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SUMMARY

Bacteria encode diverse anti-phage systems, such as CRISPR-Cas and restriction modification (RM), which

limit infection by targeting phage DNA. We identified a DNA modification in phages, i.e., 5-arabinosyl-

hydroxy-cytosine (5ara-hC), which adds arabinose to cytosines via a hydroxy linkage and protects phage

from DNA targeting. The hydroxy linkage was common among arabinoslyated phages, with some arabinosy-

lated phages encoding arabinose-5ara-hC transferases (Aat) that add a second or third arabinose to DNA. DNA

arabinosylation enables evasion from DNA-targeting type I CRISPR-Cas and type II RM systems. However,

arabinosylated phages remain sensitive to RNA-targeting CRISPR-Cas (type III and VI) and promiscuous

type IV restriction endonucleases. 5ara-hC enables evasion of glycosylase defenses that target phages with

glucosylated hydroxymethyl cytosines, and 5ara-ara-hC protects against some defenses capable of targeting

5ara-hC-modified phages. Collectively, this work identifies DNA modifications that enable phages to evade

multiple defenses yet remain vulnerable to some systems that target RNA or modified nucleobases.

INTRODUCTION

Bacteria are under constant phage pressure1,2 and protect

themselves using diverse defenses, including restriction-modifi-

cation (RM) and CRISPR-Cas systems.3,4 CRISPR-Cas immun-

ity relies on viral DNA memories from past infections, termed

spacers, which are stored in the bacterial CRISPR array.5,6 Im-

munity occurs upon transcription and processing of the

CRISPR array into CRISPR RNAs (crRNAs), around which Cas

proteins assemble to form an interference complex that recog-

nizes nucleic acids complementary to the crRNA (termed proto-

spacers).7,8 Depending on the CRISPR-Cas type, target recogni-

tion results in protection through phage genome cleavage or

activation of ancillary proteins that induce cell death or

dormancy and result in abortive infection.9

Phages employ various mechanisms to evade bacterial de-

fenses.10–12 Some phages encode anti-CRISPR (Acr) proteins

that inhibit CRISPR-Cas by multiple mechanisms, such as

Cell Host & Microbe 33, 1173–1190, July 9, 2025 © 2025 Elsevier Inc. 1173
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blocking interference,13–15 mimicking DNA targets16–18 or de-

grading signaling molecules.19 In addition, some jumbo phages

form a nucleus-like structure during infection, which protects

their genome from DNA-targeting defenses.20–22 Furthermore,

masking DNA with modifications can block defense systems

that recognize and cleave DNA.3,10,23,24

Tailed double-stranded DNA (dsDNA) phages of the Caudo-

viricetes class harbor the largest diversity of naturally occur-

ring, chemically modified deoxynucleotides of all forms of

life.24,25 Phage DNA modifications are usually synthesized by

phage enzymes that modify the nucleotides pre- or post-DNA

replication.26–28 Phages often modify nucleotides by adding a

nucleophilic molecule, such as a hydroxymethyl group, to the

nucleobase, which serves as the reactive site for further DNA

hyper-modifications. Some phages completely substitute one

of the four nucleobases with a non-canonical version,29,30 while

others modify a fraction of the nucleotides31,32 or modify spe-

cific DNA motifs.33,34 Phage DNA modifications protect against

cleavage by diverse RM systems,23,24,35 which consist of a

methyltransferase that methylates specific motifs on the DNA

and a restriction endonuclease that cleaves the DNA at

unmethylated sites.36 However, bacteria can overcome this

counter-defense mechanism by encoding type IV RM systems

that recognize and cleave DNA in a modification-dependent

manner.37–40

The best-characterized DNA modification is the complete re-

placement of cytosines with 5-α- or β-glucosyl-hydroxymethyl-

cytosine (5ghmC) on the Escherichia coli (E. coli) phage T4 ge-

nome by a combination of pre- and post-replication modification

steps.29,41–43 The 5ghmC modification protects T4 from restric-

tion endonucleases; provides various degrees of resistance

against DNA-targeting type I, II, and V CRISPR-Cas sys-

tems;44–47 and provides diverse innate nuclease-based defense

systems.48 In contrast, T4 infection was inhibited by the RNA-

targeting type VI CRISPR-Cas system,49 and the modified phage

DNA can be cleaved by ghmC-dependent type IV restriction en-

donucleases such as GmrSD.50 Except for the work on the

5ghmC modification of T4 in the E. coli model system and its im-

plications for defense and counter-defense, the consequences

of other phage DNA modifications regarding bacterial defense

evasion are currently unknown.

Here, we identified 5-arabinosyl-hydroxy-cytosine (5ara-hC)

modifications in phages LC53 and 92A1, which infect Serratia

sp. ATCC 39006 (hereafter Serratia)51 and Serratia strain 95, re-

spectively. We identified additional phages with double (E. coli

phages RB69, Bas46, and Bas47) and triple (Acinetobacter

baumannii phage Maestro) arabinosylation of hydroxy-cytosines

due to the function of phage-encoded arabinose-5ara-hC trans-

ferases (Aat). These modifications provided protection against

DNA-targeting defenses (type I CRISPR-Cas and type II RM)

but were vulnerable to type IV RM and RNA-targeting CRISPR-

Cas (type III and VI), and they were identified in numerous

phages in genomic and metagenomic databases. Hydroxy-cyto-

sine arabinose modifications enabled evasion of DNA glycosy-

lases that target the 5ghmC in other phages (e.g., T4). Finally,

we demonstrated that two, but not one, arabinose units pro-

tected phages from defense provided by a large clinical plasmid.

In summary, we have identified a series of DNA modifications

that assist phages in overcoming defense systems.

RESULTS

Phage LC53 DNA is arabinosylated and insensitive to

type I CRISPR-Cas and restriction enzymes

The type I-E, I-F, and III-A CRISPR-Cas systems are present in

Serratia,52 the host of the Winklervirus LC53.51 To search for

mechanisms used by phages to evade CRISPR-Cas, we gener-

ated plasmids with mini-arrays containing type I-E, I-F, and III-A

spacers that target phage LC53 (Figure 1A). Spacer expression

with the native DNA-targeting type I-E and I-F cas operons in

Serratia provided no protection against phage LC53

(Figure 1B). By contrast, a spacer for the native RNA-targeting

type III-A system reduced phage plaquing (Figure 1B). All

spacers were confirmed functional, as they provided interfer-

ence in conjugation efficiency assays against plasmids bearing

targets of these spacers (Figures 1C and 1D). Therefore, phage

LC53 possesses a mechanism to evade the DNA-targeting

type I CRISPR-Cas systems, while remaining sensitive to RNA-

targeting type III CRISPR-Cas.

Phage LC53 belongs to the Tevenvirinae subfamily within the

Straboviridae family, is related to E. coli phage T4, and encodes

all core T4-like genes.51 Since T4 modifies its DNA, we examined

LC53 for homologs involved in DNA modification (Figure 1E;

Table S1). T4 substitutes the cytosine pool with hydroxymethy-

lated cytosines (5hmC) and incorporates 5hmC into the newly

synthesized phage DNA during replication41,42,53 (Figure 1F).

T4 α- and β-glucosyl transferases subsequently add glucose

post-replication to 5hmC, generating 5ghmC29,43 (Figure 1F).

DNA modification genes are in a specific genomic region be-

tween two T4 core genes (DNA polymerase and a recombination

protein). Even though this region is not conserved between T4

and LC53 (Figure 1E), LC53 encodes homologs of the dCTPase

and the dCMP hydroxymethylase (HMase) (25% amino acid [aa]

identity), which are responsible for the pre-replicative substitu-

tion of the dCTP nucleotides for 5hmdCMP (Figures 1F and

S1A; Table S1). The 5hmdCMP molecules are phosphorylated

by phage- and host-encoded kinases and incorporated into

the DNA by the phage DNA polymerase during replication.24

LC53 (and its Serratia host) encodes homologs for all the pro-

teins involved in the modification of dC to 5hmdC, except homo-

logs of the T4 glucosyl transferases, which add glucose to

5hmdC (Figure 1F; Table S1).

To investigate whether LC53 has modified DNA and is pro-

tected from RM systems, we tested the susceptibility of phage

DNA to restriction enzymes with different modification require-

ments. LC53 DNA was protected from cleavage by MspI, a

type II enzyme that cuts DNA containing C, mC, and hmC at

the second C of CCGG (Figure 1G). By contrast, LC53 DNA

was degraded by the type IV restriction enzyme AbaSI, which

is reported to be ghmC-dependent54,55 (Figure 1H). The restric-

tion-enzyme response profile of LC53 was the same as that of

glucosylated T4 DNA and differed from Serratia phages PCH45

and JS26, which contain non-modified cytosines (Figures 1G,

1H, and S1B). Therefore, LC53 DNA likely contains 5hmdC,

which is glucosylated either by enzymes distinct from the T4 glu-

cosyl transferases (Figure 1E; Table S1) or glycosylated with an

alternative sugar. The latter possibility would indicate that

AbaSI has a wider sugar-modified DNA cleavage profile than

previously reported.54,55

ll
Article

1174 Cell Host & Microbe 33, 1173–1190, July 9, 2025



To find glycosylation genes, we searched the LC53 DNA mod-

ification locus and identified homologs in other Straboviridae

phages (e.g., E. coli RB69 and Serratia 92A1). E. coli RB69 and

Serratia 92A1 phages were reported to modify 5hmdC to 5-arabi-

nosyl-hydroxymethyl-2′-deoxycytidine (5ara-hmdC),56,57 leading

us to hypothesize that LC53 contained this DNA modification.

To test this, we compared the retention time of hydrolyzed

phage DNA with different hexose and pentose standards by

Figure 1. Phage LC53 evades DNA-targeting CRISPR-Cas systems through arabinosylated DNA

(A) Schematic of CRISPR-Cas phage interference assay (EOP). A similar protospacer region in gp37 was targeted by the native type I-E (sp1), I-F (sp1), and III-A

(sp1) CRISPR-Cas systems with a spacer from a mini-array plasmid.

(B) EOP of LC53 on a targeting strain (blue bars) compared with a non-targeting control (gray bars). When no single plaques were visible (e.g., type III-A targeting),

EOP was calculated as one plaque in the first dilution that did not show any clearing of the bacterial lawn.

(C) Schematic of conjugation efficiency assay of a plasmid with a 500-bp phage sequence containing the protospacer targeted by the native CRISPR-Cas

systems with a spacer from a mini-array plasmid.

(D) Conjugation efficiency calculated as transconjugants to recipients and normalized to the non-targeting control (gray bars). In (B) and (D), data are the mean of

biological triplicates ± standard deviation (SD), and individual data points are shown.

(E) Whole-genome comparison of T4 and LC53 with loci encoding T4 DNA modification genes highlighted. Proteins with amino acid identities≥30% are linked in a

white to black gradient corresponding to increased homology. Modification genes labeled in blue font encode homologs in LC53, while no homologs could be

found for the genes labeled in red font.

(F) DNA modification pathway of T4 to substitute dC with 5ghmC. Enzymes in blue have homologs in LC53, whereas those in red have no identified homologs in

LC53. Corresponding LC53 homologs and identities are summarized in Table S1.

(G) Restriction digest of Serratia phages PCH45, JS26, LC53, and Escherichia phage T4 DNA, with MspI that cleaves dC-, mdC-, and hmdC-containing DNA.

(H) Restriction digest of the same phage DNA with the ghmC-dependent type IV restriction enzyme AbaSI.

(I) HPAE-PAD traces of arabinose standard (top) and hydrolyzed sugar from LC53 DNA (bottom). nC, nanocoulombs.
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high-performance anion-exchange chromatography with pulsed

amperometric detection (HPAE-PAD). The hydrolyzed LC53

DNA contained a sugar with a similar retention time to arabinose

(Figure 1I), and co-injection of hydrolyzed phage DNA with arabi-

nose resulted in a single major peak at the same retention time

(Figure S1C). As a control, we confirmed the presence of glucose

on T4 DNA (Figure S1D). In summary, LC53 DNA contains an ara-

binose modification that differs from T4 5ghmC and is insensitive

to DNA-targeting type I CRISPR-Cas systems and type II restric-

tion enzymes. By contrast, LC53 is vulnerable to type IV restriction

and an RNA-targeting type III CRISPR-Cas system.

LC53 DNA has an arabinose-hydroxy-cytosine

modification

Next, we examined how LC53 DNA is modified with arabinose.

We initially predicted that LC53 would have 5ara-hmdC modifi-

cations, similar to 5-glucosyl-hmdC on T4. In T4, dCMP HMases

convert dCMP to 5hmdCMP (Figure 1F). These dCMP HMases

belong to the large thymidylate synthases (TSs)/dCMP HMase

superfamily, which are key enzymes of pre-replication pyrimi-

dine modifications.24 To examine protein similarity, we aligned

predicted dCMP HMases from LC53, T4 and related phages,

and as a predicted outgroup their TS, which these phages use

to catalyze the methylation of dUMP to dTMP.24 As expected,

the phage-encoded TSs all clustered with the E. coli TS

(Figure 2A). By contrast, phages encoding genes for arabinosy-

lation or glucosylation of DNA have dCMP HMases that cluster in

two distinct groups for arabinosylated and glucosylated phages,

respectively (Figures 2A and S1A). We show below that the pro-

teins originally assigned as dCMP HMases in LC53 and other

arabinosylated phages are instead dCMP hydroxylases (dCMP

Hases), and this nomenclature will be used hereafter. We com-

pared the LC53 dCMP Hase sequence with that of the E. coli

TS and other phage enzymes (Figure 2A) and observed that

both groups of enyzmes (HMases/Hases) are predicted to mod-

ify the same substrate (dCMP) (Figure 2B).

To evaluate these predictions and to directly detect any DNA

modifications and their frequency, we performed liquid

Figure 2. Cytosines on LC53 DNA are substituted with 5-arabinosyl-hydroxy-cytosines

(A) Phylogeny of phage-encoded TS, dCMP HMase, and dCMP Hases of arabinosylated phages. Representatives are labeled (accession numbers in Table S2).

The tree was rooted with the E. coli ThyA TS.

(B) Amino acid alignment of E. coli TS and phage-encoded TS family enzymes around the residues that form a gate to the active site and determine the substrate

(dUMP or dCMP) and the intermediate produced (methylated or hydroxymethylated).

(C) LC-MS/MS of LC53 nucleosides in comparison to unmodified nucleosides from calf thymus DNA.

(D) MS and MS/MS spectra of modified dC from LC53 DNA with proposed chemical structures corresponding to the obtained m/z ratios.

(E) Structure of 5-arabinofuranosyl-hydroxy-dC and corresponding NMR spectrum. Protons and corresponding peaks are color-coded. The anomeric proton of

arabinose (H1a) was observed at 5.14 ppm.
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chromatography-tandem mass spectrometry (LC-MS/MS) of the

2′-deoxyribonucleosides obtained from nuclease- and phospha-

tase-digested LC53 DNA. Contrary to expectations, the cyto-

sines were completely substituted by a modification that did

not correspond to 5ara-hmdC (Figures 2C and 2D). The modifi-

cation mass in the positive ion mode was 376 Da, which

corresponded with 5-arabinosyl-hydroxy-2′-deoxycytidine

(5ara-hdC, m/z [mass to charge] of 376) and is 14 Da less than

5ara-hmdC (m/z 390). High-resolution MS of the protonated [M-

+H]+ ion (m/z 376.1362) of the modification matched well with the

theoretical mass of the [M+H]+ ion of 5ara-hdC (m/z 376.1356,

mass error = 1.59 ppm). Analysis of the MS/MS fragmentation

pattern supported the identification of 5ara-hdC as the modifica-

tion (Figure 2D). The collision-induced dissociation (CID) MS/MS

spectrum of the modification showed two major [M+H]+ frag-

ment ions at m/z 260 and m/z 128, corresponding to the ions

with the loss of 2′-deoxyribose (m/z 260) and the loss of both

2′-deoxyribose and arabinose (m/z 128), respectively. As a con-

trol, we analyzed T4 DNA and confirmed complete cytosine sub-

stitution with 5α- and 5β-ghmC (Figures 2B and S2A).

Next, 5ara-hdC was confirmed and the stoichiometry of ara-

binose determined by purifying the modified nucleosides by

HPLC and performing nuclear magnetic resonance (NMR)

(Figures 2E and S2C–S2G). In the 1H NMR spectrum, the cyto-

sine H6 was detected at 7.56 ppm as a singlet peak, and the

anomeric proton of deoxyribose and arabinose was observed

at 6.15 (H1′) and 5.14 (H1a) ppm, respectively, through the anal-

ysis of deuterium exchange 1H NMR, COSY, and NOESY 1H

NMR. The arabinose is either a 1,2-trans alpha-D or a 1,2-trans

beta-L arabinofuranose since H1a was observed as a doublet

with a small coupling constant (J = 0.6 Hz).58 Therefore, pro-

teins similar to T4 dCMP HMases in LC53 and other arabinosy-

lated phages are dCMP Hases (Figure 2A). In summary, LC53

DNA is modified with 5ara-hC, a previously unreported

modification.

Phage DNA arabinosylation impedes DNA-targeting type

I CRISPR-Cas systems

To further investigate the protection provided by 5ara-hC on the

LC53 genome against DNA-targeting CRISPR-Cas systems, we

engineered multiple spacers for the two native type I CRISPR-

Cas systems of Serratia to target different phage genes. The

spacers were individually expressed from a plasmid CRISPR

mini-array, while the native chromosomal cas genes encoded

the interference complexes. In agreement with our initial results

with a single spacer (Figure 1), LC53 completely evaded type I-F

CRISPR-Cas targeting for all nine spacers tested (Figure S3A).

LC53 also evaded type I-E targeting, with six spacers fully

evaded and two partially evaded; however, one spacer provided

protection (Figure S3B). The position and number of modified cy-

tosines may influence type I-E evasion, but no clear position bias

was apparent (Figure S3C). We hypothesize that 5ara-hC pro-

vides total evasion from type I-F targeting due to modification

of the double-stranded GG/CC protospacer adjacent motif

(PAM), which must be recognized by the type I-F interference

complex for targeting.59 Indeed, LC53 fully evaded type I-F

CRISPR-Cas, even if the only modified cytosines were in the

PAM, with others in non-base-paired positions or on the non-tar-

geted strand (Figure S3C). In summary, the 5ara-hC modification

of LC53 facilitates evasion from the DNA-targeting type I

CRISPR-Cas systems in Serratia.

Arabinosylated phages remain vulnerable to RNA-

targeting CRISPR-Cas

The 5ara-hC-based evasion of DNA-targeting defense is consis-

tent with the vulnerability of LC53 to type III-A RNA-targeting

CRISPR-Cas (Figure 1). Since our initial result was obtained us-

ing a single spacer, we further investigated RNA targeting by de-

signing three type III spacers targeting putative early (gp46, DNA

polymerase), middle (gp53, endonuclease), and late (gp124, en-

dolysin) expressed LC53 genes (Figure S3D). As predicted, DNA

arabinosylation did not protect LC53 from type III targeting, as all

spacers provided full protection in liquid culture and reduced or

completely prevented the phage from plaquing on solid media

(Figures 3A, 3B, and S3E). We hypothesized that RNA-targeting

type VI (Cas13a) CRISPR-Cas systems would also inhibit infec-

tion by arabinosylated phages. Therefore, we expressed the

Leptotrichia buccalis type VI-A system from a plasmid with

spacers targeting LC53 regions similar to those targeted by the

type III system (Figure S3D). Notably, type VI CRISPR-Cas pro-

vided full or partial protection against LC53 infection depending

on the spacer (Figures 3A, 3B, and S3E), demonstrating that both

class 1 and class 2 RNA-targeting CRISPR-Cas systems are ef-

fective against the DNA-modified LC53 phage.

The type III-A complex binds RNA complementary to the

crRNA,60 which activates the HD (a single-stranded DNA

[ssDNA] nickase)61,62 and palm (cyclic-oligo-adenylate [cOA]

synthase)63,64 domains of Cas10 (Figure 3C). The accessory

dsDNase NucC recognizes cyclic tri-adenylate (cA3) and, in re-

sponse, degrades phage and host DNA.65 Immunity is deacti-

vated when the Cas7 cleaves the target RNA, freeing the type

III complex, which switches off Cas10.66 To determine how

type III-A CRISPR-Cas provided protection against a phage

with a hypermodified genome, we tested defense against

LC53 in different type III mutants. Mutation of the RNA cleavage

activity of Cas7 subunits or the HD domain in Cas10 had no ef-

fect on defense. However, mutation of the Cas10 palm domain

or deletion of nucC abrogated phage immunity (Figures 3C and

3D). Therefore, type III immunity against LC53 requires target

RNA recognition, cA3 synthesis, and subsequent activation of

NucC that results in dsDNA degradation.

The requirement of NucC for defense led us to test whether

NucC cleaves the 5ara-hC-modified DNA. While NucC with added

cA3 fully degraded Serratia genomic DNA and the DNA of unmodi-

fied phages (JS26 and PCH45), LC53 and T4 DNA were still largely

intact (Figure S3F). This demonstrates that the 5ara-hC or 5ghmC

modification inhibits NucC DNA binding and/or cleavage but that

there may be some phage DNA genomic regions accessible to

NucC due to low cytosine abundance. However, as chromosomal

DNA is still sensitive to degradation by NucC (Figure S3F), this is

likely the major contributor to phage resistance. This is similar to

how the type III-A system provides defense against a nucleus-

forming jumbo phage, despite the inaccessibility of phage DNA

within the phage nucleus.22,65

Many type III systems have an accessory non-specific RNase

(e.g., Csm6) rather than a DNase,67 so we swapped NucC

for Csm6. Csm6 provided LC53 resistance, highlighting that

non-specific collateral RNA cleavage is sufficient to provide
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resistance against modified phages (Figure S3G). This non-spe-

cific RNase, Csm6, can cause a dormancy-type response68 sim-

ilar to type VI (i.e., Cas13) CRISPR-Cas systems, which also trig-

ger collateral RNase activity.69 Overall, LC53 remains vulnerable

to RNA-targeting type III and VI CRISPR-Cas due to their collat-

eral DNA or RNA cleavage, which likely causes cell dormancy or

death, limiting phage propagation.

Arabinosylated phages add one or two arabinose

molecules to 5-hydroxy-cytosine

We were interested in whether 5ara-hC occurs in other arabino-

sylated phages. Only two other phages with arabinosylated DNA

are reported. For E. coli phage RB69, arabinose was detected

but the base modified and the chemical linkage were unknown.56

For Serratia phage 92A1, the absence of unmodified dC

nucleotides was demonstrated, and genes for arabinosylation

of 5ara-hmC were predicted.57 Therefore, to determine whether

arabinosylated phages have 5ara-hC rather than 5ara-hmC, we

identified potentially arabinosylated phages by examining their

DNA modification locus (Figure 4A). As described earlier, the

dCMP Hases of known (RB69 and 92A1) and predicted arabino-

sylated phages are highly conserved and distinct from dCMP

HMases in glucosylated phages (Figures 2A, 2B, and S1A). In

agreement, most genes in the modification loci were conserved

between the predicted arabinosylated phages (Figure 4A), sug-

gesting that they have 5ara-hC-modified DNA. To directly test

for 5ara-hC, we used LC-MS/MS to examine Serratia phage

92A1 DNA (Straboviridae distantly related to LC53 [68.6% nt

id]), revealing the same 5ara-hdC as LC53 (Figure S4A). Next,

we explored if 5ara-hC is specific to Serratia phages by examin-

ing E. coli phages Bas46, Bas47,70 and RB69 (highly similar to

one another and 68.8% nt id to LC53), which belong to the Mo-

sigvirus genus within the Tevenvirinae subfamily of Straboviridae

(Table S3). LC-MS/MS indicated these phages have the same

hydroxy linkage, as a peak corresponding to 5ara-hdC was de-

tected (Figures 4B, S4B, and S4C). This demonstrates that ara-

binosylated phages use hydroxylated rather than hydroxymethy-

lated cytosines.

Figure 3. RNA-targeting type III-A or VI-A CRISPR-Cas systems provide immunity against LC53 with arabinosylated DNA

(A and B) (A) Phage infection on plates and (B) liquid culture (moi = 0.1) by LC53 on Serratia strains, each expressing a spacer targeting a phage transcript (DNA

polymerase, endonuclease, or endolysin) from a plasmid-borne mini-array for the corresponding CRISPR-Cas system (type III-A or a heterologous LbuCas13a).

In (A), representative spot serial phage dilutions are shown.

(C) Schematic of Serratia type III-A CRISPR-Cas mechanism.

(D) EOP of LC53 on different catalytical type III mutants with a spacer targeting the NTP transferase or the endolysin. Bars are the mean of biological triplicates ±

standard deviation, and individual data points are shown.
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Surprisingly, the LC-MS/MS of these E. coli phages differed

from that of LC53 as the 5ara-hdC peak was at low abundance,

and an additional, more abundant peak was detected

(Figures 4B, S4B, and S4C). The modification mass in the posi-

tive ion mode was 508 Da, which corresponds to the mass

of an additional arabinose (132 Da), compared with 5ara-hdC

(m/z 376) (Figure 4C). The high-resolution MS of the protonated

[M+H]+ ion of the modification (m/z 508.1781) matches the theo-

retical mass of the [M+H]+ ion of 5ara-ara-hdC (m/z 508.1779,

mass error = 0.39 ppm). The CID MS/MS spectrum showed

[M+H]+ fragment ions corresponding to the loss of 2′-deoxyri-

bose (m/z 392) and a further two arabinoses (m/z 128). The

modified nucleosides were purified by HPLC and analyzed by

NMR (Figures 4D and S4D–S4H). In 1H NMR spectrum, the cyto-

sine H6 was detected at 7.80 ppm as a singlet peak, and the

anomeric protons of deoxyribose and arabinoses were observed

at 6.15 ppm (H1′), 5.24 ppm (H1a), and 4.88 ppm (H1b), respec-

tively, through the analysis of deuterium exchange 1H NMR,

COSY, and NOESY 1H NMR. Similar to the arabinose in 5ara-

hdC, H1a of 5ara-ara-hdC has a very small coupling constant

(broad singlet), indicating the first arabinose is either a 1,2-trans

alpha-D or a 1,2-trans beta-L arabinofuranose. By contrast, H1b

was a doublet with a coupling constant of 4.6 Hz, indicating the

second arabinose has a different stereochemistry, possibly

Figure 4. Some arabinosylated phages add a second arabinose yielding 5ara-ara-hC

(A) Phylogenetic tree of genomes of arabinosylated phages. The arabinosylation cluster of these phages is shown, with protein conservation represented with a

white-black gradient. Details of phages are provided in Table S3.

(B) LC-MS/MS trace of E. coli phage Bas46 compared with 5ara-hC-modified LC53 DNA and unmodified calf thymus DNA.

(C) MS and MS/MS spectra of modified dC nucleosides from Bas46 DNA with chemical structures corresponding to the m/z ratios from MS and MS/MS.

(D) Structure of 5-arabinofuranosyl-arabinofuranosyl-hydroxy-dC and corresponding NMR spectrum. Protons and corresponding peaks are color-coded. The

anomeric protons of arabinose one (H1a) and arabinose two (H1b) were observed at 5.24 and 4.88 ppm, respectively. The linking position between the second

and the first arabinose is likely a 1-5 linkage.
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either a 1,2-cis beta-D or a 1,2-cis alpha-L arabinofuranose.71,72

In summary, arabinosylated phages add one or two arabinose

molecules to cytosines on the phage DNA via a hydroxy linkage.

Arabinose-5ara-hC transferases add a second or third

arabinose to arabinosylated DNA

To identify the protein that adds the second arabinose to gener-

ate 5ara-ara-hC, we compared the genomes of arabinosylated

phages (Figure 5A). One gene was present in Bas46, RB69,

and other Mosigviruses but absent in singly arabinosylated

phages belonging to other genera within the Straboviridae

(e.g., LC53 and 92A1) (Figure 5A). This protein was previously

predicted to be a 5hmdC-arabinosyl transferase,56 but we

show below that it transfers the second arabinose unit onto

5ara-hC and therefore named it arabinose-5ara-hC transferase

(Aat). To determine if Aat synthesizes 5ara-ara-hC, we exploited

a recombination and type VI (Cas13a) RNA-targeting CRISPR-

Cas counter-selection strategy to delete aat (GenBank:

QXV76947.1) from Bas46 and generated phage Bas46 Δaat

(Figure S5A). The ability of Cas13a to target the 5ara-ara-hC-

modified E. coli phages (Figure S5B) further supports that the

arabinose modifications (single or double) do not protect from

RNA-targeting defenses. Since Bas46 Δaat DNA contained

only a single arabinose (5ara-hdC) when analyzed by LC-MS/

MS (Figure 5B), we concluded that Aat incorporates a second

arabinose unit onto 5ara-hC. Furthermore, by propagating

LC53 on Serratia containing a plasmid that overexpressed

aat from Bas46 or Bas47, the resulting phage DNA was

modified predominantly with 5ara-ara-hdC instead of 5ara-hdC

(Figures 5B and S5C). This demonstrates modularity within this

modification pathway and the ease of changing the modification

status of the phage DNA via replication on an engineered host

strain. The phylogeny of arabinosylated phages revealed that

5ara-hC-modified phages lacking aat cluster together, whereas

the 5ara-ara-hC-modified phages of the Mosigvirus genus form

an independent clade (Figure 5C). It is therefore likely that all ara-

binosylated phages use the same enzymes to substitute cyto-

sines with 5ara-hC during DNA replication and that the Mosigvi-

ruses have evolved a further 5ara-ara-hC modification due to the

Aat enzyme.

Interestingly, we identified that some Acinetobacter phages

of two different genera within the Twarogvirinae subfamily

(Straboviridae) encode two Aats. The two Aats (Aat1 and Aat2)

share approximately 50% aa identity with each other,

and each Aat group is phylogenetically distinct from the

Mosigvirus Aat (i.e., three different clades—Aat, Aat1, and

Aat2; Figure S5D; Tables S3 and S4). Acinetobacter phage

Maestro DNA contained modified cytosines distinct from LC53

and Bas46 phages (Figure 5B), which were demonstrated by

MS to contain three pentose units attached to hC (Figure 5D).

The mass of the modification in the positive ion mode was 640

Da, which is 132 Da more than the mass of 5ara-ara-hdC (m/z

508). The conservation of phage genes involved in generating

the single and double arabinosylation of DNA with the Twarogvir-

inae phages suggests that the triple pentose-hydroxy-cytosine

modification of Maestro contains three arabinoses (Figure 5A).

Therefore, we denote this modification 5ara-ara-ara-hdC. The

high-resolution MS of the protonated [M+H]+ ion (m/z

640.2205) matches well with the theoretical mass of the [M+H]+

ion of 5ara-ara-ara-hdC (m/z 640.2201, mass error = 0.62 ppm).

The CID MS/MS spectrum showed [M+H]+ fragment ions at m/z

524, m/z 392, m/z 260, and m/z 128, corresponding to ions with

the loss of 2′-deoxyribose (m/z 524), the loss of 2′-deoxyribose

and one pentose (m/z 392), the loss of 2′-deoxyribose and two

pentoses (m/z 260), and the loss of 2′-deoxyribose and three

pentoses (m/z 128), respectively (Figure 5D).

One of the Twarogvirinae Aat homologs likely adds an arabi-

nose to 5ara-hC (generating 5ara-ara-hC), while the second

Aat adds the third arabinose to make 5ara-ara-ara-hC. The sep-

arate phylogenetic clustering of the two Aats suggests they have

different substrate specificities. We aimed to investigate the role

of the two Twarogvirinae Aats by complementing LC53 or Bas46

Δaat, but expressing the Aats individually or together was toxic

for Serratia and E. coli and/or interfered with phage replication.

In summary, arabinosylated phages have arabinose linked to cy-

tosines via a hydroxy group to generate 5ara-hC, and when

present, Aat enzyme(s) further modify 5ara-hC to 5ara-ara-hC

and 5ara-ara-ara-hC.

Proposed phage DNA cytosine arabinosylation

pathway(s)

We predict 5ara-hC to be essential for LC53 replication since tri-

als to delete the dCTPase, dCMP Hase, NTP transferase, or the

glycosyltransferase (gp36) by homologous recombination and

type III or VI CRISPR-Cas counter-selection strategies all re-

sulted in viral extinction. In addition, investigating gene function

by in trans modification of a phage (e.g., T4 C mutant) was hin-

dered either by being unable to obtain correct clones, by toxicity

during expression, or by interference with phage replication. Ex-

amining the different gene functions and their role in the 5ara-hC

formation would therefore require in vitro approaches.

Although the chemical pathway for 5ara-hC synthesis and the

enzymes responsible could not be directly tested in vivo, we pro-

pose a model based on the conservation of genes in the arabino-

sylation cluster with T4 and our results (Figure 6; Table S5). Bac-

terial DNA degradation, following phage infection, and dCTPase

activity result in the accumulation of dCMP that can be

hydroxylated, likely via the dCMP Hase and the U32 family

Figure 5. Some phages encode Aat that add a second or third arabinose to the 5ara-hC-modified DNA

(A) Genome comparison of 5-ara-ara-hC- (RB69 and Bas46), 5-ara-hC- (LC53 and 92A1), and 5ara-ara-ara-hC-modified (Navy4 and Maestro) phages (top) with

the modification loci highlighted (below). Hypothetical protein (gp36) is split into two genes in RB69 with both labeled. Protein conservation is represented by a

black-white gradient. Details of genes encoding Aats are provided in Table S4.

(B) LC-MS/MS of Bas46, Bas46 Δaat mutant, LC53, LC53 complemented with Bas46 aat, and Maestro compared with unmodified calf thymus DNA.

(C) Whole-genome phylogeny of representative arabinosylated phages indicating the presence (blue) or absence (red) of aat gene(s). Details of phages shown are

provided in Table S3.

(D) MS and MS/MS spectra of the modified dC from Maestro DNA with chemical structures corresponding to the obtained m/z ratios. The linking position between

the third and the second arabinose is likely a 1–5 linkage but needs confirmation.
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peptidase.73,74 The related E. coli RlhA U32 peptidase hydroxy-

lates cytosines in 23S rRNA,74 and the E. coli TrhP U32 pepti-

dase contributes to 5-hydroxyuridine formation during tRNA

modification.73 Therefore, the dCMP Hase and U32 peptidase

are likely involved in dCMP hydroxylation. Interestingly, these

peptidases were not detected in Acinetobacter Twarogvirinae

phages, so their role awaits testing. The 5hdCMP is subse-

quently phosphorylated by phage and host-encoded kinases

to generate 5hdCTP, which is incorporated in DNA by the phage

DNA polymerase.

We predict that arabinose is added after 5hdC incorporation

into the phage DNA, based on 5ghmC generation in T4; however,

we cannot rule out that arabinose is added pre-replication. UDP-

arabinose synthesis and transfer to 5hdC likely involve multiple

phage proteins. Arabinose-5-phosphate (ara-5-P) is likely gener-

ated from a sugar substrate via the ara-5-P isomerase (arabinose

isomerase) and/or the phosphoheptose isomerase, both belong-

ing to the sugar isomerase (SIS) domain protein family.75,76 Inter-

estingly, the arabinose isomerase is absent in some phages con-

taining the arabinosylation cluster (e.g., PM2; Figure 5A) and was

not essential since a LC53 mutant with a premature stop codon

in this gene still contained 5ara-hdC when assessed by LC-MS/

MS (Figure S6A). Bacterial arabinose isomerases involved in lip-

opolysaccharide synthesis (e.g., KdsD in Enterobacteriaceae

hosts like Serratia)77 may provide redundancy for the phage ara-

binose isomerase during 5ara-hC DNA modification. In the next

step, an NTP transferase domain-containing protein (NTP trans-

ferase) is predicted to combine UTP with ara-5-P to generate

UDP-arabinose. Indeed, structural prediction of the NTP trans-

ferase indicates a function as a dual sugar-1-phosphate nucleo-

tidyl transferase (Figure S6B).

Incorporation of arabinose into the 5hdC-modified DNA is pre-

dicted to involve an uncharacterized protein encoded down-

stream of the dCMP Hase (gp36 for LC53). Structural prediction

Figure 6. Proposed arabinosylation pathway

Pathway with phage- and host-encoded enzymes to generate the 5ara-hC modification, which occurs in diverse members of the Straboviridae family, the 5ara-

ara-hC modification of Mosigvirus genus, and the 5ara-ara-hC modification of Twarogvirinae subfamily. Accession numbers of representative enzymes for each

modification are listed in Table S5.
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of this protein suggested its role as a glycosyltransferase

(Figure S6B). Therefore, UDP-arabinose likely serves as the sub-

strate for the hypothetical protein (gp36) to be transferred to

5hdC to generate 5ara-hdC-modified phage DNA (Figure 6).

UDP-arabinose is also the predicted substrate for the Aat en-

zymes to add the additional arabinose to generate the 5ara-

ara-hC and 5ara-ara-ara-hC modification. In summary, we

propose a pathway for the generation of different arabinose

modifications in phage DNA.

Distribution of arabinosylated phages in genomic

databases

To investigate how widespread these phage genome modifica-

tions are, we searched phage and metagenomic databases for

proteins involved in DNA arabinosylation and glucosylation

(Figures 7A and S7A). Within phages (INPHARED),78 we predicted

glucosylation in 464 phages and arabinosylation in 215 phages

with various combinations of aat genes (Figure 7A). Within meta-

genomes (IMG/VR),79 we predicted an additional 1,758 glucosy-

lated and 30 arabinosylated phages (Figure S7B). We assessed

which taxonomic phage groups contain glycosylated genomes

(Figure 7B). Whereas phages that lacked possible glycosylation

genes are taxonomically diverse, glucosylated phages belonged

to Tequatroviruses (i.e., T4 phages) and Jiaodaviruses (T-even

phages that typically infect Klebsiella). Phages that contain arabi-

nosylation genes, but no Aat enzymes, belong to diverse genera

that infect members of the Enterobacteriaceae (Figures 7B and

S7C). When searching for phages with possible double arabinosy-

lation (i.e., an Aat similar to Bas46/RB69), we identified similar

Mosigviruses predicted to infect Escherichia and Shigella

(Figures 7B and S7C). Phages containing Aat1 and Aat2, and

therefore likely triple arabinosylation, belong to a few different

genera with Acinetobacter hosts (Figures 7B and S7C). Phages

with one or more Aats, but which could not be specifically

assigned as Aat, Aat1, or Aat2 members, belong to five major

genera and infect mostly Escherichia, Acinetobacter, and other

members of the Enterobacteriaceae. In summary, many phage

genera are predicted to possess single or multiple arabinosylation

modifications, and these phages infect Enterobacteriaceae, many

of which are important pathogens.

DNA arabinosylation and number of arabinoses affect

defense responses

The existence of 5ara-hC-, 5ara-ara-hC-, and 5ara-ara-ara-hC-

modified DNA and their different chemistry to 5ghmC led us to

hypothesize that they evolved to evade different phage defense

systems. We exploited E. coli phage Bas46 and the Δaat mutant

to directly compare defense system responses to isogenic

phages with one or two ara groups on their DNA. First, we tested

two different type IV (GmrSD) RM systems in E. coli,81 which had

strong defense against both Bas46 and Bas46 Δaat (Figure 7C)

and T4.81 The vulnerability of 5ara-ara-hC DNA to type IV restric-

tion was confirmed in vitro by Bas46 DNA cleavage with AbaSI,

while the DNA was protected from the type II restriction enzyme

MspI (Figures S7D and S7E). Therefore, both single or double

arabinosylated DNA protects from type II RM while remaining

vulnerable to type IV restriction. AbaSI is derived from

A. baumannii55 and was also active against DNA from

A. baumannii phage Maestro containing 5ara-ara-ara-hC-modi-

fied DNA (Figure S7F). Our results demonstrate that AbaSI is ac-

tive on a much wider range of glycosylated (glucosylated and

arabinosylated) DNA substrates than previously known.

We predicted that defenses with differential responses based

on arabinosylation or glucosylation would exist. A DNA glycosy-

lase enzyme (Brig1) that recognizes and excises α-5ghmC bases

from T4 DNA to provide resistance was recently discovered.82

We tested Brig1 and three other diverse homologs for their ability

to provide phage resistance against arabinosylated phages

Bas46 (5ara-ara-hC), Bas46 Δaat (5ara-hC), and T4 (5ghmC)

(Figures 7D and S7G). As expected, Brig1 provided resistance

against T4, and another homolog also provided T4 resistance.

No Brig1 homologs provided defense against Bas46 or Bas46

Δaat, providing direct evidence for defense evasion via different

phage DNA modifications, with either 5ara-ara-hC or 5ara-hC

sufficient to evade Brig1 activity against phages with 5ghmC

DNA. We hypothesize that proteins that specifically recognize

arabinosylated DNA await discovery.

We further hypothesize that 5ara-ara-hC evolved in phages via

aat acquisition to overcome some defenses effective against

5ara-hC-modified phages. Since no defenses with this specific-

ity are known, we screened natural clinical plasmids from differ-

ent Enterobacteriaceae in E. coli for defense against Bas46 and

Bas46 Δaat. A plasmid from Klebsiella pneumoniae (K. pneumo-

niae) provided minimal defense in E. coli against the 5ara-ara-hC

Bas46 phage, with only a small plaque size reduction. In compar-

ison, this plasmid provided stronger defense against the 5ara-hC

Bas46 Δaat phage, with tiny plaques and a reduction in efficiency

of plating (EOP) on plates (Figure 7C), which was more striking

(approximately 102 reduction) when the top agar concentration

was increased (Figure S7H). T4 (5ghmC-modified) was the

most sensitive phage to the defense on this plasmid

(Figure 7C). Therefore, this natural plasmid contains a defense

most effective against 5ghmC-modified T4 than 5ara-hC-modi-

fied phages, whereas the presence of aat and the resulting

5ara-ara-hC modification improved phage infection. The plas-

mid is large (>200 kb) with multiple predicted defenses and

many genes of unknown function. Thus, the system responsible

remains to be characterized in a future study. In summary, dis-

tinct modifications have evolved to allow phages to overcome

defenses with different specificities for the modification (e.g.,

5ghmC vs. 5ara-hC) or length (5ara-hC vs. 5ara-ara-hC).

DISCUSSION

Many bacterial defense systems rely on the recognition of for-

eign phage DNA to elicit immunity.4,83 Therefore, modification

of nucleobases enables phages to evade diverse DNA-sensing

and -targeting defenses. We have discovered phage families

with either single, double, or triple arabinosylated cytosines.

These DNA modifications involve arabinosylation of 5-hydroxy

cytosine (5ara-hC, 5ara-ara-hC, or 5ara-ara-ara-hC) rather

than hydroxymethylated cytosines reported for E. coli phage

T4. This hydroxy linkage between the pyrimidine and sugar

was confirmed by NMR. Serratia phage LC53, which harbors

the 5ara-hC modification, has complete or partial evasion of

the native DNA-targeting type I-F and I-E CRISPR-Cas systems.

Furthermore, 5ara-hC, 5ara-ara-hC, and 5ara-ara-ara-hC DNA

were insensitive to cleavage by type II restriction endonucleases
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but were cut by the type IV restriction endonuclease AbaSI. Ad-

ditionally, 5ara-hC and 5ara-ara-hC phages were vulnerable

in vivo to two different GmrSD systems. Therefore, the spectrum

of substrates accessible to AbaSI (and GmrSD systems) is

broader than previously known, suggesting that these enzymes

evolved to suppress invaders with a range of modifications. No-

tably, 5ara-hC and 5ara-ara-hC (and presumably 5ara-ara-ara-

hC) phages were vulnerable to RNA-targeting CRISPR-Cas de-

fenses (type III and VI). Importantly, we demonstrated that

5ara-hC and 5ara-ara-hC modifications enable these phages

Figure 7. The distribution and effects on phage defense of DNA arabinosylation

(A) Number of predicted genomes (INHPARED database) for phages with different modification components present in the genome (color, none; no similar genes

detected, some genes; an incomplete set of modification genes identified, glucose; glucosylation predicted, no Aat; single arabinosylation predicted, single Aat;

double arabinosylation predicted, Aat1 and Aat2; triple arabinosylation predicted based, multiple Aat; either more than two Aats or two Aats from the same group

(Aat1 or Aat2).

(B) Percentage of each phage genus (color) for each modification group predicted in the INPHARED database. Genera representing over 3% of a modification

group (not ‘‘none’’) are indicated by name. Predictions of modifications in metagenomes (IMG/VR) and the bacteria hosts of phages are provided in Figure S7.

(C) EOP of phage infection by Bas46 and the Bas46 Δaat mutant on E. coli expressing two different type IV (GmrSD) RM systems (HEC-05 [similar to BrxU]80 and

HEC-06) (0.35% w/v agar).

(D) EOP of phage infection by T4, Bas46, and the Bas46 Δaat mutant on E. coli expressing two different Brig1 systems (0.35% w/v agar).

(E) EOP of phage infection by T4, Bas46, and the Bas46 Δaat mutant on E. coli carrying a plasmid from K. pneumoniae (MSRN731029). In (C)–(E), representative

spot serial phage dilutions are shown, and the data presented are the means ± SD with individual biological replicates shown.
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to evade DNA glycosylases that were able to target the 5ghmC

modification of T4. Finally, we identified a large defense plasmid

that provides the strongest defense against 5ghmC-modified T4,

less defense against phages with 5ara-hC-modified DNA, and

minimal defense against 5ara-ara-hC-modified phages. Overall,

we have discovered a family of previously unknown DNA modi-

fications and demonstrated their importance in evasion of multi-

ple bacterial defenses, while remaining vulnerable to others.

Almost all reported DNA modifications at the 5-position of cyto-

sine, such as 5-methylcytosine (5mC) and 5hmC, are formed

through a C–C bond. 5-hydroxycytosine (5hC), in which the hy-

droxy group is linked directly to the pyrimidine ring through a

C–O bond, has been viewed as an oxidative damage product of

cytosine. However, one study has indicated that 5hC could poten-

tially be formed enzymatically because all phage N-17 cytosines

were replaced with 5hC.84 In our study, we detected the hydroxy

linkage as a common feature of phages with arabinosylated DNA,

which enabled us to update the modification of RB69 and 92A1 to

5ara-ara-hC and 5ara-hC, respectively.56,57 We also demonstra-

ted that Bas46 and Bas47 phages have DNA with 5ara-ara-hC

modifications. Indeed, the dCMP Hases of arabinosylated phages

cluster separately from and share low similarity with dCMP

HMases of glucosylated phages (e.g., T4). Therefore, enzymes

of the TS family not only methylate or hydroxymethylate pyrimi-

dines85,86 but can also hydroxylate cytosines (i.e., the arabinosy-

lated phage dCMP Hases). Interestingly, a pentose-hdC linkage

was recently described for a Shewanella phage.87 We demonstra-

ted that the Aat enzyme is responsible for the addition of the

second arabinose to generate 5ara-ara-hC in Mosigviruses. This

enzyme was previously incorrectly described as the arabinosyl-

hmC transferase.56 Our experimentally verified role for Aat agrees

with the absence of aat from the genomes of single-arabinosy-

lated phages. Our prediction of Twarogvirinae phages with two

Aat enzymes and the demonstration that they add two additional

sugars further support our assignment of the role of Aat.

We demonstrated that 5ara-hC-modified DNA fully or partially

protected phage LC53 from DNA-targeting CRISPR-Cas sys-

tems. These findings expand on the earlier results that 5ghmC

modification enables phage T4 to completely or partially evade

DNA-targeting CRISPR-Cas systems.44–46,88 For T4, the more

open structure of Cas12 (type V) was less affected by modifica-

tions than type I-E or Cas9 (type II).45,46 T4 was not completely

resistant to type I and II,44,45,88 which is similar to our finding

that the 5ara-hC modification of LC53 did not provide complete

resistance to targeting by all type I-E spacers. This observed var-

iability for T4 and LC53 likely depends on the position, strand,

and number of modified cytosines in the target DNA. Importantly,

we show that the 5ara-hC-modified LC53 phage completely

evades the DNA-targeting type I-F system, which we ascribe

to the strict requirement for a GG/CC double-stranded PAM for

recognition and DNA cleavage.59 Based on these findings, we

predict that the 5ghmC modification of phage T4 will also result

in complete evasion of type I-F systems. Since the RNA tran-

scripts of arabinosylated phages remain accessible, 5ara-hC

and 5ara-ara-hC phages were vulnerable to RNA-targeting

CRISPR-Cas systems (type III and VI). Thus, we exploited type

VI targeting in counter-selection strategies for phage mutant

generation, highlighting the utility of RNA-targeting systems for

engineering phages containing modified DNA.

Overall, we found an unpredicted hydroxy linkage-based DNA

modification in arabinosylated phages that can be found on cy-

tosines with one, two, or three arabinose units. These modifica-

tions likely evolved to aid in the evasion of CRISPR-Cas, RM,

Brig1, and other DNA-targeting defenses. The larger 5ara-ara-

hC and 5ara-ara-ara-hC modifications might have arisen to

provide greater steric hindrance of DNA-targeting bacterial de-

fenses, such as that provided by the K. pneumoniae clinical plas-

mid. Despite diverse modifications in phages, some type IV

RM89 and END90 nucleases are highly flexible toward chemically

distinct DNA modifications. Our findings highlight the impor-

tance of chemical confirmation of bioinformatically predicted

phage DNA modifications and suggest that the diversity of natu-

ral non-canonical nucleobases on phage genomes is higher than

previously predicted.
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S., Krupovic, M., Whitaker, R.J., Gloster, T.M., and White, M.F. (2020).

An anti-CRISPR viral ring nuclease subverts type III CRISPR immunity.

Nature 577, 572–575. https://doi.org/10.1038/s41586-019-1909-5.

20. Chaikeeratisak, V., Nguyen, K., Khanna, K., Brilot, A.F., Erb, M.L., Coker,

J.K.C., Vavilina, A., Newton, G.L., Buschauer, R., Pogliano, K., et al.

(2017). Assembly of a nucleus-like structure during viral replication in

bacteria. Science 355, 194–197. https://doi.org/10.1126/science.

aal2130.

21. Mendoza, S.D., Nieweglowska, E.S., Govindarajan, S., Leon, L.M., Berry,

J.D., Tiwari, A., Chaikeeratisak, V., Pogliano, J., Agard, D.A., and Bondy-

Denomy, J. (2020). A bacteriophage nucleus-like compartment shields

DNA from CRISPR nucleases. Nature 577, 244–248. https://doi.org/10.

1038/s41586-019-1786-y.

22. Malone, L.M., Warring, S.L., Jackson, S.A., Warnecke, C., Gardner, P.P.,

Gumy, L.F., and Fineran, P.C. (2020). A jumbo phage that forms a nu-

cleus-like structure evades CRISPR-Cas DNA targeting but is vulnerable

to type III RNA-based immunity. Nat. Microbiol. 5, 48–55. https://doi.org/

10.1038/s41564-019-0612-5.

23. Samson, J.E., Magadán, A.H., Sabri, M., and Moineau, S. (2013).

Revenge of the phages: defeating bacterial defences. Nat. Rev.

Microbiol. 11, 675–687. https://doi.org/10.1038/nrmicro3096.

24. Weigele, P., and Raleigh, E.A. (2016). Biosynthesis and Function of

Modified Bases in Bacteria and Their Viruses. Chem. Rev. 116, 12655–

12687. https://doi.org/10.1021/acs.chemrev.6b00114.

25. Sood, A.J., Viner, C., and Hoffman, M.M. (2019). DNAmod: the DNA

modification database. J. Cheminform. 11, 30. https://doi.org/10.1186/

s13321-019-0349-4.

26. Lee, Y.J., Dai, N., Müller, S.I., Guan, C., Parker, M.J., Fraser, M.E., Walsh,

S.E., Sridar, J., Mulholland, A., Nayak, K., et al. (2022). Pathways of thy-

midine hypermodification. Nucleic Acids Res. 50, 3001–3017. https://

doi.org/10.1093/nar/gkab781.

27. Burke, E.J., Rodda, S.S., Lund, S.R., Sun, Z., Zeroka, M.R., O’Toole, K.

H., Parker, M.J., Doshi, D.S., Guan, C., Lee, Y.J., et al. (2021). Phage-en-

coded ten-eleven translocation dioxygenase (TET) is active in C5-cyto-

sine hypermodification in DNA. Proc. Natl. Acad. Sci. USA 118,

e2026742118. https://doi.org/10.1073/pnas.2026742118.

28. Pyle, J.D., Lund, S.R., O’Toole, K.H., and Saleh, L. (2024). Virus-encoded

glycosyltransferases hypermodify DNA with diverse glycans. Cell Rep.

43, 114631. https://doi.org/10.1016/j.celrep.2024.114631.

29. Lehman, I.R., and Pratt, E.A. (1960). On the structure of the glucosylated

hydroxymethylcytosine nucleotides of coliphages T2, T4, and T6. J. Biol.

Chem. 235, 3254–3259. https://doi.org/10.1016/S0021-9258(20)

81347-7.

30. Zhou, Y., Xu, X., Wei, Y., Cheng, Y., Guo, Y., Khudyakov, I., Liu, F., He, P.,

Song, Z., Li, Z., et al. (2021). A widespread pathway for substitution of ad-

enine by diaminopurine in phage genomes. Science 372, 512–516.

https://doi.org/10.1126/science.abe4882.

31. Lee, Y.J., Dai, N., Walsh, S.E., Müller, S., Fraser, M.E., Kauffman, K.M.,
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

AbaSI NEB Cat # R0665

Acetonitrile Fisher Scientific Cat #A9561

5-Aminolevulinic acid (ALA) ACROS ORGANICS Cat # 103920050

AMPure XP Reagent Beckman Coulter Cat # A63880

c-triAMP (cA3) Biolog Life Science Institute Cat # C 362-005

D-Arabinose Sigma Cat # A3131-100G

Benzonase Nuclease Sigma Cat #E8263

Hexadecyltrimethylammonium

bromide (CTAB)

Sigma Cat # 52365-50G

DNase I Roche Diagnostics Cat #10104159001

Ethylenediaminetetra-acetic acid (EDTA) Ajax Finechem Cat # AJA180-500G

Formic acid Fisher Scientific Cat #A117

L-Fucose Biosynth Cat # MF06710

D-Galactose Biosynth Cat # MG05201

D-Glucose Sigma Cat # G5767-5KG

D-Mannose Biosynth Cat # MM06704

MspI NEB Cat # R0106L

N-Acetyl-D-galactosamine Biosynth Cat # MA04390

N-Acetyl-D-glucosamine Biosynth Cat # MA00834

NucC Mayo-Muñoz et al.65 N/A

Phenol/Chloroform/Isoamyl

alcohol (25:24:1)

Thermo Scientific Cat # 327111000

Phosphatase Sigma Cat #P5521

Phosphodiesterase Sigma Cat #P3243

Proteinase K Thermo Scientific Cat # EO0492

D-Ribose Sigma Aldrich Cat # R1757-100G

RNase A Roche Diagnostics Cat #10109142001

Sodium Dodecyl Sulfate (SDS) Invitrogen™ Cat #15525-017

Sodium Hydroxide Supelco Cat #1064821000

Trifluoroacetic acid (TFA) Merck Cat # MER302031

D-Xylose Sigma Aldrich Cat # X1500-500G

Critical commercial assays

GFX™ PCR DNA and Gel Band

Purification Kit

Cytiva Cat # GE28-9034-71

Qubit™ dsDNA BR Assay Kit Invitrogen™ Cat # Q32850

Qubit™ dsDNA HS Assay Kit Invitrogen™ Cat # Q32851

Zyppy™ Plasmid Miniprep Kit Zymo Research Cat # D4020

Experimental models: Organisms/strains

Bacteria

Acinetobacter baumannii propagation host

for phage Maestro

Liu et al.91 TP1

E. coli test strain for Bas46 assays Durfee et al.92 DH10β

E. coli propagation host for phage Bas46/47 Maffei et al.70 K-12 MG1655 ΔRM

E. coli Auxotrophic donor for biparental

conjugation requires ALA

Thoma and Schobert93 and Jackson et al.94 ST18
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Serratia sp. ATCC 39006 Lac- EMS mutant,

denoted WT

Thomson et al.95 LacA

Serratia sp. ATCC 39006 ΔnucC mutant,

LacA-derivative

Malone et al.22 PCF686

Serratia sp. ATCC 39006 Cas10 HD domain

mutant, LacA-derivative

Malone et al.22 PCF690

Serratia sp. ATCC 39006 Cas10 Palm

domain mutant, LacA-derivative

Malone et al.22 PCF691

Serratia sp. ATCC 39006 Type III-A dCas7

mutant, LacA-derivative

This study PCF868

Serratia strain 92 Propagation host for

Serratia phage 92A1

Borges57 Strain 92

Bacteriophages

Serratia sp. ATCC 39006 phage LC53 Mahler et al.51 LC53

Serratia sp. ATCC 39006 phage LC53 ara

iso mutant 8 (11 bp deletion (15 bp after

start) in arabinose isomerase)

This work N/A

Serratia sp. ATCC 39006 phage JS26 Malone et al.96 JS26

Serratia sp. ATCC 39006 phage PCH45 Malone et al.22 PCH45

Serratia strain 92 phage Borges57 92A1

E. coli phage T4 Fagenbank T4

E. coli phage RB69 Yey et al.97 RB69

E. coli phage Bas46 Maffei et al.70 Bas46

E. coli phage Bas46 Δaat This work Bas46 Δaat

E. coli phage Bas47 Maffei et al.70 Bas47

Acinetobacter phage Maestro Jason Gill; unpub. Maestro

Oligonucleotides

See Table S6 IDT™ N/A

Recombinant DNA

See Table S7 N/A N/A

Software and algorithms

Alphafold3 AlphaFold Server https://alphafoldserver.com/

ANI calculator Yoon et al.98 https://www.ezbiocloud.net/tools/ani

BLAST Altschul et al.99 https://blast.ncbi.nlm.nih.gov/Blast.cgi

Chromeleon™ 7 Chromatography Data

System (CDS) Software

ThermoFisher Scientific Version 7.2.7 October 2017; https://www.

thermofisher.com/order/catalog/product/

CHROMELEON7

Clinker Gilchrist and Chooi100 https://cagecat.bioinformatics.nl/

Dali server Holm et al.101 http://ekhidna2.biocenter.helsinki.fi/dali/

Geneious Prime Dotmatics https://www.geneious.com/

MAFFT Katoh and Standley102 https://mafft.cbrc.jp/alignment/server/

index.html

MassHunter Qualitative Analysis software Agilent Technologies https://www.agilent.com/en/product/

software-informatics/mass-spectrometry-

software/data-analysis/qualitative-analysis

PhyML Guindon et al.103 http://www.atgc-montpellier.fr/phyml/

Prism 10.5.0 GraphPad https://www.graphpad.com/

PyMOL Schrödinger https://www.pymol.org/

VICTOR Meier-Kolthoff and Göker104 https://ggdc.dsmz.de/victor.php

HMMer 3.4 Eddy105 http://hmmer.org/

MUSCLE 5.3 Edgar106 https://drive5.com

R 4.4.2 R Core Team107 https://www.r-project.org/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacteria, phages, primers, plamids and growth conditions

Bacterial strains and phages used and generated in this study are summarised in the key resources table. Serratia sp. ATCC 39006

was recently classified as Prodigiosinella confusarubida,126 but for consistency reasons with previous papers about the strain and the

phages, we use the name Serratia in this work. Primers and plasmids used in this study are listed in Tables S6 and S7. Plasmids con-

structed were confirmed by Sanger sequencing, introduced into E. coli ST18 by heat shock transformation and subsequently con-

jugated into Serratia strains. Plasmids used for experiments in E. coli were introduced into the appropriate strain by heat shock trans-

formation. Serratia strains were grown in lysogeny broth (LB) at 30◦C, under shaking conditions (160 rpm) or on LB agar (LBA, 1.5%

w/v) plates and incubated at 30◦C. E. coli and A. baumanii were grown at 37◦C but otherwise under the same conditions as Serratia.

LBA overlays were prepared with 0.5% (w/v) agar unless otherwise stated. LB and LBA were supplemented with ampicillin (Ap,

100 μg/ml), chloramphenicol (Cm, 25 μg/ml), kanamycin (Km, 50 μg/ml), isopropyl-β-D-thiogalactopyranoside (IPTG, 0.1 mM),

arabinose (Ara, 0.01-0.2% w/v) and 5-aminolevulinic acid (Ala, 50 μg/ml), when required.

Preparation of phage stocks and titration

Phage stocks were typically prepared as follows. A 5 ml culture of Serratia or E. coli was grown overnight, sub-cultured (100 μl) into

50 ml LB and then grown to an OD600 of ∼0.2. The culture was infected with 10 μl of high titre (∼5×1010 plaque forming units per ml

(pfu/ml)) phage stock and grown again overnight. Phages were harvested by removing cell debris by centrifugation (3000 g, 20 min)

and the phage-containing supernatant filtered (0.22 μm pore size). Phages were titrated by preparing a ten-fold serial dilution in LB or

phage buffer (Tris Base (10 mM, pH 7.4), MgSO4 (10 mM), gelatine (0.01% w/v)) and spotting 5 μl onto top agar overlays seeded with

100 μl Serratia overnight culture. Plates were incubated at 30◦C overnight and plaques counted to calculate the phage titre as pfu/ml.

If required, the phage stock was prepared by the double agar overlay method. Briefly, 4 ml of LB top agar containing 100 μl of bac-

terial overnight culture and 10 μl phage stock, at a concentration to produce semi-confluent lysis, were poured onto LBA plates and

incubated overnight. Phages were harvested by pooling the overlays into a centrifuge tube, adding few drops of chloroform and cells

lysed by vortexing. Cell debris was then removed by centrifugation (2000 g, 20 min) and the phages transferred into a sterile glass

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Readxl Wickham and Bryan108 https://readxl.tidyverse.org/

stringr Wickham109 https://stringr.tidyverse.org/

dplyr Wickham et al.110 https://dplyr.tidyverse.org/

tidyr Wickham et al.111 https://tidyr.tidyverse.org/

rentrez Winter et al.112 https://cran.r-project.org/web/packages/

rentrez/index.html

ggplot2 Wickham113 https://ggplot2.tidyverse.org/

gggenes Wilkins114 https://cran.r-project.org/web/packages/

gggenes/index.html

ggrepel Slowikowski115 https://ggrepel.slowkow.com/

cowplot Wilke116 https://cran.r-project.org/web/packages/

cowplot/index.html

pheatmap Kolde117 https://cran.r-project.org/web/packages/

pheatmap/index.html

BioStrings Pagès et al.118 https://bioconductor.org/packages/

release/bioc/html/Biostrings.html

ape Paradis and Schliep119 https://cran.r-project.org/web/packages/

ape/index.html

TreeIO Wang et al.120 https://www.bioconductor.org/packages/

release/bioc/html/treeio.html

ggTree Xu et al.121 https://bioconductor.org/packages/

release/bioc/html/ggtree.html

Jupyter Kluyver et al.122 https://jupyter.org/

IRkernel Kluyver et al.123 https://cran.r-project.org/web/packages/

IRkernel/index.html

Padloc Payne et al.124 https://padloc.otago.ac.nz/padloc/

msa Bodenhofer et al.125 https://www.bioconductor.org/packages/

release/bioc/html/msa.html
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universal. Serratia phage 92A1 was propagated by following the protocol provided by Arcadia Science.127 E. coli phages (T4, RB69,

Bas46 and Bas47) were replicated on DH10β, DH5α or K-12 ΔRM, Serratia phages LC53, PCH45 and JS26 were replicated on LacA,

Serratia phage 92A1 was replicated on Serratia strain 92 and A. baumanii phage Maestro was replicated on TP1 unless otherwise

stated. All phage stocks were stored at 4◦C.

METHOD DETAILS

Bioinformatic analysis of modification genes

Whole phage genomes and specific loci were compared by visualising the similarity between different phages with the clinker tool for

cluster comparison by setting the minimum alignment sequence identity to 0.3.100 Identity of homologous DNA modification genes

was investigated by protein BLAST (v2.12.0)99 and MAFFT (v7) alignments (FFT_NS-i x1000 algorithm and JTT200 scoring matrix) of

the appropriate amino acid sequences.102,128 The phylogeny of diverse phage encoded thymidylate synthases and arabinosyl-ara-

hC transferases was investigated by performing MAFFT (v7) (FFT_NS-i x1000 algorithm and JTT200 scoring matrix) alignments of the

amino acid sequences in Geneious Prime (v2023.1.2)102,128,129 and building a phylogenetic tree based on this alignment with PhyML

(v3.0) using the Smart Model Selection.103,130 Accession numbers of protein sequences used to build the phylogenetic trees of the

thymidylate synthases and arabinosyl-ara-hC transferase are listed in Tables S2 and S4, respectively. Phylogenetic trees of phages

based on whole genomes were built with VICTOR.104 Accession numbers of phage genome sequences used to build the phyloge-

netic trees are listed in Table S3. Structures of selected phage proteins were predicted with AlphaFold3 (AlphaFold Server Beta) and

the predicted structure was compared to existing protein structures with the DALI server.101 Predicted protein structures were visual-

ised in PyMOL Molecular Graphics System (v3.0, Schrödinger, LLC).131 Genomic similarities between two phage genomes were

calculated as the Orthologous Average Nucleotide Identity with USEARCH (OrthoANIu) with the ANI calculator.98

Phage genomic DNA extraction

Phage genomic DNA (gDNA) was either extracted by adapting the CTAB (cetyltrimethylammonium bromide) or the phenol-chloro-

form method.132,133 Both methods required high-titre phage stocks with at least 1010 pfu/ml. For the CTAB method 2.5 ml of phage

stock were mixed with RNase A (100 ng) and DNase I (100 U) and incubated at 37◦C for 30 min. The nucleases were inactivated by the

addition of 40 mM EDTA (pH 8.0) and the phage particles were degraded by incubation at 56◦C for 20 min with 0.5 mg proteinase K.

Next, 220 μl of 10% (w/v) CTAB in 4% (w/v) NaCl at 55◦C were added. The DNA-CTAB complex was precipitated by cooling on ice for

15 min and pelleted by centrifugation (4000 g at 4◦C for 5 min). The DNA was resuspended in 1.2 M NaCl and precipitated at -20◦C

overnight with 2 volumes of isopropanol. Precipitated DNA was concentrated by centrifugation (20,000 g at 4◦C for 10 min) and

washed twice with 500 μl 75% ethanol (centrifugation at 13,000 g at 4◦C for 5 min). After the washing, the DNA was resuspended

in 60 μl ultra-pure water.

For the phenol-chloroform method, 5 ml of phage stock were treated with DNase I and RNase A (1 μg/ml each) and incubated for

30 min at room temperature (RT). The reaction was stopped, and virions degraded by the addition of 0.5 M EDTA at pH 8.0 (20 mM),

proteinase K (50 μg/ml) and SDS (0.5% w/v) and incubation at 56◦C for at least one hour. Samples were cooled to RT before the DNA

was extracted by adding an equal volume of phenol-chloroform-isoamyl-alcohol. The samples were centrifuged (3000 g for 10 min)

and the clear supernatant was transferred to a new tube where an equal volume of chloroform was added. This step was repeated

after centrifugation (3000 g for 10 min). The DNA obtained after two extractions with chloroform was precipitated by addition of 3 M

sodium acetate at pH 5.0 (0.1 volume) and absolute ethanol (2.5 volumes). The precipitated DNA was stored at -20◦C overnight and

subsequently concentrated by centrifugation (14,000 g for 15 min). The pellet was washed in 70% ethanol and centrifuged (14,000 g

for 5 min). The pellet was dried at RT for 5-10 min before the DNA was resuspended in 20-50 μl ultra-pure water.

DNA concentration and purity was assessed by nanodrop (NanoDrop One Microvolume UV-Vis Spectrophotometer) and by fluo-

rimetry using the Qubit dsDNA BR or HS kit (Qubit 4 Fluorometer). One μl of phage DNA was run on a 1% agarose gel prepared in

1×TAE (Tris-acetate-EDTA) buffer and stained with ethidium bromide (EtBr) to check the quality of the DNA. If required for the sub-

sequent analysis, the extracted phage DNA was further purified with AMPure XP beads (Beckman Coulter Life Sciences) following the

manufacturer’s instructions and upscaling the purification procedure depending on input and desired quantity of pure DNA. The pu-

rified DNA was eluted in ultra-pure water, and concentration and purity were again assessed by nanodrop and Qubit. The DNA was

stored at 4◦C for short term, at -20◦C for long term or dried by speed vacuuming (Eppendorf Concentrator 5301 centrifugal vacuum

concentrator) at 45◦C if required.

Restriction digests of phage DNA

Phage DNA was quantified using a Qubit and approximately 100 ng used in restriction digests (25 μl) with MspI or AbaSI (both from

NEB) according to the manufacturer’s instructions. Water was added to the control samples instead of the enzyme. Digests were

incubated and enzymes heat inactivated at the temperatures and for the duration suggested by the manufacturer. Lastly, 15 μl of

the reaction were run at 100 V for 40 min on a 1% agarose gel prepared in 1×TAE buffer and stained with EtBr.

HPAE-PAD analysis of phage DNA

Previously extracted and purified phage DNA was hydrolysed and subjected to high-pH anion exchange chromatography with

pulsed amperometric detection (HPAE-PAD) analysis as described previously.56 Briefly, 15 μg of phage DNA were resuspended
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in 300 μl sterile water and an equal volume of 4 M trifluoroacetic acid (TFA) was added. The mixture was heated to 100◦C for 3 h to

release the monosaccharides from the phage DNA, subsequently cooled to RT, lyophilised, and resuspended in 100 μl sterile water.

Two sets of standards were prepared from commercially available monosaccharides (a mix of 6 hexoses – L-fucose, N-acetyl-D-gal-

actosamine (GalNAc), N-acetyl-D-glucosamine (GlcNAc), D-galactose, D-glucose and D-mannose and a mix of 3 pentoses -D-ara-

binose, D-xylose and D-ribose). The stock solutions (100 nmol per monosaccharide in 10 ml sterile water) were treated with TFA (sim-

ilar procedure as the phage DNA sample) to rule out any effect of the presence of residual acid in HPAE-PAD. The samples (phage

DNA and standards) were subjected to HPAE-PAD analysis on a Dionex ICS-5000+ DC Ion Chromatography system (software

Chromeleon™ 7, version 7.2.7) with Gold, Carboquad (Carbohydrates, Quad potential) Waveform. The analysis was run as 12-

100% C H20G2H5 (translates to isocratic 12 mM NaOH for 20 mins then a gradient of 12 to 100 mM NaOH for 2 min followed by

hold at 100 mM for 5 mins) on a CarboPac™ PA 20 column and Dionex Amino Trap guard column at 30◦C column and 15◦C tray tem-

perature and with a flow rate of 0.5 ml/min. Water was used as solvent A and 100 nM NaOH as solvent B. The reference electrode

mode was set to AgCl and the used injection volume for the hydrolysed samples was 100 μl.

LC-MS analysis of purified phage DNA

Liquid chromatography-coupled mass spectrometry (LC-MS) analysis of phage DNA was performed following the previously pub-

lished procedure with some adjustments.134 Briefly, purified DNA (10 μg) was hydrolysed in 10 mM Tris-HCl (pH 7.9) with 1 mM

MgCl2 with Benzonase (20U), DNase I (4U), calf intestine phosphatase (17U) and phosphodiesterase (0.2U) for 16 h at ambient tem-

perature. Following passage through a 10 kDa filter to remove proteins, the filtrate was analysed by LC-MS.

The LC-MS analysis was performed using Agilent 1290 ultrahigh pressure liquid chromatography system equipped with DAD and

6550 QTOF mass detector managed by a MassHunter workstation. The column used for the separation was a Waters ACQUITY HSS

T3 column (2.1×150 mm, 1.8 μm). The oven temperature was set at 45◦C. The gradient elution involved a mobile phase consisting of

(A) 0.1% formic acid in water and (B) 0.1% formic acid in acetonitrile. The initial condition was set at 2% B. A 15 min linear gradient to

7% B was applied, followed by a 5 min gradient to 100% B which was held for 3 min, then returned to starting conditions over 0.5 min.

Flow rate was set at 0.3 ml/min, and 2 μl of samples was injected. The electrospray ionisation mass spectra were acquired in positive

ion mode. Mass data were collected between m/z 100 and 1000 at a rate of two scans per second. The electrospray ionization of the

mass spectrometer was performed in positive ion mode with the following source parameters: drying gas temperature 250◦C with a

flow of 14 l/min, nebulizer gas pressure 40 psi, sheath gas temperature 350◦C with a flow of 11 l/min, capillary voltage 3,500 V and

nozzle voltage 500 V. Two reference masses were continuously infused to the system to allow constant mass correction during the

run: m/z 121.0509 (C5H4N4) and m/z 922.0098 (C18H18O6N3P3F24). Raw spectrometric data were analysed by MassHunter Qualitative

Analysis software (Agilent Technologies, US) and the molecular features characterized by retention time, chromatographic peak in-

tensity and accurate mass, were obtained by using the Molecular Feature Extractor algorithm.

NMR analysis of 5-arabinofuranosyl-hydroxy-deoxycytidine (5ara-hdC)

Phage LC53 DNA sample (2.5 mg) was enzymatically hydrolyzed and 5ara-hC was purified using HPLC. Purified 5ara-hdC was dis-

solved in DMSO-d6 and recorded 1D and 2D 1H NMR on a Bruker 600 MHz. Due to the low amount of compound, several impurities

were seen along with the 5ara-hdC signals.
1H NMR

H6 proton was seen as a singlet at 7.56 ppm and the anomeric proton of deoxyribose, H1′ was observed at 6.15 ppm. The five OH

protons and anomeric proton of arabinose (H1a) was observed between 5.90-4.90 ppm. Protons of 2’ CH2 were observed between

1.90-2.10 ppm, remaining 9 protons were observed between 4.30-3.30 ppm. We found a triplet at 5.33 ppm with integration value of

1.53 protons, which could come from impurity.

Deuterium exchange 1H NMR

We did a D2O exchange and recorded 1H NMR. Five protons between 5.90-4.90 ppm disappeared, confirming the presence of five

OH protons. Triplet at 5.33 and a doublet at 5.14 ppm remained in the spectrum. To assign anomeric proton of arabinose (H1a) un-

ambiguously, we recovered the sample from DMSO-D6 and re-purified it using HPLC. When we recorded NMR for re-purified 5ara-

hdC, the integral value of triplet at 5.33 ppm increased to 10 protons, which further confirms that it is from an impurity. Thus, the

chemical shift of H1a proton should be at 5.14 ppm.

COSY 1H NMR

The anomeric proton of deoxyribose (H1’) has clear correlations to H2’ protons (1.90-2.10 ppm). The H2’ protons have a correlation

to proton H3’ (4.22 ppm) which has correlation to 3’-OH proton at 5.18 ppm. The H3’ proton at 4.22 ppm has another correlation to

H4’ proton at 3.76 ppm, which in turn has correlation to the two H5’ protons at 3.58-3.51 ppm. H5’ protons have a correlation to 5’-OH

proton at 5.00 ppm. We could not observe clear correlations between H1a and H2a protons and thus the remaining arabinose protons

could not be assigned with confidence.

NOESY 1H NMR

The aromatic proton H6 has NOE correlation to the anomeric protons H1’ and H1a. The OH4a proton at 4.94 ppm has a strong

correlation to OH3a proton 5.47 ppm, and the OH3a proton has a strong correlation to H3a proton at 4.1 ppm.

HSQC NMR

We couldn’t record 13C NMR due to limited amount of sample, however we run HSQC spectrum. The carbon C5 at 129.3 ppm, the

anomeric carbon of deoxyribose at 85.4 ppm, and the anomeric carbon of arabinose at 109.4 were observed. 1H NMR (600 MHz,

ll
Article

Cell Host & Microbe 33, 1173–1190.e1–e9, July 9, 2025 e5



DMSO-d6) δ (ppm) 7.56 (s, 1H), 6.15 (q, J = 4.47 Hz, 1H), 5.55 (d, J = 4.8 Hz, 1H), 5.47 (d, J = 4.2 Hz, 1H), 5.18 (d, J = 4.2 Hz, 1H), 5.14

(d, J = 0.6 Hz, 1H), 5.00 (t, J = 4.8 Hz, 1H), 4.94 (t, J = 5.4 Hz, 1H), 4.22-4.18 (m, 1H), 4.11-4.09 (m, 1H), 3.97-3.94 (m, 1H), 3.82-3.80

(m, 1H), 3.76-3.75 (m, 1H), 3.58-3.51 (m, 3H), 3.46-3.43 (m, 1H), 2.10-2.07 (m, 1H), 2.02-1.96 (m, 1H).

NMR analysis of 5-arabinofuranosyl-arabinofuranosyl-hydroxy-deoxycytidine (5ara-ara-hdC)

Phage Bas46 DNA sample (2.5 mg) was enzymatically hydrolyzed and 5ara-ara-hdC was purified using HPLC. Purified 5ara-ara-hdC

was dissolved in DMSO-d6 and recorded 1D and 2D 1H NMR on a Bruker 600 MHz. Due to low amount of the compound several

impurities were seen along with the 5ara-ara-hdC signals.
1H NMR

H6 proton was seen as a singlet peak at 7.80 ppm and the anomeric proton of deoxyribose H1′ was observed at 6.15 ppm. The seven

OH protons and anomeric protons at both arabinoses (H1a and H1b) were observed between 4.55-5.54 ppm. Protons of 2’ CH2 were

observed between 2.00-2.10 ppm, and the remaining 14 protons were observed between 3.46-4.40 ppm. We found a triplet at 5.33

ppm with integration value of 3.2 protons, which could come from an unknown impurity which was also found in the 5ara-hdC.

Deuterium exchange 1H NMR

We did a D2O exchange and recorded 1H NMR. Seven protons between 4.55-5.54 ppm disappeared, confirming the presence of 7

OH protons. Peaks at 5.24 ppm (bs), 6.15 (dd, J = 6.6, 6.0 Hz) and 4.88 (d, J = 4.60 Hz) remained in the spectrum. Since the anomeric

proton at arabinose for 5ara-hdC was observed at 5.14 ppm, the anomeric proton H1a for the first arabinose should be at 5.24 ppm,

and the remaining 4.88 ppm should be the anomeric proton H1b for the second arabinose. These assignments were confirmed by

NOESY 1H NMR.

COSY 1H NMR

The anomeric proton of ribose (H1’) has clear correlations to H2’ protons (2.00 and 2.10 ppm). The H2’ protons have a correlation to

proton H3’ (4.20 ppm) which has correlation to 3’-OH proton at 5.18 ppm. The H3’ proton at 4.20 ppm has another correlation to H4’

proton at 3.77 ppm, which in turn has correlation to the two H5’ protons at 3.55-3.57 ppm. H5’ protons have a correlation to 5’-OH

peak at 5.02 ppm. For arabinose, the anomeric proton of the second arabinose (H1b) (4.88 ppm) has a clear correlation to H2b proton

(3.83 ppm), which in turn has a correlation to H2b-OH peak at 4.98 ppm. Due to strong background noise, we could not clearly de-

termine the correlations of the other protons.

NOESY 1H NMR

The H6 proton has a strong correlation with the anomeric proton H1a for the first arabinose at 5.24 ppm, and it also has correlations

with H1′ and H2′ protons of the ribose. The anomeric proton of the second arabinose H1b (4.88 ppm) correlates with H2b (3.83 ppm).

HSQC NMR

We couldn’t record 13C NMR due to limited amount of sample, however we run HSQC spectrum. The anomeric carbon C1’ for the

ribose was at 85.6 ppm, the anomeric carbon C1a for the first arabinose was at 109.5 ppm which is generally expected for O-gly-

cosylated sugars and the anomeric carbon C1b for the second arabinose was at 110.9 ppm. 1H NMR (600 MHz, DMSO-d6) δ
(ppm) 7.80 (s, 1H), 6.15 (dd, J = 6.6, 6.0 Hz, 1H), 5.53 (d, J = 4.65 Hz, 1H), 5.24 (bs, 1H), 5.19 (s, 1H), 5.18 (d, J = 1.61, 1H), 5.02

(q, J = 5.41, 2H), 4.98 (d, J = 6.15, 1H), 4.88 (d, J = 4.6 Hz, 1H), 4.56 (t, J = 5.4 Hz, 1H), 4.37-4.36 (m, 1H), 4.21-4.19 (m, 1H),

4.10-4.07 (m, 1H), 3.92-3.91 (m, 1H), 3.83-3.80 (m, 1H), 3.77-3.72 (m, 2H), 3.63-3.50 (m, 4H), 3.50-3.44 (m, 3H), 2.10-2.07 (m,

1H), 2.01-1.96 (m, 1H).

Arabinosylation of 5ara-hC phage DNA in trans

To overexpress the Bas47 and 46 aat gene, the plasmids pPF3928 and pPF3931, respectively, were generated by adding the am-

plified gene (PF8103 and PF8104) to the PCR-amplified (PF6734 and PF6735) and DpnI-treated pPF781 backbone in a Gibson as-

sembly reaction. The plasmids were conjugated into Serratia and cultures were grown over night with Ara 0.2% (w/v) to induce ex-

pression of Aat. The culture was diluted to OD600 0.05 in 25 ml media supplemented with Ara 0.2% (w/v) and grown to OD600 0.2. The

culture was infected with LC53 at a multiplicity of infection (moi) of 0.2 and incubated over night to allow the phage to replicate. The

phages were harvested by centrifugation and filtration and titrated on Serratia as described above. Phage DNA was extracted with

the phenol-chloroform method, purified with AMPure XP beads and analysed by LC-MS as described above.

Plasmid expression of anti-phage spacers

Spacers to target phages were expressed from a mini-CRISPR array on plasmids. Briefly, pairs of reverse complement primers of

spacer sequences each containing flanking BsaI restriction sites were annealed and cloned into the mini-CRISPR array entry vectors

(pPF974, pPF975 and pPF976 for type I-E, I-F and type III-A, respectively) using BsaI and T4 DNA ligase (NEB). Spacers were ex-

pressed to crRNAs by the addition of IPTG and Km for plasmid maintenance.

Phage resistance efficiency of plating assay

Efficiency of plating (EOP) assays were performed to investigate the infectivity of the phages. LBA top agar (0.5% w/v, unless other-

wise indicated) overlays were seeded with 100 μl bacterial overnight culture and poured on LBA plates. Ten-fold serial dilutions of

high titre phage stock (between 1010 and 1011 pfu/ml) were spotted (5 μl) on the top agar overlays and plates were incubated over-

night. The plaques were counted and the EOP calculated as the ratio of pfu/ml on the test strains to the pfu/ml on the control strain.

The control strain was the empty vector control or a non-targeting spacer strain relevant to the test strains. For the GmrSD
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experiments, the control was E. coli ΔRM without a plasmid. All EOP assays were plotted as mean ± SD with individual repli-

cates shown.

Phage resistance infection time course

Bacterial overnight cultures were diluted to an OD600=0.1 and distributed into wells of a 96-well microtiter plate. Phages were diluted

to the appropriate concentration in LB and 5 μl were added to the wells to reach the desired moi. For the no phage control, 5 μl of LB

were added instead of phages. The 96-well plates were incubated in a plate reader (VICTOR Nivo Multimode Microplate Reader or

BioTek Epoch Microplate Spectrophotometer) for 24 h with continuous double orbital shaking (600 rpm) and OD600 measured every

10 min. All conditions were repeated in biological replicates and plotted as mean ± standard deviation.

Conjugation efficiency assay

Plasmids targeted by type I-E, I-F and III-A anti-phage spacers were generated by amplifying a 500 bp fragment of the phage DNA

around the protospacer sequence. The targeted sequences were added to the PCR-amplified pPF781 (PF6734 and PF6735) back-

bone in a Gibson reaction. Target plasmids were transformed to E. coli ST18 and confirmed by sequencing. Expression of the tar-

geted sequence was induced by the addition of Ara (0.02% w/v) and plasmids maintained with Cm. The interference with Serratia

strains expressing type I-E, I-F and III-A spacers was investigated in a conjugation efficiency assay. Overnight cultures of the

E. coli ST18 donor strains carrying the target plasmids or a non-targeted control (pPF781) and Serratia strains expressing the appro-

priate spacers were washed in LB twice and adjusted to OD600=1. Donor and recipient strains were mixed in a 1:1 ratio, spotted on a

filter (0.2 μm pore size) on LBA with 5-aminolevulinic acid (Ala) and incubated overnight at 30◦C. Next, the filter paper was added to

1 ml phosphate-buffered saline (PBS) and the mating spot was resuspended. Ten-fold serial dilutions were performed in PBS and

10 μl spotted on LBA + Km for the total recipient count and on LBA + Km, IPTG, Cm and Ara (0.02% w/v) for the transconjugants

count. Plates were incubated at 30◦C for at least 40 h before colony forming units (cfu/ml) could be counted. Conjugation efficiency

was expressed as transconjugants (cfu/ml) per total recipients (cfu/ml), measured in triplicates and plotted as mean ± standard

deviation.

Expression of Cas13 and anti-phage spacers

For expression of the Leptotrichia buccalis (Lbu) type VI-A CRISPR-Cas system, the plasmid pBA559 (obtained from Benjamin Adler,

UC Berkeley) encoding Lbucas13a under the control of the tetracycline promoter and a type VI mini-CRISPR array consisting of a

repeat-spacer unit under the control of the constitutive promoter J23119 was used.49 A mobilizable type VI spacer entry vector

pPF3502 was constructed by adding the RP4 oriT to pBA559. The oriT was amplified from pPF976 (PF6879 and PF6880) and added

to the PCR amplified (PF6877 and PF6878) and DpnI digested pBA559 backbone in a Gibson assembly reaction. Anti-phage type VI

reverse complement primer pairs containing spacer sequences flanked with BsaI recognition sites were annealed, added to the

pPF3502 entry vector in a restriction ligation reaction with BsaI and T4 DNA ligase. Type VI expression vectors were transformed

into E. coli ST18, confirmed and conjugated into Serratia. Due to toxicity of Cas13 expression in Serratia even at very low inducer

concentrations, all the phage resistance assays were performed without the addition of any inducer.

Investigation of type III-A CRISPR-Cas protection mechanism

Plasmids to express anti-phage LC53 spacers (pPF3348 and pPF3367) were conjugated into different Serratia type III-A mutant

strains (PCF686 = ΔNucC mutant, PCF690 = HD mutant, PCF691 = Palm mutant that were generated previously22 and PCF868 =

dCas7 (deactivated Cas7) mutant. The dCas7 mutant (cas7D34A) was constructed as follows. The up/downstream regions of cas7

were cloned using primers pairs PF3750/PF3585 and PF4905/PF3751 respectively and Serratia WT colonies as DNA template;

and primer pairs PF3589/PF3590 and gBlock PF3591 as DNA template. The inserts were cloned into pPF1117, previously digested

with SalI and SphI, using Gibson assembly, resulting in plasmid pPF2398. The plasmid was conjugated from E. coli ST18 into Serratia

to generate the site-directed mutant (PCF868) via allelic exchange mutagenesis and sacB/sucrose counterselection as described

previously.135 Involvement of these different type III proteins/domains in protection against LC53 was investigated in EOP assays.

In vitro NucC cleavage assay

Phage or host DNA (∼100 ng) was incubated with 100 nM NucC (purified as described previously)65 in 10 mM HEPES-NaOH pH 7.5,

100 mM KCl, 5% (v/v) glycerol, 1 mM DTT, 200 nM cA3 (c-triAMP Biology Life Science Institute) and 10 mM MgCl2 (total reaction

volume of 8 μl). Samples were incubated at 30◦C for 30 min and resolved on an 1.2% agarose gel prepared in 1×TAE buffer at

120 V for 40 min and stained with EtBr.

Exchange of type III-A ancillary nuclease

Previously generated plasmids for in vivo expression of NucC (pPF2503), Csm6 (pPF2505) and the empty vector control (pPF1618)65

were conjugated in the Serratia ΔNucC mutant (PCF686) together with plasmids for type III-A crRNA expression to target the LC53

NTP transferase (pPF3367) or endolysin (pPF3348) genes, or the empty vector control (pPF976). Expression of the ancillary nucleases

was induced by the addition of 0.1% (w/v) Ara to the growth media. Phage interference was investigated in EOP and growth curve

assays.
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Phage engineering using type VI CRISPR-Cas counter-selection

To delete the arabinosyl-5ara-hC transferase (aat) gene from the Bas46 genome a modified version of the previously described type VI

based CRISPR-Cas counter-selection method was applied.49 First, a recombination plasmid encoding a homologous repair tem-

plate with the desired mutation and a selection plasmid expressing Cas13a and a type VI spacer that provides full protection against

phage infection were generated. The recombination plasmid to delete Bas46 aat was generated by amplifying upstream (PF8105 and

PF8106) and downstream (PF8107 and PF8108) fragments (∼500 bp) for homologous recombination. These flanks were added to the

PCR-amplified pPF976 (PF7510 and PF7511) backbone in a Gibson assembly reaction. E. coli DH10β carrying the aat recombination

plasmid pPF3930 was grown in LB + Km. The selection plasmid pPF3924 was generated as described above by adding a type VI-A

spacer (PF8114 and PF8115) targeting the mutated sequence of the aat gene on the phage genome to the type VI entry vector

pPF3502. The targeting efficiency of the selection spacer was assessed in EOP and growth curve assays to ensure sufficient coun-

ter-selection of wild-type (WT) phages. For homologous recombination, phages were replicated on the E. coli DH10β carrying the

recombination plasmid. An overnight culture of this recombination host was diluted to an OD600 of 0.05, 200 μl of the bacterial sus-

pension were added to wells of a 96-well plate and infected with Bas46 at moi 0.01. The plate was incubated at 37◦C for 5 h in a plate

reader to allow phage replication. Phages were collected from wells displaying bacterial growth impairment/lysis indicating success-

ful phage replication. Phages were harvested by centrifugation (2000 g for 20 min) and filtration (0.2 μm pore size) and the phage pool

(containing a mixture of WT and recombinant phages) was titrated on E. coli DH10β. Next, counter-selection of the WT phages was

performed by enrichment of the recombinant phages on E. coli DH10β carrying the CRISPR-Cas selection plasmid that targets the

WT phages. An overnight culture of E. coli DH10β carrying the targeting plasmid pPF3924 was diluted to an OD600 of 0.05 and 200 μl

were transferred to multiple wells of a 96-well plate and infected with the pool of recombinant and WT phages at moi 0.01. The 96-well

plate was incubated in a plate reader at 37◦C for 5 h and lysates of wells showing bacterial lysis were collected. Phages were again

harvested by centrifugation and filtration before being titrated on the targeting (pPF3924) and non-targeting (pPF3502) E. coli DH10β
strain. A decreased EOP on the targeting strain indicated uncomplete selection and presence of WT phages. Similar EOP results on

targeting and non-targeting strains suggested the enrichment step had successfully selected for recombinant phages that are not

targeted by type VI. Plaques were screened by PCR and sequencing to distinguish between type VI escape and recombinant phages.

Recombinant phage stocks were generated by replicating phages isolated from positive plaques on the selection host (pPF3924).

Isolation of arabinose isomerase mutant phage

Phages with small deletions in the arabinose isomerase gene were obtained by liquid propagation of the phage on a host expressing a

type III-A spacer targeting the start codon locus of the gene from a plasmid-borne mini-array (pPF3722). An overnight culture of this

targeting host was diluted to an OD600 of 0.05 and 195 μl of the bacterial suspension were added to wells of a 96 well microtiter plate.

The plate was incubated in a plate reader at 30◦C with continuous double-orbital shaking (600 rpm) and OD600 measurements in ten

minutes intervals. The cultures were grown for approximately 5 h until an OD600 of 0.3 was reached. Five μl of a phage dilution were

added to the bacterial culture to reach moi 0.2. The plate was incubated in the plate reader overnight and OD600 measurements were

continued. Impaired bacterial growth compared to the no phage control indicated the presence of type III-A escape phages. These

phages were harvested and titrated on the targeting and non-targeting empty vector strain. Similar EOP on both strains gave further

indication for the presence of escape phages and some plaques were picked from the targeting strain and dissolved in 50 μl phage

buffer. Mutations were investigated by PCR amplification and sequencing of the arabinose isomerase gene from these plaques. A

new stock of these escape mutants was obtained by using the isolated plaque for propagation of the phage on the targeting host

(pPF3722).

Identification of phages with similar DNA modifications in genomic databases

Phage genome accession numbers were retrieved from the NCBI nucleotide database using the R package rentrez using the search

terms ‘(phage[TITL] OR bacteriophage[TITL]) AND (genome[TITL] OR complete sequence[TITL])’ and ‘"gbdiv_PHG"[prop]’. Acces-

sion numbers were matched to the INPHARED database (https://github.com/RyanCook94/inphared) entries.78 Genome sequence

files were retrieved from NCBI using the program datasets (version 16.37.0) and formatted using dataformat. The code for download-

ing genomes is available in the Jupyter notebook ‘A_download-genomes.ipynb’. Viral genome fragments from metagenomes in IMG/

VR v.4.179 (IMG_VR_2022-12-19_7) were downloaded as a file archive from https://genome.jgi.doe.gov/portal/IMG_VR/IMG_VR.

home.html.

Phage genome metadata, annotations, and protein sequences were loaded into R. R packages readxl and Biostrings were used for

data import. Data wrangling was performed using the tidyverse packages dplyr, tidyr. Visualizations were created using ggplot2 and

gggenes. Gene annotations were harmonized using pattern matching by stringr. HMM profiles were built by hmmbuild from MUSCLE

(version 5.3) alignments and used in hmmsearch against protein.faa files using HMMER (version 3.4) through the custom function

annotate_gene_by_hmm_profile. For each protein involved in the proposed arabinosylation pathway we built an HMM profile from

an alignment of representative protein sequences. Initially, we used sequences from seven phages (T4, 92A1, LC53, Bas46,

RB69, Maestro, Navy4) to search for similar proteins in a training set of 35 phages (Table S3).

Subsequently, we built profiles from the training set to search INPHARED78 and IMG/VR79 and used gene patterns to predict ge-

nome modification. Genome glucosylation was predicted if at least two genes out of dCMP hydroxymethylase, alpha-glucosyl-trans-

ferase and beta-glucosyl-transferase were present in a genome. Genome arabinosylation was predicted if at least four genes out of

dCMP hydroxylase, putative glycosyltransferase, arabinose isomerase, phosphoheptose isomerase and thymidylate kinase were
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present in a genome. Distinct HMM profiles were built for Aat, Aat1, Aat2. ‘No aat’ was defined as arabinosylation without aat, aat1 or

aat2 detected. ‘Single aat’ was defined as arabinosylation with one aat. ‘Aat1 and Aat2’ was defined as arabinosylation and one aat1

and one aat2. Arabinosylation together with any other combination of aat genes was defined as ‘multiple Aat’. The group ‘some

genes’ was created to distinguish genomes for which any protein matched an HMM profile from genomes that had no similar proteins

(‘None’). The code for the detection of genes involved in arabinosyl-hydroxy-cytosine DNA modification and classification of ge-

nomes is available in the Jupyter notebook ‘B_annotate_train_predict-INPHARED.ipynb’. The code for prediction of arabinosylation

in the IMG/VR database is available in the Jupyter notebook ‘C_predict-IMGVR.ipynb’.

Brig1 cloning and the Klebsiella pneumoniae clinical plasmid

Brig1 and three additional previously untested homologues were selected from a recent study.82 The sequences were generated as

gBlocks and cloned via Gibson assembly into the pQE-80LoriT backbone generated by PCR amplification with PF7427 and PF7428.

An ampicillin-resistant clinical plasmid from K. pneumoniae MRSN 731029 was introduced into E. coli K-12 ΔRM. The pQE-80LoriT

(ApR) plasmid was used as the control for all assays with Brig and the Klebsiella plasmid.

QUANTIFICATION AND STATISTICAL ANALYSIS

Efficiency of plating (EOP) and conjugation efficiency assays in Figures 1, 4, 7, S3, S5, and S7 were performed in at least biological

triplicates. All data presented is the means ± standard deviation (SD) with individual biological replicates shown. Biological replicates

are from cultures derived from individual bacterial colonies and treated as per the details described in the results and figure legends.

Data were plotted in Prism and all details are provided in the legends.
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