Figure 1.1 Known RNA modifications classified by their nucleotide (C, A, U, G) and 5’end modifications. 

Four modifications (m6A, m6,6A, m2A and m7G) that are studied in this thesis are marked in bold. Modified 

and adapted from Cappannini et al., 2024 and Lucas and Novoa, 2023. 

 

Numerous modifications present in different forms of RNA (Fig. 1.1) could influence its fate. This 

thesis will provide a brief overview of some essential methyl modifications such as m7G, m2A and 

m6,6A, with a primary focus on the m6A modification, which has emerged as the most prevalent, 

abundant and conserved modification in eukaryotic RNA (Jiang et al., 2021).                                               
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S-adenosylmethionine (SAM) is involved in methyl group transfers and acts as a common methyl 

donor for several substrates, including RNA.  

1.1.1 m7G modification 

N7-methylguanosine (m7G) is a modified guanosine nucleotide with a methyl group at position N7 

(Fig. 1.2). Initially studied for its role at the 5´cap of eukaryotic and virus mRNA (Furuichi, 2015; 

Shatkin, 1976; Abraham et al., 1975; Furuichi and Miura, 1975), m7G has also been found in 

internal positions within mammalian mRNA, microRNA (miRNA), transfer RNA (tRNA) and 

ribosomal RNA (rRNA) (Cheng et al., 2022; Zhang et al., 2019). William-Beuren syndrome 

chromosome region 22 (WBSCR22) adds m7G at position G1639 of human 18S rRNA, which is 

known to impact pre-rRNA processing and biosynthesis of the 40S ribosomal subunit (Zhang et 

al., 2019). Additionally, methyltransferase-like 1 (METTL1) forms a complex with WD repeat 

domain (WDR4) to add m7G in miRNA and mRNA (Liu et al., 2024; Zhang et al., 2019) and at 

the position of G46 of mammalian tRNAs (Cheng et al., 2022). m7G modification in G46 of tRNA 

is a relatively conserved modification across humans, yeast and bacteria (Tomikawa, 2018). The 

absence of m7G modification can impact pathogenic fungal infectivity, regulate the presence of 

other tRNA modifications and is associated with several diseases, including tumours as reviewed 

by Tomikawa, 2018. 

Escherichia coli and Bacillus subtilis use methyltransferase TrmB to methylate G46 at the N7 

position in the variable loop of the tRNA, generating a positive charge (Zhou et al., 2009; De Bie 

et al., 2003). However, deletion of the trmB gene is not essential for the growth of E. coli (De Bie 

et al., 2003). Conserved in bacteria, the methyltransferases RsmG and RlmKL are responsible for 

the addition of m7G methylation to G527 in the 16S rRNA and G2069 in the 23S rRNA (Lesnyak 

et al., 2006; Okamoto et al., 2007). Moreover, RlmKL is a fused methyltransferase that is also 

known to methylate G2445 at the N2 position (Kimura et al., 2012). Deletions of either rsmG or 

rlmKL do not influence ribosomal assembly or growth rate in E. coli (Pletnev et al., 2020). 

However, the deletion of rlmKL leads to reduced efficiency of constitutive and induced exogenous 

protein synthesis (Pletnev et al., 2020). Additionally, a new methyltransferase RlmQ is responsible 

for the addition of m7G methylation to G2601 in the 23S rRNA of Staphylococcus aureus (Bahena-

Ceron et al., 2024). Deletion of rlmQ influences the growth rate and biofilm formation of S. aureus 
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along with its cytotoxicity on human cells (Bahena-Ceron et al., 2024). This modification was 

conserved among clinical isolates of S. aureus but was absent in E. coli (Bahena-Ceron et al., 

2024). 

Interestingly, m7G modification in bacteria has a unique association with antibiotic resistance. 

Aminoglycoside-producing organisms, such as Micromonospora zionensis protect themselves 

against their own secondary metabolite by modifying its ribosomes by encoding aminoglycoside 

resistance methyltransferase (Arm) such as Sisomicin-gentamicin methyltransferase (Sgm) (Kojic 

et al., 1996). Sgm confers resistance to antibiotics such as sisomicin, gentamicin and kanamycin 

by adding m7G methylation at G1405 in bacterial 16S rRNA (Husain et al., 2010). Remarkably, 

many human pathogenic bacteria have acquired Arm family proteins through horizontal gene 

transfer, a key mechanism for spreading antibiotic resistance (Husain et al., 2010). Additionally, 

the loss of the conserved G527 modification in the 16S rRNA of Mycobacterium tuberculosis 

confers streptomycin resistance (Okamoto et al., 2007). These findings highlight the role of m7G 

modification in bacterial antibiotic resistance. 

 

 

Figure 1.2 Chemical structures of N7-methylguanosine (m7G), 2-methyladenosine (m2A), N6, N6-

dimethyladenosine (m6,6A), and N6-methyladenosine (m6A), respectively. Nitrogen atoms and amino groups 

are marked in blue. Oxygen atoms and hydroxy groups are marked in red. The methyl group is highlighted 

in green. The images were generated using MolView. 
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1.1.2 m2A modification 

2-methyladenosine (m2A) is a modified adenosine nucleotide with a methyl group at position C2 

(Fig. 1.2). This modification was first reported in 1972 at position A37 in E. coli tRNAs such as 

tRNAACG, tRNAGUC, tRNAUUC, and tRNAGUG (Saneyoshi et al., 1972). In 1975, m2A was also 

detected at A37 of tRNAUUG and tRNACUG (Yaniv and Folk, 1975), though the enzyme responsible 

for this conserved modification remained unknown. Nearly two decades later, m2A modification 

was discovered in position A2503 in the 23S rRNA of E. coli (Kowalak et al., 1995). Subsequent 

work by Mankin and colleagues identified RlmN, a methyltransferase responsible for the m2A 

modification in position A2503 in 23S rRNA of E. coli (Toh et al., 2008). Four decades after the 

initial investigations on the modification at A37 on specific tRNAs, RlmN was reported to be a 

dual methyltransferase responsible for the addition of the m2A modification in both tRNA and 

rRNA (Benítez-Páez et al., 2012). RlmN is a conserved methyltransferase across other bacteria 

(Pletnev et al., 2020). In Enterococcus faecalis, RlmN is described as a model for sensing reactive 

oxygen species (ROS) and influencing the proteome by regulating the m2A modification in the 

rRNA and tRNA (Lee et al., 2023). Deletion of rlmN causes inefficient production of exogenous 

proteins (Pletnev et al., 2020), probably because it has an error-prone characteristic that increases 

the misreading of the stop codon, UAG (Benítez-Páez et al., 2012). 

Primarily thought to be a bacteria-specific RNA modification, m2A is also reported in the Plant 

kingdom, especially in the chloroplast rRNA and at position A37 in chloroplast and cytosolic tRNA 

(Duan et al., 2024). Particularly, in Arabidopsis thaliana, RlmN-like proteins such as RLMNL1, 

RLMNL2 and RLMN3 were identified, which are responsible for the addition of m2A in 

chloroplast rRNA, chloroplast tRNA and cytosolic tRNA, respectively (Duan et al., 2024).  

1.1.3 m6,6A modification 

N6, N6-dimethyladenosine is modified adenosine nucleotide with two methyl groups at the N6 

position (Fig. 1.2). This modification drew considerable attention in the early 1970s when it 

became apparent that, unlike previous mutations affecting ribosomal structure and functions — 

primarily found in ribosomal proteins, which led to antibiotic resistance or defects in ribosomal 

assembly — kasugamycin (ksg) resistance was caused by a change in methylation of 16S rRNA 
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(Helser et al., 1971). Ksg sensitivity is due to the presence of m6,6A modification at positions 

A1518 and A1519 (referred to as KsgA locus) and methylated by KsgA (also known as RsmA) 

methyltransferase (Helser et al., 1972, 1971). Later, it was reported that lack of modification at 

position A1519 is essential to confer ksg resistance in E. coli and dimethylation of the adjacent 

adenosine nucleotides is independent of each other (Vila-Sanjurjo et al., 1999). RsmA is especially 

important for cell growth at low temperatures and pre-rRNA processing (Connolly et al., 2008) — 

to segregate immature 30S subunits from mature ones for forming a complete 70S free ribosome 

to participate in translation (Xu et al., 2008). Deletion of RsmA causes a decreased ability to 

synthesize exogenous proteins and an increase of 17S rRNA precursors at 20°C (Pletnev et al., 

2020).  

RsmA is a highly conserved methyltransferase, present in all three domains of life (Pletnev et al., 

2020). In archaea and eukaryotes, the enzyme is termed as Dim1 and is required for pre-ribosomal 

processing and ribosome biogenesis (Zorbas et al., 2015; Lafontaine et al., 1995). In A. thaliana, 

Dim1 is essential for root epidermal patterning and growth (Wieckowski and Schiefelbein, 2012) 

as well as the development of chloroplast at low temperatures (Tokuhisa et al., 1998).  

1.2 m6A modification in Eukaryotes 

N6-methyladenosine (m6A) is a modified adenosine nucleotide with a methyl group at position N6 

(Fig. 1.2). It is the most abundant, predominant and conserved internal modification of eukaryotic 

RNA, especially the mRNA (Jiang et al., 2021). In the early 1970s, chromatography first revealed 

the presence of m6A modification in human and mouse mRNA (Desrosiers et al., 1974; Perry and 

Kelley, 1974). However, it was the development of m6A-methylated RNA immunoprecipitation 

sequencing (m6A-meRIP-seq), combining antibodies specific to m6A with next-generation high 

throughput sequencing, that enabled transcriptome-wide mapping of the m6A positions 

(Dominissini et al., 2012; Meyer et al., 2012). This breakthrough led the way to further 

advancement in m6A mapping technologies which assisted in unmasking the fundamental role of 

m6A in the regulation of gene expression in eukaryotes. A conserved m6A motif DRACH (D = G 

or A or U, R = G or A, A = m6A-modified A, H = A or U or C) was established using the m6A-

meRIP-seq (Linder et al., 2015; Dominissini et al., 2012; Meyer et al., 2012) in agreement with 

previously reported biochemical studies (Harper et al., 1990; Narayan et al., 1994; Rottman et al., 
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1994). In the last ten years, several studies have shown that m6A modification can influence 1) 

physiological behaviours such as neurodevelopment, learning and memory; 2) immunoregulation 

such as T-cell homeostasis and inflammatory response; 3) diseases such as cancer, neuronal 

disorders, autoimmune diseases, osteoporosis, metabolic diseases and viral infection (Chen et al., 

2024; Jiang et al., 2021; Luo et al., 2021; Shan et al., 2024; Xu et al., 2021; Yang et al., 2020; 

Zhang et al., 2020; Zhou et al., 2020). 

1.2.1 Mammalian m6A modification machinery  

The first component of an evolutionary conserved methyltransferase complex, methyltransferase-

like 3 (METTL3), was discovered and characterised in 1997 (Bokar et al., 1997). In 2014, 

METTL3 was reported to form a complex with methyltransferase-like 14 (METTL14) and Wilms 

tumor 1 (WT1) – associated protein (WTAP) to add m6A modification on mRNA (Ping et al., 2014) 

(Fig. 1.3). There are four more evolutionary conserved methyltransferases, also called as “writers” 

that can methylate adenines at the N6 position of different types of eukaryotic RNA (Sendinc and 

Shi, 2023) — methyltransferase-like 16 (METTL16) (Pendleton et al., 2017; Warda et al., 2017), 

methyltransferase-like 5 (METTL5) (Tran et al., 2019), phosphorylated CTD interacting factor 1 

(PCIF1) (Sendinc et al., 2019) and CCHC zinc-finger containing protein (ZCCHC4) (Ma et al., 

2019). 

 

Figure 1.3 Machinery for the addition, removal and recognition of m6A modification in the mammalian 

mRNA. Methyltransferase-like 3 (METTL3), methyltransferase-like 14 (METTL14), Wilms tumor 1-

associated protein (WTAP), YT521-B homology domain containing 1 (YTHDC1) and fat mass- and 

obesity-associated protein (FTO). Figure was generated using Biorender.com. 
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The discovery of fat mass- and obesity-associated protein (FTO) and alpha-ketoglutarate 

dependent dioxygenase (AlkB) homolog 5 (ALKBH5) as demethylases (or “erasers”) for m6A 

mRNA methylation (Fig. 1.3) brought to light that m6A modification is a highly dynamic and 

reversible process (Jia et al., 2011; Zheng et al., 2013). The ability of writers and erasers to add 

and remove methyl groups, respectively, highlights the complexity and specificity with which 

these enzymes modulate mRNA metabolism and function. The discovery and characterisation of 

m6A-reader proteins (or “readers”) that recognise and bind to m6A-modified mRNAs (Fig. 1.3) 

provided significant insights into the m6A-mediated post-transcriptional regulation of genes. 

YT521-B homology (YTH) domain-containing reader proteins such as YTH domain family 1-3 

(YTHDF1-3) and YTH domain containing 1-2 (YTHDC1-2) are an important class of m6A-reader 

proteins (Shi et al., 2019). The conserved carboxy-terminal YTH domain is well-characterized for 

its ability to recognize and bind m6A methylation (Dominissini et al., 2012; Schwartz et al., 2013). 

Other classes of readers include eukaryotic initiation factor 3 (eIF3), fragile X mental retardation 

1 (FMR1) insulin-like growth factor 2 mRNA-binding proteins 1-3 (IGF2BP1-3), leucine-rich 

pentatricopeptide repeat-containing (LRPPRC) and heterogeneous nuclear ribonucleoproteins 

(HNRNPs) (Shi et al., 2020, 2019). HNRNPC/G and HNRNPA2B1 recognize RNA binding motifs 

(RBM) due to the m6A switch, the process in which the presence of m6A modification in the 

mRNA can alter the local mRNA structure exposing RBMs (Liu et al., 2015). The systematic 

understanding of the molecular machinery that modulates m6A modification has significantly 

enhanced our current knowledge of gene expression regulation by this post-transcriptional 

modification. 

1.2.2 m6A modification and viral epitranscriptome 

The first evidence of m6A modification in viral transcripts was identified in the simian vacuolating 

40 (SV40) virus (Canaani et al., 1979; Lavi and Shatkin, 1975), inspiring a cascade of similar 

findings in other viruses. This domino effect led to the discovery of m6A modification in viral 

transcripts of adenovirus (Hashimoto and Green, 1976; Moss and Koczot, 1976), influenza A virus 

(IAV) (Krug et al., 1976; Narayan et al., 1987),  avian sarcoma virus (Stoltzfus and Dimock, 1976), 

Rous sarcoma virus (Beemon and Keith, 1977; Kane and Beemon, 1985) and herpes simplex virus 

type 1 (Moss et al., 1977). These discoveries came to a natural halt due to technological limitations 
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of that time, which hindered further exploration into the role of m6A modification in viral 

infections. However, recent advancements in m6A mapping technologies (Chen et al., 2015; 

Dominissini et al., 2012; Meyer et al., 2012) and liquid chromatography-mass spectrometry with 

tandem mass spectrometry (LC-MS/MS) techniques for detecting and quantifying overall m6A 

levels (Fu et al., 2015; Jia et al., 2011), have reignited interest to study the molecular mechanism 

of m6A modification and its role in cellular and viral transcripts. For example, three independent 

groups showed that m6A modification positively regulates human immunodeficiency virus-1 (HIV-

1) infection (Kennedy et al., 2016; Lichinchi et al., 2016a; Tirumuru et al., 2016). Lichinchi et al., 

2016a reported that depletion of METTL3/METTL14 (or “m6A writers”) decreased HIV-1 

replication while depletion of ALKBH5 (or “m6A erasers”) increased HIV-1 replication. 

Additionally, the HIV-1 genome was also reported to have m6A modifications (Kennedy et al., 

2016; Tirumuru et al., 2016), especially in the 3´untranslated region (UTR) that promoted viral 

gene expression by recruiting YTHDF (or “m6A readers”) (Kennedy et al., 2016). Around the same 

time, m6A modification was also identified as a conserved regulatory marker across the RNA 

genomes of the Flaviviridae family such as Zika virus (ZIKV), dengue virus (DENV), West Nile 

virus, yellow fever virus and hepatitis C virus (HCV) (Gokhale et al., 2016). Interestingly, m6A 

modification has an anti-viral role during HCV and ZIKV infection as it negatively modulates 

HCV particle production (Gokhale et al., 2016) and ZIKV viral RNA abundance (Lichinchi et al., 

2016b). In contrast, m6A modification plays a pro-viral role during IAV and SV40 infection as 

overexpression of m6A reader protein YTHDF2 enhances IAV replication (Courtney et al., 2017) 

and inactivation of m6A residues on late viral transcripts resulted in delayed replication of SV40 

(Tsai et al., 2018). In summary, m6A modification can have pro- or anti-viral functions (Horner 

and Reaves, 2024; Zhang et al., 2023; Baquero-Perez et al., 2021; Manners et al., 2019), which 

can be elucidated by modulating the main components of the m6A modification machinery through 

overexpression or depletion of writers, erasers and readers. Moreover, targeted alterations of 

DRACH motifs in the host or viral mRNA to eliminate certain m6A residues provide an additional 

strategy to understand the role of this modification, thereby offering potential targets for antiviral 

interventions.  
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1.3 m6A modification in Prokaryotes 

M6A modification was first found in bacterial rRNA, the most abundant of all RNA (Hayashi et 

al., 1966; Starr and Fefferman, 1964; Littlefield and Dunn, 1958), followed by in valine-specific 

tRNA (Saneyoshi et al., 1969). Quite recently, m6A modification was also reported in bacterial 

mRNA (Deng et al., 2015). They experimentally demonstrated that the mRNA of Gram-negative 

bacteria has higher m6A/A ratios than Gram-positive bacteria (Deng et al., 2015). Moreover, they 

report that most of the m6A-modified transcripts are associated with respiration, amino acid 

metabolism, stress response and small RNAs (Deng et al., 2015). 

1.3.1 Prokaryotic m6A modification machinery 

Although m6A modification is reported to occur in most types of bacterial RNA– the enzymes 

responsible for catalysing this modification have been identified only in rRNA and tRNA. In E. 

coli, a single m6A modification occurs at position A37 in the valine-specific tRNA, catalysed by 

methyltransferase TrmM (Golovina et al., 2009). Additionally, E. coli has two m6A modification 

sites at position A1618 and A2030 of the 23S rRNA which are catalysed by methyltransferases, 

RlmF and RlmJ, respectively (Golovina et al., 2012; Sergiev et al., 2007). TrmM, RlmF and RlmJ 

belong to the family of Rossman fold methyltransferases (Sergiev et al., 2016, 2007), with RlmJ 

displaying an additional helical subdomain (Punekar et al., 2013). While the structure of RlmF 

remains unresolved, it has been reported as a structural homolog of METTL16, m6A-

methyltransferase for eukaryotic mRNA (Breger et al., 2023). RlmJ is widely conserved 

throughout the phylum Proteobacteria while RlmF is primarily confined to the class 

Gammaproteobacteria (Pletnev et al., 2020). Single deletions of either rlmF or rlmJ do not disrupt 

ribosomal assembly or affect the growth rate of E. coli; however, they do result in reduced 

production of exogenous proteins (Pletnev et al., 2020). In addition, deletion of rlmJ is associated 

with an increased growth rate of E. coli in an anaerobic environment (Golovina et al., 2012).  

Although most studies on RlmF and RlmJ have been conducted in E. coli, these proteins are also 

well conserved in the marine bacterium Vibrio campbellii BAA-1116, which serves as a model 

organism for quorum sensing. Recent studies from our group utilised LC-MS/MS to quantify m6A 

content in tRNA-depleted mRNA and rRNA samples of wild type V. campbellii and E. coli. We 
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found that the m6A/A ratio in V. campbellii was approximately 0.2 % (Saikia et al., 2024), while 

in E. coli, the ratio is approximately 0.15 % (Riquelme-Barrios et al., 2024) (Fig. 1.4). The double 

knockout of genes rlmF and rlmJ in E. coli and V. campbellii resulted in a decrease of at least        

95 % in m6A levels of the tRNA-depleted mRNA and rRNA samples (Riquelme-Barrios et al., 

2024; Saikia et al., 2024) (Fig. 1.4). These m6A-depleted mutants are used in this thesis to examine 

the role of m6A modification in bacteriophage infection, given the well-established role of m6A in 

regulating viral infection in eukaryotic cells (Refer to section 1.2.2). 

 

 

Figure 1.4 Presence of m6A modification in E. coli and V. campbellii. Quantitative analysis of m6A to 

1000A of isolated rRNA and mRNA fraction from wild type E. coli and V. campbellii and their double 

knockout rlmF and rlmJ mutants. Figure is adapted from Riquelme-Barrios et al., 2024; Saikia et al., 2024. 

 

1.4 Bacteriophages 

In 1915, Frederick William Twort noticed contaminating bacterial cultures with mysterious clear 

spots while trying to propagate the Vaccinia virus (Twort, 1915). Out of the three possible 

hypotheses discussed by him for this unusual phenomenon, one stood out – the novel “ultra-

microscopic virus”. Around the same time, Félix Hubert d’Herelle also independently published 

rRNA+mRNA fraction 
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similar findings wherein he noticed an invisible antagonist against bacteria grown in agar that 

could pass through a Chamberland filter and enthusiastically labelled them as “bacteriophages” 

(d’Hérelle, 1917). The term bacteriophage originates from the English word bacterium and the 

Greek term phagein, meaning to devour or to eat, perfectly describing the role of bacteriophages 

as an obligate intracellular parasite of bacteria. Bacteriophages (or phages) are acellular entities 

that use archaea and bacteria as hosts to replicate and propagate. Through their parasitic life cycle, 

phages play a crucial role in shaping microbial ecosystems and influencing the dynamics of 

bacterial evolution, virulence and community structure(Salmond and Fineran, 2015; Batinovic et 

al., 2019). They are ubiquitous and among the most abundant biological entities, prevalent in all 

ecosystems rich in bacteria, including soils, aquatic environments and the human microbiome 

(Batinovic et al., 2019). 

1.4.1 Bacteriophage diversity and lifestyle 

Felix d’Herelle, one of the original co-discoverers of phages, devoted the remainder of his career 

to their study, marking the beginning of a golden period of phage research and the subsequent birth 

of molecular biology. This period not only witnessed the discovery of phages with diverse nucleic 

acid types in their genomes but also benefited from the emergence of the electron microscope 

(EM), which enabled detailed study of their shape, size and structure (Ackermann, 2009). Phages 

with double-stranded DNA (dsDNA), single-stranded DNA (ssDNA), double-stranded RNA 

(dsRNA) or single-stranded RNA (ssRNA) were the initial form of classification along with capsid 

shapes such as filamentous, icosahedral or pleomorphic (Ackermann, 2009). In addition to 

icosahedral capsids, these phages exhibited tail diversities such as long contractile tails, long non-

contractile tails, short tails or no tails at all. Moreover, the recent availability of phage genomic 

sequences reveals that their genomes vary in size from 3.4 kilobases (kb) to almost 500 kb and 

the lack of an omnipresent gene found in all phages contributes to their remarkable complexity 

(Keen, 2015; Ackermann, 2009). Each phage genome is a distinct blend of shared elements that 

have evolved over billions of years, representing a melting pot of unknown genes and proteins in 

the biosphere (Keen, 2015). This continually expanding genomic and morphological diversity of 

phages necessitates ongoing revision to their taxonomy and classification, prompting Hans-W. 

Ackermann to describe this process as “as much an art as a science.” (Ackermann, 2009). In the 
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present times, the International Committee on Taxonomy of Viruses (ICTV) is given the task of 

developing a uniform and universal taxonomy for all eukaryotic and prokaryotic viruses.  

Given their ubiquity and diversity, it is unsurprising that phages exhibit a range of life cycles from 

the well-known lytic and lysogenic cycles to the less common but eminent pseudo-lysogeny and 

chronic cycles (Fig. 1.5 A-D). All life cycles begin with the attachment or adsorption of the phages 

to their specific receptors in the bacterial cell wall, followed by the injection of their genomic 

material (DNA or RNA) or fusion and uncoating of the capsid to release the genomic material into 

the host cell. In the lytic cycle, the phage hijacks the host’s machinery to produce new phage 

particles and ruptures the host to release its progeny virions, thereby allowing further cycles of 

infection (Fig. 1.5 A) (Orlova, 2012). In contrast, the lysogenic cycle involves the integration of 

the phage DNA into the host genome, where it remains dormant across many bacterial generations 

(now called prophage) until triggered by stress, at which point it may enter the lytic phase (Fig. 

1.5 B) (Lwoff, 1953). In addition, free phages have been found in lysogenic bacteria in the absence 

of stress (or any inducing agent) which supports the idea of spontaneous prophage induction 

(Carrolo et al., 2010; Lwoff, 1953). The pseudo-lysogeny cycle is usually maintained when 

nutrients and bacterial hosts are limited (Fig. 1.5 C). Hence, the phage genomic material acts 

inactive and silently resides in the host (Mäntynen et al., 2021; Naureen et al., 2020). The chronic 

cycle (also called the carrier phase) is a stable, long-term infection of the phages to the bacterial 

hosts wherein the phage progenies are continuously budding off the cells or are asymmetrically 

passed to daughter cells without any immediate lysis (Fig. 1.5 D) (Mäntynen et al., 2021; Naureen 

et al., 2020). Pseudo-lysogeny and chronic cycles are unique and exciting life cycles, however, this 

thesis will primarily focus on the two common life cycles – lytic and lysogenic.  

1.4.1.1 Obligate lytic phages 

Phages that cannot undergo lysogeny and are released from a lysed-infected cell are obligately 

lytic. Since the early 1940s, a special series of seven such obligately lytic DNA phage types have 

been used as model systems upon which fundamentals of molecular biology are built. These 

phages, known collectively as the T-series or T-phages, include types T1, T2, T3, T4, T5, T6 and 

T7, where “T” denotes types (Demerec and Fano, 1945). Research on these T-phages has 

contributed significantly to the birth of molecular biology and genetics, including DNA as the 
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genetic material and its replication mechanisms, gene expression and transcription, and phage-host 

interactions, in addition to the genetic code underlying protein synthesis (Ofir and Sorek, 2018). 

 

 

 

Figure 1.5 Different phage lifecycles reported in bacterial hosts. The production of new virions is shown 

via lytic cycle (A), lysogenic cycle (B), pseudo-lysogenic cycle (C) and chronic cycle (D). Figure was 

generated in Biorender.com.  
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T2, T4 and T6 are often referred to as T-even series (Abedon, 2000) as they are quite similar in 

morphology and genetics — contain 5-hydroxymethyl cytosine (instead of cytosine) in their 

approximately 165 kbp dsDNA (Subedi and Barr, 2021; Kutter and Wiberu, 1968) and have 

a characteristic contractile tail. T1, T3, T5 and T7 (T-odd series) have simple noncontractile tails 

and contain the usual four nucleotides in their dsDNA (Subedi and Barr, 2021). However, T1, T3 

and T7 are clustered together due to a relatively similar genome size of approximately 43 kb. T5 

phage is different from the other T-phages.   

1.4.1.1.1 T5 and T5-like phages 

According to Demerec and Fano, phage T5 was isolated from a mixture of phages supplied by Dr. 

Tony Rakieten from the Long Island College of Medicine in 1945. Morphologically, it has a long, 

flexible, noncontractile tail and an icosahedral head with a genome of about 121,300 base pairs 

(bp) with terminal repeats of about 8.4 % of the total genome length (Rhoades, 1982). The left 

terminal repeats are essential as part of the first step transfer (FST) of T5 DNA injection, wherein 

about 8 % of the whole genome is injected into the host, followed by the second step transfer (SST) 

which corresponds to the remaining 92 % of the genome (Lanni, 1968). The FST controls two 

phage-induced functions – degradation of host DNA and transfer of the rest of the T5 genome 

(Lanni, 1968). The host DNA is degraded within the first few minutes of FST which leads to 

the production of free nucleotides that are eliminated from the host (Warner et al., 1975). It is 

interesting that the phage T5 does not recycle the free host nucleotides but instead synthesises its 

own nucleotides from scratch, a process that is both energy-intensive and time-consuming (Warner 

et al., 1975). Additionally, the T5 genome contains nicks in 3`to 5`strand and is insensitive to 

several restriction enzymes (Davison, 2015; Davison and Brunel, 1979a, 1979b). 

FhuA, an outer membrane protein that transports ferrichrome, a type of siderophore that binds to 

iron to make it accessible to E. coli is also the receptor for phage T5 (Heller and Schwarz, 1985). 

However, most of the T5-like phages use BtuB as a receptor, an outer membrane protein 

responsible for the transport of cobalamin (vitamin B12) (Heller and Schwarz, 1985; Maffei et al., 

2021). According to ICTV, T5 and T5-like phages are classified within the Demereciviridae family. 

A recent study introduced sixty-eight new obligate lytic phages, including nine new T5-like phages 

that could infect E. coli, (Maffei et al., 2021) which have now been deposited in the Deutsche 
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Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ – German Collection of 

Microorganisms and Cell Cultures). These nine T5-like phages are from the Bacteriophage 

Selection for your Laboratory (BASEL) collection and use BtuB as the receptor (Maffei et al., 

2021).  

1.4.1.1.2 MS2 and Qβ phages 

The first report on phages containing RNA as a genetic material was in 1961 when Loeb and Zinder 

discovered phage f2, which can only infect E. coli strains containing the fertility factor (F-plasmid, 

F+) (Loeb and Zinder, 1961). Soon after, several RNA phages were identified, including MS2 

(Strauss and Sinsheimer, 1963; Davis et al., 1961a) and Qβ (Nonoyama et al., 1963). According to 

ICTV, both phages belong to family Leviviridae, with MS2 in genera Levivirus and Qβ in genera 

Allolevivirus (Callanan et al., 2020; Olsthoorn and van Duin, 2011). MS2, the first biological entity 

to have its complete genome sequenced, has a small ssRNA genome of size 3569 nucleotides which 

contains four genes encoding proteins for maturation, coat, lysis and replicase enzyme (Fiers et 

al., 1976). Qβ has a relatively larger ssRNA genome as compared to MS2, with 4220 nucleotides 

which have three open reading frames that encode four proteins for maturation-lysis (A2), major 

coat, minor coat (A1), and replicase enzyme (Mekler, 1981; Meyer et al., 1981). They both contain 

icosahedral shells with one copy of their positive sense ssRNA genome and infect their hosts via 

F-pili (Olsthoorn and van Duin, 2011; Overby et al., 1966a, 1966b). The ssRNA genomes of RNA 

phages have a unique secondary structure that plays role in its overall replication cycle (Olsthoorn 

and van Duin, 2011). Maturation protein is bound to the ssRNA of the phage and recognises the 

host by interacting with the F-pili, thereby initiating entry into the host through a combination of 

collision and pili retraction (Gorzelnik and Zhang, 2021; Meng et al., 2019; Callanan et al., 2018; 

Clarke et al., 2008). However, the maturation protein of Qβ has a dual functionality – which 

includes ssRNA genome entry into the host as well as the ability to lyse the host once Qβ 

replication is successful and fully-formed virions are produced (Mekler, 1981; Meyer et al., 1981; 

Olsthoorn and van Duin, 2011). The replicase enzyme coded by the ssRNA phages, is one of the 

four subunits that make up the replicase holoenzyme. The other three subunits are ribosomal 

protein (RP) S1 and translational elongation factors EF-Tu and EF-Ts that are recruited by the 

phage to assist in RNA synthesis and translation (Takeshita and Tomita, 2010; Wahba et al., 1974; 
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Blumenthal et al., 1972). MS2 and Qβ are heavily dependent on their host translational machinery 

to complete their virulent replication.  

1.4.1.2  Temperate phages 

Phages that can undergo lysogeny, wherein their genetic material gets integrated into the host 

chromosome are called temperate phages (Lwoff, 1953). The bacteria then become a lysogen as 

the phage genome becomes a prophage (Fig. 1.5 B). At some point, the prophage gets excised from 

the chromosome under stress conditions (or spontaneity) which initiates the lytic life cycle of the 

temperate phage. Thus, temperate phages have the ability to choose between the lytic and lysogenic 

life cycles and this decision-making process was first studied in λ phage (Jacob and Wollman, 

1953; Lederberg and Lederberg, 1953; Weigle, 1953). Phage λ was discovered by Esther Lederberg 

in 1951 at the University of Wisconsin (Lederberg, 1951), a finding that led to extensive studies 

on λ phage and contributed to the foundation of genetics and molecular biology.  

Prophages can have a big impact on the lifestyle and virulence of the bacterial hosts, the lysogens, 

by encoding factors that can enhance pathogenicity and adaptation (Wendling et al., 2021; Fortier 

and Sekulovic, 2013; Brüssow et al., 2004; Casjens, 2003). Some of the greatest examples include 

pathogenic bacteria such as Corynebacterium diphtheriae, Clostridium botulinum and E. coli 

O157:H7 that derive their pathogenicity from their respective prophages that encode the toxin 

(Brüssow et al., 2004). Prophage acquisition also increases bacterial fitness and their evolution 

through horizontal gene transfer (HGT) of beneficial genes such as antibiotic resistance (Wendling 

et al., 2021). Our research group has identified ten putative prophage regions in the chromosomes 

of V. campbellii using the bioinformatic tool PHAST (Fig. 1.6) (Lorenz et al., 2016). Among these, 

four regions were classified as putative intact prophage regions – ΦHAP-1-like, VfO4K68-like, 

VfO3K6-like and Vibrio kappa-like (Lorenz et al., 2016). Notably, ΦHAP-1-like and Vibrio kappa-

like prophages are induced into their lytic cycle in response to oxidative or heat stress as evidenced 

by transmission EM (TEM) analysis (Lorenz et al., 2016), highlighting their potential role in 

environmental adaption.  
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Figure 1.6 Chromosome I and II of V. campbellii contain putative prophage regions. Five potential 

prophages are identified across both chromosomes. Intact prophage regions are highlighted in green, while 

incomplete prophages are marked in black. Figure adapted from Lorenz et al., 2016. 

 

Most of the putative prophages identified in V. campbellii are incomplete or cryptic, marked in 

black in Fig. 1.6. Evolution and genome rearrangements may cause a prophage to be imprisoned 

into the host chromosome, rendering it unable to enter a lytic cycle. These dormant prophage 

remnants are referred to as incomplete or cryptic prophages and they support their host to survive 

hostile conditions such as antibiotics, acid fluctuations, osmotic and oxidative stress, in addition 

to influencing biofilm formation (Wang et al., 2010). For instance, the E. coli K-12 genome 

contains nine cryptic prophage elements from CP4-6, DLP12, e14, Rac, Qin, CP4-44, CSP-53, 

CPZ-55 and CP4-57 that account for 3.6 % of its genome (Wang et al., 2010). 

1.4.2 RNA modifications in phages 

Recent studies have begun to shed light on the potential regulatory roles of RNA modifications in 

phage-bacteria dynamics. For example, Phage T4 encodes three adenosine diphosphate (ADP)-

ribosyltransferase enzymes – Alt, ModA and ModB that could modify over thirty host proteins, 

including E. coli RNA polymerase (RNAP) for a successful takeover of E. coli transcriptional and 

translational machinery (Depping et al., 2005; Tiemann et al., 2004; Koch et al., 1995; Goff, 1974). 

ADP-ribosyltransferase is an enzyme that catalyses the transfer of ADP-ribose from nicotinamide 
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adenine dinucleotide (NAD+) onto target proteins or nucleic acids in a process called ADP-

ribosylation (Groslambert et al., 2021; Kim et al., 2020). Until recently, ModB was only reported 

to utilise NAD+ as a substrate, however, a new study now identified NAD-capped RNA as an 

additional substrate for ModB (Wolfram-Schauerte et al., 2023). This study describes 

the installation of RNA chains by ModB onto the specific host translational proteins through a 

process called RNAylation (Wolfram-Schauerte et al., 2023). Ribosomal proteins rS1 and rL2 are 

RNAylated at their RNA-binding regions, suggesting a coordinated shutdown of host gene 

expression by inactivating specific host ribosomes (Wolfram-Schauerte et al., 2023). Additionally, 

the inactivation of ModB causes delayed host cell lysis and reduced burst size of phage T4, 

highlighting its importance in efficient T4 infection (Wolfram-Schauerte et al., 2023).  

Complementary to this, another study has identified a unique RNA modification mechanism as 

part of a bacterial defence system against phage infection. They report the first internal mRNA 

modification of phage transcripts by a chaperone-mediated defence toxin-antitoxin chaperone 

(CmdTAC) system (Mets et al., 2024; Vassallo et al., 2024). The addition of ADP-ribose at the N6 

position of adenine in GA dinucleotides in phage mRNAs blocks the translation of phage proteins 

(Vassallo et al., 2024). This system operates in a competitive binding manner, whereby the major 

capsid protein of the phage outcompetes the antitoxin CmdA for interaction with CmdC, thus 

allowing the free toxin CmdT to initiate this targeted modification (Vassallo et al., 2024). 

Such studies not only broaden our understanding of the molecular mechanisms of phage-host 

interactions but also generate keen interest in investigating the phage epitranscriptome during 

bacterial infection. Thus, this thesis aims to contribute to the growing field of exploring RNA 

modification during phage replication in bacteria.  

1.5 Scope of the thesis 

The aim of this thesis is to investigate the role of rRNA modifications in bacteria and their 

influences on phage replication, with a particular focus on phage–host dynamics. To conduct this 

investigation, two model bacteria, V. campbellii and E. coli, are employed.  

In V. campbellii, the study primarily examines the induction of lysogenic phages and the infection 

dynamics of the lytic phage Virtus using both wild-type and m6A-RNA depleted mutant bacterial 
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strains. In E. coli, the impact of m6A depletion is screened on a more diverse range of lytic phages, 

with particular emphasis on the T5 phage. The phenotype is validated and further characterised at 

a range of scales, from whole-population to single-cell resolution, using classical methodologies. 

T5 Phage–host interactions are also assessed, focusing on different stages of infection, including 

phage adsorption to the host, intracellular replication and the subsequent production of progeny 

phage particles. 

To delve deeper into the molecular mechanisms of T5 phage–host interactions, a dual proteomic 

analysis is conducted. This approach is designed to reveal global changes in phage and host protein 

levels, enabling the identification of differentially regulated biological pathways during infection 

in both wild-type and m6A-RNA depleted bacteria. This is complemented by studies of ribosome 

composition and transcript abundance to determine the impacts of m6A modification on phage 

gene expression. 

Additionally, this thesis examines the presence of RNA modifications in RNA phages such as MS2 

and Qβ using LC-MS/MS analysis, followed by genetic knockout studies to understand their 

influences on phage–host interactions. 
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2 Materials and methods 

Some parts are cited from the publication: Bibakhya Saikia, Sebastian Riquelme-Barrios, Thomas Carell, Sophie 

Brameyer and Kirsten Jung. 2024. Depletion of m6A-RNA in Escherichia coli reduces the infectious potential of T5 

bacteriophage. Microbiology Spectrum, 12 (12), e0112424.  Doi: 10.1128/spectrum.01124-24.  

2.1 Preparation of culture media    

Table 1: Different culture media and their components used in the study 

Culture media  Components 

Lysogeny broth (LB) 10g/L tryptone, 5g/L yeast extract, 10g/L sodium chloride 

Double strength (ds) LB 20g/L tryptone, 10g/L yeast extract, 20g/L sodium chloride 

LM 10g/L tryptone, 5g/L yeast extract, 20g/L sodium chloride 

M9 salt solution (10x) 

 75.2 g/L disodium hydrogen phosphate, 30 g/L potassium 

dihydrogen phosphate, 5 g/L sodium chloride, 5 g/L ammonium 

chloride 

Trace elements solution 

(100x) 

5 g/L ethylenediaminetetraacetic acid (EDTA), 0.8 g/L ferric 

chloride hexahydrate, 84 mg/L zinc chloride, 13 mg/L cupric 

chloride dihydrate, 10 mg/L cobalt chloride dihydrate, 10 mg/L 

boric acid and 1.6 mg/L manganese dichloride tetrahydrate 

M9 media 

1x M9 salt solution, 0.4 (w/v) % glucose, 1 mM magnesium 

sulphate, 0.3 mM calcium chloride, 1µg biotin, 1 µg thiamine 

and 1x trace elements solutions  

Nutrient broth (NB) 
5 g/L peptone, 3 g/L meat extract (N7519, Sigma-Aldrich, St. 

Louis, MO, USA) 

NZYCM broth 

1g/L casamino acids, 0.98g/L magnesium sulphate, 5g/L 

sodium chloride, 10g/L tryptone, 5g/L yeast extract (N3643, 

Sigma-Aldrich, St. Louis, MO, USA) 

 

All the culture media mentioned in Table 1 were prepared with vollentsalztes (VE; distilled) water 

and sterilized by autoclaving. Agar plates (or base agar plates) were prepared by supplementing 
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the medium with 1.5 % (w/v) agar before autoclaving. Top agar (also called soft agar) was prepared 

by supplementing the medium with 0.7 % (w/v) agar before autoclaving. Freshly prepared top agar 

was used for all plaque assays. Trace elements solution (100x) was sterilised by 0.22 µM filter. 

2.2 Strains, plasmids and oligonucleotides  

The bacterial strains, bacteriophage strains and plasmids used in this study are listed in Table 2. 

Oligonucleotide sequences used for cloning and polymerase chain reaction (PCR) are listed in 

Table 3. Primers used for quantitative PCR (qPCR) are listed in Table 4. 

Table 2: Bacterial strains, bacteriophages and plasmids used in this study 

Strain Genotype Reference/Source 

V. campbellii ATCC 

BAA-1116 
V. campbellii wild type (Lin et al., 2010) 

V. campbellii ∆rlmF∆rlmJ 
Deletion of rlmJ and rlmF in 

V. campbellii 
(Saikia et al., 2024) 

V. campbellii ∆rlmF∆rlmJ + 
Insertion of rlmJ in V. 

campbellii ∆rlmF∆rlmJ 
This work 

V. campbellii ∆∆-compl. 

Insertion of rlmF in the glmS 

region of V. campbellii 

∆rlmF∆rlmJ+ 

This work 

V. harveyi VH2 
GenBank: LGYS00000000 

 
(Castillo et al., 2015) 

E. coli WM3064 

thrB1004 pro thi rpsL hsdS 

lacZΔM15 RP4-1360 

Δ(araBAD)567 

ΔdapA1341::[erm pir] 

W. Metcalf, Univ. of 

Illinois, Urbana 

E. coli BL21 (DE3) 
F–ompT gal dcm lon 

hsdSB (rB
– mB

–) λ(DE3) 
(Studier and Moffatt, 1986) 

E. coli DH5αλpir 
endA1 hsdR17 glnV44 (= 

supE44) thi-1 recA1 gyrA96 
(Macinga et al., 1995) 
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relA1 φ80dlacΔ(lacZ)M15 

Δ(lacZYA-argF)U169 zdg-

232::Tn10 uidA::pir+ 

E. coli MG1655 K-12 F– λ– ilvG– rfb-50 rph-1 (Blattner et al., 1997) 

E. coli MG1655 

∆rlmF∆rlmJ 

Deletion of rlmJ and rlmF in 

E. coli MG1655 

(Riquelme-Barrios et al., 

2024) 

E. coli MG1655 ∆∆-compl. 
Insertion of rlmF and rlmJ  

in E. coli ∆rlmF∆rlmJ 

(Riquelme-Barrios et al., 

2024) 

E. coli MG1655 Pflu-

mNeonGreen 

Integration of Pflu-

mNeonGreen at the native 

locus in E. coli MG1655 

(Brameyer, 2024, 

unpublished) 

E. coli MG1655 

∆rlmF∆rlmJ Pflu-

mNeonGreen 

Integration of Pflu-

mNeonGreen at the native 

locus in E. coli MG1655 

∆rlmF∆rlmJ 

(Brameyer, 2024, 

unpublished) 

E. coli BW25113 

K-12 F– λ– rrnB3 ΔlacZ4787 

hsdR514 Δ(araBAD)567 

Δ(rhaBAD)568 rph-1 

(Baba et al., 2006) 

E. coli BW25113 ΔrlmL 
Deletion of rlmL in E. coli 

BW25113 
(Baba et al., 2006) 

E. coli BW25113 ΔrlmN 
Deletion of rlmN in E. coli 

BW25113 
(Baba et al., 2006) 

E. coli BW25113 ΔrsmA 
Deletion of rsmA in E. coli 

BW25113 
(Baba et al., 2006) 

E. coli BW25113 ΔrsmG 
Deletion of rsmG in E. coli 

BW25113 
(Baba et al., 2006) 

E. coli BW25113 ΔtrmB 
Deletion of trmB in E. coli 

BW25113 
(Baba et al., 2006) 
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E. coli B 

K-12 F–  lon dcm malB; 

NCBI Taxonomy ID: 37762; 

DSM 613 

(Daegelen et al., 2009) 

E. coli LE392 

HsdR514(rk- mk+) 

glnV(supE44) tryT (supF58), 

lacY1 or Δ(lacIZY)6, galK2, 

galT22, metB1, trpR55; 

DSM 4230 

(Murray et al., 1977) 

E. coli Hfr 3000 
Hfr (PO1) relA1 spoT1 thi-1; 

DSM 5210 

(Loomis Jr. and Magasanik, 

1967) 

E. coli W1485 

F+ glnV42 (AS) met– λ- 

rpoS396 (Am) rph-1; DSM 

5695 

(Lederberg and Lederberg, 

1953) 

Bacteriophage strain Identifier Source 

Virtus phage GenBank: OK381870 
(Droubogiannis and 

Katharios, 2022) 

T3 phage 
DSM 4621; GenBank: 

NC_047864.1 
(Demerec and Fano, 1945) 

T4 phage 
DSM 4505; GenBank: 

AF158101.6 
(Demerec and Fano, 1945) 

T5 phage 
DSM 16353; GenBank: 

AY543070.1 
(Demerec and Fano, 1945) 

T6 phage 
DSM 4622; GenBank: 

MH550421.1 
(Demerec and Fano, 1945) 

T7 phage 
DSM 4623; GenBank: 

NC_001604.1 
(Demerec and Fano, 1945) 

λ phage 
DSM 4499; GenBank: 

J02459.1 

(Lederberg and Lederberg, 

1953) 

vB_EcoS_GreteKellenberger Bas26 (Maffei et al., 2021) 

vB_EcoS_TrudiGerster Bas27 (Maffei et al., 2021) 
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vB_EcoS_IrmaTschudi Bas28 (Maffei et al., 2021) 

vB_EcoS_SuperGirl Bas29 (Maffei et al., 2021) 

vB_EcoS_TrudiRoth Bas30 (Maffei et al., 2021) 

vB_EcoS_DaisyDussoix Bas31 (Maffei et al., 2021) 

vB_EcoS_IrisVonRoten Bas32 (Maffei et al., 2021) 

vB_EcoS_HildyBeyerler Bas33 (Maffei et al., 2021) 

vB_EcoS_SelmaRatti Bas34 (Maffei et al., 2021) 

MS2 phage 
ATCC 15597; GenBank: 

V00642.1 
(Davis et al., 1961) 

Qβ phage 
DSM 13768, GenBank: 

NC_001890.1 
(Watanabe et al., 1967) 

Plasmid Genotype Reference 

pNTPS138-R6KT 

mobRP4+ ori-R6K sacB; 

suicide plasmid for in-frame 

deletions, KmR 

(Lassak et al., 2010) 

pNPTS138-R6KT-KI-rlmJ 

pNPTS-138-R6KT-derived 

suicide plasmid for insertion 

of rlmJ in V. campbellii 

∆rlmF∆rlmJ, KmR 

This work 

pNPTS138-R6KT-

glmSflank-rlmF-KI 

pNPTS-138-R6KT-derived 

suicide plasmid for insertion 

of rlmF in the glmS region in 

V. campbellii ∆rlmF∆rlmJ +, 

KmR 

This work 

pET28a Expression vector, KmR Novagen 

pET28a-V05027 

N-terminal 6His-

tagged VIBHAR_05027, 

under the control of the T7 

promoter, KmR 

This work 
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pET28a-V01983 

N-terminal 6His-

tagged VIBHAR_01983, 

under the control of the T7 

promoter, KmR 

This work 

F-plasmid 
Conjugative plasmid, oriT 

oriV and tra operon 
(Lederberg et al., 1952) 

 

Table 3: Oligonucleotide sequences used for cloning and PCR in this study. Most primers are 

designed using V. campbellii ATCC BAA-1116 as a reference genome (NC_022269.1 and 

NC_022270.1).  

Name Sequence 

rlmJ_FL_up_fwd 5‘-ctggcgccaagcttctctgcaggatctggtccagcttgggtttgcgttg-3‘ 

rlmJ_FL_down_rev 5‘-agctagcgaattcgtggatccagatgaagaacttggtttcaccagacag-3‘ 

pNPTS_glmS_Fwd 5´- ctggcgccaagcttctctgcaggatgccgcagcaaatcaacgcagcgctg-3´ 

glmS_rlmF_Rev 5´- gactttcatcttaggtttctcaaaaaagcgaagtcatgtgacttcg-3´ 

rlmF_glmS_Fwd 5´- gtaattatttagagaaagctatacccgtatatctactgacattgttatcttgttatac-3´ 

glmS_pNPTS_Rev 5´- gctagcgaattcgtggatccagatcatcaacgaaaccgagatcattgag-3´ 

glmS_rlmF_Fwd 5´-cgaagtcacatgacttcgcttttttgagaaacctaagatgaaagtc-3´ 

rlmF_glmS_Rev 5´- gtataacaagataacaatgtcagtagatatacgggtatagctttctctaaataattac-3´ 

M13_rev 5‘-caggaaacagctatgacc-3‘ 

M13_uni 5‘-tgtaaaacgacggccagt-3‘ 

rlmJ_check_F 5‘-gaccaaatgcggctcaagc-3‘ 

rlmJ_check_R 5‘-gctttgacgatggcagcacg-3‘ 

rlmF_check_F 5‘-gtgggcatttgtctttgac-3‘ 

rlmF_check_R 5‘-caattgaccaatcttggcg-3‘ 

VC_glmS_check_F 5´- gccttcacgactcagctctc-3´ 

VC_glmS_check_R 5´- cgagacactttacaaccaac-3´ 

V05027-EcoRI-fwd 5´-tagccgaattcatgcttaatgccgtatcgactc-3´ 

V05027-Xhol-rev 5´-tagccctcgagttaccccttcgcagattcaacaacg-3´ 
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V01983-EcoRI-fwd 5´-tagccgaattcatgcctgataattacaccactcg-3` 

V01983-Xhol-rev 5´-tagccctcgagttaaccgactttgacgacaacaa-3´ 

pET28a_check_F 5´-aagtggcgagcccgatcttcc-3´ 

pET28a_check_R 5´-gatatagttcctcctttcagc-3´ 

traI-F 5´-accacgacaccagtcgc-3´ 

traI-R 5´-ggtcagcagcgataatctg -3´ 

 

Table 4: Primers used for qPCR in this study. They were designed by using either E. coli MG1655 

(U00096.3) or T5 phage (AY543070.1) as the reference genome. 

Primer 

pair 

Sequences Size 

(bp) 

Primer 

efficiency 

Description 

rpoA.F1 

rpoA.R1 

5´-tgactgcagccgatatcacc-3´ 

5´-ccgcgctgaactttgatacg-3´ 
118 2.02 

Amplify E. coli MG1655 

rpoA, RNA polymerase 

subunit α 

flu.F3 

flu.R3 

5´-tcacgataacaatggcggta-3´ 

5´-gacataccggcaacctctgt-3´ 
111 1.91 

Amplify E. coli MG1655 

flu, self recognizing 

antigen 43 (Ag43) 

autotransporter 

yeeR.F4 

yeeR.R4 

5´-ttcaccgtcactgatgtggt-3´ 

5´-gttgagcaccggttgttctt-3´ 
145 1.98 

Amplify E. coli MG1655 

yeeR, inner membrane 

protein 

lys.F2 

lys.R2 

5´-attagccaccgttaagcccg-3´ 

5´-tgctactgtacgaataccttgca-3´ 
100 1.93 

Amplify phage T5 

endolysin or lysozyme 

C1.F1 

C1.R1 

5´-cttttctcaaacgggtgcgg-3´ 

5´-gctttatcggccaagtcagc-3´ 
129 1.94 Amplify phage T5 holin 

N4.F1 

N4.R1 

5´-gccggtgatgcagctactat-3´ 

5´-acaccagagccgtctttagc-3´ 
104 2.04 

Amplify phage T5 major 

tail protein 

T5.150.F2 

T5.150.R2 

5´-atcatcgtcgtccaatcggt-3´ 

5´-aagatagccgggtcagaact-3´ 
100 1.94 

Amplify phage T5 

putative prohead protease 

orf3.R1.1 

orf3.F2 

5´-tgcagaatacgaatgctatcaca-3´ 

5´-accgtgtacgttcgcctaaa-3´ 
107 1.93 

Amplify phage T5 tail 

assembly protein 

T5.025.F1 

T5.025.R1 

5´-gcagatgaaggagtgggaga-3´ 

5´-ctgaggtttctccagccaaa-3´ 
122 1.99 

Amplify phage T5 capsid 

and scaffold protein 
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2.3 Plasmid and bacterial strain construction 

Molecular methods were carried out according to the manufacturers’ instructions. Chromosomal 

DNA isolation, plasmid isolation and PCR product clean-up kits were purchased from Süd-

Laborbedarf Gauting (SLG) (Gauting, Germany). Enzymes and HiFi DNA Assembly Master Mix 

were purchased from New England BioLabs (Ipswich, MA, USA).  

Complementation of the rlmF and rlmJ deletion in V. campbellii ∆rlmF∆rlmJ was achieved using 

suicide vectors introduced into the strain using conjugative mating and selecting for clones after 

successful double homologous recombination (Brameyer et al., 2020).  

To complement rlmJ, suicide plasmid pNPTS138-R6KT-rlmJ-KI was constructed. 

Briefly, rlmJ and 600-bp upstream and downstream flanking regions were amplified by PCR using 

genomic DNA from V. campbellii as a template and the primers rlmJ_FL_up_fwd 

and rlmJ_FL_down_rev. After purification, the 2030-bp long PCR fragment was cloned by Gibson 

assembly (Gibson et al., 2009) into the suicide plasmid pNPTS138-R6KT, which was first 

linearised by digestion with EcoRV. The correct plasmids were verified by colony PCR and 

sequencing using primers M13_rev and M13_uni.  

Construction of the suicide plasmid pNPTS138-R6KT-glmSflank-rlmF-KI was slightly different 

due to the presence of transposable elements in the vicinity of the gene. Briefly, the regions 

surrounding glmS and rlmF (600 bp upstream and 24 bp downstream) were amplified to generate 

the suicide plasmid pNPTS138-R6KT-glmSflank-rlmF using V. campbellii genomic DNA as a 

template. Primer pairs used for amplification of glmS overhang fragments were pNPTS_glmS_Fwd 

and glmS_rlmF_Rev (upstream of rlmF) and rlmF_glmS_Fwd and glmS_pNPTS_Rev 

(downstream from rlmF). The primers glmS_rlmF_Fwd and rlmF_glmS_Rev were used to 

amplify rlmF. These DNA fragments were assembled via Gibson assembly (Gibson et al., 2009) 

into the pNPTS138-R6KT plasmid linearised with EcoRV. The plasmid was verified by colony 

PCR and sequencing using primers M13_rev and M13_uni. 

The suicide plasmid pNPTS138-R6KT-rlmJ-KI was next introduced into V. campbellii 

∆rlmF∆rlmJ by conjugative mating using E. coli WM3064 as a donor in LB medium containing 

diaminopimelic acid (DAP) as previously described (Schwarz et al., 2023). Briefly, single-

crossover integration mutants were selected on LM plates that contained kanamycin but lacked 
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DAP. Single colonies were grown for two days without antibiotics and plated on LB containing   

10 % (w/v) sucrose to select for plasmid excision. Kanamycin-sensitive colonies were checked for 

gene insertion by colony PCR using primers bracketing the insertion sites. Insertion of rlmJ was 

verified by colony PCR and sequencing using the primers rlmJ_check_F and rlmJ_check_R.  

Next, rlmF was added via the introduction of suicide plasmid pNPTS138-R6KT-glmSflank-rlmF-

KI to V. campbellii ∆rlmF∆rlmJ+ by conjugative mating with E. coli WM3064 as described above. 

Insertion of rlmF in the glmS region of V. campbellii was verified by colony PCR and sequencing 

using the primers VC_glmS_check_F and VC_glmS_check_R.  

To generate plasmids encoding N-terminal 6His-tagged versions of major capsid proteins from 

Vibrio kappa-like prophage and ΦHAP-1-like prophage (VIBHAR_05027 and VIBHAR_01983, 

respectively), V. campbellii genomic DNA was used as a template with primers V05027-EcoRI-

fwd and V05027-Xhol-rev (VIBHAR_05027) or V01983-EcoRI-fwd and V01983-Xhol-rev 

(VIBHAR_01983). These two genes were cloned into the pET-28a vector using EcoRI and XhoI 

as restriction sites; the presence of the correct insert was confirmed by colony PCR and sequencing 

using primers pET28a_check_F and pET28a_check_R.  

To generate an F+ strain of E. coli, F-plasmid from E. coli W1485 was introduced into an F– strain 

of interest through conjugation. Equal volume of exponentially grown strains was mixed and 

spotted on an LB plate with overnight incubation at 37 ºC. The spot was transferred into 1 mL of 

LB, washed and streaked out on an LB plate to obtain single clones. The clones were then patched 

on M9 medium with and without 50 µM L-methionine, followed by overnight incubation. E. coli 

W1485 is methionine auxotroph, which refers to its inability to synthesize methionine required for 

its growth. PCR was performed for the traI gene in the F-plasmid using primers traI-F and traI-R 

for clones grown in M9 without 50 µM L-methionine. PCR confirmed clones were infected with 

phage MS2 and Q to further confirm the introduction of F-plasmid.  

2.4 Overproduction and purification of recombinant phage capsid proteins 

The expression vectors, pET28a-V05027 and pET28a-V01983 were transformed into E. coli BL21 

(DE 3) for overexpression of the major capsid proteins of Vibrio kappa-like prophage and ΦHAP-

1-like prophage respectively. The cells were cultivated in LB supplemented with kanamycin (50 
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mg/mL) at 37 °C to an optical density at 600 nm (OD600) of 0.5. Isopropyl-β-D-1-

thiogalactopyranoside (IPTG) (0.5 mM) was added to the culture to induce VIBHAR_05027 or 

VIBHAR_01983 expression at 37 °C for 2.5 h. Cells were harvested (5000 × g, 20 min, 4 °C), 

resuspended, and disrupted with a high-pressure cell disrupter (Constant Systems Limited, 

Daventry, UK) in ice-cold disruption buffer (50 mM Tris-HCl [pH 7.5], 10 % [v/v] glycerol, 10 

mM magnesium chloride, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride [PMSF], 3 

mg DNase and 100 mM sodium chloride). Cell debris and intact cells were eliminated by 

centrifugation (5000 × g, 20 min, 4 °C) and the pellet was solubilized in 6 M urea and 10 mM Tris-

HCl (pH 7.5) overnight with shaking at 4 °C. Any precipitates or insolubilized aggregates were 

removed by ultracentrifugation (20, 000 × g, 15 min, 4 °C) and the supernatant was loaded onto a 

nickel-nitrilotriacetic acid (Ni-NTA) column (Qiagen, Hilden, Germany). After a wash step (6 M 

urea, 10 mM Tris-HCl [pH 7.5] and 40 mM imidazole), the recombinant protein was eluted with 

elution buffer (6 M Urea, 10 mM Tris-HCl [pH 7.5] and 200 mM imidazole). 

2.5 Protein determination using Bradford’s method  

Bradford’s method for protein estimation was used as described (Bradford, 1976). Briefly, series 

of known concentrations of bovine serum albumin (BSA) standards (from 0.2 mg/mL to 1 mg/mL) 

or diluted proteins of interest were added to 1 mL of Bradford reagent (0.01 % [w/v] Coomassie 

Brilliant Blue G-250, 4.7 % [w/v] ethanol and 8.5 % [w/v] phosphoric acid). The mixture was 

incubated for 5 min, followed by absorbance measurement at 595 nm. Standard curve was prepared 

using the known concentrations of BSA to find out the unknown concentration of proteins of 

interest. 

2.6 Generation of polyclonal antibodies against recombinant phage capsid proteins 

Customized polyclonal rabbit antibodies against 6His-VIBHAR_05027 and 6His-

VIBHAR_01983 were obtained from Kaneka Eurogentec (Seraing, Belgium). Heterologously 

produced and purified 6His-VIBHAR_05027 or 6His-VIBHAR_01983 were used as antigens in a 

Speedy 28-day Immunization Program with two rabbits per antigen as hosts. The specificity of the 
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polyclonal antibodies against 6His-VIBHAR_05027 and 6His-VIBHAR_01983 was verified by 

western blot analysis as described below.  

2.7 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and 

western blot analysis of 6His-VIBHAR_05027 and 6His-VIBHAR_01983 

SDS-PAGE. Stacking gels consisted of 4 % (w/v) acrylamide (in 50 mM Tris [pH 6.8]) and 

resolving gels of 12.5 % (w/v) acrylamide (in 300 mM Tris [pH 8.8]) and were run in a Tris-glycine 

buffer (25 mM Tris, 192 mM glycine, 0.1 % [w/v] SDS [pH 8.3]). Gels were stained overnight in 

Coomassie staining solution (0.25 % [w/v] Coomassie Brilliant Blue R-250, 9.2 % [v/v] 

concentrated acetic acid and 45.4 % [v/v] ethanol) and de-stained in de-staining solution (10 % 

[v/v] acetic acid and 40 % [v/v] ethanol).  

Western blot analysis.  Proteins were transferred to a nitrocellulose membrane using the Trans-

Blot Turbo Transfer System (Bio-Rad, Hercules, CA, USA), then blocked with 5 % (w/v) milk 

powder prepared in Tris-buffered saline (TBS) (pH 7.6) containing 0.1 % (v/v) Tween-20 (TBST) 

for 1 h at room temperature. 6His-VIBHAR_05027 and 6His-VIBHAR_01983 were detected by 

incubating the membrane in TBST with primary polyclonal antibodies (Kaneka Eurogentec, 

Seraing, Belgium) or primary monoclonal antibodies against the 6His-tag (Thermo Fisher 

Scientific, Waltham, MA, USA). Membranes were then incubated with the alkaline phosphatase-

conjugated goat anti-rabbit IgG (Thermo Fisher Scientific, Waltham, MA, USA) and developed 

using substrate solution (50 mM sodium carbonate buffer [pH 9.5], 0.1 % (w/v) Nitro-blue 

tetrazolium and 5 mg/mL 5-Bromo-4-chloro-3-indolylphosphate). PageRuler Prestained Protein 

ladder (10-180 kDa) (Thermo Fisher Scientific, Waltham, MA, USA) was used as a size standard 

ladder.  

2.8 Phage induction assays 

Wild type, ∆rlmF∆rlmJ mutant and complemented mutant (∆∆-compl.) V. campbellii were 

exposed to stress conditions to assess the impact of m6A-RNA modification on prophage induction. 

Bacterial strains grown in LM medium to an OD600 of 0.4 were exposed to either oxidative stress 

(by the addition of 1 µg/ml mitomycin C), heat stress (45 °C), or neither (control). After 30 min of 
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oxidative stress, mitomycin C was removed from the sample by centrifugation (5000 × g, 10 min, 

4 °C) and the pellet was resuspended in a fresh, pre-warmed LM medium. After 30 min of heat 

stress, samples were shifted to 30 °C. Following 2 h of incubation at their physiological conditions, 

the supernatant containing the phage particles was harvested (5000 × g, 15 min, 4 °C), passed 

through a 0.22 µm filter Millipore Steriflip Vaccum filter (MilliporeSigma, Burlington, MA, USA) 

and stored at 4 °C.  

2.9 Indirect enzyme-linked immunosorbent assay (ELISA) 

Indirect ELISA was performed following previously described protocols (Andreolla et al., 2018; 

Lu et al., 2014) with slight modifications for the detection of major capsid proteins from the Vibrio 

kappa-like and ΦHAP-1-like prophages from V. campbellii. Briefly, 96 well F-bottom, 

polystyrene, chimney well, black, medium binding microplates (Greiner Bio-One GmbH, 

Kremsmünster, Austria) were coated with 100 µl of supernatant (derived from phage induction 

assays as described above) and 0.05 M carbonate buffer (pH 9.6) then incubated overnight at 4 °C. 

After washing three times with TBST, the plate was blocked with 200 µl of 5 % (w/v) milk powder 

prepared in TBST for 1 h at 30 °C. Following three washes with TBST, 100 µl of VIBHAR_05027- 

or VIBHAR_01983-positive serum in 5 % (w/v) milk powder with TBST was added to each well 

and the plate was incubated for 1 h at 30 °C. After three washes with TBST, 100 µl of alkaline 

phosphatase-conjugated goat anti-rabbit IgG (Thermo Fisher Scientific, Waltham, MA, USA) 

diluted in 5 % (w/v) milk powder in TBST was added to each well, followed by 1 h incubation at 

30 °C and five washing steps with TBST. Subsequently, 100 µl of para-nitrophenyl phosphate 

(pNPP) substrate (Thermo Fisher Scientific, Waltham, MA, USA) was added to every well and 

incubated for 30 min in the dark. Last, 50 µl of 2N sodium hydroxide was added to each well to 

stop the reaction. Absorbance was measured immediately at 405 nm in a NanoQuant Infinite 

M200PRO plate reader (Tecan, Männedorf, Switzerland). All samples were analysed in technical 

duplicates.  

Primary and secondary antibodies were optimised before indirect ELISA assays were performed 

with samples from the phage induction assays. Additionally, standard curves prepared using 

purified major capsid proteins with 6His-tag were included in every ELISA run to estimate the 

concentration of major capsid proteins in the sample.  
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2.10 Plaque assay and phage propagation 

Plaque assay was performed using the double agar overlay method as described previously 

(Kropinski et al., 2009). Briefly, 100 µl of exponential-phase bacterial culture was mixed with 100 

µl of diluted phages in top agar and poured onto a solid base agar medium. The total number of 

plaques formed was counted after an overnight incubation and the plaque-forming units (PFU) 

were determined.  

To achieve high titer phage stocks, phages were propagated using the plate overlay method as 

described (Fortier and Moineau, 2009) with certain modifications. Briefly, top agar plates were 

prepared to cultivate nearly confluent plaques of each phage, followed by an overlay of 5-7 mL 

SM buffer (5.8 g/L sodium chloride, 2 g/L magnesium sulphate, 50 mL 1M Tris-Cl [pH 7.5] and  

2 % [w/v] gelatin) and gentle shaking (40 rpm, 4 h). The suspension was then carefully pipetted 

off along with the top agar and centrifuged (5000 × g, 20 min, 4 °C). The supernatant was passed 

through a 0.22 µm filter Millipore Steriflip Vaccum filter (MilliporeSigma, Burlington, MA, USA) 

and stored at 4 °C.  

The propagation host used for Virtus phage was V. harveyi VH2; λ phage was E. coli LE392 (DSM 

4230); all T-phages and T5-like phages were E. coli B strain (DSM 613); MS2 phage was E. coli 

W1485 (DSM 5695) and Qβ phage was E. coli Hfr3000 (DSM 1520).  

2.11 Selective enrichment of phages against V. campbellii 

Selective enrichment of phages from seawater samples (Naples Sea and Red Sea) on V. campbellii 

as the host was carried out using a modified protocol described by Twest and Kropinski, 2009. 

Briefly, aqueous samples were centrifuged (5000 × g, 20 min, 4 °C), filtered using a 0.22 µm filter 

Millipore Steriflip Vaccum filter (MilliporeSigma, Burlington, MA, USA) and stored at 4° C with 

chloroform. Each sample was mixed with an equal volume of dsLB with 2 mM calcium chloride 

and 0.1 mL of an overnight culture of V. campbellii, followed by incubation at 30° C with gentle 

mixing (50 rpm). After 24 hours of incubation, the mixture was centrifuged (5000 × g, 20 min, 4 

°C), filtered and stored at 4°C with chloroform. The phage lysate was then tested using spot assay. 

Briefly, 10 µl of the phage lysate was spotted on a lawn of V. campbellii in LB with 2 mM calcium 
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chloride plate and incubated at 30 °C for 24 hours. Plaque assay as described above was then 

employed to eliminate abortive infection. Further phage purification was performed by picking 

individual plaques with a sterile toothpick and propagated it at least 3 times.  

Selective enrichment of phages from Codfish was processed as previously described (Echeverría-

Vega et al., 2019). Briefly, 50 mL of sterile artificial seawater (23.2 g/L sodium chloride, 1.5 g/L 

potassium chloride, 3.84 g/L calcium chloride, 24.6 g/L magnesium sulphate heptahydrate) was 

mixed with 100 g of ground Codfish and centrifuged (5000 × g, 60 min, 4 °C), followed by 

sequential filtration using 5.0 µm, 0.45 µm and 0.22 µm filters (MilliporeSigma, Burlington, MA, 

USA) and stored at 4°C with chloroform. The supernatant was then processed for selective 

enrichment of phages and testing using spot assay with V. campbellii as a host as described above.  

2.12 Efficiency of plaquing (EOP) 

EOP was used to assess the relative infectivity or lytic efficacy of phage on different bacterial 

hosts. This was achieved by performing the plaque assay, wherein the phage lysate was tested 

against both the mutant bacterial strain and its corresponding wild-type strain. It was calculated as 

the ratio of the average PFU produced by the phage on a test strain (e.g., deletion strain) to the 

average PFU produced on a control strain (e.g., wild-type strain), expressed as a percentage 

(Kutter, 2009). The EOP of the wild-type strain was normalized to 100 %. 

For Virtus phage, EOP was calculated as the percentage of the average PFU in ∆rlmF∆rlmJ mutant 

compared to the wild-type V. campbellii.  

For , T-phages and T5-like phages, EOP was calculated as the percentage of the average PFU in 

∆rlmF∆rlmJ mutant compared to the wild-type E. coli MG1655.  

EOP was determined for phage T5, MS2 and Q using bacterial cultures in both the exponential 

phase (OD600 of 0.5) and the stationary phase (overnight cultures). It was calculated as the 

percentage of the average PFU in ∆rlmF∆rlmJ mutant (or complemented, -compl. mutant) 

compared to the wild-type E. coli MG1655. Additionally, for phage MS2 and Q, EOP was 

calculated as the percentage of the average PFU in the single deletion mutant (e.g., rsmA or 

rlmN or rlmL or rsmG or trmB) compared to the wild-type E. coli BW25113.  
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2.13 Liquid infection assays 

Exponential phase wild-type and ∆rlmF∆rlmJ mutant E. coli MG1655 (~108 colony forming units 

[CFU]/mL) grown in NB (N7519, Sigma-Aldrich, St. Louis, MO, USA) were infected with T5 

phage at a multiplicity of infection (MOI) of 10, 1, 0.1 or 0.01 to monitor phage–host dynamics in 

liquid culture based on growth. The mixture was added to 96-well plates (150 µl per well) and the 

OD600 was measured every 10 min using a NanoQuant Infinite M200PRO plate reader (Tecan, 

Männedorf, Switzerland) at 37 °C with continuous shaking.  

Exponential phase E. coli BW25113 wild-type and its single deletion mutants from the Keio 

collection were grown in NZYCM (N3643, Sigma-Aldrich, St. Louis, MO, USA) and were 

infected with MS2 at an MOI of 2 or 0.2. These mixtures were then added to 96-well plates (150 

µl per well) and the OD600 was measured every 10 min using a NanoQuant Infinite M200PRO 

plate reader (Tecan, Männedorf, Switzerland) at 37 °C with continuous shaking. 

T5 phage was propagated on exponential phase wild-type and ∆rlmF∆rlmJ mutant E. coli MG1655 

at an MOI of 0.1 to assess the production of defective phage by the mutant. The infected cultures 

were sampled via centrifugation (5000 × g, 5 min, 4 °C) after 24 hours of shaking incubation at 37 

°C. The supernatant containing the free phages was tittered by plaque assay on E. coli wild-type 

MG1655. 

2.14 Synchronized infection assay 

Synchronized infection experiments were performed as previously described (Brandão et al., 2021; 

Melo et al., 2022). Briefly, exponential phase wild type and ∆rlmF∆rlmJ mutant E. coli MG1655 

(~108 CFU/mL) were grown in NB (N7519, Sigma-Aldrich, St. Louis, MO, USA) and infected 

with T5 phage at a MOI of 10. Samples were collected at 0 min and 5 min after infection and 

immediately plated for CFU enumeration. Three biologically independent infection experiments 

showing a CFU reduction of at least 95 % within 5 min of infection were considered to show 

synchronized infection. 
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2.15 Time-lapse microscopy 

A modified protocol from that of (Mandal et al., 2021) was used to demonstrate T5 phage-mediated 

bacterial lysis using time-lapse phase-contrast microscopy. Briefly, exponential phase wild-type 

and ∆rlmF∆rlmJ mutant E. coli MG1655 (~108 CFU/mL) were grown in NB (N7519, Sigma-

Aldrich, St. Louis, MO, USA) and infected with T5 phage at a MOI of 10 (or an equal volume of 

phage diluent as a control). After initial adsorption at 37 °C with shaking for 10 min, 2 µl of cells 

were spotted on pads of nutrient media (N7519, Sigma-Aldrich, St. Louis, MO, USA) solidified 

with 1 % (w/v) agarose, placed onto microscopic slides and covered with a coverslip. 

Subsequently, images were taken on a Leica DMi8 inverted microscope equipped with a Leica 

DFC365 FX camera (Wetzlar, Germany). Microscopic phase-contrast images were captured every 

two min in several positions for 3 h with a constant temperature of 37 °C using an incubator 

(PeCon, Erbach, Germany) around the DMi8 microscope. To set the focus plane, automatic 

autofocus was performed at every position and every time point using the adaptive focus control 

(AFC) and closed-loop focus system of the DMi8 microscope. To quantify non-lysed cells, phase-

contrast images were analysed using the plugin MicrobeJ (Ducret et al., 2016) in ImageJ 

(Schneider et al., 2012). The default MicrobeJ settings were used for cell segmentation (Fit shape, 

rod-shaped bacteria) apart from the following settings: area: 1-max µm; length: 2.5–20 µm; width: 

0.4–2 µm; curvature 0.0–0.15, angularity 0.0–0.25 and intensity 0.0–2000. Microscopy image 

analysis was performed from a total of 2,080 wild-type and 1,923 ∆rlmF∆rlmJ mutant E. coli cells.  

2.16 Fluorescence Microscopy 

To assess the activity of flu promotor in E. coli wild-type and ΔrlmFΔrlmJ mutant, transcriptional 

fusions with mNeonGreen were constructed. E. coli MG1655 Pflu-mNeonGreen and E. coli 

ΔrlmFΔrlmJ Pflu-mNeonGreen were grown to an OD600 of 1.0 and were spotted onto phosphate 

buffer pads prepared with 1 % (w/v) agarose. Inoculated pads were placed onto microscopic slides, 

covered by coverslip and phase contrast and fluorescence images were captured on a Leica DMi8 

inverted microscope equipped with a Leica DFC365 FX camera (Wetzlar, Germany). An excitation 

wavelength of 485 nm and a 510 nm emission filter with a 75 nm bandwidth were used for 

mNeonGreen fluorescence with an exposure of 500 ms, gain of 5 and 100 % intensity. In order to 
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calculate the relative fluorescence intensity (RF) associated with Pflu-mNeonGreen in individual 

cells, phase contrast and fluorescence images were analysed using the plugin MicrobeJ (Ducret et 

al., 2016) in ImageJ (Schneider et al., 2012). The default MicrobeJ settings were used for cell 

segmentation (Fit shape, rod-shaped bacteria) apart from the following settings: area: 1-max µm; 

length: 1.2–6 µm; width: 0.1–2 µm; curvature 0.0–0.15, angularity 0.0–0.25 and intensity 0.0–

1800. Microscopy image analysis was performed for a minimum of 1,000 E. coli cells. 

2.17 Adsorption assays  

Adsorption assays were performed as previously described (Howard-Varona et al., 2018). Briefly, 

wild-type and ∆rlmF∆rlmJ mutant E. coli MG1655 were grown in NB (N7519, Sigma-Aldrich, 

St. Louis, MO, USA) and infected with T5 phage at an MOI of 0.1. Free phages were sampled 

immediately post-infection (0 min), then every 5 min for 30 min using 0.22-µm sterile filtration. 

Plaque assays (Kropinski et al., 2009) were performed as described above to enumerate the free 

phage concentration.  

2.18 One-step growth curve  

One-step growth curves were performed as described previously (Brandão et al., 2021; Duarte et 

al., 2021). Briefly, exponential phase wild type and ∆rlmF∆rlmJ mutant E. coli MG1655 (~108 

CFU/mL) grown in NB (N7519, Sigma-Aldrich, St. Louis, MO, USA) were infected with T5 

phage at an MOI of 0.001 and incubated at 37 °C with shaking for 10 min for initial adsorption. 

The remaining free phages were removed after the initial adsorption via centrifugation (5000 × g, 

5 min, 4 °C) and the pellet was resuspended in fresh pre-warmed NB. Samples were incubated at 

37 °C with shaking and collected (including t = 0) at 10-min intervals over 30 min, followed by 5-

min intervals up to 105 min. Plaque assays (Kropinski et al., 2009) were performed as described 

above immediately after sample collection.  

2.19 Production of phage MS2 and Q phage 

Logarithmic phase E. coli W1485 (DSM 5695) and E. coli Hfr3000 (DSM 1520) grown in 

NZYCM (N3643, Sigma-Aldrich, St. Louis, MO, USA) and NB (N7519, Sigma-Aldrich, St. 
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Louis, MO, USA) supplemented with 0.8 % (w/v) sodium chloride were infected with MS2 and 

Q respectively at an MOI of 3.0. The MS2 phage propagation was during an overnight incubation 

while the Q phage propagation proceeded for 5 hours at 37 °C. After cell lysis, phage-containing 

supernatant was harvested via centrifugation (5000 × g, 30 min, 4 °C) to remove cell debris, 

followed by filtration using a 0.22 µm filter Millipore Steriflip Vaccum filter (MilliporeSigma, 

Burlington, MA, USA). Subsequently, polyethylene glycol 8000 (PEG8000; P2139, Sigma-

Aldrich, St. Louis, MO, USA) was added to precipitate the phages, incubating the mixture for 2 

hours for MS2 and overnight for Q at 4 °C. The precipitated phage particles were then subjected 

to ultracentrifugation (25,000 × g, 60 min, 4 °C) and resuspended in SM buffer (100 mM sodium 

chloride, 10 mM magnesium sulphate, 50 mM Tris-HCl [pH 7.5], 0.01 % [w/v] gelatin) for their 

genomic total RNA extractions.  

2.20 Total RNA isolation 

Total RNA was isolated using the phenol-chloroform-isoamyl alcohol (PCI) method as described 

(Riquelme-Barrios et al., 2024; Petrov et al., 2022; Sambrook and Russell, 2006). Briefly, a 

mixture of 1 % (v/v) phenol and 20 % (v/v) ethanol was added to bacterial cultures (or infected 

bacterial cultures) and immediately frozen in liquid nitrogen and stored at -80 °C freezer overnight. 

The next day, the samples were thawed, centrifuged (15,000 × g, 10 min, 4 °C) and resuspended 

in 500 L of ice-cold 20 mM sodium acetate buffer (pH 5.2) with 1 mM EDTA. 500 L of pre-

warmed PCI and 25 L of 10 % (w/v) SDS were added to the mixture, followed by incubation at 

60 °C for 5 minutes at 1000 rpm. The samples were then cooled on ice for 30 minutes, followed 

by centrifugation (15,000 × g, 60 min, 4 °C) and transferring the top layer to phase-lock tubes 

(Phase Lock Gel, Quantabio, Beverly, MA, USA). An equal volume of PCI and 0.1 volume of 3 

M sodium acetate (pH 5.2) were added to the phase-lock tubes and mixed well. The tubes were 

centrifuged (15,000 × g, 15 min, 4 °C) and the top layer was transferred into a fresh 2 mL RNA-

free tube, followed by the addition of 3.0 volume of 100 % ethanol, mixed and incubated overnight 

at -80 °C freezer. The next day, the samples were centrifuged (15,000 × g, 20 min, 4 °C), washed 

with 70 % (v/v) ethanol, dried and resuspended in 100 L of RNAse-free water. The samples were 

then treated with RNAse-free DNAse I (New England Biolabs, Ipswich, MA, USA) according to 

the manufacturer’s instructions to remove DNA contaminants. The quality and integrity of RNA 
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were evaluated using chip gel electrophoresis on a 2100 Bioanalyzer with an RNA Nano chip kit 

from Agilent Technologies (Santa Clara, CA, USA). In addition, the RNA concentration was 

measured by using NanoDrop ND1000 (Peqlab, Erlangen, Germany) and its integrity was 

confirmed by determining the 260/280 and 260/230 ratios.  

Genomic RNA extraction of MS2 and Q was also performed using the method described above 

with some modifications. Specifically, 1 volume pre-warmed PCI and 0.1 volume 10 % (w/v) SDS 

were directly added to the prepared phage lysate, followed by the steps described above. The 

quality and integrity of MS2 and Q RNA genomes were verified, followed by host ribosome 

depletion. 

2.21 tRNA/rRNA removal  

tRNA and rRNA depletion was carried out as described by (Riquelme-Barrios et al., 2024). Briefly, 

DNAse-free RNA samples were treated using the manufacturer’s instructions for the RNA Clean 

and Concentrator Kit (Zymo Research, Irvine, CA, USA) to remove tRNAs. RNA integrity and 

elimination of tRNAs were validated using chip gel electrophoresis on a 2100 Bioanalyzer (Agilent 

Technologies, Santa Clara, CA, USA).  

Subsequently, rRNA depletion was carried out for MS2 and Q RNA genome samples using the 

pan-riboPOOL rRNA Depletion Kit from siTOOLS (Planegg, Germany) following the 

manufacturer’s protocols. The efficiency of rRNA depletion was evaluated using the 2100 

Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and reverse transcription qPCR (RT-

qPCR) targeting the 23S and 16S rRNA as well as major coat protein markers for phage MS2 and 

Q. Ribosome depletion was quantified by comparing the ratio of 23S or 16S rRNA to major coat 

protein transcripts from phage MS2 or Q before and after the depletion process. 

2.22 LC-MS/MS for RNA modification analysis 

This work was done in collaboration with Prof. Dr. Stefanie Kaiser Group at Goethe University, Frankfurt. 

Members of Prof. Kaiser group performed LC-MS/MS analysis with the samples to detect and quantify 

modifications.  
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For accurate quantification of modified nucleosides in the RNA genome of phage MS2 and Q, 

absolute quantification analyses were performed using stable isotope labelled internal standards 

(SILIS) on an Agilent 1290 Infinity II ultrahigh-performance LC (ultra HPLC) series fitted with a 

diode-array detector combined with an Agilent 6470 triple quadrupole LC-MS system, 

electrospray ionization and Agilent jet stream as described (Barrios et al., 2024; Petrov et al., 2022; 

Borland et al., 2019). Briefly, an enzymatic mixture of benzonase, snake venom 

phosphodiesterase, and calf intestine phosphatase was used to digest RNA. The enzymatic mixture 

also contained tetrahydrouridin, butylated hydroxytoluene and pentostatin to safeguard the 

modifications. The improved gen 13C/15N SILIS from Saccharomyces cerevisiae tRNA was added 

to the digested RNA, followed by ribonucleoside separation using a Synergi Fusion-RP column, 

2.5 μm particle size with 100 Å pore size at 35 °C column temperature and 0.35 mL/min flow rate 

(Phenomenex, Torrance, CA, USA).  

The chromatography gradient began with 100 % buffer A (5 mM ammonium acetate, pH 5.3 

adjusted with glacial acetic acid) for 1 min, followed by a gradual increase to 10 % buffer B (pure 

acetonitrile) over 4 mins and 40 % buffer B for 7 mins. Afterwards, the system was adjusted back 

to 100 % buffer A for the 2.5 mins. The MS was operated in dynamic multiple reaction monitoring 

mode with parameters such as positive ion, skimmer voltage 15 V, cell accelerator voltage 5 V, 

nitrogen gas -temperature 230 °C and flow 6 L/min, sheath gas - temperature 400 °C and flow 12 

L/min, capillary voltage 2500 V, nozzle voltage, 0 V and nebulizer 40 psi.  

Defined concentrations of ribonucleosides were used for calibration from ranges 0.05 pmol to 100 

pmol for canonical nucleosides (A, U, G, C) and from 0.0025 pmol to 5 pmol for modified 

nucleosides. Data analysis was performed using Agilent’s Quantitative Mass Hunter software.  

2.23 Transcript quantification during T5 infection using RT-qPCR  

To investigate the changes in transcript expression during T5 infection, exponential phase E. coli 

MG1655 and its ∆rlmF∆rlmJ mutant were infected at an MOI of 10. 4 mL samples of the infected 

cells were collected at 0 (uninfected control), 5, 15, 25, 35 and 45 mins post-infection and 

immediately added to 16 mL of phenol-ethanol solution to stop the infection. The samples were 

then flash-frozen to preserve RNA integrity and were stored at -80 C for total RNA extraction. 
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After RNA extraction, the samples were reverse transcribed using iScript Advanced cDNA 

Synthesis Kit (Bio-Rad, Hercules, CA, USA) following the manufacturer’s protocols. 

Additionally, control reactions were maintained which lacked the reverse transcriptase enzyme (no 

RT) or lacked the template (no RNA). qPCR was used to evaluate the expression of certain host 

and phage transcripts as mentioned in Table 3. Primers were designed using Primer3 (Kõressaar et 

al., 2018; Untergasser et al., 2012; Koressaar and Remm, 2007) and their amplification efficiency 

was calculated using dilutions of T5 or E. coli MG1655 DNA genome (Table 3). Analysis of the 

relative expression of the transcripts was performed in technical duplicates using qPCR with 

CFX96 Real-Time System with C1000 Touch Thermal Cycler (Bio-Rad, Hercules, CA, USA). 

Each well contained 4 l of 1:100 dilution complementary DNA (cDNA) or no-RT control, 1 l 

of 10 pmol of each primer and 5 l of SsoAdvanced Universal SYBR Green Supermix (Bio-

Rad, Hercules, CA, USA). The substitution of nuclease-free water for cDNA templates served as 

a negative control. The amplification cycling parameters are an initial denaturation step at 95 C 

for 30 s, followed by 40 cycles of oscillating between 95 C for 10 s and 60 C for 15 s. 

Additionally, melting curve analysis was also performed for each amplification reaction with a 

temperature gradient of 0.5 C from 55 C to 95 C. The iCycler software identified a single 

fluorescence threshold corresponding to the exponential amplification in each target transcript in 

the samples. The threshold cycle (Ct) values were then used for further data analysis. 

16S rRNA was used as an endogenous reference gene as it showed very small changes in 

expression levels across three biological replicates. The Pfaffl method was used to calculate the 

relative gene expression as it normalises the primer efficiencies of the target genes (Pfaffl, 2001).  

2.24 Detection of m6A modification in the 23S rRNA using rolling circle extension-

assisted loop-mediated isothermal amplification (Rol-LAMP)  

This work was done in collaboration with Leonardo Vásquez Camus from the AG Kirsten Jung at LMU. 

Mr. Camus performed the Rol-LAMP method with the samples.  

Rol-LAMP method was employed to monitor changes in m6A modifications of 23S rRNA during 

T5 phage infection as described (Li et al., 2023). RNA was extracted from samples infected with 

T5 and hybridised with padlock probes using a cooling gradient from 95 °C to 30 °C, followed by 
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the addition of Bst 2.0 DNA polymerase, SplintR, adenosine triphosphate (ATP) and 

deoxynucleotide triphosphates (dNTP). The mixture was incubated at 37 °C for 30 min, followed 

by 65°C for 10 min, and then stored at 4°C before proceeding with Rol-LAMP amplification. The 

ligated products were mixed with primers (forward inner primer [FIP], backward inner primer 

[BIP] and single loop primer [SLP], dNTPs, magnesium sulphate and isothermal amplification 

buffer (Tris-HCl, ammonium sulphate, potassium chloride, magnesium sulphate, Tween® 20 [pH 

8.8], Bst 2.0 DNA polymerase and SYBR Green). Rol-LAMP amplification reactions were 

performed at 65 °C and fluorescence signals were measured every 30 seconds for 2 h.  

2.25 Whole-cell proteomics 

This work was done in collaboration with Dr. Ignasi Forné from the Protein analysis unit and Dr. Siobhan 

Cusack from AG Kirsten Jung at the LMU. Dr. Forné performed the LC-MS/MS analysis. Dr. Cusack 

performed the weighted gene co-expression network analysis (WGCNA) and generated the corresponding 

figures to illustrate the results from the analysis. 

To investigate the changes in proteome abundance during T5 infection, exponential phase E. coli 

MG1655 and its ∆rlmF∆rlmJ mutant were infected at an MOI of 10. 1 mL samples of the infected 

cells were collected at 0 (uninfected control), 15- and 35-mins post-infection, followed by 

centrifugation (15,000 × g, 2 min, 4 C). The cell pellets were processed with an iST kit (Preomics, 

Planegg, Germany) as recommended by the manufacturer. The samples were resuspended to a final 

concentration of 1 g/L.   

For LC-MS/MS analysis, desalted peptides were diluted to 0.1 g/L and 1 L was injected into 

an UltiMate 3000 RSLCnano system (Thermo Fisher Scientific, Waltham, MA, USA). Peptide 

separation was carried out on a 25 cm analytical column (75 m ID, 1.6 m C18, Aurora-

IonOpticks) using a 50-minute gradient from 2 % (v/v) to 35 % (v/v) acetonitrile in 0.1 % (v/v) 

formic acid. The effluent from the HPLC was directly electrosprayed into an Orbitrap Exploris 

480 (Thermo Fisher Scientific, Waltham, MA, USA) operated in a data-independent mode to 

automatically switch between full-scan MS and MS/MS acquisition across 30 windows of 20 m/z 

each, covering the range of 380-390 m/z with 1 m/z overlap. Survey full scan MS spectra (m/z 380 

to 980) were acquired at a resolution of R = 120,000 at m/z 400 (AGC target of 3  106) and max 

IT of 100ms. Data independent acquisition (DIA) scans were acquired with R = 30000 (AGC target 
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of 3  108), max IT set to “Auto” and normalized collision energy set at 30 %. Typical mass 

spectrometric conditions included a spray voltage of 1.5 kV and a heated capillary temperature of 

275 C.  

DIA-NN (version 1.8.1.0) was used to identify and quantify the proteins from E. coli MG1655 and 

T5 phage, using a combined library created from the databases 

Uniprot_UP000000625_Ecoli_K12_MG1655_20231219 and 

Uniprot_UP000002107_Escherichia_phage_ T5_20231201 with the following parameters: MS 

tolerance of 10 ppm, MS/MS tolerance of 10 ppm, precursor FDR of 0.1, peptide length range of 

7-30, precursor charge range of 1-4, precursor m/z range of 300-1800, fragment ion range of 200-

1800 and modifications including N-term M excision, Ac (N-term) Oxidation (M), 

Carbamidomethyl (C). The quantification strategy employed was Robust LC with cross-run 

normalisation being RT-dependent.  

Most statistical and bioinformatics analyses were performed using Perseus software (version 

2.0.11.0). Proteins identified in the decoy reverse database, identified only by site modification or 

marked as potential contaminants were excluded from the analysis. Missing values were imputed 

based on a normal distribution. Weighted gene co-expression network analysis (WGCNA) was 

performed with the Python package pyWGCNA (Rezaie et al., 2023) using raw LFQ values as 

specified in the instructions for the package 

(https://github.com/mortazavilab/PyWGCNA/blob/main/tutorials/Data_format.md). Data 

visualisation was performed in R using the packages ‘ggplot2’ (Wickham, 2016) and ‘ggpubr’ 

(Kassambara, 2023). 

2.26 Polysome profiling by sucrose density ultracentrifugation 

Polysome profiling was performed to study bacterial 30S, 50S, 70S monosomes, and polysomes 

as described (Ero et al., 2024; Saito et al., 2022; Qin and Fredrick, 2013). Briefly, exponential 

phase wild-type and ∆rlmF∆rlmJ mutant E. coli MG1655 grown in NB were noninfected or 

infected with T5 phage at MOI of 10 for 30 minutes before centrifugation at 10,397 × g for 5 min 

at 4 °C to prepare the bacterial crude lysate. The pellet was resuspended in a chilled lysis buffer 

(10 mM Tris-HCl [pH 8.0], 10 mM magnesium chloride and 1 mg/mL lysozyme) and immediately 
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flash-frozen in a liquid nitrogen bath. After thawing the samples in an ice-cool water bath, they 

were again flash-frozen in liquid nitrogen and stored at -80 °C until they were ready to be 

processed. The samples were thawed in a cool water bath, followed by the addition of 10 % (w/v) 

sodium deoxycholate and centrifugation at 9,391 × g for 10 min at 4 °C. The clarified lysate was 

loaded on top of a 10-50 % (w/v)  sucrose density gradient, prepared using the gradient master in 

the Gradient StationTM (BioComp Instruments Ltd., New Brunswick, Canada) with gradient buffer 

(20 mM Tris-HCl [pH 8.0], 10 mM magnesium chloride, 100 mM ammonium chloride, 2 mM 

dithiothreitol) and ultra-centrifuged in a SW41 rotor (Beckman Coulter, Brea, CA, USA) at 35000 

rpm for 3 h at 4 °C. Polysome profile of the noninfected and T5-infected samples were determined 

by uninterrupted monitoring of absorbance at 260 nm using piston gradient fractionator from 

Gradient StationTM (BioComp Instruments Ltd., New Brunswick, Canada) and the TriaxTM Flow 

Cell (Science Services GmbH, Munich, Germany).  

2.27 Statistical analysis and data presentation 

If not indicated otherwise, all numerical data were analysed and graphs were prepared with 

GraphPad Prism version 10.0.2 (GraphPad Software, La Jolla, CA, USA). Functional analysis for 

WGCNA was performed using FUNAGE-Pro v2 (de Jong et al., 2022) and for differential protein 

expression analysis via volcano plot was performed using ShinyGo v0.741 (Ge et al., 2020). Peak 

bacterial density time and extinction time were calculated from growth curve data in R using 

package ‘gcplyr’ (Blazanin, 2024). Statistical analyses were performed in GraphPad Prism and R. 

Additional figure preparation was conducted with Affinity Designer version 2.2.1 (Serif, West 

Bridgford, UK).  

All experiments were repeated at least three times to ensure reproducibility.  
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3 Results 

3.1 Effect of m6A-RNA depletion on phage replication in V. campbellii  

Cited from publication: Bibakhya Saikia, Sebastian Riquelme-Barrios, Thomas Carell, Sophie Brameyer and Kirsten 

Jung. 2024. Depletion of m6A-RNA in Escherichia coli reduces the infectious potential of T5 bacteriophage. 

Microbiology Spectrum, 12 (12), e0112424.  Doi: 10.1128/spectrum.01124-24. 

3.1.1 m6A-RNA depletion does not influence prophage induction in V. campbellii 

V. campbellii has four intact prophages in its genomes (Lorenz et al., 2016). Prophages are viral 

DNA segments that have integrated into the host genome and provide a competitive advantage to 

the host (Wendling et al., 2021). Prophage induction triggers a transition from the lysogenic to the 

lytic cycle, resulting in the activation of dormant viral DNA and subsequent viral replication and 

host cell lysis. In V. campbellii, ΦHAP-1-like prophage and Vibrio kappa-like prophage are 

triggered into their lytic cycle under oxidative or heat stress (Lorenz et al., 2016). To investigate 

whether the m6A-RNA depleted mutant (ΔrlmFΔrlmJ) affects prophage induction in V. campbellii, 

an indirect ELISA was developed to measure major capsid proteins in the supernatant to quantify 

total phage particles released by the host. While this assay does not directly evaluate phage 

infectivity, it provides a reliable measure of the phage load within the samples, supporting a 

comparative analysis of prophage release between wild-type and ∆rlmF∆rlmJ mutant V. 

campbellii.  

The genes VIBHAR_05027 and VIBHAR_01983, which encode the major capsid proteins for 

Vibrio kappa-like prophage and ΦHAP-1-like prophage, respectively, were cloned into the pET28a 

vector and successfully overexpressed in E. coli BL21 cells through IPTG induction (Fig. 3.1 A). 

Confirmation of the overexpressed recombinant proteins was achieved via western blot analysis 

using anti-6His tag monoclonal antibodies (Fig 3.1 B). The resulting overexpressed 6His-tagged 
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proteins, 6His-VIBHAR_05027 and 6His-VIBHAR_01983 were localised in the inclusion bodies 

and subsequently solubilised using urea. The purification of the 6His-tagged recombinant proteins 

was carried out using Ni-NTA affinity chromatography, followed by quantification of the purified 

proteins using the Bradford reagent.  

 

  

Figure 3.1 Expression of recombinant 6His-VIBHAR_05027 and 6His-VIBHAR_01983 proteins. A) SDS-

PAGE analysis of the recombinant proteins under uninduced and IPTG-induced conditions. B) 

Confirmation of the recombinant proteins under IPTG induction using anti-6His tag antibodies via western 

blot.  

 

The concentrations of purified 6His-VIBHAR_05027 and 6His-VIBHAR_01983 proteins were 

determined to be 2.9 mg/mL and 3.3 mg/mL, respectively. A total of sixteen vials, with eight vials 

for each of the two purified recombinant proteins (each at a concentration of 100 g/mL) were 

sent to Kaneka Eurogentec (Seraing, Belgium) for antibody production via a Speedy 28-day 

immunisation programme, with two rabbits immunised per antigen. Following the successful 

generation of antibodies against major capsid proteins of both prophages, an indirect ELISA assay 

was established to enable quantitative measurement of the phage load in the samples (Fig 3.2 A). 

Standard curves were prepared from the purified recombinant proteins to reliably determine the 

concentration of capsid proteins in the indirect ELISA assay (Fig 3.2 B and C).  



 

 47 

 



 

 48 

Figure 3.2 Detection of major capsid proteins from Vibrio kappa-like prophage and ΦHAP-1 like prophage 

using indirect ELISA. A) Schematic representation depicts key steps of the indirect ELISA workflow 

developed for use in 96-well plates. The ELISA standard curves were prepared using purified recombinant 

VIBHAR_05027 from Vibrio kappa-like prophage (B) and VIBHAR_01983 from ΦHAP-1 like prophage 

(C). Lysogenic phages were induced in the indicated strains with 1 µg/mL mitomycin C (D) or heat at          

45 °C (E) for 30 min. Untreated controls were also maintained. Two hours post-induction, culture 

supernatants were subjected to ELISA to estimate the release of phage particles. Figure 3.2 D and E are 

cited from publication: Bibakhya Saikia, Sebastian Riquelme-Barrios, Thomas Carell, Sophie Brameyer 

and Kirsten Jung. 2024. Depletion of m6A-RNA in Escherichia coli reduces the infectious potential of T5 

bacteriophage. Microbiology Spectrum, 12 (12), e0112424.  Doi: 10.1128/spectrum.01124-24. 

 

When the wild-type, ∆rlmF∆rlmJ mutant, and the complemented mutant V. campbellii were 

subjected to oxidative or heat stress, higher levels of capsid proteins were detected for the ΦHAP-

1-like prophage than for the Vibrio kappa-like prophage, suggesting that the former was more 

strongly induced under these stress conditions (Fig 3.2 D and E). However, no significant 

differences were observed between the wild type, the ΔrlmFΔrlmJ mutant, or the complemented 

mutant (Fig 3.2 D and E). Additionally, low levels of capsid proteins were observed in the untreated 

cells, likely due to the spontaneous induction of prophages (Fig 3.2 D and E). Overall, the results 

indicate that m6A-RNA modification does not modulate prophage induction in V. campbellii under 

oxidative or heat stress.  

3.1.2 m6A-RNA depletion does not influence Virtus replication in V. campbellii 

The availability of the vibriophage Virtus, which can infect a wide range of Vibrio spp., including 

V. campbellii (Droubogiannis and Katharios, 2022), provided the unique opportunity to investigate 

the impact of m6A-RNA modification on lytic phage replication in V. campbellii wild type and its 

ΔrlmFΔrlmJ mutant. To evaluate this, the efficiency of plaquing by phage Virtus was tested on 

exponentially growing V. campbellii wild type, its ΔrlmFΔrlmJ mutant and the complemented 

mutant (ΔΔ-compl.). Results indicated that infectivity by Virtus was comparable among all three 

strains (Fig. 3.3). Additionally, when stationary-phase cells were infected, no significant 

differences in susceptibility to Virtus were observed (Fig. 3.3). These findings suggest that m6A-
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RNA modification does not impact phage Virtus replication in V. campbellii under the tested 

conditions. 

 

 

Figure 3.3 Efficiency of plaquing of phage Virtus to exponential and stationary phase V. campbellii wild-

type strain, its ΔrlmFΔrlmJ mutant and the complemented mutant (∆∆-compl.). The graph shows the 

efficiency of plaquing (EOP), which is calculated by dividing the number of plaques obtained from the 

mutant by the number of plaques obtained from the wild type. The EOP of the wild type was set to 100. 

Data are presented as the mean ± standard deviation of at least three independent experiments. Part of the 

figure (exponential phase) cited from publication: Bibakhya Saikia, Sebastian Riquelme-Barrios, Thomas 

Carell, Sophie Brameyer and Kirsten Jung. 2024. Depletion of m6A-RNA in Escherichia coli reduces the 

infectious potential of T5 bacteriophage. Microbiology Spectrum, 12 (12), e0112424.  Doi: 

10.1128/spectrum.01124-24. 

 

3.1.3 Unsuccessful enrichment of phages against V. campbellii 

V. campbellii is notorious for causing luminous vibriosis in marine shrimp aquaculture facilities, 

marking it as an opportunistic pathogen (Srisangthong et al., 2023; Li et al., 2021). As a result, 

numerous studies have identified and characterised phages that infect this bacterium for potential 

biocontrol strategies (Srisangthong et al., 2023; Li et al., 2021; Nuidate et al., 2021; Sangseedum 

et al., 2017). However, none of these phages have been deposited to major culture collections like 
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DSMZ or ATCC, limiting their accessibility for further study. Thus, we sought to enrich and isolate 

V. campbellii-specific phages from the Naples Sea, Red Sea, and codfish to investigate further the 

influence of m6A modification on phage replication in V. campbellii.  

The samples were processed and tested to visualise the presence of phages. The codfish sample 

did not show any clearing, indicating the absence of lytic phages, and was excluded from further 

experiments. The Naples Sea sample exhibited faint clearing after enrichment, but subsequent 

isolation attempts were unsuccessful, and a second spot assay showed no clearing. 

In contrast, the Red Sea sample produced clear spots after enrichment, indicating the presence of 

potential phages. However, attempts to isolate these phages from the spots — whether by touching 

a pipette tip or by sampling the soft agar — were unsuccessful. The plaque assay failed to yield 

distinct plaques. This lack of isolated plaques could be attributed to phenomena such as abortive 

infection or lysis from without. 

Abortive infection occurs when phages overwhelm the bacterial cell, which often leads to the 

disruption of the cell wall, causing cell death without producing phage progenies. Cell wall 

disruption could be due to multiple phage adsorption or the action of the phage lysins. This process 

is sometimes referred to as bacterial suicide. Consequently, although initial signs of phage activity 

were observed in the Red Sea sample, these factors hindered the isolation and examination of 

individual phages, thus concluding the exploration into the role of m6A-RNA modification in V. 

campbellii. 

3.2 Effect of m6A-RNA depletion on phage replication in E. coli MG1655 

Cited from publication: Bibakhya Saikia, Sebastian Riquelme-Barrios, Thomas Carell, Sophie Brameyer and Kirsten 

Jung. 2024. Depletion of m6A-RNA in Escherichia coli reduces the infectious potential of T5 bacteriophage. 

Microbiology Spectrum, 12 (12), e0112424.  Doi: 10.1128/spectrum.01124-24. 

In contrast to V. campbellii, the genome of E. coli contains cryptic prophages (Blattner et al., 1997) 

but offers a diverse array of well-characterized lytic phages (Demerec and Fano, 1945). 
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3.2.1 m6A-RNA depletion in E. coli influences T5 phage infection 

The most prominent lytic phages for E. coli, including the five of the “T-phages” (Abedon, 2000; 

Demerec and Fano, 1945) and phage λ, were screened to assess their ability to infect exponentially 

grown E. coli ΔrlmFΔrlmJ mutant compared to the E. coli MG1655 (Fig. 3.4). All phages tested 

are dsDNA phages belonging to the class Caudoviricetes and characterised by their tail and 

icosahedral head (Ackermann, 1999).  

 

 

Figure 3.4 Depletion of m6A-RNA in E. coli MG1655 and its effect on infection by different lytic 

phages. E. coli wild type and the ∆rlmF∆rlmJ mutant were grown to an OD600 = 0.5 before infection with 

the different phages. The EOP was calculated by dividing the number of plaque-forming units (PFU) of the 

∆rlmF∆rlmJ mutant by the number of PFU of the wild type. The EOP of the wild type was set to 100. Data 

are presented as the mean ± standard error of at least three independent experiments. *** p < 0.001 

(Student’s t-test). ns, not significant. The primary receptors are indicated below the diagram. Figure was 

cited from publication: Bibakhya Saikia, Sebastian Riquelme-Barrios, Thomas Carell, Sophie Brameyer 

and Kirsten Jung. 2024. Depletion of m6A-RNA in Escherichia coli reduces the infectious potential of T5 

bacteriophage. Microbiology Spectrum, 12 (12), e0112424.  Doi: 10.1128/spectrum.01124-24.  
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Of all lytic phages tested, the T5 phage showed significantly reduced plaque formation in the 

∆rlmF∆rlmJ mutant compared to the wild type (Fig 3.4). This effect was not observed with the 

other phages (Fig 3.4). The infection by T5 phage was further analysed at different growth stages 

of E. coli. It was found that the number of plaques was consistently lower in the 

∆rlmF∆rlmJ mutant compared to the wild-type strain regardless of the growth phase, an effect that 

was no longer observed in the complemented mutant (ΔΔ-compl.) (Fig 3.5). These observations 

suggest that m6A-RNA modification influences T5 phage infection in E. coli.  

 

 

Figure 3.5 Efficiency of plaquing of phage T5 to exponential and stationary phase E. coli wild-type strain, 

its ΔrlmFΔrlmJ mutant and the complemented mutant (∆∆-compl.). The strains were infected with T5 in 

the exponential growth phase (OD600 = 0.5) or stationary phase (OD600 = 1.5). The efficiency of plaquing 

was calculated as in Fig. 3.4. Data are presented as the mean ± standard deviation of three independent 

experiments. ** p < 0.01 (Student’s t-test). Figure was cited from publication: Bibakhya Saikia, Sebastian 

Riquelme-Barrios, Thomas Carell, Sophie Brameyer and Kirsten Jung. 2024. Depletion of m6A-RNA in 

Escherichia coli reduces the infectious potential of T5 bacteriophage. Microbiology Spectrum, 12 (12), 

e0112424.  Doi: 10.1128/spectrum.01124-24. 
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3.2.2 m6A-RNA depletion in E. coli does not impact most T5-like phages  

A more targeted screening was conducted to establish whether the observed reduction in plaque 

formation by T5 phage is a conserved trait among T5-like phages. With this objective in mind, T5-

like phages from the BASEL phage collection (Maffei et al., 2021) were tested for their ability to 

infect E. coli ΔrlmFΔrlmJ mutant compared to the wild-type (Fig 3.6). According to ICTV, all nine 

T5-like phages tested are classified within the Demerecviridae family, which falls under the class 

Caudoviricetes. Of the nine T5-like phages, four — DaisyDussoix (Bas31), IrisVonRoten (Bas32), 

HildyBeyeler (Bas33), and SelmaRatti (Bas43) — are classified in the genus Tequintavirus, like 

phage T5 (Maffei et al., 2021). The remaining five phages — GreteKellenberger (Bas26), 

TrudiGerster (Bas27), IrmaTschudi (Bas28), SuperGirl (Bas29), and TrudiRoth (Bas30) — are 

classified under the genus Eseptimavirus (Maffei et al., 2021).  

 

 

Figure 3.6 Depletion of m6A-RNA in E. coli MG1655 and its effect on infection by different T5-like 

phages. E. coli wild type and the ∆rlmF∆rlmJ mutant were grown to an OD600 = 0.5 and infected with 

different T5-like phages. The EOP was calculated as in Fig 3.4. The EOP of the wild type was set to 100. 

Data are presented as the mean ± standard deviation of three independent experiments. * p < 0.05 

(Student’s t-test). Figure was cited from publication: Bibakhya Saikia, Sebastian Riquelme-Barrios, 

Thomas Carell, Sophie Brameyer and Kirsten Jung. 2024. Depletion of m6A-RNA in Escherichia coli 

reduces the infectious potential of T5 bacteriophage. Microbiology Spectrum, 12 (12), e0112424.  Doi: 

10.1128/spectrum.01124-24. 
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The results demonstrated a statistically significant reduction in plaque formation efficiency for 

phages Bas29 and Bas30 in the ΔrlmFΔrlmJ mutant (Fig. 3.6), suggesting that m6A-RNA 

depletion also reduces the infectivity of other T5-like phages. However, this is not a shared feature 

among T5-like phages. Particularly, the T5 phage exhibited a more pronounced reduction in plaque 

formation (Fig 3.5) compared to Bas29 and Bas30 (Fig. 3.6). Given this, further investigations 

were carried out to characterise the phenotype displayed by the T5 phage.  

3.2.3 m6A modification did not change during the T5 phage infection 

This work was done in collaboration with Leonardo Vásquez Camus from the AG Kirsten Jung at LMU. 

Mr. Camus performed the Rol-LAMP method with the samples.  

RlmF specifically methylates the A1618 position, while RlmJ specifically methylates the A2030 

position in the 23S rRNA of E. coli (Golovina et al., 2012; Sergiev et al., 2007). By using the 

rolling circle extension-assisted loop-mediated isothermal amplification (Rol-LAMP) method (Li 

et al., 2023), the abundance of m6A modification in the A2030 position of the 23S rRNA during 

different stages of T5 infection was measured (Fig. 3.7). The uninfected ΔrlmFΔrlmJ mutant was 

used as the negative control, while the uninfected wild-type strain served as the positive control. 

Comparison of threshold cycle (Ct) values between the wild-type and ΔrlmFΔrlmJ strains for the 

A2030 position indicated that the Rol-LAMP method successfully detected this position (Fig. 3.7). 

The Ct values for the wild-type strain were significantly higher than those of the ΔrlmFΔrlmJ 

mutant, demonstrating the presence of m6A modification at this site (Fig. 3.7). Higher Ct values 

are indicative of unsealed padlock probes resulting from the presence of m6A modification, which 

prevents the provision of starting material for LAMP. In contrast, the Rol-LAMP method failed to 

detect the A1618 position in the samples. The Ct values between the wild-type and ΔrlmFΔrlmJ 

strains for the A1618 position did not reveal any significant difference. This may be attributed to 

the detection limit of the method or the absence of m6A modification in the A1618 position under 

experimental conditions used in this study.  

To monitor the m6A modification abundance in the A2030 position during T5 phage infection, an 

additional internal control was maintained to normalise against the basal transcription of the 23S 
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rRNA. A surrounding non-modified adenine served as the internal control. The results showed that 

the non-modified adenine control (23S control) had lower Ct values as compared to the modified 

A2030 position (Fig. 3.7), demonstrating the lack of m6A modification in the control site. Lower 

Ct values correspond to an increase in the production of LAMP products, which is due to the 

sealing of the padlock probes. Additionally, the Ct values remained fairly constant throughout the 

course of T5 phage infection in E. coli wild type, which implies that the abundance of the m6A 

modification remained unaltered and did not vary during infection (Fig. 3.7).  

Figure 3.7 Abundance of m6A modification in the A2030 position of 23S rRNA of E. coli during T5 phage 

infection. Uninfected E. coli ΔrlmFΔrlmJ mutant served as the negative control. Uninfected E. coli wild 

type served as the positive control. Data are presented as the mean ± standard deviation of three independent 

experiments. **** p < 0.0001 (Two-way ANOVA; Tukey’s multiple correction test). 

 

3.2.4 T5 phage lacks its own m6A methyltransferases 

To investigate whether the T5 phage possesses its own methyltransferases that could modulate 

m6A-RNA levels during infection, the T5 phage genome was examined for any potential 

methyltransferase-encoding genes. Since none of the annotated proteins encoded for 

methyltransferases, the focus was shifted to on non-annotated T5 proteins in the range of 100–350 

amino acid. Twenty-five candidate proteins (T5.002, T5.011, T5.018, T5.019, T5.023, T5.026, 

T5.028, T5.033, T5.038, T5.039, T5.047, T5.048, T5.054, T5.055, T5.067, T5.076, T5.077, 

T5.078, T5.80, T5.089, T5.100, T5.106, T5.107, T5.123 and T5.134) fitting this criterion were 
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compiled and their structural predictions were made using AlphaFold 3.0 (Abramson et al., 2024). 

Comparative structural analysis was conducted in PyMOL (Version 3.0 by Schrödinger) to the 

known structure of RlmJ and the predicted structure of RlmF. Additionally, these candidate 

proteins were assessed for structural similarities to SAM lyase, which is found in T3 phage. 

However, no structural similarities were found, suggesting that the T5 phage does not possess its 

own methyltransferases or SAM lyase that could modulate m6A. Thus, the lower infection 

potential of T5 phage is due to the depleted m6A-RNA modification in the host (Fig 3.5). 

3.2.5 m6A-RNA depletion delays E. coli cell lysis during T5 phage infection  

Efficiency of plaquing data suggests that T5 phage may impact survival rates differently between 

the wild-type E. coli and ΔrlmFΔrlmJ mutant strains in liquid culture. To test this hypothesis on a 

population level, bacterial growth experiments were conducted with different multiplicities of 

infection (MOI), defined as the ratio of bacteriophage particles to bacterial cells. In the control 

experiment (Fig. 3.8 A), bacterial cells proliferated and no lysis was observed. However, the 

addition of T5 phage resulted in the lysis of bacterial cells (Fig. 3.8 B-E), confirming that the 

observed phenomenon was a consequence of phage infection. Infection at an MOI of 10 or 1 led 

to rapid, complete collapse of both wild-type and mutant populations, with earlier collapse at the 

higher MOI (Fig. 3.8 B, C and F). Similarly, infection at an MOI of 0.1 resulted in earlier collapse 

of both populations than at an MOI of 0.01 (Fig. 3.8 D, E and F). Strain-specific differences in 

lysis timing became evident at an MOI of 0.01 during infection with T5 phage (Fig. 3.8 E).  

Additionally, the peak bacterial density time and the extinction time were calculated from growth 

curve data (Fig 3.8 A-E) to act as a proxy for T5 phage susceptibility to the host strains using the 

package gcplyr (Blazanin, 2024). The time taken for the first local maxima in bacterial density to 

be reached before a decline due to T5 phage infection is referred to as the peak bacterial density 

time. In uninfected samples, both E. coli wild-type and ΔrlmFΔrlmJ mutant strains reached peak 

density at approximately 5.6 h, with no substantial difference (Fig. 3.8 F). Under T5 phage 

infection, an increase in MOI resulted in a decrease in peak bacterial density and time taken to 

reach it. At MOI of 0.01, the wild-type strain attained peak bacterial density at 4.3 h, whereas the 

ΔrlmFΔrlmJ mutant attained peak density at 5.2 h, indicating that the mutant withstood phage-

induced lysis for nearly an hour longer than the wild type (Fig. 3.8 F). Extinction time, calculated 
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as the time required to drive bacterial density below a detectable optical density (Turner et al., 

2012), in this case, a threshold of 0.15 due to T5 phage infection was also examined. A notable 

overall trend was observed, whereby the ΔrlmFΔrlmJ mutant exhibited a delayed extinction time 

in comparison to the wild-type strain, particularly evident at MOIs of 1 and 0.01 (Fig 3.8 G). At 

an MOI of 1, the E. coli wild-type strain reached the extinction threshold at 1.8 h, while 

ΔrlmFΔrlmJ mutant reached it at 2.1 h, signifying a delay of 0.3 hours (Fig 3.8 G). Furthermore, 

a more profound delay of five hours was noted in the ΔrlmFΔrlmJ mutant at an MOI 0.01, with 

the extinction threshold being reached at 13.7 h, in contrast to the wild-type strain, which reached 

it at 8.7 h (Fig 3.8 G). When the threshold is set to an optical density of 0.3, the trend remains 

unchanged. The mutant reaches extinction time at 8.4 hours, compared to 5.7 hours in the wild 

type, indicating a delay of three hours (Fig 3.8 E). This delay in both peak bacterial density time 

and extinction time is suggestive of a prolonged period of bacterial viability in the m6A-RNA 

depleted (ΔrlmFΔrlmJ) mutant.  

To further validate this at the level of individual cells, time-lapse phase contrast microscopy was 

used for live-cell imaging. Exponential phase E. coli wild type and ΔrlmFΔrlmJ mutant were 

infected with T5 phage at an MOI of 10 to ensure synchronous phage infection or with nutrient 

broth as a control. After adsorption for 10 min, samples were spotted on an agarose pad and imaged 

up to 3 hours post-infection. Images were captured every 2 min in several positions at a constant 

temperature of 37 °C. Intact cells could be easily distinguished from burst cells. A significantly 

higher proportion of cells from the ΔrlmFΔrlmJ population survived after 2.5 hours of T5 infection 

compared to the E. coli wild-type population (Fig. 3.8 H). This indicates that cell lysis was delayed 

in the ΔrlmFΔrlmJ mutant, which is consistent with the observation made in the survival 

experiments.  

The next stage of the investigation was to examine T5 phage-host interactions in order to ascertain 

the cause of the prolonged cell lysis observed in the ΔrlmFΔrlmJ mutant. Since adsorption is the 

initial step in the phage infection process, an adsorption assay was performed to evaluate whether 

the delayed lysis in the ΔrlmFΔrlmJ mutant was due to inefficient binding of the phage to the host 

cells. The adsorption rates of T5 phage to both host strains were found to be comparable, with a 

minimum of 60 % adsorption occurring within 15 min of the infection (Fig 3.9 A). By 25 min, 

almost 85 % of T5 was adsorbed by the strains (Fig 3.9 A). These results suggest that the higher 
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percentage of surviving cells observed in the ΔrlmFΔrlmJ mutant after T5 phage infection is likely 

not due to differences in binding to host cells but are instead related to processes that occur after 

phage–receptor interactions. 
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Figure 3.8 Survival of E. coli MG1655 wild type and ΔrlmFΔrlmJ mutant after phage T5 infection at 

different MOIs. (A–E) E. coli wild type and ∆rlmF∆rlmJ mutant were grown to the exponential growth 

phase in nutrient broth. About 2 × 108 cells were uninfected (A) or infected with T5 phage at MOI of 10 

(B), 1 (C), 0.1 (D), and 0.01 (E). The mixtures were transferred to 96-well plates (150 µL per well), and the 

OD600 was measured every 10 min at 37°C with continuous shaking. (F) The time taken to reach the peak 

bacterial density of the strains was calculated based on growth curves A to E. (G) Extinction time was 

estimated using growth curves A to E to measure the time required for the T5 phage to cause bacterial cell 

death and reduce the optical density to a threshold of 0.15. (H) E. coli strains were infected with T5 phage 

at MOI of 10. Single cells were monitored by phase contrast time-lapse microscopy, imaged every 2 min, 

and the percentage of surviving cells after 2.5 hours was determined. A total of 2,080 wild type and 1,923 

ΔrlmFΔrlmJ E. coli cells were quantified at time point 2.5 hours post-infection. Data are presented as the 

mean ± standard error (A–E) or as mean ± standard deviation of the mean (F-H) of three independent 

biological replicates. *** p < 0.001 (Student’s t-test). Part of the figure (A-E and H) was cited from 

publication: Bibakhya Saikia, Sebastian Riquelme-Barrios, Thomas Carell, Sophie Brameyer and Kirsten 

Jung. 2024. Depletion of m6A-RNA in Escherichia coli reduces the infectious potential of T5 

bacteriophage. Microbiology Spectrum, 12 (12), e0112424.  Doi: 10.1128/spectrum.01124-24. 

 

To test this, one-step growth curves were performed with the E. coli wild type and the 

ΔrlmFΔrlmJ mutant, with the aim of characterising the dynamics of T5 phage replication. Through 

this assay, it was possible to determine (i) the latent period, the time for the production of phage 

components, and virion assembly until phage-induced lysis of infected cells, (ii) the rise period, 

which includes the rise in phage concentration and asynchronous bursts, and (iii) the burst size, a 

measure of phage virions produced per infected cell. For both strains, the latent period was 

observed to be 45 min, followed by a rise period for another 45 min, followed by a burst period 

(Fig. 3.9 B). In the ΔrlmFΔrlmJ mutant, a significant delay in the increase of the phage titer was 

observed during the rise period compared to the wild type, which was particularly evident at the 

60- and 75-min time points (Fig 3.9 B). This period indicates the rise in phage number due to the 

release of progeny phage particles by lysis of infected bacterial cells. The slight delay in the rise 

period during T5 phage infection may indicate a delay in phage assembly and/or host cell lysis. 

However, it could also be due to host factors such as differences in overall metabolic activity, 

ribosomal heterogeneity or host immune responses that were altered due to the deletion of rlmF 

and rlmJ.  
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Figure 3.9 Characterisation of T5 phage infection in E. coli MG1655 wild type and ΔrlmFΔrlmJ mutant. 

(A) Adsorption kinetics of T5 phage to wild type and ΔrlmFΔrlmJ mutant E. coli at MOI 0.1. Free phages 

were collected at the indicated time points after infection (0 min), and the concentration of free phages was 

determined using plaque assays. (B) One-step growth curve of T5 phage determined for wild type and 

ΔrlmFΔrlmJ mutant at MOI 0.01. (C) Wild type and ΔrlmFΔrlmJ mutant E. coli were infected with phage 

T5 at an MOI of 0.1 for 24 hours, followed by centrifugation. The supernatant containing T5 phage particles 

was titer using E. coli DSM613 to check for defective phages produced by the mutant. Data are presented 

as the mean ± standard deviation of at least three independent experiments.  * p < 0.05; **** p < 0.0001 

(paired Student’s t-test). Part of the figure (A-B) was cited from publication: Bibakhya Saikia, Sebastian 
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Riquelme-Barrios, Thomas Carell, Sophie Brameyer and Kirsten Jung. 2024. Depletion of m6A-RNA in 

Escherichia coli reduces the infectious potential of T5 bacteriophage. Microbiology Spectrum, 12 (12), 

e0112424.  Doi: 10.1128/spectrum.01124-24. 

 

The burst size analysis demonstrated that E. coli wild-type cells produced an average of 364 

phages per infection cycle, with the ΔrlmFΔrlmJ mutant producing a slightly lower number with 

an average of 339 phages. This corresponds to a reduction of approximately 7 % per infection 

cycle. These results suggest that the ΔrlmFΔrlmJ mutant releases progressively fewer phages over 

multiple rounds of infection, which may contribute to the higher survival rates observed in the 

mutant (Fig. 3.8E and H) and the lower PFU (Fig. 3.5). To ascertain with greater clarity whether a 

reduction in the number of phages is occurring in each infection cycle, a comparison was made 

between the titers of phages from infections of both the wild-type and ΔrlmFΔrlmJ mutant strains 

(Fig 3.9C). The titers were similar, indicating that there is no production of defective phages and 

that the reduction in total phage output per replication cycle is not a factor.  

In brief, the results demonstrate that m6A-RNA modification in E. coli delays host cell lysis 

following T5 infection. This is supported by findings from bacterial growth experiments, live-cell 

imaging, and one-step growth curve assay.  

3.3 T5 phage-host interactions at the molecular level 

This work was done in collaboration with Dr. Ignasi Forné and Dr. Siobhan Cusack. Dr. Forné from the 

Protein analysis unit at the LMU performed the LC-MS/MS analysis and conducted initial statistical tests. 

Dr. Cusack from AG Kirsten Jung at the LMU performed the weighted gene co-expression network analysis 

(WGCNA) and generated the corresponding figures to illustrate the results from the analysis.  

3.3.1 Dual-proteome analysis of T5 phage infection in E. coli 

In the previous section, the interactions between T5 phage and its hosts were explored at both 

cellular and population levels. To delve deeper into the molecular dynamics of this interaction, a 

quantitative dual-proteome analysis was performed. The term ‘dual-proteome analysis’ in this 

context refers to the simultaneous profiling of both the host and T5 phage proteomes during the 
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course of T5 infection. This approach was used to investigate the changes in protein abundance 

during T5 infection in wild-type and m6A-RNA depleted (ΔrlmFΔrlmJ ) E. coli strains. 

Exponential phase cultures were infected with T5 at an MOI of 10 to ensure synchronous phage 

infection. Proteomes from uninfected bacterial control (0 min) and infected samples at 15- and 35-

min post-infection in biological triplicates were analysed by DIA label-free quantification (LFQ) 

using LC-MS/MS. The uninfected controls served as a baseline to visualise the basal proteome of 

the host strains before infection (Fig 3.10 A). Interestingly, LFQ intensities for T5 phage proteins 

were also detected at 0 min (Fig 3.10 B), likely due to certain sequence similarities between the 

hosts and phage proteins. Sequences of T5 proteins were first obtained from Uniprot (Bateman et 

al., 2021) and then aligned to E. coli MG1655 using the Protein Basic Local Alignment Search 

Tool (pBLAST; Camacho et al., 2009), focusing on specific T5 proteins found in at least two out 

of three biological replicates in either host. For example, T5 exonuclease I and side-tail fiber 

protein share sequence similarity with the E. coli endonuclease and cryptic prophage tail fiber, 

respectively. Additionally, similarities were also found for the T5 DNA replication primase, 

replication binding protein and ribonucleoside diphosphate reductase. These results suggest that 

some E. coli proteins share homology with T5 proteins, leading to cross-identification during 

proteomic analysis. Therefore, T5 LFQ intensities at 0 min should be interpreted cautiously, as 

they likely reflect the presence of host proteins with similar sequences rather than the actual 

abundance of the phage proteins.  

LFQ intensities from the host proteomes showed a normal distribution across all infection times 

and biological replicates (Fig 3.10 A). Similarly, T5 proteins also followed a normal distribution 

at 15- and 35-min time points (Fig 3.10 B), suggesting that imputation based on the normal 

distribution would be reasonable. Consequently, imputation was performed to account for missing 

values, which facilitated the analysis and minimised bias due to missing data. T5 LFQ intensities 

were then visualised according to the phase of infection, revealing a clear shift from 15 min to 35 

min in early and late proteins (Fig 3.10 C). Importantly, the overall distribution pattern of the LFQ 

values remained unaltered by the imputation process (Fig 3.10 C).  
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Figure 3.10 Normalised histograms of LFQ intensities contributed by T5 phage as well as E. coli wild type 

and ΔrlmFΔrlmJ mutant. A) Histograms of LFQ intensities from the hosts are shown for all time points (0 

min, 15 min and 35 min) including all biological replicates (R1-R3) per time point. B) Histograms of LFQ 
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intensities from the T5 phage are shown for all time points (0 min, 15 min and 35 min) including all 

biological replicates (R1-R3) per time point. All histograms show normal distribution except for time point 

0 min for T5 phage proteins. C) Histograms of imputed and non-imputed LFQ intensities are shown in only 

T5 phage proteins as per their phase of infection across all time points and including all biological replicates 

(R1-R3).  

 

 

 

Figure 3.11 Initial analysis of the dual-proteome of T5 phage infected E. coli wild type and ΔrlmFΔrlmJ 

mutant. A) Absolute number of proteins detected from the hosts and T5 phage before and after infection. 

B) Fractions of LFQ intensities from the host or T5 proteomes were calculated relative to the total LFQ 

intensities per sample across the course of T5 infection. Data are presented as the mean ± standard deviation 

of three independent experiments. C) PCA analysis of the proteomics samples based on z-score normalised 

LFQ intensities from three biological replicates. 
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A total of 2746 proteins were identified from both the hosts and phage proteomes. Of these, 2598 

proteins represented 59 % coverage of the host proteome, while 148 T5 phage proteins were 

detected, accounting for 91 % of the phage proteome (Fig. 3.11 A). Throughout the infection, the 

LFQ signals were predominantly derived from E. coli proteins (Fig. 3.10 A), with a gradual rise in 

the contribution of T5 proteins, reaching a maximum of 22 % at 35 min post-infection (Fig. 3.11 

B). Principal component analysis (PCA) further supported the quality of the dataset, revealing tight 

clustering of biological triplicates within the same time point, demonstrating consistency and 

reproducibility (Fig. 3.11 C). Additionally, the PCA clustering pattern distinctly separated the 

uninfected control (0 min) from the T5 infected time points (Fig. 3.11 C), reinforcing the 

robustness and reliability of the proteomics dataset.  

The increase in the LFQ contribution from T5 phage proteins (Fig. 3.10 A) and the subsequent 

decrease in host protein contribution to the overall proteome abundance (Fig. 3.11 B) suggests a 

progressive T5-driven takeover and host translational reprogramming to prioritise phage protein 

synthesis. Such temporal proteomic shift also impacts host protein abundance. To investigate 

differences in protein abundance during T5 infection, a volcano plot analysis was performed. Since 

volcano plot analysis is limited to pairwise comparisons, differences in protein abundance were 

calculated comparing 15 min to 0 min post-infection and 35 min to 15 min post-infection for each 

strain. The analysis revealed both host and T5 protein changes during infection (Fig. 3.12). Most 

T5 phage proteins increased in abundance in 15 min vs 0 min post-infections and 35 min vs 15 

min post-infections in both strains (Fig. 3.12). However, some T5 phage proteins, especially those 

belonging to the pre-early phase of infection (Dmp and A2) decreased in abundance in 35 min vs 

15 min post-infections for both strains. In the case of host proteins, a statistically significant 

increase or decrease in protein levels was observed in response to T5 infection. The T5 proteome 

is examined in section 3.3.2, while the proteome of the hosts are addressed in sections 3.3.4 and 

3.3.5. 
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Figure 3.12 Volcano plots of the dual-proteome of T5 phage infected E. coli wild type and ΔrlmFΔrlmJ 

mutant. Differential protein abundance was visualised using volcano plots for T5-infected E. coli MG1655 

(A) and E. coli ΔrlmFΔrlmJ mutant (B). Volcano plots indicate -log10 (p-value) for proteins against their 

respective log2 fold change. They revealed several differentially regulated host and T5 proteins. Blue dots 

refer to T5 phage proteins, orange dots refer to significantly upregulated and downregulated host proteins 

and grey indicates no significant difference. The black line represents the significance threshold (p < 0.05) 

in the analysis. Data is derived from three biological replicates. 
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3.3.2 Temporal progression of T5 phage proteome 

T5 phages are known to inject their genomic dsDNA via a two-step transfer process (Davison, 

2015). In the first step transfer (FST), approximately 8 % of the genome is injected, and the 

translated proteins then enable the entry of the remaining dsDNA during the second step transfer 

(SST) (Lanni, 1968). The FST region contains 17 open reading frames (ORFs) that encode pre-

early proteins while the SST region contains 119 ORFs corresponding to early proteins and 25 

ORFs for late proteins (Wang et al., 2005). The early proteins of T5 are primarily involved in DNA 

replication, repair, transcription, and regulation, as well as in phage lytic processes, including 

proteins such as endolysin and holin (Wang et al., 2005). In contrast, the late proteins are mainly 

structural and morphogenesis proteins (Wang et al., 2005). By hijacking the host’s transcriptional 

and translational machinery, the early proteins drive the synthesis of phage-specific structural 

proteins, which are then assembled into mature virions. The complete replication cycle, from 

injecting the genome to lysing the host cells, takes approximately 50-60 minutes (Sirbasku and 

Buchanan, 1970a) (Fig 3.13 A).  

The T5 phage proteome was found to be similar between the wild type and ΔrlmFΔrlmJ mutant 

(Fig. 3.13 B and C). Moreover, the T5 phage proteome analysis revealed an increase in the 

abundance of T5-related proteins throughout the infection, indicating the dynamic progression of 

T5 infection in both strains (Fig. 3.13 B). At 15 min post-infection, 86 % of the annotated T5 

proteins were detected (Fig. 3.11 A and B). By 35 minutes, this increased to 91 % of the annotated 

T5 proteins, accounting for roughly 22 % of the total LFQs (Fig. 3.11 B). This increase in the 

proportion of T5 proteins corresponds to the expression of late-phase proteins, which showed a 

consistent increase in abundance from 15 to 35 min (Fig. 3.13 C). Certain late proteins such as 

D20 (major capsid proteins), N4 (major tail protein pb6) and N5 (decoration protein) exhibited 

higher abundance at 15 min compared to other late proteins (Fig 3.13 C). The analysis also 

uncovered distinct patterns among pre-early and early proteins (Fig. 3.13 C). The majority of early 

proteins such as D5 (putative transcriptional factor), D6 (putative replicative DNA helicase), D11 

(probable ssDNA-binding protein), and DUT (deoxyuridine 5’-triphosphate nucleotidohydrolase) 

demonstrated an increase in abundance throughout the infection process. Conversely, some early 

proteins such as T5.083 (cell wall hydrolase SleB domain-containing protein) and ORF7 
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(hypothetical phage protein) exhibited stability, while others, like ORF20 (hypothetical phage 

protein) and T5.097 (hypothetical phage protein), displayed a discernable decrease in abundance.  

 

Figure 3.13 Analysis of T5 phage proteome over the course of infection in E. coli wild type and 

ΔrlmFΔrlmJ mutant. A) Schematic representation of time-dependent infection-phase-specific protein 
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expression during T5 phage infection (Sirbasku and Buchanan, 1970b, 1970a). The red star denotes the 

time at which the samples were collected and subjected to dual-proteome analysis. B) Hierarchical 

clustering heatmap of all the clustered T5 protein log2-LFQ intensity over the time course of infection with 

E. coli or ΔrlmFΔrlmJ mutant. Y-axis represents functionally clustered T5 proteins. C) Heatmap 

representation of log2-LFQ intensities of pre-early, early and late proteins of T5 phage throughout infection 

with E. coli or ΔrlmFΔrlmJ mutant. Y axis represents that T5 phage proteins temporally classified into pre-

early, early and late proteins (Wang et al., 2005). Data is derived from three biological replicates.   

 

A subset of pre-early proteins such as A2, Dmp (5’-deoxynucleotidase), T5.008, T5.012 and 

T5.014 decreased in abundance as the infection progressed from 15 min to 35 min (Fig. 3.12 and 

3.13 C). In contrast, other pre-early proteins — A1, T5.002, T5.003, T5.007, T5.011, T5.015 (DNA 

endonuclease), T5.016, and T5.017 — remained stable over the same period (Fig. 3.13 C), despite 

the shutdown of FST-DNA transcription by A1 protein within 3-4 minutes of infection (Davison, 

2015). In addition, HegG, a putative H-N-H endonuclease, increased in abundance from 15 min to 

35 min (Fig. 3.13 C), distinguishing it from other pre-early proteins and suggesting a more 

complex regulatory mechanism controlling the expression of pre-early proteins throughout the 

infection cycle. These findings highlight the similar dynamic progression and temporal regulation 

of T5 protein expression in both host strains during infection.  

3.3.3 Host proteome stability and changes during T5 infection 

The dual-proteome analysis revealed that some host proteins increased or decreased in abundance 

while others remained stable over the course of T5 infection in both wild-type and ΔrlmFΔrlmJ E. 

coli strains (Fig. 3.12). FhuA, the ferrichrome outer membrane transporter that also functions as 

the receptor for T5 phage, showed no significant change in abundance during infection across both 

strains (Fig. 3.14). Similarly, RpoA, the RNA polymerase subunit alpha, remained stable during 

T5 infection (Fig. 3.14). However, a significant difference between wild type and ΔrlmFΔrlmJ E. 

coli was observed in the CP4-44 cryptic prophage region, specifically in the abundance of Flu 

(Antigen 43) — a key determinant for auto-aggregation — and inner membrane protein YeeR. 

These two proteins are predicted to be part of the putative flu-yeeR operon, which is reported to be 

repressed by OxyR, an oxidative stress regulator (Ju et al., 2021). It is noteworthy that the 
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difference in abundance of Flu and YeeR was already discernible between the uninfected host 

strains (0 min) and remained unaltered throughout the course of T5 infection (Fig. 3.14). This 

observation suggests that this discrepancy is an inherent attribute of the host strains as opposed to 

a response to T5 infection. In the ΔrlmFΔrlmJ mutant, both Flu and YeeR were significantly less 

abundant than in the wild-type strain (Fig. 3.14), implying a potential impact of the deletion of 

rlmF and rlmJ on the regulation of this operon.  

 

 

Figure 3.14 Proteomes of E. coli wild type and ΔrlmFΔrlmJ mutant during T5 phage infection. Log2 LFQ 

intensities of the host proteins are shown for the three biological replicates across time points (0 min [before 

infection] and 15- and 35-min post-infection). Specific proteins are highlighted in different colours.  

 

To confirm this at the transcript levels, infection time-dependent RT-qPCR was performed for flu 

and yeeR along with rpoA (Fig. 3.15 A). 16S rRNA was used as an internal reference to normalise 

basal transcriptional levels. Despite stable protein abundances, a decline in rpoA transcript levels 

was observed relative to 16S rRNA during T5 infection in both wild-type and ΔrlmFΔrlmJ E. coli 

strains (Fig. 3.15 A). Similarly, flu and yeeR transcripts in E. coli wild type showed a decline during 

infection (Fig. 3.15 A) despite stable protein levels (Fig. 3.14). In the ΔrlmFΔrlmJ mutant, flu and 

yeeR transcripts were significantly downregulated compared to the wild type, both in the 

uninfected control (0 min) and through the course of T5 infection (Fig. 3.15 A). This finding aligns 
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with the observed lower protein abundances in the E. coli ΔrlmFΔrlmJ. To understand if the low 

transcript abundance of flu was due to reduced transcription or post-transcriptional regulation, such 

as transcript instability or degradation, promoter fusion of flu (Pflu-mNeonGreen) was integrated at 

the native locus in wild type and ΔrlmFΔrlmJ E. coli. Cells expressing mNeonGreen reporter 

under the control of the flu promoter were grown to an OD600 of 1.0 and analysed using 

fluorescence microscopy (Fig. 3.15 B and C). Fluorescence intensities were measured as a readout 

for flu promoter activity. 

 

Figure 3.15 Assessment of transcript levels and promoter activities. A) Transcript levels of rpoA, flu and 

yeeR from E. coli wild type and ΔrlmFΔrlmJ mutant were quantified using RT-qPCR. Data is acquired from 

three biological replicates, each with two technical replicates. Wild type and ΔrlmFΔrlmJ E. coli 

transcriptional reporters were constructed by fusing the promoter region of flu with mNeonGreen. E. coli 

MG1655 Pflu-mNeonGreen (B) and E. coli ΔrlmFΔrlmJ Pflu-mNeonGreen (C) were grown to an OD600 of 

1.0 and the cells were analysed by fluorescence microscopy. The distribution of the relative fluorescence 

intensities (RF) from E. coli MG1655 Pflu-mNeonGreen (B) and E. coli ΔrlmFΔrlmJ Pflu-mNeonGreen (C) 
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are depicted in the form of density histograms, wherein the y-axis represents the density, calculated as the 

frequency of observations in each bin divided by total number of observations and width of the bin. Each 

bin represents the relative frequency of the corresponding class of fluorescence intensities. Data is derived 

from one biological replicate.  

 

Density histograms of relative fluorescence intensity (RF) revealed distinct subpopulations in both 

host strains (Fig. 3.15 B and C).  The mean RF of E. coli wild type was recorded at 898, while that 

of E. coli ΔrlmFΔrlmJ was 466 (Fig. 3.15 B and C). This finding indicates that the average 

promoter activity of the ΔrlmFΔrlmJ mutant was lower than that of the wild type. This was 

consistent with the observed transcript abundance (Fig. 3.15 A), suggesting that the lower 

transcript levels in the ΔrlmFΔrlmJ mutant were primarily due to reduced promoter activity and, 

consequently, lower transcription. Thus, the lower abundance of Flu in E. coli ΔrlmFΔrlmJ is an 

intrinsic characteristic of the strain as confirmed by dual-proteomic analysis, RT-qPCR and 

promoter activity studies. Moreover, Flu can be evaluated as a proxy for m6A-RNA modification 

by employing a fluorescently tagged flu-based translational reporter. 

The differential protein abundance analysis revealed a significant increase or decrease in host 

protein abundance in response to T5 phage infection (Fig. 3.12). Gene Ontology (GO) analysis 

was performed to elucidate the functional roles of differentially abundant host proteins, including 

the biological pathways and processes in which they are involved. For E. coli wild type (15 min 

vs 0 min post-infection), proteins with increased abundance were primarily involved in the peptide 

transport and metabolic processing of glucarate, glyoxylate and aldaric acid (Fig. 3.16). In contrast, 

proteins with decreased abundance in E. coli wild type (15 min vs 0 min post-infection) were 

significantly enriched in pathways associated with bacterial transcription and motility (Fig. 3.16). 

Moreover, as the infection progressed in the ΔrlmFΔrlmJ mutant, host proteins involved in 

bacterial transcription, defence systems and motility were significantly downregulated (Fig. 3.16). 

In both wild-type and ΔrlmFΔrlmJ mutant strain, there was a significant downregulation of 

flagellar component proteins, particularly flagella basal-body and hook-related proteins FlgB and 

FlgC (Fig. 3.16).  



 

 73 

 



 

 74 

Figure 3.16 Significantly enriched Gene Ontology (GO) terms for host proteins in response to T5 phage 

infection. T5-infected E. coli MG1655 showed significant enrichment of GO terms for differentially 

upregulated and downregulated proteins comparing 15 min to 0 min post-infection. T5-infected E. coli 

ΔrlmFΔrlmJ showed significant enrichment of GO terms for differentially downregulated proteins 

comparing 15 min to 0 min and 35 min to 15 min post-infections. Functional enrichment analysis was 

performed for host proteins using data from volcano plots (Fig. 3.12) and visualised using ShinyGo v0.74 

(Ge et al., 2020). 

 

Several differentially abundant host proteins (35 min vs 15 min post-infection) during T5 phage 

infection in the E. coli wild type were visualised in the volcano plots (Fig. 3.12) but  these proteins 

did not reveal significant enrichment of any biological pathway. This suggests that the observed 

changes in the protein abundances were either too small to impact entire pathways or too spread 

across different biological processes to reach statistical significance. Similarly, many host proteins 

also increased in abundance in the E. coli ΔrlmFΔrlmJ mutant strain during T5 infection (Fig. 

3.12), functional annotation analysis did not reveal significant enrichment of any biological 

pathways. Although volcano plot analyses are a routine method in proteomics for rapid 

identification of differentially abundant proteins, their limitation to pairwise comparisons make 

them less suitable for the purpose of monitoring temporal dynamics during infection studies. 

Moreover, volcano plot analyses may sometimes ignore small but biologically relevant changes, 

making them less effective method for studying subtle changes within the proteome.  

3.3.4 Differential regulation of ribosome and translation-related proteins  

In pursuit of detailed insight into the expression patterns of host proteins over the infection timeline 

from 0 min to 35 min, a weighted gene co-expression network analysis (WGCNA) was performed. 

The analysis is sensitive to low abundance proteins and small fold changes (Rezaie et al., 2023) 

which makes it ideal to study subtle yet biologically relevant changes in protein abundance 

throughout the infection course. WGCNA identified clusters of proteins (called modules) based on 

expression patterns and offered glimpses into the temporal shifts in host protein responses during 

T5 infection (Fig. 3.17). Functional enrichment analysis of the identified modules revealed 
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enrichment in KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways (Fig. 3.17) and GO 

terms.  
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Figure 3.17 Significantly enriched KEGG terms among differentially regulated host proteins during T5 

infection revealed by WGCNA analysis. Functional analysis was performed using FUNAGE-Pro v2 

(de Jong et al., 2022). Data is derived from three biological replicates. 

 

WGCNA revealed that the chemotaxis related pathway was significantly upregulated in wild-type 

E. coli strain, which contradicts the downregulation of flagella-basal body related GO terms 

observed for volcano plot analysis comparing 15 min to 0 min post-infection (Fig 3.16). The 

downregulated proteins in the volcano plot analysis (15 min vs 0 min) did not show significant 

enrichment in KEGG pathways which suggests that while individual flagellar proteins were 

affected (Fig. 3.12 and 3.16), they did not collectively form a well-defined KEGG pathway. This 

likely indicates T5 phage-driven reduction in flagella production to conserve energy during 

infection. WGCNA confirmed these findings, showing consistent downregulation of flagella basal 

body components in wild-type E. coli strain as demonstrated with GO (but not KEGG enrichment) 

analysis (Table 1.5). This suggests that structural components were affected, as captured by the 

relatively broad GO terms, but these components were not part of a single biochemical pathway.  

 

Table 5: List of significantly enriched GO terms associated with chemotaxis and motility in response to T5 

infection in E. coli wild type. Both upregulated and downregulated biological processes and their associated 

proteins are shown.  

GO Class ID GO term description Proteins 

Upregulation of biological processes during T5 infection in E. coli wild type 

GO:0097588 Archaeal or bacterial-type flagellum-

dependent cell motility 

CheZ, CheY, MotB, FliO 

GO:0009425 Bacterial-type flagellum basal body YcgR, FliG, FliL, FliM, FliN, 

FliO, FliP 

GO:1902021 Regulation of bacterial-type flagellum-

dependent cell motility 

CheA, FliZ, PdeH, Tsr 

GO:0050920 Regulation of chemotaxis CheZ, Tar, CheA, Tsr 

GO:0098561 Methyl accepting chemotaxis protein complex Trg, Tar, CheA, Tsr 
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GO:0006935 Chemotaxis Trg, CheZ, CheY, Tar, 

CheW, CheA, MotB, MotA, 

FliG, FliL, FliN, FliO, Aer, 

DppA, Tsr 

Downregulation of biological processes during T5 infection in E. coli wild type 

GO:0030694 Bacterial-type flagellum basal body, rod FlgB, FlgC 

 

 

Since WGCNA is more sensitive and can detect subtle expression patterns by considering the 

collective behaviour of gene networks, it revealed upregulation of bacterial chemotaxis functions 

in KEGG pathways (Fig. 3.17). A large number of flagellar motor and chemotaxis-related proteins 

were upregulated upon infection, suggesting that, despite a reduction in flagellar basal body, rod 

synthesis or assembly, the increased motor activity of existing flagella may facilitate phage particle 

dispersion (Fig. 3.17 and Table 5). This could be phage-driven upregulation of bacterial motility 

to promote viral spread. However, this increase in motility may also help bacteria to escape high 

local phage concentrations, reducing adsorption risk, or enable migration to protective niches 

where phage access is limited. Thus, the increased abundance of motor proteins could serve also 

as a potential defence strategy against T5 infection.  

In contrast, the ΔrlmFΔrlmJ E. coli strain showed a drastic downregulation of flagella and 

chemotaxis-related proteins throughout T5 infection, as indicated by both the volcano plots 

WGCNA, with KEGG and GO annotations confirming this trend (Fig. 3.12, Fig. 3.16, Fig. 3.17 

and Table 6). This suggests that, unlike the wild-type strain, the ΔrlmFΔrlmJ E. coli fails to 

maintain flagella and chemotaxis function. As motility is an energy-driven process, and reduction 

in motility-related proteins allows energy and resources to be directed towards supporting the T5 

infection.  
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Table 6: List of significantly enriched GO terms associated with chemotaxis and motility in response to T5 

infection in E. coli ΔrlmFΔrlmJ. Both upregulated and downregulated biological processes and their 

associated proteins are shown.  

GO Class ID GO term description Proteins 

Upregulation of biological processes during T5 infection in E. coli ΔrlmFΔrlmJ 

GO:0009425 Bacterial-type flagellum basal body FliG, FliL, FliO 

Downregulation of biological processes during T5 infection in E. coli ΔrlmFΔrlmJ 

GO:0030694 Bacterial-type flagellum basal body, rod FlgB, FlgC 

GO:0071973 Bacterial-type flagellum-dependent cell 

motility 

FlgA, FlgB, FlgC, FlgF, FlgG, 

FlgH, FlgI, YcgR, MotA, 

FliC, FliD, FliS, FliF, FliH, 

FliI, FliN 

GO:1902021 Regulation of bacterial-type flagellum-

dependent cell motility 

CheA, FliZ, Tsr 

GO:0097588 Archaeal or bacterial-type flagellum-

dependent cell motility 

CheZ, CheY, MotB 

GO:0044780 Bacterial-type flagellum assembly FlgN, FlgA, FlhD, FliS, FliI 

GO:0044781 Bacterial-type flagellum organisation FlgM, FlgD, FliT, FliH 

GO:0071978 Bacterial-type flagellum-dependent swarming 

motility 

FlgD, FlgF, MotA 

GO:0009424 Bacterial-type flagellum hook FlgD, FlgF, FliD 

GO:0009288 Bacterial-type flagellum CheZ, FliH 

GO:0050920 Regulation of chemotaxis CheZ, Tar, CheA, Tsr 

GO:0006935 Chemotaxis Trg, CheZ, CheY, Tap, Tar, 

CheW, CheA, MotB, MotA, 

FliN, Tsr 

GO:0098561 Methyl accepting chemotaxis protein complex Trg, Tar, CheA, Tsr 

 

In both wild type and ΔrlmFΔrlmJ E. coli, proteins related to amino acid metabolism showed 

increased abundance during T5 infection (Fig. 3.17). Amino acids can mediate metabolic cross-

talk in host-pathogen interactions (Ren et al., 2018). Key amino acids, such as arginine, asparagine, 
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and tryptophan are pivotal to the competition between the host and phage (Ren et al., 2018). The 

host might initiate amino acid metabolism to mount defensive responses. However, the phages can 

manipulate these pathways to enhance their replication and survival, exploiting the host’s 

metabolic resources to its advantage. This increase in amino acid transport and metabolism is 

consistent in both strains, highlighting its strategic role during T5 infection. 

Polyketides are specialised metabolites involved in a range of functions, including defence, 

communication, protection and virulence (Toopaang et al., 2022; Kai, 2019; Han et al., 2018). 

Despite the absence of polyketide production in E. coli, certain proteins implicated in the 

polyketide pathway, such as Dps and OxyR, are upregulated during T5 infection (Fig. 3.17), where 

they fulfil functions that are not related to polyketide synthesis. A study has shown that Dps and 

OxyR contribute to the downregulation of replication initiation in E. coli (Zhu et al., 2023). 

Moreover, an increase in alanine, aspartate and glutamate metabolism in E. coli wild type during 

T5 infection may influence the observed increase in abundance for proteins associated with 

tricarboxylic acid (TCA) cycle (Fig.3.17). Transamination of alanine and aspartate produces 

pyruvate and oxaloacetate, TCA cycle intermediates. Moreover, glutamate dehydrogenase and 

aspartate aminotransferase catalyse the reversible reaction between glutamate and α-ketoglutarate, 

the initial step for glutamate to enter TCA cycle metabolism. Therefore, alanine, aspartate and 

glutamate are metabolised to support TCA cycle intermediary metabolism and energy generation, 

thereby meeting the high anabolic demand for virion production.  

Pathways associated with cell cycle in E. coli were downregulated in response to T5 infection (Fig. 

3.17), suggesting phage-driven strategy to redirect host resources for phage replication, ensuring 

efficient virion production before host lysis. It is also notable that glycolysis, gluconeogenesis and 

glycerolipid metabolism pathways have significantly downregulated in E. coli wild type during T5 

infection (Fig. 3.17). This suggests phage-driven host metabolic shutdown to redirect energy 

towards virion production. Moreover, some porphyrin-related proteins have decreased in 

abundance during T5 infection, possibly impacting cytochrome production. However, no 

significant enrichment of GO terms associated with electron transport chain function was observed 

during T5 infection which suggests ATP generation through oxidative phosphorylation may be 

reduced but not eliminated. This is indicative of a significant shift in the biosynthetic and energy 

requirements of the wild-type E. coli strain during T5 infection. Host metabolic and energy 
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pathways are also being reprogrammed in E. coli ΔrlmFΔrlmJ mutant, wherein proteins associated 

with RNA polymerase and nicotinamide metabolism decreased in abundance during T5 infection 

(Fig. 3.17). A reduction in RNA polymerase activity implies suppression of host gene expression 

in favour of increased expression of viral genes (Fig. 3.17). Moreover, E. coli ΔrlmFΔrlmJ mutant 

does not produce terpenoids but it does generate basic terpenoid precursors which are essential for 

ubiquinone synthesis and sugar-carrier lipids for cell wall synthesis (Fujisaki et al., 1986). 

Pathways involved in these precursor generation are downregulated during T5 infection, 

suggesting phage-driven diversion of resources from host growth. This could also be a host defence 

mechanism to slow down T5 replication by affecting energy generation to sustain metabolic needs 

of the phage.  

Interestingly, WGCNA analysis also revealed differential regulation of ribosome-related proteins 

during T5 infection between wild-type and ΔrlmFΔrlmJ E. coli strains (Fig. 3.17 and Fig. 3.18). 

The observed increase in ribosome-related proteins in the wild-type strain suggests an adaptive 

host response to T5 infection (Fig. 3.17). This response may be aimed at meeting the protein 

synthesis demands during phage infection. This is in contrast to the E. coli ΔrlmFΔrlmJ strain, in 

which ribosome-related proteins decreased in abundance during T5 infection (Fig. 3.17), 

indicating a diminished translational response, likely linked to the absence of m6A-rRNA 

modification.  Significantly enriched GO terms among differentially regulated ribosome-related 

proteins revealed functional pathways impacting ribosome biogenesis and processing, structural 

constituent of ribosome, rRNA modification and regulation of translation (Fig. 3.18). This contrast 

highlights the role of m6A modification in maintaining ribosomal stability and/or efficient protein 

synthesis under T5 phage-induced stress. Interestingly, there was an increase in abundance of 

RlmC and RlmD methyltransferases during T5 infection in E. coli wild type (Fig. 3.18). RlmC and 

RlmD are responsible for the methylation of the 23S rRNA at the U747 and U1939 nucleotide, 

respectively (Madsen, 2003). Moreover, there was a decrease in abundance of RlmKL, RsmG, 

RsmF and RsmB methyltransferases during T5 infection in E. coli ΔrlmFΔrlmJ mutant (Fig. 3.18). 

RlmKL is responsible for the methylation of the 23S rRNA at positions G2445 and G2069 (Kimura 

et al., 2012) while RsmG is responsible for the methylation of the 16S rRNA at position G527 

(Okamoto et al., 2007). RsmB and RsmF methylate the 16S rRNA at positions C967 and C1407, 

respectively (Andersen and Douthwaite, 2006; Gu et al., 1999). Such increase or decrease in 

ribosomal methyltransferases suggest T5-driven reliance on host ribosomes.  
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Figure 3.18 Significantly enriched GO terms among differentially regulated ribosome-related proteins 

during T5 infection revealed by WGCNA analysis. Functional analysis was performed using FUNAGE-Pro 

v2 (de Jong et al., 2022). Data is derived from three biological replicates. 

 

Following the functional annotation analysis, which revealed significant enrichment in ribosomal 

structure, biogenesis and translation pathways, the study was expanded to analyse the ribosomal 

subunits, 70S monosomes and polysomes. This was achieved by separating the ribosomal 

components using sucrose density centrifugation in uninfected and T5-infected wild-type and 

ΔrlmFΔrlmJ E. coli strains. The polysome profile was then determined for each host strain under 

T5-infected and uninfected conditions by continuous monitoring of the absorbance at 260 nm. In 

the uninfected control samples, E. coli ΔrlmFΔrlmJ mutant consistently demonstrated a lower 

peak for 70S monosomes in comparison to the wild type across three biological replicates (Fig. 

3.19). This implies a reduction in the number of free 70S monosomes in the ΔrlmFΔrlmJ mutant, 

suggesting that RlmF and RlmJ may affect ribosome availability or stability. Remarkably, in T5-

infected samples, the trend was reversed - the mutant showed a slightly higher 70S monosome 

peak and a reproducible reduced number of polysomes as compared to the wild type. 
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Figure 3.19 Polysome profile of uninfected and T5-infected E. coli wild type and ΔrlmFΔrlmJ mutant. The 

host strains were infected with T5 phage at an MOI of 10 and centrifuged after 30 minutes of infection to 

collect the bacterial crude lysate. The crude lysate was processed and loaded onto a sucrose gradient. 

Ribosomal components were separated using sucrose density centrifugation, followed by continuous 

monitoring of the absorbance at 260 nm. Three biological replicates are shown of each condition and strain. 

 

This finding suggests that the mutant, following T5 infection, may not utilise polysomes as 

effectively for translation or undergo slower translation. It can be hypothesised that the 

ΔrlmFΔrlmJ mutant either has a greater number of free 70S monosomes or relies more on 

monsome-based translation, in contrast to the wild-type strain, which engages more actively in 

polysomal translation. The reliance on monosomes could result in a slower translation process. 

3.3.5 Increased relative abundance of phage structural transcripts in the m6A-RNA 

depleted mutant 

To investigate the temporal regulation of T5 phage gene transcription, RT-qPCR was conducted 

on six phage genes, representing both the early and late stages of replication. The late-phase genes 

include N4 (encoding major tail fiber protein) and T5.150 (encoding prohead protease), while the 

early-phase genes include C1 (encoding holin), lys (encoding endolysin), orf3 (encoding tail 

assembly protein) and T5.025 (capsid and scaffold protein). These genes were selected due to their 

involvement in one of the three biological roles during T5 infection: structural protein production,  

protein assembly or cell host lysis (Wang et al., 2005).  

Wild-type and ΔrlmFΔrlmJ E. coli strains were grown to an OD600 of 0.5 and infected with T5 

phage at an MOI of 10 to ensure synchronous infection. Cells were collected at 0 (uninfected), 5, 

15, 25, 35, and 45 min post-infection, followed by RNA extraction and DNAse I treatment. The 

RNA samples were then reverse transcribed, and qPCR was performed. Basal transcription was 

normalised using 16S rRNA from respective host. Late genes like N4 and T5.150 exhibit a 

temporal increase in transcript expression around 25 min post-infection with levels remaining 

stable through 45 min (Fig 3.20). Early genes demonstrate two distinct patterns of gene expression. 

In the first case, transcripts of orf3 and T5.025 are upregulated at 15 min post-infection, peak at 

this time and subsequently decline from 25 min to 45 min (Fig. 3.20). In the other case, transcripts 
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of C1 and lys continue to increase progressively from 15 min to 45 min (Fig.3.20). Holin and 

Endolysin are essential for phage-induced host lysis and their gradual accumulation is critical to 

ensure proper timed host lysis. The early accumulation of these proteins could lead to premature 

host cell lysis, which may result in the dysregulation of the T5 infection.  
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Figure 3.20 Comparison of six selected T5 phage genes during infection in E. coli wild type and 

ΔrlmFΔrlmJ mutant. The expression profiles are presented as relative expression to 16S rRNA. Data is 

derived from three biological replicates and expressed as mean  standard deviation. * p < 0.05 (Two-way 

ANOVA; Tukey’s multiple correction test).  

 

To compare gene expression between the wild-type and ΔrlmFΔrlmJ E. coli strains, Pfaffl method 

(Pfaffl, 2001) was employed as it accounts for differences in primer efficiencies between the target 

gene and reference gene (i.e., 16S rRNA). The relative expression levels of the target genes in E. 

coli ΔrlmFΔrlmJ were quantified by normalising against the wild type across all time points of 

infection. Time points of 0 min and 5 min were excluded from the analysis due to Ct values of the 

phage transcripts being similar to the minus RT values, suggesting their absence at these pre-early 

stages. The analysis revealed three phage transcripts that were more abundant at specific time 

points during T5 infection in the ΔrlmFΔrlmJ mutant (Fig.3.21). Interestingly, all three transcripts 

encode structural proteins. Transcripts N4 and T5.150 were upregulated at 15 min post-infection, 

while T5.025 showed increased expression at 45 min post-infection in the ΔrlmFΔrlmJ mutant 

compared to the wild-type strain (Fig. 3.21). Overall, there is a pattern of differential phage 

transcript abundance. Such altered temporal regulation of certain phage transcripts in 

ΔrlmFΔrlmJ mutant suggests a compensatory mechanism to maintain phage protein production at 

levels similar to the wild-type strain during T5 infection. The elevated transcript levels are likely 

indicative of reduced mRNA turnover or enhanced transcription, which is consistent with the 

requirement to sustain the protein demands associated with phage replication. Moreover, the 

reduced abundance of polysomes in the ΔrlmFΔrlmJ mutant suggests that monosomes also play a 

compensatory role in maintaining essential T5 phage protein synthesis. Thus, this reliance on 

monosome-based translation, coupled with higher transcript abundance in the ΔrlmFΔrlmJ mutant 

suggests an effective mechanism to ensure sufficient T5 protein production despite slower 

translation rates. This adaptive response emphasises the interplay between transcriptional and 

translational mechanisms in the absence of m6A modification in the rRNA, highlighting the 

flexibility of the bacterial machinery. 
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Figure 3.21 Assessment of gene expression levels by RT-qPCR. 16S rRNA was used as the internal 

reference gene. Pfaffl method was employed to calculate gene expression ratio. Data is derived from three 

biological replicates and expressed as mean  standard deviation. * p < 0.05 (Two-way ANOVA; Tukey’s 

multiple correction test).  
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3.4 MS2 and Qβ RNA genomes contain m6A modifications 

Part of this study was conducted in collaboration with Prof. Dr. Stefanie Kaiser Group at Goethe University, 

Frankfurt. Members of Prof. Kaiser group performed LC-MS/MS analysis with the samples to detect and 

quantify modifications.  

Many eukaryotic RNA viruses, including HIV-1, HCV, ZIKV, DENV and IAV, are reported to 

carry m6A modifications on their genomes and viral mRNAs (Imam et al., 2020). These 

modifications can either promote or suppress their infection. While the modifications present in 

eukaryotic RNA viruses have been the focus of extensive research, our understanding of 

modifications in prokaryotic RNA phages remains limited. To close this gap in knowledge, the 

presence of different modifications was investigated in the RNA genomes of MS2 and Qβ. The 

genomic RNA (gRNA) was isolated, and the modifications were detected and quantified by LC-

MS/MS analysis. Several distinct modifications were identified in both phage genomes (Fig. 3.22). 

The MS2 phage genome was found to contain m6A, m7G, m2A and m6,6A modifications, while the 

Qβ phage genome contains m6A, m7G and m2A modifications (Fig. 3.22).  

 

 

 

Figure 3.22 Modifications detected on the RNA genomes of MS2 and Qβ using LC-MS/MS analysis. 
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Quantitative analysis revealed the modification frequencies of various nucleosides in the gRNA of 

MS2 and Qβ (Fig. 3.23). The m6A modifications occurred at approximately 0.04 nucleoside per 

gRNA in MS2 and 0.03 per gRNA in Qβ (Fig. 3.23). The m7G modifications were observed to 

occur with greater frequency, with approximately 0.19 nucleoside per gRNA in MS2 and 0.15 per 

gRNA in Qβ (Fig. 3.23). With regards to m2A, MS2 exhibited a modification frequency of 0.09 

nucleoside per gRNA, compared to 0.05 per gRNA in Qβ (Fig. 3.23). Additionally, the m6,6A 

modification was detected exclusively in MS2, with a frequency of 0.175 nucleosides per gRNA 

(Fig. 3.23).  

Figure 3.23 Modification frequencies of various nucleosides in the genomic RNA of MS2 and Qβ. Data is 

derived from three biological replicates.  

 

3.4.1 Impact of RNA modifications on MS2 and Qβ phage infection 

MS2 and Qβ are non-enveloped phages containing single-stranded positive sense RNAs (Bastin 

Guillaume, 2020). They have small genomes and encode four proteins – maturation protein, lysin 

protein, coat protein and β subunit of the replicase enzyme. Since they lack the necessary enzymes 

to introduce modifications in their genome, it is more likely that they utilise the host modification 

machinery to incorporate m6A, m7G, m2A and m6,6A into their genomes. In E. coli, m7G 

modifications are introduced by RsmG and RlmL, which target the rRNA (Kimura et al., 2012; 

Okamoto et al., 2007) while TrmB methylates the tRNA (De Bie et al., 2003). RlmN is the sole 

methyltransferase for m2A modification in the 23S rRNA and tRNA (Benítez-Páez et al., 2012) 
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and RsmA is responsible for the addition of m6,6A modification in the 16S rRNA of E. coli 

(Poldermans et al., 1979).  

The Keio collection was selected for the investigation of the potential involvement of host 

methyltransferases in modifying the phage gRNA. This collection offers single knockout mutants 

for all the mentioned methyltransferases known to add these modifications to the rRNA and tRNA 

of E. coli BW25113 (Baba et al., 2006). Furthermore, an m6A-RNA depleted (ΔrlmFΔrlmJ)              

E. coli MG1655 was already available for further analysis. E. coli BW25113 and E. coli MG1655 

do not contain the F-plasmid which is necessary to form the F-pilus, that serves as the receptor 

through which ssRNA phages attach to the host cell and inject its genome. Since E. coli W1485 is 

the propagation host for MS2 and contains the F-plasmid, it was chosen as a suitable donor for 

conjugation. Each recipient strain was mixed with the donor strain to allow the transfer of                  

F-plasmid, followed by selection of F+ recipients by plating on a minimal media without 

methionine. This ensures only F+ recipient cells to survive as E. coli W1485 is a methionine 

auxotroph. Further confirmation of the successful transfer of F-plasmid was done through PCR 

amplification of traI gene. The resulting strains containing the F-plasmid were used in infection 

assays with MS2 and Qβ to ascertain the role of modifications in the replication of these phages.  

The investigation revealed that deletion of rlmF and rlmJ did not influence MS2 or Qβ replication 

in E. coli MG1655 (Fig. 3.24). Similarly, among the single knockout mutants tested from the Keio 

collection, none of them impacted the infection of Qβ (Fig. 3.24). Nevertheless, the knockout of 

rsmG or rsmA in E. coli BW25113 significantly impacted the infection of MS2 (Fig. 3.24). 

Infection assays were also conducted during the stationary-phase growth of the knockout strains 

to test whether the influence was reproducible. The results confirmed that the knockout of rsmG 

did not influence MS2 infection during stationary-phase growth. But, the knockout of rsmA in E. 

coli BW25113 significantly increased the plaquing efficiency of MS2 during both exponential and 

stationary-phase growth. These findings suggest that MS2 phage may impact bacterial survival 

rates differently between wild-type E. coli BW25113 and ΔrsmA mutant strains in liquid culture.  
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Figure 3.24 Effect of deletion of genes encoding different rRNA methyltransferases on the infection of 

MS2 and Qβ. All strains containing F-plasmid were grown to an OD600 = 0.5 and infected with MS2 or Qβ. 

The EOP was calculated as in Fig 3.4. The EOP of the wild type was set to 100. Data are presented as the 

mean ± standard deviation of three independent experiments. * p < 0.05, ** p < 0.01 (Student’s t-test). 
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Figure 3.25 Efficiency of plaquing of phage MS2 to stationary phase E. coli BW25113 wild type and 

ΔrsmG mutant and ΔrsmA mutant. All strains containing F-plasmid were grown to an OD600 = 1.5 and 

infected with MS2. The EOP was calculated as in Fig 3.4. The EOP of the wild type was set to 100. Data 

are presented as the mean ± standard deviation of three independent experiments. * p < 0.05, (Student’s t-

test). 

 

To test this hypothesis, bacterial growth experiments were conducted at MOI of 2.0 and 0.2. In the 

control experiment (Fig. 3.26), bacterial cells proliferated, and no lysis was observed. However, 

the addition of MS2 phage resulted in the lysis of bacterial cells, confirming that the observed 

phenomenon was a consequence of phage infection (Fig. 3.26). Although an earlier population 

collapse was observed when infected with MS2 at an MOI of 2.0 compared to 0.2, strain-specific 

differences in lysis timing are evident at both MOIs (Fig. 3.26). The ΔrsmA mutant is more 

susceptible to MS2 infection, as visualised by a faster decline in optical density and higher 

plaquing efficiency. Moreover, ΔrsmA exhibits faster and more robust recovery under both MOI 

conditions (Fig. 3.26).  
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Figure 3.26 Survival curves of E. coli BW25113 wild type and ΔrsmA mutant in the absence (control) and 

presence of MS2 phage infection at different MOIs. Optical density was measured over time to assess 

growth dynamics and recovery. Data is presented as mean  standard deviation from three biological 

replicates.  

The peak bacterial density time and the extinction time were calculated from growth curve data 

(Fig 3.26) using the gcplyr package (Blazanin, 2024). In uninfected samples, both E. coli wild-

type and ΔrsmA mutant strains reached peak density at approximately 3.5 h, with no substantial 

difference observed between the strains (Fig. 3.27). Under MS2 infection, peak bacterial density 

for both strains was fairly similar due to the high standard deviations that indicate variability in 

the measurements (Fig. 3.27). Moreover, extinction time was calculated, which measures the time 

required for the MS2 phage to reduce the bacterial density to an OD600 of 0.2. A clear trend 

emerged, showing that the ΔrsmA mutant consistently exhibited an earlier extinction time in 

comparison to the wild-type strain, particularly evident at MOI of 0.2 (Fig. 3.27).  
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Figure 3.27 Peak bacterial density time and extinction time of E. coli BW25113 and ΔrsmA mutant during 

MS2 phage infection at different MOIs. Data is presented as mean  standard deviation from three 

biological replicate.  

 

These findings suggest that the deletion of rsmA in E. coli BW25113 increases susceptibility to 

MS2 phage infection, which aligns with the higher plaquing efficiency observed in the ΔrsmA 

mutant.  
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4 Discussion and Outlook 

4.1 Discussion 

Phage replication is a complex and time-sensitive process that is heavily influenced by various 

host and viral factors. Recent studies highlight the role of RNA-related modifications in 

influencing phage replication, particularly mediated by ADP-ribosyltransferases (ARTs) CmdT 

(Mets et al., 2024; Vassallo et al., 2024). As part of the CmdTAC (toxin-antitoxin-chaperone) 

defence system, CmdT catalyses the addition of ADP-ribose to phage transcripts, thereby blocking 

the translation of phage proteins (Vassallo et al., 2024). Another study showed that ARTs found in 

T4 phages play a role in influencing phage replication by post-translationally modifying several 

host proteins with ADP-ribose from the substrate NAD+  (Depping et al., 2005; Tiemann et al., 

2004; Koch et al., 1995; Goff, 1974). One of the ARTs found in T4 phage, ModB, can also utilise 

NAD-capped RNA as a substrate, leading to covalent attachment of RNA chains to host ribosomal 

proteins in a process termed RNAylation (Wolfram-Schauerte et al., 2023). The absence of 

functional ModB is linked to delayed cell lysis and reduced burst size, highlighting its significance 

in the T4 phage replication (Wolfram-Schauerte et al., 2023). Thus, the role of RNA modifications 

in phage replication is an evolving area of research, opening up possibilities for further exploration 

into phage-host dynamics. 

This thesis provides the first insights into the impact of bacterial rRNA modifications on phage 

replication, particularly phage-host interactions and the molecular mechanisms influencing their 

life cycles. Among the various RNA modifications explored in this thesis, the primary focus is on 

m6A, given its essential role in viral replication in eukaryotes (Horner and Reaves, 2024; Zhang et 

al., 2023; Baquero-Perez et al., 2021; Manners et al., 2019). This study employed a strain lacking 

the rlmF and rlmJ methyltransferases, responsible for adding m6A to the 23S rRNA in V. 

campbellii and E. coli. Prophage inductions and replication dynamics of lytic phages were 

analysed in both wild-type and m6A-RNA depleted (ΔrlmFΔrlmJ) strains, thereby highlighting the 

role of RNA modifications in phage-host interactions.  

Most bacteria commonly harbour multiple prophages that may or may not be induced into their 

lytic cycle. For instance, the E. coli genome contains nine prophage elements that are cryptic and 
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cannot be induced into their lytic cycle (Wang et al., 2010). Nonetheless, these elements are vital 

for withstanding unfavourable environmental conditions (Wang et al., 2010). In contrast, V. 

campbellii harbours six incomplete or cryptic prophage regions and four intact regions that are 

capable of induction into their lytic cycles (Lorenz et al., 2016). Among the inducible prophages, 

Vibrio kappa-like and ΦHAP-1-like have been demonstrated through TEM analysis, to enter the 

lytic phase when exposed to oxidative or heat stress (Lorenz et al., 2016). The major capsid 

proteins of these prophages were quantified using indirect ELISA, which revealed that induction 

of ΦHAP-1-like prophage was more pronounced than that of Vibrio kappa-like prophage in 

response to stress (Fig. 3.2). While the depletion of m6A-RNA modifications was found to not 

affect prophage induction in V. campbellii (Fig. 3.2), other RNA modifications have been shown 

to regulate prophage induction (Gong et al., 2024). For example, a prophage-encoded RNA 

methyltransferase that specifically modifies 16S rRNA of Shiga-toxin-producing E. coli (STEC) 

has been identified, which can mediate the induction of Shiga toxin-encoding prophage (Gong et 

al., 2024). This study highlights a previously unidentified link between RNA modification, 

prophage activation and bacterial virulence.  

The depletion of m6A-RNA modification in V. campbellii did not influence the replication of the 

lytic phage Virtus (Fig. 3.3), indicating that lack of m6A modification in the 23S rRNA is not 

critical for the lifecycle of the phage in this host. In contrast, among the lytic phages tested in E. 

coli, the T5 phage showed significantly reduced plaquing efficiency in the m6A-RNA depleted 

mutant compared to the wild-type strain (Fig 3.4). This reduction was consistent across growth 

phases of E. coli, suggesting that m6A-RNA modification plays a role in facilitating the infection 

or replication of the T5 phage (Fig. 3.5). Nevertheless, this trait is not conserved among T5-like 

phages from the BASEL collection, as only two (Bas29 and Bas30) out of nine exhibited a similar 

phenotype with a markedly less pronounced reduction in plaquing efficiency (Fig. 3.6). The 

diversity observed in phage-host interaction strategies among T5-like phages is consistent with 

findings reported in other studies (Maffei et al., 2021; Skutel et al., 2023). For example, T5-like 

phages used in this study display a considerable range of resistance to bacterial defence systems, 

such as CRISPR-Cas and restriction-modification (R-M) systems, with some phages showing 

robust evasion while others are more susceptible (Maffei et al., 2021; Skutel et al., 2023). 

Furthermore, all the T5-like phages that were tested use BtuB as their primary receptor for 

infection (Maffei et al., 2021), while phage T5 utilises FhuA to inject its genome. This non-
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conservation reflects the evolutionary adaptability of closely related groups of phages to their 

specific hosts and environments.  

The abundance of m6A modification at position A2030 of the 23S rRNA, methylated by RlmJ, 

remained stable throughout the course of the T5 infection (Fig. 3.7). This observation leads to the 

inference that this modification is not dynamic and does not alter during the T5 phage lifecycle. In 

contrast, the m6A modification at position A1618, methylated by RlmF, was not detected. This 

absence may be attributed to the low abundance of the modification, limitations in the detection 

sensitivity of Rol-LAMP or the environmental conditions used in the study. Interestingly, A1618 

is situated within the peptidyl transferase centre (PTC) – a structurally dense and functionally 

essential region of the ribosome (Sergiev et al., 2007). The proximity of A1618 to the surrounding 

rRNA, RPs and tRNA interactions further restricts its accessibility, posing significant challenges 

for detection techniques such as Rol-LAMP. Despite this, the reduced plaquing efficiency observed 

in the m6A-RNA depleted mutant suggests that the absence of these modifications collectively 

impacts the T5 phage lifecycle (Fig. 3.4 and 3.5). Moreover, m6A-RNA depleted mutant exhibited 

delayed lysis in comparison to the wild-type strain, as evidenced by bacterial growth experiments 

and single-cell microscopy (Fig. 3.8). This effect was particularly salient at an MOI of 0.01, where 

the extinction time of the m6A-RNA depleted mutant occurred approximately five hours later than 

that of the wild type, indicating a prolonged period of bacterial viability in the absence of the m6A-

RNA modifications (Fig. 3.8). Supporting this hypothesis, one-step growth curve analysis also 

revealed a delay in the rise period, which indicates asynchronous bursts (Fig. 3.9). While T5 phage 

adsorption was unaffected by the depletion of m6A-RNA modifications (Fig. 3.9), ruling it out as 

a contributing factor, the observed asynchronous bursts may be attributed to delays in phage 

component assembly or the host cell lysis. Another key factor contributing to this phenomenon 

could be ribosomal heterogeneity within the bacterial population.  

Ribosomal heterogeneity refers to the presence of distinct ribosomal populations within a cell, 

which can occur at the level of protein components and their post-translational modifications as 

well as rRNA sequences and their post-transcriptional modifications (Bickle et al., 1973; Byrgazov 

et al., 2013; Deusser, 1972; Deusser et al., 1974; Deusser and Wittmann, 1972; Gunderson et al., 

1987; Milne et al., 1975; Ramagopal, 1990; Shi et al., 2017). E. coli has seven rRNA operons (rrn) 

that vary in their sequences as well as their regulatory features, particularly during different 
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bacterial growth phases and responses to heat shock or nutrient starvation (Condon et al., 1995, 

1992; Hirvonen et al., 2001; Maeda et al., 2015). It has also been reported that E. coli grown in 

different media exhibited differential ribosomal protein (RP) abundance (Deusser, 1972; Deusser 

and Wittmann, 1972; Milne et al., 1975). Moreover, dynamic and differential rRNA modifications 

of 23S rRNA in the 50S subunit of E. coli ribosomes have been observed under stress conditions 

(Fasnacht et al., 2022; Byrgazov et al., 2013; Bügl et al., 2000). For instance, heat shock triggers 

the ribose methylation at nucleotide U2552 while oxidative stress leads to the oxidation of C2501 

within the 23S rRNA (Fasnacht et al., 2022; Bügl et al., 2000). Thus, bacteria generate and utilise 

heterogeneous ribosomes to adapt and respond to environmental challenges.  

Given that phage infection represents a critical environmental challenge and a form of biotic stress, 

the presence of both m6A-modified and unmodified ribosomes in the wild-type strain may provide 

functional flexibility during T5 phage infection. This may potentially enhance the translational 

efficiency and stability for the optimisation of phage protein production and assembly, resulting in 

more synchronised lysis. A study conducted in E. coli reported that the degree of m6A methylation 

in the ribosomes is around 70% which leaves a 30% margin for variability in the ribosomal 

composition (Petrov et al., 2022). This allows for diversification both within individual cells and 

across cell populations. In contrast, the m6A-depleted mutant, which lacks m6A modification and 

therefore has uniformly unmodified ribosomes, is unable to provide this flexibility. The absence 

of m6A-modified ribosomes may result in inefficient translation of essential phage proteins, which 

could, in turn, delay processes such as phage component assembly and host cell lysis. This delay 

could contribute to the observed asynchronous bursts, whereby the variability in translation 

efficiency across the bacterial population amplifies the delays in lysis. It is therefore hypothesised 

that m6A-modified ribosomes in the wild-type population serve to buffer such variability and play 

a critical role in the temporal progression of the T5 phage.  

To confirm this hypothesis, a whole-cell proteomics-based approach was employed to analyse 

changes in the host and phage protein profiles during T5 infection in the wild-type and m6A-RNA 

depleted strains (Fig. 3.10, 3.11 and 3.12). The phage protein profiles exhibited comparable 

dynamic and temporal regulation of T5 infection in both strains (Fig. 3.13). Previous studies have 

shown that this temporal regulation of T5 phage is driven by pre-early proteins such as A1 and the 

11 kDa protein, which suppresses pre-early transcription and enable the expression of early genes 
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(Davison, 2015). Subsequently, the gpT5.026 protein ensures the initiation of late gene 

transcription, facilitating the later stages of T5 infection (Klimuk et al., 2020). The host protein 

profiles showed stability and changes in protein abundance during T5 infection. For instance, the 

receptor of T5 phage, FhuA, did not increase in protein abundance throughout the infection (Fig. 

3.14). This complements the observed similar adsorption rates of T5 phage to E. coli wild-type 

and its m6A-depleted mutant strain (Fig. 3.9 A). Moreover, the differential abundance of Flu and 

YeeR proteins, which are part of the CP4-44 cryptic prophage region (Ju et al., 2021), was observed 

among the host strains (Fig. 3.14). The m6A-RNA depleted mutant showed significantly less 

abundance of Flu and Yeer in comparison to the wild-type strain (Fig. 3.14). This finding was 

further substantiated by promoter activity and transcript expression, which demonstrated that the 

m6A-RNA depleted mutant exhibited diminished promoter activity of flu, consequently resulting 

in reduced transcripts in contrast to the wild type (Fig. 3.15). It can thus be concluded that the 

lower abundance of Flu is an intrinsic characteristic of the m6A-RNA depleted mutant. This opens 

the possibility of using Flu as a proxy for m6A-RNA modification by analysing fluorescently 

tagged flu-based translational reporter. Additionally, the host protein profiles throughout the course 

of T5 infection, as elucidated by weighted gene co-expression network analysis (WGCNA), 

revealed several significantly enriched biochemical pathways (Fig 3. 17). For instance, differential 

regulation of chemotaxis and motility-related pathways between the wild-type and m6A-RNA 

depleted strains were observed (Fig. 3.17). Significant downregulation of flagella and chemotaxis-

related pathways were observed throughout T5 infection in the m6A-RNA depleted mutant while 

these pathways were upregulated in the wild-type strain (Fig. 3.17, Table 5 and Table 6). Of 

particular relevance was also the differential regulation of host ribosome- and translation-related 

proteins (Fig. 3.17 and 3.18). In the wild-type strain, an increase in ribosome-related proteins was 

observed, which may be indicative of altered ribosomal composition to meet the increased protein 

biosynthesis demands imposed by T5 phage infection (Fig. 3.17 and 3.18). Conversely, a reduction 

in ribosome-related proteins was observed in the m6A-RNA depleted strain (Fig. 3.17 and 3.18). 

Proteins involved in ribosome biogenesis, rRNA processing, structural components of the 

ribosome, rRNA modifications, and processes related to translation and its regulation exhibited 

differential abundance between the host strains, suggesting a strong reliance on host ribosomes 

(Fig. 3.18). Phages exclusively rely on host translational machinery, which includes ribosomes and 

tRNAs, to translate their proteins. Although T5 phage carries its own set of tRNAs (Wang et al, 
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2005) that may participate in the translation of phage mRNA in a host with a different GC content 

or amidst the decaying pool of host resources, it does not encode its own ribosomal genes or 

proteins. Recent research on jumbo phage ΦKZ highlights phage proteins that target and co-opt 

host ribosomes, thereby modulating the host translational machinery (Gerovac et al., 2024). The 

protein ΦKZ014 remains bound to the host ribosomes during the entire translation cycle to 

effectively allow the translation of specific phage transcripts, fundamentally acting as a specialised 

ribosome (Gerovac et al., 2024).  

The concept of specialised ribosomes was first described by Hui and de Boer in 1987, when they 

demonstrated that the altered Shine-Dalgarno (SD) sequence, located at the 5’ untranslated region 

(UTR) of mRNA could not be effectively translated by wild-type ribosomes but regained 

expression when the anti-SD region of 16S rRNA was correspondingly changed. Moreover, the 

ribosomal protein (RP) S1 of the 30S subunit has the ability to bind to the 5’ UTR of SD absent 

transcripts and initiate translation (Lauber et al., 2012; Tzareva et al., 1994; Boni et al., 1990). This 

drew attention to the binding specificity of transcripts to different components of the 30S subunit, 

proving it to be structurally and functionally heterogeneous (Van Duin and Van Knippenbero, 

1974; Voynow and Kurlandf, 1971). However, the presence of a subpopulation of ribosomes 

lacking S1 protein in the 30S subunit immediately challenged the proposed non-discriminatory 

and homogeneous nature of the ribosomes (Delvillani et al., 2011; Moll et al., 2004, 2002b, 2002a). 

These S1-depleted ribosomes allowed effective translation of leaderless transcripts in E. coli, 

instigating specialised ribosomes to play a role in the selective functionality of the ribosomal 

translational machinery (Delvillani et al., 2011; Moll et al., 2004, 2002a, 2002b). Moreover, 

kasugamycin-induced stress in E. coli led to the formation of a specialised ribosome that lacked 

six RPs which could efficiently translate leaderless transcripts (Kaberdina et al., 2009). Other 

studies in diverse model organisms also revealed the presence of specialised ribosomes in Eukarya 

(Ramagopal, 1990). Therefore, specialised ribosomes are common and represent a subset of 

ribosomal heterogeneity that is specifically adapted to preferentially translate certain mRNAs.  

Proteins involved in rRNA modifications and ribosomal components are also differentially 

abundant in both host strains during T5 infection (Fig. 3.18), highlighting the fair possibility of 

heterogeneous ribosomes. These differences in ribosomal protein levels may impact the 

distribution of ribosomal subunits, monosomes, and polysomes. Polysome profiling revealed an 
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increased 70S monosome peak and reduced polysome abundance in the m6A-RNA depleted strain 

compared to the wild-type strain during T5 infection (Fig. 3.19). Increased polysome abundance 

in the wild-type strain indicates an increased protein biosynthesis burden on the host due to T5 

phage infection. However, the reduced polysome abundance in the m6A-RNA depleted mutant 

could highlight their inability to effectively utilise polysomes for active translation or preferentially 

undergo monosome-based translation for certain transcripts. This could explain the asynchronous 

bursts and the overall delay observed in the m6A-RNA depleted strain, as confirmed in the growth 

experiments, single-cell microscopy and one-step growth curves. Similarly, a study on human 

embryonic kidney cells (HEK293) demonstrated a transition from polysome-based to monosome-

based translation during starvation (Schneider et al., 2022). Using polysome profiling, a reduction 

in polysome abundance coupled with an increase in monosome fractions under starvation 

conditions was also reported (Schieweck et al., 2023; Schneider et al., 2022). Another study 

showed that HEK293T cells indeed regulate monosome and polysome levels to balance 

translation-related stresses by lowering the monosome activity (Schieweck et al., 2023). 

Interestingly, dendritic and axonal transcripts preferentially associate with monosomes and 

undergo active monosome-based translation (Biever et al., 2020). Such studies highlight the 

plasticity and adaptability of the translational system, where monosomes and polysomes are 

differentially regulated depending on the type of transcript and stress to optimise cellular 

functioning, survival and resource usage. However, the regulatory mechanisms that govern such 

plasticity remain to be resolved. The ongoing hypothesis of ribosomal heterogeneity, guided by 

the modifications of rRNA and RPs as well as the stoichiometry of RPs could explain the plasticity 

of the translational system. It has already been reported in E. coli that the stoichiometry of certain 

RPs shows variation when compared between polysomes and monosomes (Deusser et al., 1974; 

Bickle et al., 1973). Additionally, the non-uniform distribution of specific RPs was also reported 

among free subunits, especially the 30S ribosomal subunit (Van Duin and Van Knippenbero, 1974; 

Bickle et al., 1973; Voynow and Kurlandf, 1971). Certain RPs have been extensively studied as 

ribosome interactors that could drive the translation of specific transcripts (Kondrashov et al., 

2011). In Saccharomyces cerevisiae, sulphur starvation induces the formation of m6A-bearing 

ribosomes (Liu et al., 2021) while osmotic and pH stress results in RP S26-depleted ribosomes 

(Ferretti et al., 2017). These specialised ribosomes preferentially translate target transcripts 

associated with the respective stress conditions (Liu et al., 2021; Ferretti et al., 2017). 
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During T5 phage infection, the differential abundance of monosomes and polysomes observed in 

the host strains suggests that translation in the m6A-RNA depleted mutant is slower compared to 

the wild-type strain. Despite this impaired translation, phage protein levels remained similar 

between the strains as observed by proteomic studies (until 35 mins post-infection), indicating the 

presence of an undefined compensatory mechanism that maintains protein synthesis in the mutant. 

To pursue this line of reasoning, RT-qPCR analysis was conducted on multiple phage transcripts, 

which revealed that transcripts encoding three phage structural proteins (major tail fiber, prohead 

protease, and capsid and scaffold) exhibited increased transcript levels in the m6A-RNA depleted 

mutant relative to the wild type (Fig. 3.21). This finding suggests that the mutant may compensate 

for diminished translational efficiency by increasing transcript levels or decreasing mRNA 

turnover to maintain protein levels (Fig. 4.1). Furthermore, the m6A-RNA depleted mutant may 

rely more heavily on monosome-based translation during T5 infection, which, although slower, 

could be sufficient under conditions of increased transcript availability (Fig. 4.1). These findings 

emphasise the interplay between transcriptional and translational regulation during phage 

infection, thus giving rise to a hypothesis that m6A rRNA deletion disrupts ribosome dynamics, 

thereby driving a shift toward increased transcript production or stability as a compensatory 

response (Fig. 4.1). It is also possible that this compensation via increase in phage transcripts could 

be a heterogeneous response in the m6A-RNA depleted mutant. This could very well explain the 

observed asynchronous bursts in the m6A-RNA depleted mutant. Moreover, the average duration 

of T5 infection is 50-60 minutes, indicating that protein level visualisation (through proteomics) 

until 35 min post-infection covers only half the infection cycle. Thus, it is possible that differences 

in the protein levels between the wild-type and m6A-RNA depleted mutant could be more evident 

at later time points of infection, not covered in this study. The proposed mechanism of T5 infection 

in E. coli wild type and its m6A-RNA depleted mutant is shown in Fig. 4.1. 
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Figure 4.1 Graphical summary of the T5 phage-host interactions at the molecular level. Ribosomal 

heterogeneity is shown in the T5-infected wild-type (left) or m6A-RNA depleted (right) E. coli. In both the 

hosts, phage proteins are produced using polysome (red) or monosome (grey)-based translation of the 

transcripts. In the wild-type strain, the presence of m6A-modified ribosomes may be responsible for the 

effective translation of certain transcripts (blue). However, these transcripts (blue) were upregulated in the 

m6A-RNA depleted mutant as compared to the wild-type strain as depicted. This increased transcript 

abundance (blue) is hypothesised to compensate for the lack of m6A-modified ribosomes, the reduced 

polysome levels and the higher prevalence of 70S monosomes in the m6A-RNA depleted mutant in 

comparison to the wild-type strain. It is proposed that these transcripts depend on monosome-based 

translation to satisfy the demand of protein requirements by T5, given that the absence of polysome 

formation restricts their capacity to undergo the efficient translation observed in the wild-type. This 

hypothesis may also provide a molecular basis for the observed delay in cell lysis and the asynchronous 

bursts in the mutant, reflecting the impact of slower and less coordinated protein synthesis. The figure is 

generated in Biorender.com. 

 

Studies in the eukaryotic RNA viruses that contain cis-regulatory elements such as the internal 

ribosome entry site (IRES) at the 5’ UTR of their transcripts rely on their host ribosomal proteins 

for efficient non-canonical and cap-independent viral protein translation (Jang et al., 1988; 
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Pelletier and Sonenberg, 1988). Receptors for activated C kinase 1 (RACK1) and RPS25, 

components of the 40S subunit of the eukaryotic ribosome, are essential to initiate IRES-dependent 

translation of viral transcripts (Majzoub et al., 2014; Landry et al., 2009). Specifically, poxvirus 

phosphorylates RACK1 and RPS2 via virus-encoded B1 kinase to generate specialised ribosomes 

that preferentially translate polyA leaders in the 5’ UTR of viral transcripts and confer a 

translational advantage (DiGiuseppe et al., 2020; Jha et al., 2017). Moreover, the poxvirus exploits 

the ubiquitylation of RP S20 by host E3 ligase ZNF598, which enhances viral protein synthesis 

(DiGiuseppe et al., 2018). Based on this, it is also hypothesised that m6A-bearing ribosomes may 

similarly be exploited by T5 phage to selectively translate specific transcripts which enables 

efficient replication in E. coli (Fig. 4.1 and 4.2). This potential mechanism highlights how phages 

might exploit rRNA modifications to optimise their replication process and lack of these 

modifications in the host may cause asynchronous bursts due to uncoordinated phage protein 

production (Fig. 4.2). Thus, the effect of m6A-RNA depletion on T5 phage replication in E. coli is 

summarised in Fig. 4.2. 

 

Figure 4.2 Summary of the effect of m6A-RNA depletion on T5 phage replication in E. coli. The figure is 

generated in Biorender.com.  
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The prevalence of RNA modifications, particularly m6A, in the genomic RNA of numerous 

eukaryotic viruses, including avian sarcoma virus, Rous sarcoma virus, HIV-1, HCV, ZIKV, DENV 

and IAV, has been well documented (Beemon and Keith, 1977; Courtney et al., 2017; Gokhale et 

al., 2016; Kane and Beemon, 1985; Kennedy et al., 2016; Stoltzfus and Dimock, 1976; Tirumuru 

et al., 2016). These modifications have been demonstrated to influence various stages of viral 

replication and the interaction of the virus with its host organism. In the present study, multiple 

RNA modifications were identified for the first time in the genomes of prokaryotic RNA phages 

MS2 and Q (Fig. 3.22). In order to identify the nature of these chemical modifications, the 

samples were analysed using LC-MS/MS. This analysis revealed the presence of m6A, m2A and 

m7G in Q RNA and m6A, m2A, m7G and m6,6A in MS2 RNA (Fig. 3.22 and 3.23). It is clear that 

the host's methyltransferases are responsible for introducing these modifications, given that neither 

phage encodes the necessary enzymatic machinery for the observed modifications. Moreover, 

positive sense ssRNA phages heavily rely on the host translation machinery to complete their 

replication cycle (Olsthoorn and van Duin, 2011). Since there are no DNA intermediates involved 

in the replication cycle of ssRNA phages, it is hypothesised the secondary structure of their RNA 

genomes plays a predominant role in the temporal progression of their infection (Olsthoorn and 

van Duin, 2011; de Smit and van Duin, 1993, 1990). For instance, the ssRNA can associate with 

the host ribosomes to enter translation, with replicase holoenzyme to enter replication or with coat 

protein to begin packaging (Eigen et al., 1991). But how does ssRNA regulate all these processes 

efficiently? One study showed that RNA folding kinetics regulates the translation of the MS2 

maturation gene by delaying the folding of newly synthesised ssRNA genome which results in a 

short window wherein the ribosome binding site (RBS) is accessible for the ribosome to initiate 

translation (Poot et al., 1997). However, the same group later disproved their findings stating that 

the window during which the folded RBS is open is too short to recruit the 30S ribosomal subunit 

(de Smit and van Duin, 2003). They argued that a 30S subunit must already be in contact with the 

ssRNA forming a non-specific and temporally steady state to shift into the RBS as soon as the 

structure opens (de Smit and van Duin, 2003). But the question remains: How does ssRNA regulate 

the process of genome replication, translation and packaging? One hypothesis could be that the 

RNA modifications found on the ssRNA genome of these phages affect and dynamically regulate 

the secondary structure, making it available for the process of genome replication, translation and 
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packaging (Fig. 4.3). RNA modifications are known to modulate the stability, fidelity and 

translational efficiency of tRNAs, the most modified class of RNA (Cappannini et al., 2024; 

Suzuki, 2021). Since RNA modifications are also essential for the secondary and tertiary structure 

of tRNA (Biedenbänder et al., 2022; Suzuki, 2021), it is reasonable to speculate that RNA 

modifications of ssRNA from RNA phages also play a role in maintaining its secondary structure, 

thereby stabilising RNA folding to regulate the processes for efficient infection (Fig. 4.3). 

Moreover, RNA modifications may also protect the ssRNA genome from host ribonucleases and 

aid in immune evasion (Fig. 4.3). 

 

Figure 4.3 Possible roles of RNA modifications in ssRNA genomes of RNA phages. Modifications such as 

m6A, m6,6A, m2A, and m7G may serve as internal modifications in the ssRNA of MS2, while m6A, m2A, 

and m7G could be internal modifications in the ssRNA of Qβ. In addition, m7G could also act as a cap for 

the ssRNA. The figure is generated in Biorender.com.  

 

The functional analysis of these modifications was performed by infecting single 

methyltransferase knockout mutants with MS2 and Q and assessing their plaquing efficiency. 

Only the deletion of rsmA, responsible for the m6,6A modification, led to a significant increase in 

the plaquing efficiency of MS2, while none of the knockouts affected Q (Fig. 3.24 and 3.25). 
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Growth experiments also demonstrated that the rsmA mutant showed an earlier cell death and 

enhanced recovery following MS2 infection, thus suggesting that it is more susceptible to infection 

as compared to the wild-type strain (Fig. 3.26). These experimental findings indicate that the m6,6A 

modification, which is mediated by RsmA, likely plays a physiological role in protecting the host 

against MS2 infection. It is also possible that E. coli has several unidentified methyltransferases 

in its genome that might be responsible for adding the modification to these RNA phages. For 

example, prophage-encoded rRNA methyltransferase that modifies the 16S rRNA in E. coli STEC 

was only discovered last year (Gong et al., 2024).  

4.2 Outlook 

A key avenue for future exploration is the stability and turnover of phage transcripts in the m6A-

RNA depleted mutant. The higher abundance of phage transcripts observed in the mutant suggests 

that RNA stability may play a critical role in compensating for reduced translational efficiency. 

Transcript stability can be monitored using rifampicin to inhibit bacterial transcription, followed 

by transcript quantification using northern blot or RT-qPCR. For a more global understanding of 

the half-lives of several transcripts, RNA-seq could also be implemented. It is also important to 

investigate whether m6A-RNA depletion affects the recruitment or activity of RNA degradation 

machinery, as this could provide valuable insights into how transcript turnover is regulated during 

phage infection. This could be explored by generating bacterial mutants lacking essential 

ribonucleases such as host RNase E or RNase III and monitoring phage transcript stability. A 

transcriptomic analysis using RNA-seq or Ribo-seq would help clarify whether enhanced stability 

is a general feature or selectively targeted to certain transcripts. A global RNA-seq analysis would 

also explain if the increased transcript abundance in the m6A-RNA depleted mutant is purely a 

compensatory response or a broader rewiring of transcriptional regulation in the absence of m6A 

modification in the 23S rRNA. Moreover, a Ribo-seq would also allow the study of translational 

efficiency by evaluating the association of phage transcripts with ribosomes. Thus, the distribution 

of phage transcripts between the monosomes and polysomes in the host strains can be studied to 

further validate the working hypothesis. Furthermore, a codon usage analysis of the enriched 

transcripts would provide insights into whether specific codons drive monosome or polysome 

translation in the hosts.  
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To answer questions regarding ribosome composition and heterogeneity in the host strains, studies 

can be conducted to characterise the ribosomal proteome and identify the potential differences in 

ribosomal protein abundance or post-translational modifications between the wild-type and m6A-

RNA depleted mutant. Cryo-electron microscopy (Cryo-EM) is a method of visualising 

macromolecular structures at an atomic level. Thus, this technique would provide structural 

insights into how the absence of m6A modification in the 23S rRNA affects ribosomal structure 

and heterogeneity. Moreover, co-immunoprecipitation of ribosomes and associated factors would 

also provide evidence of potential co-factors that may shape differential ribosomal heterogeneity 

in the host strains. RNA modification profiling on rRNA would also facilitate the study of 

ribosomal heterogeneity. This objective could be achieved by extracting T5-infected rRNA from 

purified ribosomes and conducting LC-MS/MS analysis to quantify different modifications.  

The observation that the m6,6A modification mediated by RsmA negatively regulates MS2 

infection highlights the importance of further characterising this phage-host interaction. 

Subsequent studies may include adsorption assays and one-step growth curves to elucidate the 

dynamics of phage replication, as well as to ascertain critical phage parameters, including the latent 

period, burst size, and rise period. Moreover, LC-MS/MS analysis of RNA from MS2- or Q-

infected wild-type and single-knockout strains would provide exciting insights into the role of host 

methyltransferases in modifying the phage genomic RNA. Comparing RNA modification profiles 

across these strains would allow for the identification of direct dependencies between specific 

methyltransferases and modifications. If modifications persist in certain phage-infected knockout 

strains, it will indicate the potential existence of other methyltransferases capable of introducing 

these modifications into the phage genomic RNA.  

The field of epitranscriptomics during phage infection is at its budding stage. Discovering 

modified RNA in phages is the first step for exploring their regulation and potential roles during 

infection. Such studies can also enhance our understanding of phage-host interactions, which could 

be exploited to use in phage therapy. Moreover, improvement in sequencing accuracy and 

throughout, as well as advancement in sequencing technologies will drive discoveries in RNA-

phage biology, unveiling novel immune strategies and therapeutic targets. 
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