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Defense-associated reverse transcriptase (DRT) systems perform DNA synthesis to protect bacteria
against viral infection, but the identities and functions of their DNA products remain largely unknown. Here
we show that DRT2 systems encode an unprecedented immune pathway that involves de novo gene
synthesis via rolling circle reverse transcription of a non-coding RNA (ncRNA). Programmed template
jumping on the ncRNA generates a concatemeric cDNA, which becomes double-stranded upon viral
infection. Remarkably, this DNA product constitutes a protein-coding, nearly endless ORF (neo) gene whose
expression leads to potent cell growth arrest, thereby restricting the viral infection. Our work highlights an
elegant expansion of genome coding potential through RNA-templated gene creation, and challenges
conventional paradigms of genetic information encoded along the one-dimensional axis of genomic DNA.

Mobile genetic elements (MGEs), including viruses, plasmids,
and transposons, act as a major driving force of genome evo-
lution by expressing enzymes that catalyze diverse DNA rear-
rangements (7). Many of these enzymes are encoded by the
most abundant gene family in nature (2), and over suffi-
ciently long timescales, MGEs can become dominant constit-
uents of their host genomes due to their proliferative
properties (3). In response, cells harbor arsenals of defense
mechanisms to counter the pervasive spread of MGEs, which
range in complexity from single-gene modules to the multi-
organ vertebrate immune system (4). MGEs themselves often
provide the source material from which anti-MGE mecha-
nisms are derived (5). In vertebrates, for example, domestica-
tion of an ancestral transposon led to the evolution of V(D)J
recombination, laying the groundwork for protein-based
adaptive antiviral immunity by facilitating antigen receptor
diversification (6). And in bacteria, recurrent exaptation of
transposon-encoded genes enabled the emergence of
CRISPR-Cas systems, which exploit guide RNA molecules to
recognize and cleave foreign targets during nucleic acid-
based adaptive antiviral immunity (7-9). MGEs have thus
contributed to the perennial host-parasite arms race as both
aggressor and defender, across all domains of life.

Inspired by the innovative molecular mechanisms of im-
munity born out of MGE co-option, we set out to investigate
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additional host pathways used by bacteria to defend against
genetic invaders, and in particular, bacteriophages (10, II).
We were especially intrigued by recent discoveries of diverse
antiphage defense systems that encode reverse transcriptase
(RT) enzymes (12, 13). In stark contrast to well-studied phage
defense pathways that target and destroy foreign nucleic ac-
ids using nucleases, such as restriction-modification (RM)
and CRISPR-Cas, these RT-based systems presumably confer
immunity via nucleic acid synthesis.

Prokaryotic RTs are thought to all descend from a com-
mon retroelement ancestor, the Group II intron, which cata-
lyzes self-splicing and site-specific DNA insertion, and is also
thought to be the precursor to the eukaryotic spliceosome
(14). The antiviral roles of multiple classes of domesticated
retroelements have emerged in recent years (I14), reinforcing
the notion that genetic conflicts position MGEs in both offen-
sive and defensive roles. One class, for example, comprises
fusions or operonic associations between an RT and the Casl
integrase, itself a domesticated transposase, to record molec-
ular memories from past infections by writing fragments of
viral RNA into the CRISPR DNA (75-17). Retrons constitute
another class that mediate innate antiphage immunity using
complex operons that typically consist of an RT domain, a
non-coding RNA (ncRNA), and a toxin protein (12, 13, 18). In
uninfected cells, the RT reverse transcribes the ncRNA to
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form a complementary DNA (cDNA) product, which is
thought to maintain the toxin in an inactive state; phage in-
fection then drives cDNA modification, leading to activation
of the toxin and initiation of cell suicide (12, 18). This general
strategy, known as abortive infection, prevents the invading
phage from completing its lytic cycle and provides popula-
tion-level immunity at the expense of the infected cell.

Defense-associated RT (DRT) systems comprise a third
class of retroelements with antiphage function, which origi-
nate from a monophyletic clade of RTs termed the Unknown
Group (UG) (I3, 19). In contrast to RT-Casl and retron sys-
tems, many DRTs feature single-gene operons (19), implying
that reverse transcription activity alone could be responsible
for providing phage defense. Initial experimental efforts have
confirmed the phage defense functions of 9 UG subgroups
(DRT1-9), in addition to demonstrating the functional re-
quirement for an intact RT domain (I3, 19). However, the
identities of the DRT c¢cDNA products, and their mechanisms
of immunity, have not been studied.

Here we develop a systematic approach to profile the
cDNA products of any RT enzyme of interest, and apply it to
DRT2-family phage defense systems. This strategy revealed
an unprecedented rolling circle reverse transcription activity,
leading to the synthesis of long, concatemeric cDNA prod-
ucts. We discover that these cDNAs contain an open reading
frame (ORF) that remains in-frame through each repeat, and
that promoter sequences formed across the repeat junction
result in transcription to mRNA. Expression of the nearly
endless ORF (neo) gene, which is stringently regulated by the
presence or absence of phage, leads to rapid growth arrest
and programmed dormancy. Beyond revealing an elegant ex-
ample of retroelement exaptation for host-MGE defense, we
present evidence supporting the broad conservation of this
mechanism for RNA-templated creation of extrachromoso-
mal genes.

Results

¢DNA synthesis by a defense-associated reverse tran-
scriptase

We focused our attention on DRT2 systems because of
their intriguing minimal architecture, consisting of a single
ORF and upstream ncRNA described previously (79). Unlike
most other DRT and retron systems, which typically encode
a reverse transcriptase enzyme alongside one or more addi-
tional protein domains predicted to function as effectors of
the immune response, DRT2 systems lack additional protein-
coding genes, and the RT protein lacks domains beyond the
predicted RNA-directed DNA polymerase (fig. S1A) (11, 19).
We therefore hypothesized that the cDNA product of the RT
enzyme likely plays a critical and central role in the DRT2
immune mechanism. To identify this cDNA, we developed a
sequencing approach to systematically identify RT-associated
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cDNA synthesis products based on immunoprecipitation of
FLAG-RT fusions, which we termed cDNA immunoprecipita-
tion and sequencing (cDIP-seq) (Materials and Methods), and
performed these experiments alongside traditional RNA im-
munoprecipitation (RIP)-seq to also capture RT-associated
RNA substrates (Fig. 1A and fig. S1B). We validated this ap-
proach on the well-studied Retron-Ecol (formerly Ec86) (20)
after first verifying that the FLAG-tagged retron RT retained
phage defense activity comparable to the WT RT (fig. S1C).
RIP-seq and cDIP-seq of Retron-Ecol recapitulated all known
features of the multicopy single-stranded DNA (msDNA), in-
cluding RNase H processing of the RNA component, and the
precise 5’ and 3' ends of the DNA (fig. S1, D and E) (21).
These results increased our confidence that a similar ‘reverse
transcriptomics’ approach could provide new insights into
the DRT2 molecular mechanism, and so we turned our atten-
tion to a candidate system from Klebsiella pneumoniae
(KpnDRT2).

After confirming that fusing the KpnDRT2 RT with a
FLAG epitope tag did not affect defense activity against T5
phage (fig. S1C), we performed RIP-seq and cDIP-seq from
cells constitutively expressing plasmid-encoded ncRNA and
RT from their native promoter, and then performed genome-
wide analyses to identify RNA and ¢cDNA molecules enriched
by IP. The resulting datasets revealed that the highest en-
riched RNA and cDNA transcripts mapped to the KpnDRT2
ncRNA locus (Fig. 1B), suggesting that the primary substrate
for reverse transcription by KpnDRT2 is encoded in cis, sim-
ilar to retron systems. We ascribed the apparent RIP-seq en-
richment of RT mRNA to the likely presence of read-through
transcripts extending from the ncRNA into the coding se-
quence, or to co-translational immunoprecipitation of ribo-
some-bound mRNA. To differentiate genuine cDNA synthesis
products from artifactually enriched molecules, we per-
formed control experiments using a KpnDRT2 system mu-
tated in the RT active site (13) (hereafter YCAA) that is
inactive for phage defense (fig. S1C). These experiments im-
plicated the KpnDRT2 ncRNA locus as the sole specifically
enriched cDIP-seq hit (fig. S2A). RIP-seq and cDIP-seq exper-
iments in the presence of T5 phage also revealed a strong and
specific enrichment of transcripts derived from the KpnDRT2
ncRNA locus (fig. S2B), indicating that RT substrate choice is
largely unchanged during phage infection.

Mapping of RIP-seq and cDIP-seq data onto the KpnDRT2
locus revealed the presence of a large ncRNA and a seemingly
well-defined cDNA with the opposite strandedness relative to
the ncRNA, as expected for reverse transcription (Fig. 1C).
Control experiments with the inactive YCAA RT mutant
demonstrated that ncRNA enrichment occurred inde-
pendently of reverse transcriptase activity, whereas cDNA en-
richment from this locus required an intact RT active site
(Fig. 1C and fig. S2A). We next leveraged custom RNA-seq
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library preparation protocols based on dRNA-seq (22) and
Term-seq (23) to demarcate the precise 5' and 3' ends of the
281-nucleotide (nt) ncRNA (Fig. 1C), while analyzing start and
end coordinates from c¢DIP-seq alignments to define the 5’
and 3' ends of the 119-nt cDNA (fig. S2C). dRNA-seq data re-
vealed a single transcription start site (TSS) upstream of the
ncRNA, but not the RT gene (Fig. 1C), suggesting that the
ncRNA and RT share an upstream promoter, and are sepa-
rated into mature transcripts via an unknown processing
step. We next used a multiple sequence alignment (MSA) of
DRT2 homologs to generate a covariance model of the ncRNA
(fig. S2D), onto which we mapped the sequence of the
KpnDRT2 homolog to infer its secondary structure (Fig. 1D).
The ncRNA features several conserved stem-loop (SL) ele-
ments, a template region corresponding to the cDNA product
abutted by a short basal stem, and a large 3' region that we
hypothesize serves as a scaffold for sequence and/or struc-
ture-guided recruitment of the RT.

We next investigated how cDNA synthesis is altered as
cells are actively infected by, and defending against, T5
phage. cDIP-seq data largely recapitulated the same observa-
tions made in the absence of phage (fig. S2, B and E), but we
were wary of drawing conclusions about reverse transcrip-
tion output based on an approach that would only quantify
cDNAs still bound to the RT after immunoprecipitation. We
therefore turned to total DNA sequencing using the input
controls from cDIP-seq experiments, and our analyses re-
vealed a strong induction in KpnDRT2 cDNA levels upon
phage infection (Fig. 1E and fig. S2F). Surprisingly, while
cDNA synthesis products in the absence of phage were pre-
dominantly single-stranded, with opposite strandedness to
the ncRNA, the presence of phage induced higher levels of
both the initial cDNA product and its reverse complement
(Fig. 1E). Although these experiments do not reveal the iden-
tity of the polymerase necessary for second-strand synthesis,
we hypothesize that the RT possesses both RNA-templated
and DNA-templated DNA polymerase activity, similar to
other well-studied bacterial reverse transcriptases (24), and
that conversion of single-stranded DNA (ssDNA) to double-
stranded DNA (dsDNA) may be a key step within the antiviral
defense pathway.

Rolling circle reverse transcription generates con-
catemeric cDNA products

We next sought to investigate the sequence requirements
and potential antiviral function of cDNA synthesis. We began
by mutating the sequence of individual SLs throughout the
ncRNA in order to eliminate base-pairing, focusing on SL1 at
the 5' end, SL2 at the base of the template region, SL5 within
the template region, and SL6 within the scaffold region (Fig.
2A). Mutations to all four regions led to a complete loss of
phage defense activity, indicating possible defects in ncRNA
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binding, cDNA synthesis, or both (Fig. 2B). When we directly
interrogated ncRNA binding and cDNA synthesis by the RT
using RIP-seq and cDIP-seq, respectively, we found that SL1
and SL6 mutants led to either a partial or complete loss of
cDNA synthesis, likely due to disruptions in the positioning
of the RT on the ncRNA (Fig. 2C). The SL5 mutant exhibited
strong ncRNA and ¢cDNA enrichment, as did an additional
mutant in which the region surrounding the cDNA synthesis
start site was scrambled (fig. S3, A to C), suggesting that de-
fense activity depends on not only ¢cDNA synthesis, but also
on the sequence of the cDNA product itself. The phenotype
of the SL2 mutant, however, was puzzling: the sequence of
the template region was completely unchanged and cDNA
production resembled the WT system, and yet phage defense
was completely abolished (Fig. 2, B and C). This apparent
discrepancy indicated that, beyond production of cDNA with
the appropriate ncRNA-specified sequence, additional fea-
tures of the cDNA product underlie phage defense activity.

Given that the stem of SL2 borders the template region,
we hypothesized that disruption of this structural element
might lead to imprecise initiation or termination of cDNA
synthesis, which in turn might explain the altered immune
function. We inspected the 3 ' termini of cDIP-seq reads more
closely, and to our surprise, we found that the large majority
of reads extended well beyond the boundary defined by the
read alignment coverage; these extensions had been soft-
clipped from the alignments by conventional mapping algo-
rithms (Fig. 2D). To determine the identity of these soft-
clipped extensions, we extracted their sequences and mapped
them back to the plasmid and E. coli genome. Remarkably,
these sequences in fact derived from the 5’ end of the cDNA
(Fig. 2D), suggesting a template jumping mechanism
whereby the RT proceeds from the end of the template region
back to the start, resulting in concatemeric ¢cDNA repeat
products. Whereas the concatemeric cDNAs generated by the
WT system had a precise and uniform head-to-tail junction,
including one additional nucleotide immediately adjacent to
SL2, junction sequences for the SL2 mutant were more het-
erogeneous (Fig. 2D). Indeed, when we quantified the abun-
dance of the expected junction sequence across all tested
ncRNA mutants, we found that only the SL5 and cDNA start
mutants retained WT levels of the repeat junction, whereas
all other SL mutants nearly eliminated the expected template
jumping products (fig. S3D).

We next quantified concatemeric cDNA (ccDNA) in total
DNA samples from cells +/— T5 phage infection. T5 phage in-
fection triggered a large increase in the abundance of bottom-
strand junction-spanning reads, corresponding to the initial
products of RNA-templated DNA synthesis (Fig. 2E). This was
matched with a concomitant increase in top-strand junction-
spanning reads (Fig. 2E), suggesting that single-stranded
ccDNA is efficiently converted into dsDNA in a phage and
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RT-dependent manner. Similar analyses from c¢DIP-seq da-
tasets showed a lesser increase in top-strand junction-span-
ning reads during phage infection (fig. S3E), which we
attribute to the RT likely having lower affinity for the dsDNA
generated by second-strand cDNA synthesis, such that it re-
leases these products in cells and/or during immunoprecipi-
tation.

Although short-read sequencing enabled accurate deter-
mination and quantification of cDNA repeat junctions, we
next leveraged long-read Nanopore sequencing to assess the
length of ccDNA products, and to obtain orthogonal evidence
of template jumping with a PCR-free approach. Remarkably,
ccDNA from phage-infected cells spanned a range of repeat
lengths from 1-40 (Fig. 2F and fig. S3F), suggesting that re-
verse transcription by KpnDRT2 may be highly processive
and involve many consecutive rounds of template jumping to
generate long ccDNA (from 120 to ~5000 bp). Finally, we
carefully inspected the sequence and secondary structure of
the ncRNA in order to better understand the mechanism of
template jumping. Concatenation of cDNA repeats occurs be-
tween the sequences directly abutting SL2, and we noticed
that the terminal 3-nt of each repeat are templated by a con-
served 3'-ACA-5' (ACA-1) whose sequence perfectly matches
the right half of SL2 (ACA-2; Fig. 2G). We therefore hypothe-
sized that the RT may dynamically melt SL2 during each
round of reverse transcription, allowing the terminal 5 ' -TGT-
3' of nascent cDNA transcripts to equilibrate between hy-
bridization to ACA-1 and ACA-2, and thus prime a subsequent
round of cDNA synthesis (Fig. 2G). This model was supported
by a complete loss of defense activity in ncRNA mutants dis-
rupting homology between the ACA motifs (fig. S3G). We note
that the proposed ¢cDNA concatenation mechanism resem-
bles rolling circle DNA replication (25), and henceforth refer
to the generation of ccDNA as rolling circle reverse transcrip-
tion (RCRT) (Fig. 2G).

Concatemeric cDNAs encode a translated open read-
ing frame (ORF)

Conventional rolling circle amplification during plasmid
and phage replication utilizes a circular template (25), and
thus we sought to rule out the alternative explanation that
RCRT occurs as a result of ncRNA circularization at the re-
peat junction. To investigate this hypothesis, we reanalyzed
our RIP-seq input controls, which represent total RNA-seq
datasets, for the presence of reads spanning the repeat junc-
tion. Strikingly, we detected such reads abundantly in
KpnDRT2 samples, but they strictly depended on the pres-
ence of phage and an active RT, and more unexpectedly, their
strandedness was opposite to that of the ncRNA (Fig. 3A and
fig. S4A). This observation raised the intriguing possibility
that cDNA second-strand synthesis might generate a tem-
plate strand for another round of transcription by RNA
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polymerase (Fig. 3B). The resulting transcript would have op-
posite strandedness to the initial ncRNA and would contain
multiple repeats of the cDNA sequence.

In agreement with this hypothesis, inspection of the
cDNA sequence produced by RCRT revealed consensus pro-
moter elements spanning the repeat junction (Fig. 3B), highly
reminiscent of transposon promoters that are selectively
formed upon DNA circularization during the transposon ex-
cision step (26, 27). These observations suggested that phage
infection might trigger the production of a high-copy, con-
catemeric RNA molecule with downstream antiphage func-
tion. Consistent with this idea, we found that concatemeric
RNA transcripts were strongly induced shortly after phage
infection by ~10,000-fold (Fig. 3C). Northern blot analysis
from phage-infected cells using a probe selective for the re-
peat-repeat junction revealed a broad size distribution span-
ning hundreds to thousands of nucleotides (Fig. 3C), in
excellent agreement with the large size of cDNA products ob-
served via Nanopore sequencing (Fig. 2F).

What could be the function of transcribing a repetitive
cDNA sequence into RNA during an antiphage immune re-
sponse? We closely examined the sequence of the cDNA and
noticed that if we translated this sequence in silico, one out
of three reading frames would lack any stop codons (Fig. 3D
and fig. S4B). This observation led us to hypothesize that con-
catemeric RNA produced during phage infection might be
translated to generate an antiviral polypeptide. This hypoth-
esis was supported by the presence of a predicted ribosome
binding site upstream of the predicted start codon (Fig. 3D
and fig. S4C), and by the observation that programmed tem-
plate jumping adds one additional nucleotide during each
round of cDNA synthesis (Fig. 2G). This activity generates a
120-bp cDNA repeat unit comprising exactly 40 sense codons,
such that the reading frame would be preserved through each
repeat to yield a continuous open reading frame (ORF) (Fig.
3D).

We set out to comprehensively test the hypothesis that
translation of the continuous ORF within the concatemeric
RNA is necessary for phage defense. First, we identified a re-
gion within SL3 that was not strongly conserved in sequence,
and introduced single-bp mutations that would generate a
synonymous, missense, or nonsense codon (Fig. 3E). While
the synonymous (silent) and missense mutations had mild ef-
fects on defense activity that we attributed to perturbation of
the ncRNA secondary structure, the nonsense mutation com-
pletely abolished phage defense despite retaining WT levels
of concatemeric RNA production (Fig. 3F and fig. S4D). We
also targeted the predicted start codon and found that de-
fense activity was partially preserved with mutation to GUG,
a common non-canonical start codon in E. coli (28), while all
other mutations were inactive (fig. S4, E and F). To assess
whether translation of multiple contiguous repeats of the
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ORF was necessary for phage defense, we tested mutations
that would introduce stop codons near the end of one full
ORF repeat and found that these, too, led to a loss of defense
(fig. S4, E and F). Finally, inspired by classic experiments per-
formed by Crick and Brenner to deduce the triplet nature of
the genetic code (29), we selected three ncRNA loop regions
and designed insertions ranging from 1-9 bp in length. We
hypothesized that if translation of the ORF was required for
defense, then out-of-frame mutations would lead to a loss of
defense, whereas in-frame mutations (i.e., insertions of a mul-
tiple of 3 bp) would be partially or completely tolerated. Re-
markably, we found that all out-of-frame perturbations
across three non-conserved loop regions, including minimal
1-bp insertions, caused a >103-fold decrease in phage defense,
while insertions of 3, 6, or 9 bp maintained near-WT activity
levels (Fig. 3G).

Collectively, these experiments provided compelling ge-
netic evidence for the existence and expression of a cryptic
gene produced by RNA-templated concatenation of DNA re-
peats. Intriguingly, this de novo gene exhibits a heterogene-
ous length distribution and lacks any in-frame stop codons,
and thus we refer to it as neo (nearly endless ORF).

Neo-encoded polypeptides induce cell dormancy

Encouraged by our genetics assays supporting the trans-
lation of neo, we next sought unambiguous biochemical evi-
dence of Neo protein products. We initially designed a panel
of ncRNA variants that would encode epitope-tagged Neo
proteins to facilitate protein visualization, but were unable to
isolate an epitope-tagging scheme that retained phage de-
fense activity (fig. S5A). We therefore proceeded to mass spec-
trometry (MS)-based proteomics, and designed a custom
protease cocktail based on the predicted amino acid compo-
sition of Neo that would yield suitable peptide fragments for
MS (fig. S5B). We then extracted proteins from KpnDRT2-ex-
pressing cells and performed liquid chromatography with
tandem mass spectrometry (LC-MS/MS) analysis (Fig. 4A).
Neo-derived peptides were exclusively detected in phage-in-
fected cells that expressed the WT RT enzyme (Fig. 4B), and
their abundances were substantial when compared to the rest
of the E. coli proteome (Fig. 4C). These results provide con-
crete proof that meo mRNAs transcribed from ccDNA are
translated into protein.

To gain further insights into the physiological conse-
quences of Neo expression, we performed additional prote-
omics experiments using a more standard trypsin-based
digestion procedure, and analyzed the differential protein
abundance between T5 phage-infected cells expressing WT or
YCAA-mutant KpnDRT2. Phage proteins were significantly
depleted in WT cells, as expected for a protective immune re-
sponse (Fig. 4D). On the host side, two significantly enriched
cellular factors immediately captured our attention—ArfA
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and RMF—due to their associations with ribosome stress and
ribosome hibernation, respectively (Fig. 4D). ArfA (alterna-
tive ribosome-rescue factor A) is a translation factor that spe-
cifically rescues ribosomes stalled on aberrant mRNAs
lacking a stop codon, acting as an alternative to the transfer-
messenger RNA (tmRNA) pathway that tags nascent polypep-
tide chains for degradation (30, 31). ArfA is known to be spe-
cifically up-regulated under conditions of tmRNA depletion
(32), and its ribosome rescue activity in neo-expressing cells
would elegantly resolve the conundrum of how stop codon-
less meo mRNAs are nonetheless translated into functional
proteins (Fig. 4E). Meanwhile, RMF (ribosome modulation
factor) is a ribosome-associated protein that directs the as-
sembly of 70S ribosomes into inactive 100S dimers during sta-
tionary phase (33, 34), and is activated by the alarmone
pPpPGpp, a known trigger of growth arrest and cellular dor-
mancy (35, 36). We assessed the contributions of ribosome
rescue and hibernation pathways to DRT2 defense using a
panel of single-gene knockout strains and found that immune
activity was only moderately affected (fig. S5C), suggesting
the presence of compensatory pathways or pleiotropic effects,
or alternatively, that ArfA and RMF up-regulation are by-
products of Neo activation rather than key driving processes.
Altogether, ArfA induction indicates that Neo translation is
associated with activation of an alternative ribosome rescue
pathway, and RMF induction suggests that Neo production is
linked to cellular dormancy.

Abortive infection and programmed dormancy have
emerged in recent years as common mechanisms by which
bacterial immune systems provide population-level immun-
ity against phage infection, as host shutdown of metabolic
processes prevents phage replication, and consequently, viral
spread (11, 37, 38). To investigate whether DRT2 uses a simi-
lar immune mechanism, we performed phage infection as-
says in liquid culture at varying multiplicities of infection
(MOI). KpnDRT2-expressing cultures survived T5 phage in-
fection at low MOI, but infection at high MOI led to stalling
of growth (Fig. 4F). Further analysis of cultures infected at
high MOI revealed that KpnDRT?2 effectively blocked T5 rep-
lication (fig. S6A), and that the growth-arrested cells re-
mained viable (fig. S6, B and C), altogether supporting a
mechanism of phage defense via programmed dormancy.

We next sought to test the physiological effects of recom-
binant Neo expression from coding sequences containing
start and stop codons, independent of RT-ncRNA activity, to
eliminate any confounding factors from the intricate steps in-
volved in neo gene synthesis. We initially attempted to clone
various repeat lengths of neo onto a standard inducible ex-
pression vector and test the hypothesis that neo expression
would be sufficient to trigger cellular dormancy. Yet repeated
attempts to clone expression vectors with more than 2 re-
peats of WT neo proved unsuccessful: the few colonies that
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emerged consistently exhibited frameshift mutations or
lacked the neo insert altogether (fig. S6, D and E). In contrast,
control sequences encoding the same amino acids in a scram-
bled order could be cloned with high efficiency (fig. S6E).
These qualitative results suggested that Neo may potently ar-
rest cell growth, and that its leaky expression had prevented
the isolation of positive clones. Intriguingly, this effect was
only observed with Neo repeat lengths of 3 or more.

To circumvent this challenge, we adopted an alternative
strategy (39), in which neo genes were placed on a low-copy
vector under the control of a tightly regulated pBAD pro-
moter and theophylline riboswitch (Fig. 4G). This multi-
layered strategy for control of neo expression — which evokes
the elaborate regulation of neo expression by native DRT2
loci — enabled the isolation of the desired clones. We then
transformed cells with expression vectors encoding WT or
scrambled neo with 1-3 repeats, and monitored cell growth in
liquid culture before and after inducing neo expression with
arabinose and theophylline. We found that only the 3-repeat
WT Neo construct exhibited any growth defect compared to
an empty vector control (Fig. 4H). To assess whether the
growth-arrested cells could recover from dormancy, we
plated cells from the final time point of the liquid culture ex-
periment on solid media supplemented with either repressor
(glucose) or inducer (arabinose and theophylline). We found
that cells expressing 3-repeat WT Neo exhibited a ~10-fold
increase in colony-forming units when plated on repressor
versus inducer (fig. S6F), indicating strong recovery from
Neo-induced dormancy.

Considered together, these results suggest that the intri-
cate gene synthesis mechanism encoded by KpnDRT2 may
have evolved in order to strictly control the production of an
effector protein whose toxicity is too potent to be safely con-
trolled by conventional regulatory strategies.

Neo gene synthesis and Neo protein toxicity is a
broadly conserved phage defense strategy

Equipped with a wealth of mechanistic information on
the production of Neo protein by KpnDRT2, we set out to ex-
plore the evolutionary conservation of this gene synthesis
strategy for antiviral defense. Starting with a large phyloge-
netic tree of DRT2 homologs (fig. S7A and table S1), we used
covariance models to annotate R7-associated ncRNAs and
then extracted the putative neo gene and Neo protein se-
quences based on the expected mechanism of template jump-
ing and absence of in-frame stop codons (Fig. 5A and
Materials and methods). Our pipeline identified candidate
ncRNAs and Neo proteins for the vast majority of DRT2 sys-
tems that were related to KpnDRT2 (Fig. 5B), revealing broad
conservation of this unique mechanism for concatemeric
gene synthesis. Notably, sequence motifs expected to be crit-
ical for neo gene synthesis and expression, including ACA-1,
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ACA-2, and repeat junction-flanking promoter elements,
were also strongly conserved across diverse homologs (fig.
S7B). Iterative generation of additional covariance models
also enabled ncRNA prediction for divergent DRT2 clades,
but Neo protein annotation was more challenging, suggesting
the possibility of alternative mechanisms of RCRT and neo
gene expression (fig. S7, A and C).

Next, we investigated the amino acid sequence of diverse
Neo proteins in more detail. Bioinformatics analyses of mul-
tiple sequence alignments failed to identify any functional
domains or similarities to known proteins, but they did reveal
high-confidence predictions of o-helical secondary structural
elements (Fig. 5C). Using a 3-repeat Neo sequence, we pre-
dicted the 3D protein fold using multiple independent meth-
ods, which yielded a structure reminiscent of HEAT repeats
and other alpha solenoids consisting of repeating antiparallel
a-helices (40, 41) (Fig. 5D and fig. S7D). To test this model,
we introduced helix-breaking proline residues into either the
loop connecting two o-helices, or into the helices directly
(Fig. 5D), and assessed the effects of these perturbations on
cell growth. Consistent with our structural model, insertions
into either helix eliminated Neo-induced growth arrest,
whereas the 1oop insertion mutant exhibited a dormancy phe-
notype similar to the WT Neo sequence (Fig. 5E).

Having found that Neo proteins exhibit conserved o-heli-
cal folds, we sought to experimentally test the conservation
of additional critical features of Neo production and cellular
function. We selected and cloned 5 diverse DRT2 homologs
(Fig. 5B and fig. S8A), and performed Nanopore sequencing
of total DNA from cells transformed with DRT2 expression
vectors to assess the distribution of neo cDNA repeat lengths.
Remarkably, nearly all of the tested systems exhibited RCRT
upon heterologous expression in E. coli, and the cDNAs
spanned a wide range of abundance levels and repeat lengths
(Fig. 5F). We also tested the effect of recombinant expression
of the Neo proteins predicted to be encoded by these con-
catemeric cDNAs. In all cases, Neo homolog expression led to
repeat length-dependent growth arrest, further confirming
the requirement for cDNA repeat concatenation in the pro-
grammed dormancy mechanism to defend against phage in-
fection (Fig. 5G and fig. S8B).

Collectively, these experiments establish the generaliza-
bility of the KpnDRT2 gene synthesis and antiphage defense
mechanisms across a large swath of related immune systems.

Discussion

Our work reveals an unprecedented mechanism of antivi-
ral immunity mediated by DRT2 defense systems (Fig. 5H).
In uninfected cells, the ncRNA and RT enzyme are constitu-
tively expressed from a single promoter, leading to synthesis
of a repetitive single-stranded cDNA via precise, programmed
template jumping that mediates rolling circle reverse
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transcription (RCRT). Upon phage infection, second-strand
synthesis is triggered, leading to the accumulation of double-
stranded, concatemeric cDNA molecules. A promoter created
across the junction between adjacent cDNA repeats then
leads to expression of abundant, heterogeneously sized
mRNAs encoding a stop codon-less, nearly endless ORF (72¢0).
It is the Neo protein, we propose, that acts as the effector arm
of the immune system by rapidly arresting cell growth and
inducing programmed dormancy, thus protecting the larger
bacterial population from the spread of phage.

This pathway complicates textbook descriptions of the
central dogma of molecular biology by highlighting complex
and repeated transitions back and forth between DNA- and
RNA-based carriers of genetic information, before translation
finally yields a protein product. Furthermore, it challenges
the universal paradigm that genes are encoded linearly along
the chromosomal axis. Genes across all three domains of life
are arranged in a polarized and singular orientation from
head to tail, even considering the existence of intron splicing
and discontinuous exon joining in eukaryotes. Although neo
proto-genes are similarly arranged, synthesis of the mature
gene form requires RNA-templated concatenation of the tail
of one proto-gene to the head of another. When considered
alongside other examples of strategies used by mobile ele-
ments to compactly encode genetic information, including ri-
bosomal frameshifting, overlapping ORFs, and nested genes,
our work adds another layer of complexity to the ways in
which protein-coding sequences can be stored in the genome.

Why would such an elaborate immune pathway and gene
synthesis mechanism have evolved? One potential explana-
tion is the need for stringent control of Neo expression. Our
initial attempts to clone recombinant Neo for functional test-
ing were fraught with challenges, including the rapid selec-
tion of loss-of-function mutants due to cellular toxicity,
suggesting an extreme fitness cost associated with even low
levels of Neo expression. It is likely that genomic encoding of
pre-assembled neo genes, under standard transcriptional
control mechanisms, would pose intolerable autoimmune
risk to the host. We therefore hypothesize that gating Neo ex-
pression behind multiple layers of regulation, including RNA-
templated cDNA synthesis, phage-triggered dsDNA synthesis,
and ArfA-mediated ribosome rescue, likely allowed a potent
dormancy factor to be stably maintained as part of the im-
mune response.

Perhaps the most mysterious aspect of DRT2 immunity
that remains to be elucidated is the structure and molecular
function of Neo. Although we detected unambiguous Neo-de-
rived peptides in phage-infected cells via mass spectrometry,
the necessary protease digestion steps precluded determina-
tion of its size. Our results indicate that a Neo polypeptide of
at least 3 repeats in length is necessary and sufficient to in-
duce cell dormancy, but it is worth noting that neo mRNAs

First release: 8 August 2024

science.org

range in size from 200 to >5,000 nt, and that translation
could in theory initiate from within any neo repeat, each of
which contains its own RBS. Thus, we anticipate that native
Neo proteins are similarly heterogeneous in size, potentially
spanning hundreds to thousands of amino acids. Mass spec-
trometry-based proteomics also highlighted ribosome hiber-
nation as a downstream effect of DRT2 immune system
function, though additional experiments will be necessary to
determine whether RMF activation is a direct consequence of
Neo, or, more likely, an indirect consequence of programmed
dormancy. The fact that RMF activation is driven by the
alarmone ppGpp (35), which causes dormancy and growth
arrest and is itself synthesized on ribosomes (42), raises the
possibility that Neo directly induces this cellular pathway. Fi-
nally, the conservation of «-helical repeat («Rep) domains
fused to reverse transcriptase domains in Class 1 DRT sys-
tems (19), which strongly resemble the predicted o-helical
fold of Neo, tantalizingly suggest a potential unifying theme
for the effector functions across all DRT systems.

Our discovery of highly efficient rolling circle reverse
transcription activity represents a unique biochemical behav-
ior that produces concatemeric, repetitive cDNA molecules
with precise junction sequences. Although many other char-
acterized reverse transcriptases exhibit intermolecular tem-
plate switching activity in vitro (43, 44), the intramolecular
template jumping mechanism we describe here is a striking
example of such an activity creating de novo protein-coding
genes in vivo, with direct implications for biological function.
Additional work will be needed to determine the specific ad-
aptations in the RT enzyme that facilitate this activity, but
our bioinformatics analyses and experimental results point to
the critical importance of conserved ncRNA structure and se-
quence motifs — in particular, the ACA motifs found abutting
and within SL2. These motifs likely guide reannealing of the
nascent cDNA transcript after one round of cDNA synthesis
to a second template immediately upstream of the cDNA start
site, thereby initiating a new round of cDNA synthesis. When
considered alongside other well-studied examples of pro-
grammed template switching — such as the synthesis of sub-
genomic RNAs by coronaviral RNA-dependent RNA
polymerases (45, 46), and the synthesis of full-length genomic
cDNAs by retroviral reverse transcriptases (47) — our work
expands the diversity of products that can be generated by a
single polymerase enzyme from its substrate.

Our results demonstrate that DRT2 systems constitutively
produce single-stranded concatemeric cDNA molecules in
the cell, but intriguingly, phage infection drives production
of a double-stranded form that is necessary for ensuing tran-
scription and translation. A critical area of future investiga-
tion will be identifying both the phage trigger(s) of second-
strand DNA synthesis, as well as the responsible polymerase.
Based in part on prior reports of group II intron-encoded RT
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enzymes possessing DNA-dependent DNA polymerase activ-
ity (24), we hypothesize that the DRT2-encoded RT itself gen-
erates dsDNA, but detailed biochemical experiments will be
needed to thoroughly investigate this possibility. Collectively,
the unique properties of DRT2-encoded enzymes offer con-
siderable potential for biotechnology applications that lever-
age templated DNA production in vivo (48-50), but with the
added advantage of programmed amplification. Notably, our
data demonstrate that rolling circle reverse transcription is
maintained with mutation of SL5 or the reverse transcription
start site, suggesting that DRT2 could be harnessed to pro-
duce high-copy concatemeric cDNAs with user-defined se-
quences.

The identification of Neo proteins disrupts conventionally
held notions of features that define protein-coding genes, as
well as our broader understanding of genome composition.
Current genome annotation algorithms generally rely on the
definition of an ORF as a translated sequence of at least 30
amino acids bounded by a start and stop codon (51). However,
only 26 codons of neo are identifiable from a linear view of
the K. pneumoniae genome, and the proto-gene lacks a stop
codon. Thus, neo genes are hidden in regions of genomes pre-
viously thought to be exclusively non-coding, suggesting that
alternative bioinformatics approaches will be needed in order
to discover similar genes that elude standard methods of ORF
prediction. These findings seem especially important when
considering the large proportion of non-coding DNA in
higher eukaryotes. For example, only ~1.5% of the human ge-
nome is thought to encode proteins (52). While much of the
remaining ~98.5% of genome content encodes RNAs with
known or predicted gene regulatory functions, we posit that
additional examples of Neo-like, non-canonical protein cod-
ing genes likely await future discovery in our own genomes.

Materials and methods

Plasmid and E. coli strain construction

All strains and plasmids used in this study are described
in tables S2 and S3, respectively. Briefly, plasmids were
cloned using a combination of methods, including Gibson as-
sembly, restriction digestion-ligation, ligation of hybridized
oligonucleotides, Golden Gate Assembly, and around-the-
horn PCR. Plasmids were cloned and propagated in E. coli
strain NEB Turbo (sSL0410), and all experiments were per-
formed in E. coli str. K-12 substr. MG1655 (sSL0O810). Clones
were verified by Sanger sequencing or whole plasmid se-
quencing. pLG007 (Retron-Ecol) and pLG010 (DRT type 2)
were gifts from Feng Zhang (Addgene plasmids # 157885, #
157888) (13). Single-gene knockout strains from the Keio col-
lection (563) were gifts from M. Gottesman. Substitution and
insertion mutations to the KpnDRT2 ncRNA are numbered
relative to the first nucleotide of the ncRNA, with insertion
numbering referencing the nucleotide immediately upstream
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of the inserted bases (for instance, A48G indicates mutation
of A at position 48 to G, and 53insG indicates insertion of G
downstream of position 53). Insertion mutations to Neo are
numbered relative to the first amino acid of each Neo repeat
(for instance, N2insP indicates insertion of P downstream of
residue N at position 2 within each repeat). For recombinant
expression of neo, coding sequences were bounded by start
and stop codons, and codon optimization was performed to
minimize nucleotide-level sequence identity between each re-
peat.

Phage amplification and plaque assays

Phage T5 (a gift from Michael Laub) was amplified in lig-
uid culture by diluting an overnight culture of MG1655 cells
1:100 in 10 mL fresh LB media, adding 50 uL of phage, and
incubating at 37°C for 3-4 hours. Chloroform was added to a
final concentration of 5% to facilitate complete bacterial lysis,
after which the lysate was centrifuged at 4,000 x g for 10 min
to pellet cell debris. The supernatant was passed through a
sterile 0.22 um filter, and the phage-containing filtrate was
stored at 4°C.

Small-drop plaque assays were performed as follows: E.
coli str. K-12 substr. MG1655 (sSL0810) or the indicated sin-
gle-gene deletion strains (see table S2 for strain descriptions
and genotypes), were transformed with the indicated plasmid
construct (see table S3 for plasmid descriptions and se-
quences) and plated on solid LB media. Single colonies were
inoculated in liquid LB media containing the appropriate an-
tibiotic and grown overnight at 37°C with shaking. The next
day, 100 uL of overnight culture were mixed with 4 mL
freshly prepared molten soft agar (0.5% agar in LB media
containing the appropriate antibiotic) at 42°C and poured
over solid bottom agar (1.5% agar in LB media containing the
appropriate antibiotic) in a 10 cm Petri dish. The soft agar
was allowed to solidify for 15 min at RT, during which 10x
serial dilutions of phage T5 in LB were prepared. For plating,
3 uL of each phage dilution were spotted onto the surface of
the soft agar lawn and were allowed to dry uncovered for 10
min under a laminar flow hood. Plates were incubated at
37°C for 8-16 hours to allow the formation of plaques. After
selecting a phage dilution with clearly distinguishable
plaques, plaque forming units (PFU) mL™" were calculated us-

numberof plaques
0.003ml x dilutionfactor -

fense activity was assessed by calculating the fold reduction
in efficiency of plating (EOP), which was determined by di-
viding the PFU mL! obtained on a lawn of empty vector (EV)
control cells by the PFU mL™ obtained on a lawn of defense
system-expressing cells.

ing the following formula: Phage de-
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RNA and cDNA immunoprecipitation and sequenc-
ing (RIP-seq and cDIP-seq)

E. coli str. K-12 substr. MG1655 (sSL0810) was trans-
formed with plasmids encoding C-terminally 3xFLAG-tagged
Retron-Ecol or N-terminally 3xFLAG-tagged KpnDRT2 (WT
or RT-inactive YCAA mutant), as well as their native flanking
sequences (see table S3 for plasmid sequences). Individual
colonies were inoculated in liquid LB with chloramphenicol
(25 ngmL™) and grown at 37°C to ODgo of 0.5. For experi-
ments +/— phage infection, 40 mL cultures were split in half,
and phage T5 was added to one half at a multiplicity of infec-
tion (MOI) of 5, which was calculated as the ratio of phage
PFU to bacterial colony forming units (CFU), assuming 8x108
CFU in 1 mL culture at ODgoo of 1.0. Uninfected and infected
cultures were grown for 1 hour at 37°C. For experiments with-
out phage infection, 20 mL cultures were grown to ODgoo Of
0.5 and directly harvested. Cells were harvested by centrifu-
gation at 4,000 x g for 10 min at 4°C, and the supernatant was
removed. The pellet was washed with 5 mL of cold TBS (20
mM Tris-HCI, pH 7.5 at 25°C, 150 mM NaCl) and spun down
again as before. The supernatant was removed, and the pellet
was washed with 1 mL of cold TBS before centrifugation at
10,000 x g for 5 min at 4°C. The supernatant was removed,
and the pellet was flash-frozen in liquid nitrogen and stored
at -80°C.

Antibodies for immunoprecipitation were conjugated to
magnetic beads as follows: for each sample, 60 uL. Dynabeads
Protein G (Thermo Fisher Scientific) were washed 3x in 1 mL
IP lysis buffer (20 mM Tris-HCI, pH 7.5 at 25°C, 150 mM KClI,
1 mM MgCl,, 0.2% Triton X-100), resuspended in 1 mL IP lysis
buffer, combined with 20 uL anti-FLAG M2 antibody (Sigma-
Aldrich, F3165), and rotated for > 3 hours at 4°C. Antibody-
bead complexes were washed 2x to remove unconjugated an-
tibodies and resuspended in 60 uL of IP lysis buffer per sam-
ple.

Flash-frozen pellets were thawed on ice and resuspended
in 1.2 mL IP lysis buffer supplemented with 1x cOmplete Pro-
tease Inhibitor Cocktail (Roche) and 0.1 U uL™* SUPERaseeIn
RNase Inhibitor (Thermo Fisher Scientific). To lyse cells,
samples were sonicated using a 1/8" sonicator probe for 1.5
min total (2 s ON, 5 s OFF) at 20% amplitude. To clear cell
debris and insoluble material, lysates were centrifuged at
21,000 x g for 15 min at 4 °C, and 1 mL supernatant was trans-
ferred to a new tube. At this point, two small volumes of each
sample (10 uL for RIP-seq and 10 uL for cDIP-seq) were set
aside as “input” starting material and stored at -80°C. For im-
munoprecipitation, each sample was combined with 60 uL
antibody-bead complex and rotated overnight at 4°C. The
next day, each sample was washed 3x with 1 mL ice-cold IP
wash buffer (20 mM Tris-HCI, pH 7.5 at 25°C, 150 mM KCl, 1
mM MgCl,), using a magnetic rack to immobilize the beads
in between each wash. During the final wash, each sample
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was separated into two separate 500 uL volumes for down-
stream RIP or cDIP processing.

For RIP elution, the supernatant was removed, and beads
were resuspended in 750 uL TRIzol (Thermo Fisher Scien-
tific). After 5 min incubation at RT, the supernatant contain-
ing eluted RNA was transferred to a new tube and combined
with 150 uL chloroform. Samples were mixed vigorously by
inversion, incubated at RT for 3 min, and centrifuged at
12,000 x g for 15 min at 4°C. RNA was isolated from the upper
aqueous phase using the RNA Clean & Concentrator-5 kit
(Zymo Research) and eluted in 15 uL. RNase-free water. RNA
from input samples was isolated in the same manner using
TRIzol and column purification. Purified RNA was stored at
-80°C before proceeding to library preparation.

For cDIP elution, the supernatant was removed, and
beads were resuspended in 90 uL IP wash buffer and treated
with 5 ug RNase A (Thermo Fisher Scientific) for 30 min at
37°C. Input samples were adjusted to 90 uL with IP wash
buffer and treated with RNase A in parallel. SDS was added
to IP and input samples to a final concentration of 1%, and
samples were treated with 25 ug Proteinase K (Thermo Fisher
Scientific) for 30 min at 55°C. Beads were immobilized using
a magnetic rack, and the supernatant containing eluted DNA
was transferred to a new tube. DNA was isolated using the
Monarch PCR and DNA Cleanup kit (NEB), following the Ol-
igonucleotide Cleanup protocol and eluting in 15 uL. DNase-
free water. For Retron-Ecol samples, DNA was treated with
DBRI1 (Origene) in reactions containing 2 uL DNA, 0.5 uL
DBR], 1x rCutSmart in 10 uL total volume, in order to cleave
the 2'-5' phosphodiester linkage between the RNA and DNA
components of msDNA. Reactions were cleaned up using the
Monarch PCR and DNA Cleanup kit (NEB), with elution in 15
pL DNase-free water. Purified DNA was stored at -80°C be-
fore proceeding to library preparation.

For RIP-seq library preparation (input and RIP eluates),
RNA was fragmented by random hydrolysis by combining 7
uL RNA, 6 uL water, and 2 uL. NEBuffer 2, and heating to
92°C for 2 min. To remove DNA and prepare RNA ends for
adapter ligation, samples were treated with 2 uL. TURBO
DNase (Thermo Fisher Scientific) and 2 uL. RppH (NEB) in
the presence of 1 uL. SUPERase«In RNase Inhibitor for 30 min
at 37°C. This was followed by treatment with 1 uL. T4 PNK
(NEB) in 1x T4 DNA ligase buffer (NEB) for 30 min at 37°C.
Reactions were column-purified using the Zymo RNA Clean
& Concentrator-5 kit and eluted in 10.5 uL. RNase-free water.
RNA concentrations were quantified using the DeNovix RNA
Assay. Illumina sequencing libraries were prepared using the
NEBNext Small RNA Library Prep Kkit, and libraries were se-
quenced on an Illumina NextSeq 500 in paired-end mode
with 150 cycles per end.

For cDIP-seq library preparation, 2 uL of each input sam-
ple and 10 uL of each IP eluate were diluted to 15 uL with
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DNase-free water. Samples were denatured by heating at
95°C for 2 min, and then immediately placed on ice. Ligation
of Illumina adapters and conversion of sSSDNA to dsDNA were
performed using the xGen ssDNA & Low-Input DNA Library
Prep Kit (IDT), and libraries were sequenced on an Illumina
NextSeq 500 in paired-end mode with 150 cycles per end.

RIP-seq and total RNA-seq analyses

RIP-seq and corresponding input datasets were processed
using cutadapt (54) (v4.2) to remove Illumina adapter se-
quences, trim low-quality ends from reads, and filter out
reads shorter than 15 bp. Reads were mapped to combined
reference files containing the MGI1655 genome
(NC_000913.3) and relevant plasmid sequence, as well as the
T5 genome (NC_005859.1) for +/- infection experiments, us-
ing bwa-mem2 (55) (v2.2.1) with default parameters.
SAMtools (56) (v1.17) was used to sort and index alignments.
Coverage tracks were generated using bamCoverage (57)
(v3.5.1) with a bin size of 1, separation of top and bottom
strand alignments, and scaling of coverage according to se-
quencing depth (based on the total number of reads passing
initial trimming and length filtering). Coverage tracks were
visualized in IGV (58).

For transcriptome-wide analyses of RNAs enriched by
RIP-seq, aligned reads were assigned to annotated transcrip-
tome features using featureCounts (59) (v2.0.2) with -s 1 for
strandedness. The resulting counts matrices were passed to
DESeq2 (60) to calculate fold-change and FDR (using the
Benjamini-Hochberg procedure) between input and IP for
each annotated transcript. Comparisons were visualized us-
ing ggplot2, plotting the “baseMean” (mean normalized
counts across all conditions) against logs(fold change). All
comparisons included three independent biological repli-
cates.

For counting of neo repeat junction-spanning reads in RIP
input (i.e., total RNA) samples, a custom reference sequence
was made which consisted of two concatenated neo cDNA re-
peats. A 20-bp feature annotation was added, centered at the
repeat-repeat junction. Reads were aligned to the custom ref-
erence sequence using bwa-mem?2, and featureCounts was
used to count alignments spanning the junction annotation.
The resulting counts were normalized for sequencing depth.

¢DIP-seq and total DNA sequencing analyses

Adapter trimming, quality trimming, and length filtering
of cDIP-seq and corresponding input datasets were per-
formed as described above for RIP-seq experiments. Trimmed
and filtered reads were mapped to combined reference files,
sorted, indexed, and plotted onto coverage tracks as de-
scribed above. Alignments over annotated transcriptome fea-
tures were counted using featureCounts with -s 2 for
strandedness. The resulting counts matrices were processed

First release: 8 August 2024

science.org

by DESeq2 and plotted as described above. All transcriptome-
wide comparisons were performed using three independent
biological replicates.

In order to plot cDNA 5’ and 3' ends over the KpnDRT2
ncRNA locus, cDIP-seq alignment coordinates were extracted
using the bamtobed utility from bedtools (61) (v2.31.0). The
5' boundary of each read pair was determined as the start
coordinate of read 1, for transcripts on the top strand, or the
end coordinate of read 1, for transcripts on the bottom strand.
Meanwhile, the 3’ boundary of each read pair was deter-
mined as the end coordinate of read 2, for transcripts on the
top strand, or the start coordinate of read 2, for transcripts
on the bottom strand. The boundary coordinates thus defined
for each read pair were plotted as a histogram over the
KpnDRT2 ncRNA locus.

For counting of reads mapping to the KpnDRT2 cDNA, a
custom annotation file was created which defined the DRT2
cDNA feature based on the coverage boundaries from cDIP-
seq of KpnDRT2. Alignments over this feature were counted
using featureCounts with -s 2 for strandedness and-minQOver-
lap 60. Counting of neo repeat-repeat junction-spanning
reads was performed as described above for RIP input sam-
ples. The proportion of junction-spanning versus non-junc-
tion-spanning cDNA alignments was calculated by dividing
the junction-spanning read counts by the total number of
reads mapped to the custom concatenated reference se-
quence.

To analyze cDIP-seq reads with soft-clipped extensions be-
yond the DRT2 cDNA coverage boundary, cutadapt was used
to extract reads containing the full-length KpnDRT2 cDNA
and then trim the cDNA repeat sequence from the 5' end of
the read. This step produced trimmed reads containing only
the portion of the read extending beyond the coverage bound-
ary. The extensions were subsequently mapped back to the
combined MG1655 genome, T5 phage, and DRT2 plasmid ref-
erence using bwa-mem2. Coverage tracks of the alignments
were generated using bamCoverage.

dRNA-seq

To precisely map the transcription start site of the
KpnDRT2 ncRNA, a custom RNA-seq library preparation pro-
tocol was used to enrich primary transcripts from the total
RNA pool, as previously described (22). E. coli MG1655 cells
transformed with a plasmid encoding KpnDRT2 were grown
to exponential phase, and total RNA was extracted using TRI-
zol (Thermo Fisher Scientific). 1 ug of total RNA was frag-
mented in 1x NEBuffer 2 by heating at 92°C for 1.5 min.
DNase treatment was performed with 1 uL. TURBO DNase
(Thermo Fisher Scientific) in the presence of 1 uL
SUPERase«In RNase Inhibitor (Thermo Fisher Scientific) for
10 min at 37°C. Samples were treated with 1 uL T4 PNK in 1x
T4 DNA ligase buffer (NEB) at 37°C for 30 min and purified
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using the Zymo RNA Clean & Concentrator-5 Kkit. Samples
were split in two and either treated to enrich primary tran-
scripts or used as untreated controls. To enrich primary tran-
scripts with tri-phosphorylated 5' ends, samples were
treated with 1 uL of Terminator Exonuclease (Biosearch
Technologies) in 1x Terminator Reaction Buffer A (Biosearch
Technologies) supplemented with 0.5 pL SUPERaseeIn
RNase Inhibitor (Thermo Fisher Scientific). Reactions were
incubated at 30°C for 1 hour and stopped by adding EDTA to
a final concentration of 5 mM. Samples were purified using
the Zymo RNA Clean & Concentrator-5 kit, and then treated
with 2 uL. RppH (NEB) in 1x NEBuffer 2 supplemented with
1 uLL SUPERase«In RNase Inhibitor (Thermo Fisher Scien-
tific). Reactions were incubated at 37°C for 30 min and puri-
fied using the Zymo RNA Clean & Concentrator-5 Kit.
Illumina sequencing libraries were prepared using the NEB-
Next Small RNA Library Prep Kit, and libraries were se-
quenced on an Illumina NextSeq 500 in single-end mode with
75 cycles per end.

Adapter trimming, quality trimming, and length filtering
of dRNA-seq reads were performed as described above for
RIP-seq experiments. Trimmed and filtered reads were
mapped to reference files using bowtie2 (62) (v2.4.5) with de-
fault parameters. Alignments were sorted and indexed as de-
scribed above. Alignment coordinates were extracted from
read 1 using the bamtobed utility from bedtools (v2.31.0). The
5" boundary of each read was determined as the start coor-
dinate of read 1, for transcripts on the top strand, or the end
coordinate of read 1, for transcripts on the bottom strand. The
5' boundary thus defined for each read was plotted as a his-
togram over the KpnDRT2 ncRNA locus. Transcription start
sites were evaluated based on enrichment of a given position
in the Terminator Exonuclease-treated sample compared to
the untreated control.

Term-seq

Term-seq was performed to enrich the 3’ ends of tran-
scripts, as previously described (23), using the same RNA
sample as used for dARNA-seq. 1 ug of total RNA was treated
with 1 uL TURBO DNase in 1x TURBO DNase Buffer (Thermo
Fisher Scientific) supplemented with 1 pL. SUPERaseeIn
RNase Inhibitor (Thermo Fisher Scientific) for 10 min at
37°C, followed by cleanup using the Zymo RNA Clean & Con-
centrator-5 kit. Ligation of an i7 Illumina adapter to RNA 3’
ends was performed using the NEBNext Small RNA Library
Prep Kit, followed by cleanup using the Zymo RNA Clean &
Concentrator-5 kit. Samples were fragmented in 1x NEBuffer
2 by heating at 92°C for 1.5 min, then treated with 2 uL. RppH
(NEB) in the presence of 1 uL. SUPERase«In RNase Inhibitor
(Thermo Fisher Scientific) for 30 min at 37°C. This was fol-
lowed by treatment with 1 uL. T4 PNK in 1x T4 DNA ligase
buffer (NEB) at 37°C for 30 min and cleanup using the Zymo
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RNA Clean & Concentrator-5 Kit. Illumina library preparation
continued with the remainder of the NEBNext Small RNA Li-
brary Prep protocol after the initial i7 adapter ligation step.
Libraries were sequenced on an Illumina NextSeq 500 in sin-
gle-end mode with 75 cycles per end.

Adapter trimming, quality trimming, and length filtering
of Term-seq reads were performed as described above for
RIP-seq experiments. Trimmed and filtered reads were
mapped to reference files using bowtie2 (62) (v2.4.5) with de-
fault parameters. Alignments were sorted and indexed as de-
scribed above. Alignment coordinates were extracted from
read 2 using the bamtobed utility from bedtools (v2.31.0). The
3' boundary of each read was determined as the end coordi-
nate of read 2, for transcripts on the top strand, or the start
coordinate of read 2, for transcripts on the bottom strand.
RNA 3' ends were plotted as a histogram over the KpnDRT2
ncRNA locus.

Long-read DNA sequencing

Total DNA was extracted from E. coli str. K-12 substr.
MG1655 (sSL0810) cells transformed with the indicated
DRT?2 expression vectors, using the Wizard Genomic DNA pu-
rification kit (Promega). For experiments performed in the
absence of phage infection, single-stranded DNA was con-
verted to double-stranded DNA using the Adaptase and Ex-
tension modules of the xGen ssDNA & Low-Input DNA
Library Prep Kit (IDT). DNA was then purified using 1.2x AM-
Pure XP beads (Beckman Coulter). This dsDNA conversion
step was omitted for experiments performed in the presence
of phage, as the Adaptase reaction is biased toward short
ssDNA fragments (see user manual), and because phage in-
fection is expected to trigger the in vivo conversion of single-
stranded DRT2 cDNA to double-stranded DNA. DNA samples
were prepared for long-read sequencing using the Native Bar-
coding Kit (Oxford Nanopore), following the manufacturer’s
protocol. Sequencing using an ONT MinION was performed
with real time basecalling, barcode balancing, minimum read
length of 200 bp, read splitting on, and minimum Q score of
8.

Adapter trimming and barcode trimming were performed
with guppy barcoder (v6.5.7). To filter out non-cDNA reads,
minimap2 (63) (v2.26) was used to align reads to plasmid ref-
erence sequences in which the expected cDNA region had
been removed, as well as to the E. coli genome. Unmapped
reads were then extracted for downstream analysis using
SAMtools. The number of cDNA repeats detected in each se-
quencing read was determined using countPattern from the
Biostrings package (v2.70.3) in R, and counts were normal-
ized to the total number of sequenced reads for each sample.
For visualization of concatemeric cDNAs from the phage-in-
fected KpnDRT2 sample, reads were aligned to an artificial
reference sequence using the built-in aligner in Geneious
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with medium sensitivity and an iteration of up to five times.
The artificial reference sequence was created by concatenat-
ing up to 50 repeats of the cDNA template. To ensure that
reads were aligned to the start of the cDNA concatemer, and
not stochastically across the repeated sequence, an ‘anchor’
sequence was appended to the 5' end of the first strand in
all filtered sequences and the beginning of the cDNA con-
catemer sequence, thereby enforcing synchronous alignment
starting at the 5’ end of the cDNA. Coverage over the refer-
ence cDNA concatemer was then exported for visualization.

Liquid chromatography with tandem mass spec-
trometry

E. coli str. K-12 substr. MG1655 (sSL0810) cells trans-
formed with the indicated DRT2 expression vectors were
grown at 37°C in 50 mL LB with chloramphenicol (25
ngmL™) to ODgy of 0.5. Phage T5 was added at MOI 5 and
cultures were infected for 1 hour. Cells were harvested by cen-
trifugation at 4,000 x g for 10 min at 4°C, and the supernatant
was discarded. The pellet was washed with 5 mL cold TBS (20
mM Tris-HCl, pH 7.5 at 25°C, 150 mM NaCl) and spun down
again as before. The supernatant was removed, and the pellet
was washed with 1 mL of cold TBS before centrifugation at
20,000 x g for 5 min at 4°C. The supernatant was removed,
and the pellet was flash-frozen in liquid nitrogen and stored
at -80°C.

Flash-frozen pellets were thawed on ice and resuspended
in 1 mL lysis buffer (100 mM ammonium bicarbonate, 2% so-
dium deoxycholate). Cells were sonicated using a 1/8" soni-
cator probe for 1.5 min total (5 s ON, 10 s OFF) at 20%
amplitude. Lysates were heated to 95°C for 10 min. Protein
concentrations were assessed using the Pierce BCA assay
(Thermo Fisher Scientific). 50 ug of each sample were sub-
jected to reduction by DTT and alkylation by IAA before be-
ing precipitated onto SP3 beads as previously described (64).
The beads were washed and then the samples were split in
two, to be digested under different digestion conditions. In
one condition, proteins underwent on-bead digestion by tryp-
sin, glu-c, and chymotrypsin; this protease mixture was spe-
cifically chosen to generate peptides from the Kpn Neo
protein in an amino acid length range suitable for detection
by LC-MS/MS (fig. S5A). In the other condition, proteins un-
derwent on-bead digestion by trypsin alone. This more con-
ventional digestion approach was adopted to facilitate the
analysis of global proteomic changes that occurred under the
different experimental conditions. Each of the proteases was
added in a 1:50 enzyme:substrate ratio for overnight diges-
tion at room temperature.

Whole proteome, label-free MS analyses were performed
by data-independent acquisition (DIA). Approximately 1 ug
of total peptides was analyzed on a Waters M-Class UPLC us-
ing a 15 cm IonOpticks Aurora Elite column (75 ym inner
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diameter; 1.7 um particle size; heated to 45°C) coupled to a
benchtop Thermo Fisher Scientific Orbitrap Q Exactive HF
mass spectrometer. Peptides were separated at a flow rate of
400 nL/min with a 150 min gradient, including sample load-
ing and column equilibration times. Data were acquired in
data-independent mode using Xcalibur 4.5 software. MS1
Spectra were measured with a resolution of 120,000, an AGC
target of 3 x 10° and a mass range from 350 to 1600 m/z. Per
MS1, 29 equally distanced, sequential segments were trig-
gered at a resolution of 30,000, an AGC target of 3 x 109, a
segment width of 43 m/z, and a fixed first mass of 200 m/z.
The stepped collision energies were set to 22.5, 25, and 27.

Two separate searches were conducted for the two diges-
tion conditions. All DIA data were analyzed with Spectronaut
software (65) (v18.6) using directDIA analysis methodology
against a combined reference database including the E. coli
proteome (NCBI RefSeq assembly GCF_000005845.2), T5
phage proteome (NCBI RefSeq assembly GCF_000858785.1),
and the KpnDRT2 RT and Neo (5 repeat) sequences. Cysteine
carbamidomethylation was set as a fixed modification, and
methionine oxidation and N-terminal acetylation were set as
variable modifications. For the Neo-targeted experiment,
trypsin, glu-c, and chymotrypsin were set as the digestion en-
zymes. For the global proteomics experiment, trypsin was set
as the digestion enzyme. Normalization was performed using
‘automatic normalization’ in Spectronaut. Imputation was
performed using ‘global imputation’ in Spectronaut for the
global proteomics experiment, and was not performed for the
Neo-targeted experiment. For differential protein abundance
analysis, calculation of log,(fold change) and g-value was per-
formed by Spectronaut using three independent biological
replicates for each condition.

Concatemeric RNA production time course

For time course experiments measuring concatemeric
RNA production during T5 infection of DRT2-expressing
cells, E. coli MG1655 cells were transformed with plasmids
encoding WT or catalytically inactive (YCAA) KpnDRT2 and
grown to mid-log phase. An aliquot of each pre-infection cul-
ture was taken as the t = 0 time point. Infections were initi-
ated by adding phage at an MOI of 5. Over the course of 2
hours of incubation with shaking at 37°C, aliquots of each
culture were taken for RNA extraction and processed as de-
scribed below.

RT-gPCR

Samples for RT-qPCR analysis were prepared with three
independent biological replicates. At each timepoint, 1 mL of
culture was removed and centrifuged at 3,000 x g for 3 min.
The supernatant was discarded, and the pellet was resus-
pended in 750 uL of TRIzol and incubated at room tempera-
ture for 5 min. 150 ul of chloroform were added, and samples
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were mixed by shaking and centrifuged at 12,000 x g for 15
min at 4°C. The upper aqueous phase was transferred to a
new tube and mixed with an equal volume of absolute etha-
nol. Total RNA was purified using the Monarch RNA Cleanup
Kit (NEB) and stored at -80°C.

cDNA synthesis was performed using 500 ng of total RNA
as the input, which was first treated with 1 ul of dsDNase
(Thermo Fisher Scientific) in 1x dsDNase reaction buffer in a
final volume of 10 uL, and incubated at 37°C for 2 min. Reac-
tions were stopped by adding DTT to a final concentration of
10 mM and heating to 55°C for 5 min. Reverse transcription
was performed using the iScript cDNA Synthesis Kit (BioRad)
following the manufacturer's instructions. The samples were
stored at -20°C.

Quantitative PCR was performed in 10 uL reactions con-
taining 5 uL SsoAdvanced Universal SYBR Green Supermix
(BioRad), 0.5 uL of each primer pair at 10 uM concentration,
and 4 uL of 25-fold diluted cDNA. Primers were designed to
span the cDNA repeat junction. For normalization, primer
pairs that anneal to the reference gene rrsA were used. Reac-
tions were prepared in 384-well PCR plates (BioRad), and
measurements were performed on a CFX384 RealTime PCR
Detection System (BioRad) using the following thermal cy-
cling parameters: polymerase activation and DNA denatura-
tion (98°C for 2.5 min), 40 cycles of amplification (98°C for
10 s, 62°C for 20 s), and terminal melt-curve analysis (de-
crease from 95°C to 65°C in 0.5°C/5 s increments). Values are
plotted as abundance of concatemeric RNA, relative to 77sA4,
relative to the WT sample at t = 0 (222%9), All primer se-
quences are provided in table S4.

Northern blotting

RNA samples collected for RT-qPCR analysis, described
above, were also used for Northern blotting analysis. After
RNA purification by TRIzol and the Monarch RNA Cleanup
Kit, samples were treated with TURBO DNase in TURBO
DNase buffer (Thermo Fisher Scientific) for 30 min at 37°C.
Reactions were cleaned up using the Monarch RNA Cleanup
Kit, and RNA concentrations were measured using the DeNo-
vix RNA Assay.

Northern blotting was performed as previously described
(66), with modifications. In brief, equal amounts of RNA (1.2
ug) were adjusted to 8 uL total volume with water and com-
bined with 22 uL denaturing mix (15 uL formamide, 5.5 uL
formaldehyde, and 1.5 uL 10x MOPS). Samples were heated
at 55°C for 15 min prior to separation on a denaturing agarose
gel (1% agarose, 3.7% formaldehyde, 1x MOPS buffer) for 2.5
hours at 80 V. RNA was transferred to a Hybond-N+ mem-
brane (GE Healthcare) by upward capillary transfer in 10x
SSC (1.5 M Na(l, 0.15 M trisodium citrate dihydrate, pH 7).
The next day, RNA was crosslinked to the membrane using a
UV crosslinker, and the membrane was pre-hybridized in
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ULTRAyb-Oligo buffer (Thermo Fisher Scientific) for 1 hour
at 42°C. A biotinylated oligonucleotide probe specific for the
concatemeric RNA repeat-repeat junction was added to the
hybridization buffer at a final concentration of 5 nM and hy-
bridization was performed overnight at 42°C. The next day,
the membrane was washed twice with Wash Buffer 1 (2x SSC
with 0.1% SDS) and twice with Wash Buffer 2 (0.1x SSC with
0.1% SDS). The membrane was developed using the Chemilu-
minescent Nucleic Acid Detection Module Kit (Thermo
Fisher Scientific) and imaged with an Amersham Imager 600
(GE Healthcare). The membrane was then stripped using
boiling 0.1% SDS, pre-hybridized with ULTRAhyb-Oligo
buffer, and reprobed using a biotinylated oligonucleotide
probe specific for 16S rRNA. Hybridization, washes, and im-
aging were done as before. All probe sequences are provided
in table S4.

Infection response growth curves

Overnight cultures of E. coli MG1655 cells transformed
with either empty vector (EV) or WT DRT2 expression vector
were diluted 1:100 in LB with chloramphenicol (25 ugmL™),
grown to exponential phase, and normalized to ODggo of 0.2.
180 uL of cell culture were transferred into wells of a 96-well
optical plate containing 20 uL of T5 lysate diluted to result in
a final MOI of 5 or 0.05, or 20 uL of LB for the uninfected
condition. The plate was incubated for 5 hours at 37°C with
shaking. ODgoo values were recorded every 10 min using a
Synergy Neo2 microplate reader (Biotek).

Plaque and colony formation time course

For time course experiments measuring plaque forming
units (PFU) and colony forming units (CFU) during T5 infec-
tion of DRT2-expressing cells, E. coli MG1655 cells were trans-
formed with plasmids encoding WT or catalytically inactive
(YCAA) KpnDRT2, grown to mid-log phase, and divided into
uninfected and infected conditions. An aliquot of each cul-
ture was taken as the t = 0 time point for CFU counting, and
an aliquot of pure phage lysate was taken as the t = 0 time
point for PFU counting. Infections were initiated by adding
phage at an MOI of 10, and uninfected control cultures were
grown in parallel. Over the course of 2 hours of incubation
with shaking at 37°C, aliquots of each culture were taken for
phage titer measurements or colony counting as described
below.

Phage titer measurements

Aliquots of each infected culture were removed at the in-
dicated time points and immediately treated with chloroform
(4% final concentration) in order to lyse cells and terminate
infections. Lysates were centrifuged at 3,000 x g for 3 min in
order to pellet cell debris. Supernatants containing phages
were serially diluted in LB, and plaque forming units per
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milliliter (PFU/mL) were enumerated using the plaque assay
protocol described above.

Colony counting

Aliquots of each culture were removed at the indicated
time points. Cells were pelleted at 3,000 x g for 3 min, washed
with 1 mL LB media, and resuspended in fresh LB in order to
remove residual phages. Serial dilutions of each culture were
prepared and 7.5 uL of each dilution were spot-plated on LB
agar supplemented with chloramphenicol (25 ug mL™). Plates
were incubated overnight at 37°C, and colonies were counted
the next day. Colony forming units per milliliter (CFU/mL)
were  calculated using the following  formula:

numberof colonies

0.0075 mlx dilutiuonfactor -

Resazurin cell viability assays

Cell viability was evaluated with the resazurin-based rea-
gent alamarBlue HS (Thermo Fisher Scientific). 200 uL cul-
tures were prepared as described above for cell growth
experiments performed at varying MOIs. Infections pro-
ceeded for 3 hours before 180 uL of cell culture were mixed
with 20 uL of alamarBlue HS and incubated with shaking at
37°C. During incubation, fluorescence was measured in rela-
tive fluorescence units every 10 min according to the manu-
facturer’s guidelines, using a Synergy Neo2 microplate reader
(Biotek) with a monochromator module set to a fixed gain
setting of 75. The fluorescence of blank LB controls was sub-
tracted as background from all other measured values.

Neo induction experiments

Cellular growth curves

E. coli MG1655 cells were transformed with plasmids en-
coding various repeat lengths of WT or mutant Neo. Individ-
ual colonies were inoculated in LB supplemented with
kanamycin (50 pyg mL™) and glucose (2%) and grown until
cells reached ODsgo 0.8-1.0. The cells were then pelleted and
resuspended in LB media with kanamycin (50 ug mL™). For
each sample, ODsoo density was normalized to 0.1, and 200 uL
of cell suspension were transferred to a 96-well clear-bottom
plate. The ODgsoo Was measured using a Synergy Neo2 micro-
plate reader (Biotek) while shaking at 37 °C for 50 min (until
ODgoo reached ~0.3). Neo expression was then induced by the
addition of arabinose (final concentration 0.5%) and theo-
phylline (final concentration 0.5 mM), and cell growth was
monitored for another 2 hours. For experiments testing the
induction of diverse Neo homologs, growth rates were calcu-

In (OD600t )— In (OD600o )
t—t,

time window of 30 min to 80 min after induction was used to

calculate the growth rate for each condition.

lated using the formula u= . The
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Spot assays and CFU counting after Neo induction

To assess cell viability after KpnNeo induction, a small
volume from each well of the growth curve experiment de-
scribed above was taken for plating on LB agar. 10x serial
dilutions of each culture were prepared and spot-plated on
LB agar supplemented with either kanamycin (50 ug mL™)
and glucose (2%), or kanamycin (50 ugmL™), arabinose
(0.5%), and theophylline (0.5 mM). Plates were incubated
overnight at 37°C, and colony forming units per milliliter
(CFU/mL) were counted the next day.

Protein secondary structure prediction

Six Neo protein sequences were aligned with MAFFT (67)
(LINSI option; v7.520), and the resulting alignment was vis-
ualized with Jalview (68) (v2.11.3.2). Secondary structural el-
ements were predicted by submitting the alignment to Ali2D
(69). The consensus predicted structure annotations and
mean confidence values are plotted above the alignment in
Fig. 5C.

Protein tertiary structure prediction

The Neo 3D structure was modeled using three independ-
ent prediction tools. The primary amino acid sequence of
KpnNeo was used as input for AlphaFold2 using MMseqs2
(via ColabFold), (70, 7I) and the same sequence was used as
input for ESMFold (72). A multiple sequence alignment
(MSA) of the Neo homologs shown in Fig. 5C was used as in-
put for trRosetta (73). All predictions were based on 3 concat-
enated repeats of Neo.

Start codon prediction

The Kpn neo start codon was predicted using the RBS Cal-
culator tool (74), using one cDNA repeat unit as the input se-
quence and specifying K. pneumoniae as the host organism.

Sequence identity matrices

Pairwise sequence identity matrices were generated in Ge-
neious from MAFFT alignments of ncRNA and cDNA nucleic
acid sequences, or of RT and Neo amino acid sequences, us-
ing default settings. Accession numbers for RT proteins are
listed in table S5.

ncRNA covariance modeling

Homologs of KpnDRT2 were identified using the RT
amino acid sequence (WP_012737279.1) as the seed query in
a BLASTP search of the NR protein database (max target se-
quences = 100). Nucleotide sequences 1 kb upstream and
downstream of RT genes were retrieved, clustered at 99.9%
sequence identity to remove replicates using CD-HIT (75)
(v4.8.1), and aligned using MAFFT (76) (v7.505). The resulting
alignment was trimmed at the 5’ and 3' ends to the exact
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boundaries of the ncRNA, as determined by RIP-seq experi-
ments with KpnDRT?2. These putative ncRNA sequences were
clustered at 95% sequence identity using CD-HIT and rea-
ligned using mLocARNA (77) (v1.9.1) with default parameters.
The resulting structure-based multiple sequence alignment
was used to build and calibrate a covariance model (CM) us-
ing the Infernal suite (78) (v1.1.4). The CMsearch function of
Infernal was then used to scan through nucleotide sequences
of additional drt2 loci and 1-kb flanking regions, generated
by an expanded BLASTP search (max target sequences =
5000) queried on KpnDRT2 and clustered at 85% sequence
identity using CD-HIT. The final hits (n = 303 DRT2 loci, in-
cluding KpnDRT2) from the CM used to identify KpnDRT2-
like ncRNAs were evaluated for statistically significant co-
varying base pairs with R-scape (79) at an E-value threshold
of 0.05 (fig. S2D).

RNA secondary structure prediction

To mitigate potential variability in results from free en-
ergy-based secondary structure predictions, evolutionary in-
formation was incorporated to inform structure inference.
Covariance modeling (see above and fig. S2D) indicated that
the DRT2 ncRNA is segmented into three major regions: 5'
scaffold, reverse transcription template, and 3' scaffold.
Each region was folded separately using RNAfold (80) and
visualized using RNAcanvas (81) prior to reconstruction into
a single structural prediction.

Phylogenetic analyses

An initial set of DRT2 sequences was identified by query-
ing the KpnRT protein sequence (WP_012737279.1) against
the NR database with PSI-BLAST (3 iterations; default set-
tings) (82). The top 500 results from this search did not pro-
duce any clusters at a threshold of 80% amino acid identity,
so this diverse set of homologs was used for an additional
BLASTP (-evalue 0.01 -max_target_seqs 1000000) search of a,
local copy of the NCBI NR database (downloaded on April 4,
2023). The resulting hits were further restricted to an e-value
cutoff of 1 x 107%, resulting in a set of 3,056 protein acces-
sions, for which identical protein group (IPG) information
was pulled from NCBI with the Batch Entrez tool. Where pos-
sible, two genomes encoding each unique DRT2 homolog
were randomly sampled from the IPG information, and these
genomic sequences were retrieved from NCBI with the Batch
Entrez. DRT2 homologs for which we were unable to retrieve
IPG information or genomic sequences were removed from
the analysis, resulting in a final dataset of 2,116 DRT2 homo-
logs (table S1). 616 protein sequences in this final DRT2 da-
taset were also identified as DRT2 homologs in a previous
analysis of reverse transcriptases (19), while no other non-
DRT2 homologs from that previous analysis were present in
our dataset. Finally, this set of DRT2 sequences was aligned
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with MAFFT (LINSI option; v7.520) and a phylogenetic tree
was constructed with FastTree (83) (-wag -gamma,; 2.1.11), be-
fore being visualized with iTOL (84). A subtree of KpnDRT2-
like sequences was constructed by manually subsetting the
tree in fig. S6A to include only a monophyletic clade encom-
passing KpnDRT2. Eight sequences with unexpectedly long
branch lengths were manually pruned from this subtree, re-
sulting in a phylogeny of 539 KpnDRT2-like sequences
(Fig. 5B).

Systematic ncRNA and Neo prediction

An updated KpnDRT2-like CM (v2) was built by retrieving
genomes for the top 500 DRT2 hits from the PSI-BLAST
search described above, extracting the DRT2 loci (drt2 +/- 1
kb), searching each locus with the CMsearch function of In-
fernal (v1.1.5; default parameters), aligning hits that met the
inclusion threshold (n = 287) with LocARNA (v2.0.0; mlo-
carna option with default parameters), and building a CM
with the CMbuild function of Infernal (v1.1.5; default
parameters).

DRT?2 loci, corresponding to the RT gene and 1 kb of up-
stream and downstream sequence, were then extracted from
genomes encoding the 2,116 DRT2 homologs described above,
using coordinates in the IPG dataset. To identify putative
ncRNA sequences, these loci were queried with the
KpnDRT2-like ncRNA CM (v2) using the CMsearch function
of Infernal (v1.1.5), with default parameters. Hits that met the
inclusion threshold (e-value < 0.01) were extracted using the
coordinates in the CMsearch output, and these putative
ncRNA sequences were de-duplicated, prior to alignment of
the sequences with the DECIPHER package (85) (v2.30.0) in
R. The KpnDRT2 locus was used as a reference to extract
likely ¢cDNA regions from the resulting alignment.

To predict Neo sequences in homologous DRT2 loci, the
reverse complements of putative cDNA sequences were as-
sessed in all three possible reading frames to determine
which frame contained the fewest stop codons; these were
assumed to be the neo open reading frames (ORFs). Start co-
dons (ATG, GTG, TTG) were then probed in the resulting pu-
tative neo ORFs, and the start codon of neo was presumed to
occur after the first ten amino acids of the putative reading
frame translation, consistent with the KpnDRT?2 locus. Puta-
tive Neo sequences were then constructed by concatenating
the translation of this downstream start codon in the putative
neo ORF through the end of the putative cDNA (which repre-
sents the first unit of cDNA produced by the putative DRT2
rolling circle mechanism; repeat 1), to a translation of the full
length putative neo ORF (which represents cDNA units pro-
duced by successive rounds of the DRT?2 rolling circle mech-
anism; repeat 1 + n). Putative neo sequences that did not
contain an internal stop codon, were then checked to deter-
mine if the final ten amino acids of the Neo sequence (i.e.,
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translated from repeat 1+n) were identical to the final ten
amino acids of Neo translated from the first unit of cDNA
synthesis (i.e., translated from repeat 1) (Fig. 5A). Putative
Neo sequences that met this criterion were predicted to rep-
resent bona fide Neo protein products of DRT2 immune
systems.

Putative ncRNA sequences identified with the KpnDRT2-
like ncRNA CM (v2) were primarily restricted to a monophy-
letic clade that included KpnDRT?2 (Fig. 5B). An alignment of
these ncRNA sequences was built with the DECIPHER pack-
age in R, and sequence logos (fig. S6B) were generated with
the web-based version of WebLogo (86). Logos of cDNA se-
quences with identified Neo proteins (fig. S6B) were similarly
built from an MSA generated with DECIPHER. To identify
ncRNAs in other regions of the larger phylogenetic tree pre-
sented in fig. S6A, additional CMs were constructed via the
same approach described above (i.e., mlocarna with default
settings, CMbuild in Infernal) by manually selecting regions
of the tree that had CM hits for at least three closely related
DRT?2 sequences. These CMs were used to search the DRT2
loci, and then new CMs were built from the resulting hits;
this process was iterated until ncRNAs had been identified
across most DRT2 systems. Exemplary ncRNA CMs generated
in this process are shown in fig. S6C. Finally, Neo sequences
were predicted in these newly identified putative ncRNAs us-
ing the same approach described above.
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Fig. 1. Systematic discovery of DRT2 reverse transcription substrates and products in vivo. (A) Schematic of
RNA immunoprecipitation (RIP) and cDNA immunoprecipitation (cDIP) sequencing approaches to identify nucleic
acid substrates of FLAG-tagged reverse transcriptase (RT) from KpnDRTZ2. The plasmid-encoded immune system
is schematized top left. (B) MA plots showing the RT-mediated enrichment of RNA (top) and DNA (bottom) loci from
RIP-seq and cDIP-seq experiments, relative to input controls. Each dot represents a transcript, and red dots denote
transcripts with > 20-fold enrichment and false discovery rate (FDR) < 0.05. (C) dRNA-seq, Term-seq, RIP-seq, and
cDIP-seq coverage tracks, from top to bottom, for either WT RT or a catalytically inactive RT mutant (YCAA). dRNA-
seq and Term-seq enrich RNA 5" and 3' ends, respectively, whereas RIP-seq and cDIP-seq identify RT-associated
RNA and DNA ligands. Red and pink denote top and bottom strands, respectively, and the KonDRT2 locus is shown
at bottom; coordinates are numbered from the beginning of the K. pneumoniae-derived sequence on the expression
plasmid. Data are normalized for sequencing depth and plotted as counts per million reads (CPM). (D) Predicted
secondary structure of the KpnDRT2 ncRNA. The cDNA template region is colored in pink, and the gray dotted line
denotes the direction of reverse transcription. (E) Coverage over the KpnDRT2 ncRNA locus from total DNA
sequencing of cells +/- T5 phage infection (left), and bar graph of cDNA counts for the same samples alongside the
YCAA mutant (right). Red and pink denote top and bottom strands, respectively; data are mean + s.d. (n = 3
biological replicates).
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Fig. 2. Rolling circle reverse transcription generates a concatemeric cDNA product. (A) Schematic of KpnDRT2 ncRNA
secondary structure, with stem-loops (SL) numbered 1-8 and selected perturbations highlighted in red. SLIMUT, SL.5MUT,
and SL6MYT correspond to ncRNA mutants in which the SL bases were scrambled, resulting in the elimination of sequence
motifs and secondary structure. SL2MUT abolishes base pairing within the SL2 stem by mutating the right side of the stem
to its complement. Sequences of all mutants are presented in table S3. (B) Plaque assay showing loss of phage defense
activity for all SL mutants from A (left), and bar graph quantifying the reduction in efficiency of plating (EOP, right); data
are mean = s.d. (n = 3 technical replicates). (C) RIP-seq and cDIP-seq coverage tracks for the indicated SL mutants
alongside input controls, revealing a range of defects in either RNA binding, cDNA synthesis/binding, or both. (D) (Top)
Schematic of terminal portions of cDIP-seq reads (light gray) failing to align to the cDNA reference, resulting in soft
clipping and exclusion from coverage plots. A donut plot reporting the proportion of cDNA-mapping reads with the
indicated lengths of 3'-clipped sequences is shown at left for KpnDRT2 WT cDIP-seq. (Bottom) Mapping of 3'-soft-clipped
sequences from cDIP-seq experiments back to the KpnDRT2 locus, demonstrating that they derive from the cDNA 5' end.
SL2MUT exhibits an aberrant pattern relative to WT. The consistent ~30-nt length of the re-mapped sequences represents
the expected overhang from alighment of 150-nt sequencing reads to a ~120-nt cDNA locus. For C and D, coordinates are
numbered from the beginning of the K. pneumoniae-derived sequence on the expression plasmid. (E) Schematic of
sequencing reads that map across the cDNA repeat-repeat junction (top), and bar graph quantifying the abundance of
junction-spanning reads from sequencing of total DNA in the indicated conditions (bottom). Red and pink denote top and
bottom strands, respectively; data are mean + s.d. (n = 3 biological replicates). (F) Schematic of long-read Nanopore
sequencing workflow with DNA from phage-infected cells expressing WT KpnDRT2 (top), and Nanopore read coverage
over a reference sequence containing concatenated repeats of the KonDRT2 cDNA sequence (bottom). For (C), (E), and
(F), data are normalized for sequencing depth and plotted as counts per million reads (CPM). (G) Inferred mechanism of
rolling circle reverse transcription (RCRT) mediated by sequence and structural features of SL2. After synthesis of 5'-
TGT-3" templated by ACA-1 at the end of one cDNA repeat (top), the nascent DNA strand dissociates from its template
and reanneals with the complementary ACA-2 following SL2 melting (middle). Template jumping initiates a subsequent
round of reverse transcription, with concatenation of one cDNA repeat to the next and incorporation of one additional
base at the repeat junction, ultimately leading to long concatemeric cDNA (ccDNA) products (bottom).
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Fig. 3. The concatemeric cDNA product contains a nearly endless ORF (neo). (A) RNA-seq coverage over the
KpnDRT2 ncRNA locus from cells in the absence or presence of phage T5. (B) Model showing the consecutive
production of ncRNA, concatemeric cDNA, and concatemeric RNA, all encoded by the KpnDRT2 locus. Dashed lines
indicate repeat—repeat junctions resulting from rolling circle reverse transcription, and the inset (top left) shows the
consensus promoter formed across each junction. (C) Bar graph quantifying relative concatemeric RNA abundance
in a phage infection time course experiment using RT-gPCR with repeat junction primers (top), and Northern blot of
concatemeric RNA using a junction-spanning probe (bottom). RT-gPCR data are normalized to WT uninfected cells
(t = 0); data are mean + s.d. (n = 3 biological replicates). (D) Putative open reading frame (ORF) encoded by
concatemeric RNA. The cDNA synthesis start site and predicted start codon are indicated (pink and blue arrows,
respectively), and the predicted RBS is shaded in beige. A leucine codon spans the repeat-repeat junction. (E)
Schematic of the cDNA template region (pink), with the predicted start codon and experimentally tested mutations
indicated. (F) Plague assay showing that phage defense activity is eliminated with a single-bp substitution that
introduces an in-frame stop codon, but is only modestly affected by synonymous or missense mutations. EV, empty
vector. (G) Bar graph quantifying phage defense activity for insertions within SL3, SL4, or SL5, of the indicated
length. Reduction in EOP is calculated relative to an EV control; data are mean + s.d. (n = 3 technical replicates). The
only mutants that retain phage defense activity have insertion lengths of a multiple of 3 bp.
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Fig. 4. Neo proteins induce programmed cellular dormancy. (A) Schematic of experimental approach to detect Neo
in phage-infected cells by liquid chromatography with tandem mass spectrometry (LC-MS/MS). (B) Bar graph
quantifying Neo protein quantity from cells tested in the indicated conditions. Data are mean * s.d. (n = 3 biological
replicates). (C) Abundance of RT and Neo proteins relative to the E. coli proteome in phage-infected cells expressing WT
KpnDRTZ2. (D) Differential protein abundance in T5-infected cells expressing KonDRT2 WT or YCAA. Phage proteins are
coloredinbrown, and ArfA and RMF are colored in red and labeled. All other differentially abundant proteins (fold change
> 2 and FDR < 0.05) are colored in dark blue. (E) Schematic of alternative ribosome rescue pathway mediated by ArfA,
which would release Neo proteins from ribosomes stalled on non-stop neo mRNAs without targeting them for
degradation (right), unlike the tmRNA pathway (left). (F) Growth curves of strains transformed with empty vector (EV)
or the WT KpnDRT2 system, +/— T5 phage at the indicated multiplicity of infection (MOI). Shaded regions indicate the
standard deviation across independent biological replicates (n = 3). (G) Schematic of cloning and inducible expression
strategy to monitor the physiological effects of Neo polypeptides of variable repeat length. (H) Growth curves of strains
transformed with WT or scrambled Neo sequences of the indicated repeat lengths, alongside an empty vector (EV)
control. The dashed line indicates the point of induction with arabinose (0.5%) and theophylline (0.5 mM). Shaded
regions indicate the standard deviation across independent biological replicates (n = 3).
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Fig. 5. Concatemeric neo genes and programmed dormancy are a broadly conserved phage defense mechanism.
(A) Schematic for the automated detection of putative Neo proteins in homologous DRT2 operons. (B) Phylogenetic tree
of DRT2 homologs, with outer rings showing the widespread presence of RT-associated ncRNAs and putative Neo
proteins. Homologs selected for experimental testing are indicated with pink circles. (C) Multiple sequence alignment
(MSA) and secondary structure prediction of Neo proteins identified in B. A single Neo repeat is shown for all homologs;
shading indicates amino acid conservation. (D) AlphaFold prediction of a 3-repeat Neo polypeptide, showing the sites of
proline mutagenesis tested in (E). Prolines were inserted C-terminal to the indicated residues within each of 3
concatenated repeats. (E) Growth curves of strains transformed with 3-repeat Neo constructs containing the indicated
proline insertions, alongside an empty vector (EV) control. The dashed line indicates the point of induction with arabinose
(0.5%) and theophylline (0.5 mM). Shaded regions indicate the standard deviation across independent biological
replicates (n = 3). (F) Heat map showing the distribution of ccDNA repeat lengths in cells expressing the indicated DRT2
homologs. Data are plotted as logio(CPM) from Nanopore sequencing of total DNA. (G) Heat map showing the growth
rates of cells expressing Neo homologs with the indicated repeat lengths. Growth rates are normalized to an EV control
and represent the mean of independent biological replicates (n = 3). Empty cells with X indicate Neo expression
constructs that could not be successfully cloned, presumably due to toxicity. (H) Model for the antiphage defense
mechanism of DRT2 systems. RT enzymes bind the scaffold portion of associated ncRNAs and constitutively produce
concatemeric cDNA via rolling circle reverse transcription. Phage infection triggers second-strand synthesis, yielding a
double-stranded DNA molecule that is transcribed into stop codon-less, nearly endless ORF (neo) mRNA. Translation
produces Neo proteins that potently arrest cell growth, protecting the larger bacterial population from the spread of
phage.
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