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Bacteria have evolved a wide range of defence strategies to protect
themselves against bacterial viruses (phages). Most known bacterial
antiphage defence systems target phages with DNA genomes, which
raises the question of how bacteria defend against phages with RNA
genomes. Bacterial toxin-antitoxin systems that cleave intracellular RNA
could potentially protect bacteria against RNA phages, but this has not
been explored experimentally. In this study, we investigated the role
of a model toxin—antitoxin system, MazEF, in protecting Escherichia coli
against two RNA phage species. When challenged with these phages, the
native presence of mazEF moderately reduced population susceptibility and
increased the survival of individual E. coli cells. Genomic analysis further
revealed an underrepresentation of the MazF cleavage site in genomes of
RNA phages infecting E. coli, indicating selection against cleavage. These
results show that, in addition to other physiological roles, RNA-degrading
toxin—antitoxin systems may also help defend against RNA phages.

1. Introduction

Bacterial and archaeal viruses (phages) are key drivers of prokaryotic
evolution. The known phage defence mechanisms, including cell surface
modifications, restriction—-modification, CRISPR-Cas and abortive infection
systems, almost exclusively target phages with DNA genomes [1-5]. This
raises the question of how and if at all, bacteria can defend against RNA
phages. Although no direct defence mechanisms against RNA phages have
so far been described, several toxin—antitoxin (TA) systems have been
hypothesized to cleave intracellular single-stranded RNA (ssRNA) under
specific conditions [6,7], suggesting they might potentially defend against
RNA phages. While this has not been shown experimentally and the exact
mechanism by which toxins are activated remains debated [8], TA systems
are primarily known for other cellular functions, such as protecting bacte-
ria from invading plasmids, modulating gene expression and increasing
stress tolerance [6,9-11]. TA systems have also been implicated in defend-
ing against DNA phages either through interference with phage replication
or through promoting abortive infection [12,13]. Abortive infection systems
trigger bacterial cell death or metabolic arrest upon phage infection, causing
lysis or dormancy before the phage completes its replication cycle. However,
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to what extent and by what mechanism, TA systems protect bacteria against RNA phages remains an open question.

Here we investigate the role of the TA module mazEF in defending E. coli against MS2 (Emesvirus zinderi) and Q@ (Qubevirus
durum)—two of the best-studied RNA phages. MazEF is one of the most abundant TA systems in E. coli, present in over 80%
of sequenced strains [14,15]. Toxin MazF recognizes the ACA trinucleotide in ssSRNA [16-18]. Antitoxin MazE binds to MazF
to neutralize its RNA-degrading activity or acts as a repressor of mazEF expression. MS2 and Qp3 are positive-sense ssRNA
((+)ssRNA) phages, meaning their genomes serve directly as mRNA for protein translation [19]. Experimentally determined
secondary structures of MS2 and QP genomes indicate that ACA trinucleotides can be found in unpaired segments of the loop
regions, i.e. single-stranded regions accessible to MazF cleavage [20,21]. The MS2 RNA genome has been used to assess the in
vitro RNA cleavage activity of MazF in E. coli [17] and in other species [22-25]. To what extent such cleavage occurs in vivo is
unknown.

2. Methods

(a) Growth assays

Cultures of E. coli strain K-12 MG1655 and its derivatives harbouring F plasmid were grown at 37°C (electronic supplementary
material, table S1 and supplementary methods). Overnight cultures of the wild-type (wt) NN239 F+ and AmazEF NN241 F+
strains were diluted 1:1000 into 4 ml of LB medium. After 3 h, cultures were supplemented with 0.01% glucose and 2 mM
CaClp and 195 pl of the cultures were put into a 96-well plate. Cultures were then infected with 5 pl of the RNA phage lysate.
SM buffer was added to uninfected cultures. Absorbance at 600 nm Agng was recorded every 5 min for 10 h using a CLARIOstar
plate-reader (BMG Labtech).

(b) Competition assays

Exponentially growing cultures of the competing strains were mixed in 1: 1 ratio and split into two parts: the first part remained
uninfected, while the second part was infected with RNA phage. Samples were incubated at 37°C without shaking for 27 and
15 min for MS2 and Qp, respectively, then incubated at 37°C with shaking for a total time of 90 and 105 min for MS2 and Qp,
respectively. Following incubation, all samples were washed with SM buffer to remove non-adsorbed phage and re-suspended
in fresh medium. Serial dilutions were plated on tetrazolium arabinose agar plates (1% tryptone, 0.1% yeast extract, 1%
arabinose, 0.5% NaCl, 0.005% triphenyltetrazolium chloride, 1.6% agar), then incubated for 24 h. The Wrightian fitness of the
wt strain at time  was determined relative to the fitness of the AmazEF strain as (CFUwt/CFUwtq)/(CFUA/CFUA). The araA
mutation was used as a neutral marker for competition experiments [26].

(c) Single-cell assays

For microscopy experiments, we used the wt NN242-cat F+ and AmazEF NN243-cat F+ E. coli strains that carry chromosomally
encoded mCherry fluorescent reporter gene. Microfluidic devices [27,28] were operated using NE-700 syringe pumps with a
constant flow rate of 2 ml h™. A temperature-controlled Olympus IX83 microscope was equipped with a Lumencore SpectraX
light source and a custom-made autofocus system [29]. Images were acquired every 5 min using a 100 x 1.4 NA oil immersion
objective and a cooled Photometrics Prime95B. To image mCherry, we used the green LED (549 + 15 nm) with an intensity of
320 mW and an exposure time of 200 ms. To image fluorescein, we used the cyan LED (475 + 28 nm) at 180 mW and 25 ms
exposure time. Emission filters were from Semrock (LP 495, BP 520/35 for GFP and LP 596, BP 641/75 for mCherry). As F-pili
promote biofilm formation in E. coli F+ strains [30], overnight cultures were mixed with 0.1% Tween to enable efficient loading
of bacteria into the microfluidic device and to prevent bacteria from clumping within the device. Loaded bacteria were grown
for at least 3 h at 37°C in phage-free medium to reach a steady-state growth, before switching to medium supplemented with
0.01% glucose, 2 mM CaCl, and 0.001% fluorescein, and containing phage lysate in the final concentration of 10° MS2 or QB
phage particles ml™. Fluorescein was used to determine the exact timing of the media switching and exposure of bacterial cells
to phage. Cells at the blunt end of each growth channel were analysed during 650 min of MS2 infection or 985 min of Qp
infection, and phenotypes were confirmed by manual analysis (electronic supplementary material, supplementary methods).

(d) Genome analysis

First, we collected 12 full-length reference genomes of viruses with (+)ssRNA genomes that infect Bacteria (RNA phages)
from the National Center for Biotechnology Information’s (NCBI) Viral Genomes Database [31], https://www.ncbi.nlm.nih.gov/
genome/viruses/ (March 2019). We also collected 2216 genomes of phages with genomes other than (+)ssRNA, and
1835 genomes of (+)ssRNA viruses that do not infect Bacteria. Second, from the NCBI Nucleotide Database https://
www.ncbi.nlm.nih.gov/nucleotide/, we collected 28 RNA phage genomes described in [32], 20 RNA phage genomes described
in [33] and an additional 33 complete and partial RNA phage genomes with a length of more than 1000 nucleotides and
excluding genomes obtained from experimentally evolved strains. This resulted in a total of 81 RNA phage genomes (electronic
supplementary material, table S2). Of these 81 phages, 57 were (+)ssRNA phages that infect Escherichia, excluding ‘unclassified”
members.
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Figure 1. Population growth in response to RNA phage infection. (a) Growth curves of uninfected wt (orange line) and AmazEF (blue line) cultures. Population growth
after (b) MS2 or (c) QP infection at MOI = 1. Pale lines represent individual replicates (five replicates per treatment). Bold lines show averages across replicates.
Dashed lines represent the mean values of uninfected cultures. p-values were determined using -tests performed on the highlighted data, **p < 0.01, *p < 0.05, ns,
non-significant. (d) Short-term competition experiments between wt and AmazEF strains during MS2 (25 control replicates, 13 replicates at MOl = 0.1, 12 replicates at
MOI = 1) or (e) QP infection (12 control replicates, six replicates at MOI = 0.1, six replicates at MOl = 1). (f) Long-term competition experiments (t = 20 h; 40 control
replicates, 25 replicates infected with MS2, 18 replicates infected with Q). p-values were calculated by fitting a linear regression model with the null hypothesis that
the average relative fitness is equal to 1 (dashed line). Strain labelling does not affect relative fitness, p = 0.23. Error bars show 95% confidence intervals.

ACA sites (ACA trinucleotides) were counted in every genome, and the frequency of ACA sites was calculated as [nac Age-
nOme/(Iengthgenome —2)]. Relative ACA frequency was calculated as the frequency of actual ACA sites divided by the expected
frequency. Expected ACA frequency was calculated as [frac’tion(A)genorne * fraction(C)genome * fraction(A)genome]. Number of
expected ACA sites was calculated as [fraction(A)genome * fraction(C)genome * fraction(A)genome * lengthgenomel. Analysis of
other toxin recognition trinucleotides—GCU (MgsR recognition sequence), ACG and ACU (ChpB recognition sequences) —was
done analogously. Each ssRNA phage genome was shuffled such that the nucleotide content remained the same as in the
original genome (fractions of A, C, G and U were the same in the original and shuffled genomes), and shuffling of nucleotides
was repeated 10 000 times.

3. Results

(a) mazEF increases population fitness during exposure to RNA phages

We first measured the effect of MS2 and Q@ on wt E. coli, which natively encodes mazEF, and compared it to isogenic strains
with a deleted mazEF locus (AmazEF) during the exponential growth phase. Since phages MS2 and Qp initiate infection by
binding along the side of F-pili [19], all E. coli strains in this study carry the F plasmid encoding the pili. At the initial multiplic-
ity of infection (MO, the ratio of phage particles to bacterial cells in a culture) of 1, the biomass of the wt E. coli batch cultures
10 h post-infection was on average 22% (18% for Q) larger than that of AmazEF cultures (figure 1a—c; electronic supplementary
material, figure S1). In plating experiments, native mazEF presence significantly increased the number of colony forming units
(CFU) following phage infection at MOI = 0.01 (1.7- and 2.5-fold increase for MS2 and Qp, respectively), with the effect being
more pronounced at higher MOIs (electronic supplementary material, figure S2). In a synthetic overexpression system, chemical
induction of mazF expression increased survival of cells exposed to phage from 1% to 68% for MS2 and from 13% to 56% for Qp
(electronic supplementary material, figure S3). However, this larger effect could be predominantly non-specific and caused by
the MazF-induced growth arrest rather than direct interference [28]. The mazEF deletion did not affect RNA phage adsorption,
but mildly increased the production of progeny phage particles (electronic supplementary material, figures S4 and S5). This
indicates that rather than lowering the likelihood of phage adsorption (which could occur, for example, due to lower expression
of F-pili), MazEF interferes with RNA phage replication within already infected cells.

A significant effect of mazEF was also detected in direct competition assays, where mixed wt and AmazEF cultures were
exposed to phage for the duration corresponding to a single phage replication cycle (90 and 105 min for MS2 and Qp,
respectively) [34-37]. The relative fitness of the wt strain was 1.29 and 1.15 at MOI = 0.1 for MS2 and Qp3, with increased effects
observed at an increased MOI (figure 1d,e) or with a prolonged incubation time (figure 1f; electronic supplementary material,
supplementary methods and supplementary datasets). Importantly, deletion of mazEF did not significantly affect fitness in
the absence of the phage. Overall, the direct competition experiments show that cells with native mazEF have an increased
probability of surviving an RNA phage infection compared to AmazEF cells.

(b) mazEF delays time to lysis and increases size of individual bacterial cells challenged with RNA phage

To observe individual cell behaviour potentially hidden at the population level, we determined the fate of E. coli cells during
RNA phage infection using a microfluidic device coupled with a fluorescence microscope [38]. E. coli cells constitutively
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Figure 2. Single-cell analysis of RNA phage infection. (a) Schematic of microfluidic device and representative fluorescence microscopy images. Lysis of cells manifested
as loss of mCherry fluorescence, growth arrest as cessation of cell division and filamentation as a marked increase in cell length. Scale bars represent 1 pm. (b) Fraction
of surviving cells as a function of time. MS2 induced lysis in 35.6% of 289 wt cells (orange) and in 40.9% of 428 AmazEF cells (blue). (c) QB induced lysis in 54.3%
of 199 wt cells and in 55.3% of 329 AmazEF cells. Pale lines show individual replicates (three for MS2 and two for Q). Bold lines show averages across replicates.
(d) Distributions of times to lysis for individual cells challenged with MS2 or (e) with QB. Horizontal lines show population averages (Mann—Whitney test, **p = 1.6
107°).

expressing an mCherry fluorescent reporter were grown in narrow growth channels allowing a fast switch from phage-free to
phage-containing medium (figure 2a).

In agreement with the mild effect observed in population-level measurements, native mazEF presence reduced single-cell
lysis probability by 5.25% and 1.05% for MS2 and Qp, respectively (figure 2b,c). A more profound effect was noticed when
quantifying the time to cell lysis, as mazEF presence extended the average lysis times by 23% and 19% for MS2 and Qp,
respectively (figure 2d,e). Of the bacteria that survived phage exposure, a small fraction formed filaments and/or exhibited
growth arrest during phage exposure, irrespective of mazEF presence (electronic supplementary material, figure S6 and movies
S1 and S2). Finally, we observed that phage exposure increased the length of wt cells by 4% and 7% on average for MS2 and
QP infection, respectively. In contrast, no significant increase was detected for AmazEF cells (electronic supplementary material,
figure S7). Although phage infection can promote filament formation and destabilize the cell wall [39-42], further research is
needed to clarify the relationship between antiphage systems and bacterial morphological changes [43].

(c) RNA phage genomes exhibit bias against ACA sequences

To extend our analysis beyond the context of the MS2 and QP model systems, we investigated the abundance of the MazF
recognition sequence ACA in sequenced RNA phage genomes infecting E. coli. For sequence-specific double-stranded DNA
phage defence systems such as restriction-modification and CRISPR-Cas, avoidance of recognition sequences is common
due to selection for reduced cleavage probability [44—47]. To test whether ACA trinucleotides are similarly avoided in RNA
phage genomes, we first analysed reference genomes from the NCBI Viral Genomes Database. This dataset includes 12 RNA
phage species with known bacterial hosts, i.e. phages infecting Escherichia sp., Pseudomonas aeruginosa, Caulobacter crescentus
and Acinetobacter baumannii, as well as a broad host-range phage infecting Escherichia and Pseudomonas [48]. Notably, mazF
homologues have been identified in P. aeruginosa and A. baumannii, even though their sequence specificity has not been
determined [49,50].

The relative ACA frequency in the nine reference genomes of the RNA phages infecting Escherichin was in the range of
0.59 to 0.92, with an average of 0.76 (table 1). An extended analysis of 57 partial and complete RNA phage genomes infecting
Escherichia likewise showed an underrepresentation of the ACA trinucleotide, with the mean relative frequency of 0.83 (figure
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Table 1. Bioinformatic analysis of RNA phage genomes from the NCBI reference sequence database.

analysis of the genome randomly shuffled
phage name phage species pilus- accession genome number numberof relative genomes (10 000 runs)
encoding number length (nt) of ACA expected ACA % of shuffled genomes
gene cluster® sites ACAsites  frequency with the number of ACA
sites higher than in the
original genome
MS2 Emesvirus zinderi  F plasmid- NC_001417.2 3569 47 51 0.92 69.75
specific Group |
BZ13 (GA) Emesvirus Group Il NC_001426.1 3466 32 50 0.64 99.75
japonicum
QB (MX1) Qubevirus durum ~ Group Ill NC_001890.1 4215 53 59 0.90 76.03
Fl 4184 b Qubevirus faecium ~ Group IV NC_028902.1 4184 44 56 0.78 95.52
Fsensulato  Qubevirus faecium  Group IV NC_004301.1 4276 47 62 0.76 97.43
(P)
C-1INW-2012  Cunavirus IncC-specific NC_019920.1 3523 35 52 0.68 99.50
pretoriense
Hoal1 Hagavirus IncH-specific NC_019922.1 3562 32 54 0.59 99.94
psychrophilum
M Empivirus IncM-specific ~ NC_019707.1 3405 4 47 0.89 76.65
allolyticum
broad host Perrunavirus olsenii  IncP-specific NC_008294.1 3573 38 54 0.70 98.70
phage PRR1
Pseudomonas  Pepevirus rubrum ~ plasmid- NC_001628.1 3588 38 45 0.85 8292
phage PP7 independent
e plasm L NC_0194531 ...... e o G o e
phage phiCb5  halophobicum independent
Acinetobacter  Apeevirus plasmid- NC_002700.2 4268 7 68 1.04 32.82
phage AP205  quebecense independent

“RNA phages infect bacterial cells by adsorbing to F-pili encoded on the conjugation F plasmid, to pili encoded on plasmids of different incompatibility (Inc) groups or
to chromosome-encoded (plasmid-independent) pili.

3a; electronic supplementary material, table S2). In contrast, phages that do not have ssRNA genomes and ssRNA viruses
infecting non-bacterial hosts did not show a significant underrepresentation of the ACA trinucleotide. Additionally, random
nucleotide-wise shuffling of the RNA phage genomes resulted in a significantly higher ACA frequency than in the actual phage
genomes (table 1; electronic supplementary material, table S2 and supplementary datasets). Collectively, these results support
the hypothesis that the ACA trinucleotide is less frequent than expected across RNA phage genomes.

Besides MazF, two other ribosome-independent sequence-specific type II toxins are known to be present in E. coli: MqsR
that cleaves RNA at GCU sites, and ChpB that cleaves RNA at ACD sites (D is G, A or U, but not C) [6,51]. Even though
ChpB is structurally and biochemically similar to MazF, it is a less processive enzyme than MazF. Unlike the ACA trinucleotide
recognized by MazEF, the GCU, ACG and ACU trinucleotides were not underrepresented in the genomes of RNA phages
infecting E. coli (figure 3b—d). This lack of recognition site avoidance could be either due to a lower selection pressure, for
example, due to reduced activity of the corresponding toxins, or various evolutionary constraints that make particular sites
difficult to mutate.

4. Discussion

Studies on how bacteria defend themselves against RNA phages are still relatively scarce and mostly rely on in vitro assays
or non-physiological conditions [52-56]. Our findings show that the TA module mazEF provides moderate but measurable
protection of E. coli against RNA phages in vivo under physiological conditions. MazEF system could protect E. coli in two
ways: specifically, through MazF-mediated cleavage of phage RNA [17], and non-specifically, through MazF-mediated cellular
RNA degradation followed by a reduction in overall translation and subsequent bacterial growth suppression [28], which can
prevent phage amplification. Our competition and single-cell experiments indicate that direct interference, rather than abortive
infection, plays the predominant role in the case of MazEF. However, this can vary among different TA systems.

In general, at least two possible mechanisms could lead to RNA being targeted by the active MazF toxin. First, phage-
induced stress responses might disrupt the MazE antitoxin, thereby freeing MazF to cleave RNA. Alternatively, low-level
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Figure 3. Relative frequencies of toxin recognition sequences in viral genomes. Relative frequencies were calculated as the actual recognition site count divided by the
expected count. Black, green and purple bins show relative frequencies in (+)ssRNA phages infecting £. coli (n = 57), phages that do not have (+)ssRNA genomes (n =
2216) and (+)ssRNA viruses infecting non-bacterial hosts (n = 1835), respectively. Dashed grey lines depict the relative frequency of 1 (no bias). Relative frequencies of
(a) ACA, (b) GCU, (c) ACG and (d) ACU trinucleotides in the genomes of RNA phages that infect £. coli were 0.83, 1.11, 1.09 and 1.03 on average, respectively.

stochastic fluctuations in TA dynamics [28] could transiently activate MazF independent of infection. Further research into the
responses of TA systems during phage infection will be necessary to distinguish between these potential mechanisms.

While the effect of MazEF was consistently detected across multiple assays, its size was moderate at best. This is understand-
able, given that RNA phages, which initiate infection by adsorbing to bacterial F-pili, are less efficient viruses compared to DNA
phages that adsorb to less complex structures [57,58]. Synthesis of F-pili is known to be highly heterogeneous across individual
bacterial cells [59], and has been previously shown to be perturbed by the presence of RNA phages [60]. This reduces the
fraction of cells that can be infected by the RNA phages and thus also the fraction in which the MazEF defence can manifest.
In our experiments, MS2 and Q3 decreased the bacterial population size by approximately an order of magnitude, establishing
an upper limit on the maximum achievable efficiency of any defence system in this context. In addition, RNA phages have been
largely overlooked in research [33,61,62], and currently unknown antiphage mechanisms might still be at play in both wt and
AmazEF strains.

Since all phages require RNA synthesis to complete their life cycle, the protection conferred by mazEF is not necessarily
limited to ssSRNA phages. Indeed, TA systems, such as RnlAB, LsoAB and MazEF, can also play a role in defence against DNA
phages [63,64]. Specifically, the MazEF system of E. coli interacts with DNA phages P1 [65], A [66] and T4 [67], although this
might depend on the strain genotype [68]. Our study posits that TA systems may also serve as an initial line of defence against
RNA phages. In support of this proposition, phages have evolved mechanisms to avoid TA-based antiphage strategies [63,67].
Our analysis builds on these studies in that it indicates that ACA sites in the RNA genomes of phages infecting E. coli are
likely selected against, possibly because phages with fewer ACA sites are more likely to evade MazF action. Interestingly, while
RNA-degrading activity can suppress gene expression in DNA phages, in the case of RNA phages, it could do both, suppress
gene expression and eliminate the infecting RNA genome.

While the necessity to investigate RNA viruses in-depth has been recently recognized [69,70], our knowledge of the genomic
diversity and host range of RNA phages remains vastly underestimated [33,61,62]. In many ways, research into RNA phage
biology is still in its infancy, and identifying bacterial defence mechanisms against RNA phages will be essential for a more
comprehensive understanding of prokaryotic biology.
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