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SUMMARY

Bacteria encode various DNA repair pathways to maintain genome integrity. However, the high degree of ho-
mology between DNA repair proteins or their domains hampers accurate identification. Here, we describe a
stringent search strategy to identify DNA repair proteins and provide a systematic analysis of taxonomic dis-
tribution and co-occurrence of DNA repair proteins involved in RecA-dependent homologous recombination.
Our results reveal the widespread presence of RecA, SSB, and RecOR proteins and phyla-specific distribu-
tion for the DNA repair complexes RecBCD, AddAB, and AdnAB. Furthermore, we report co-occurrences of
DNA repair proteinswith immune systems, including specific CRISPR-Cas subtypes, prokaryotic Argonautes
(pAgos), dGTPases, GAPS2, andWadjet. Our results imply that while certain DNA repair proteins and immune
systems might function in conjunction, no immune system strictly relies on a specific DNA repair protein. As
such, these findings offer an updated perspective on the distribution of DNA repair systems and their connec-
tion to immune systems in bacteria.

INTRODUCTION

In bacteria, genomic DNA can be damaged by both endogenous

andexogenousprocesses.Endogenousprocesses includestalled

replication forks, metabolic/radical products, and nucleases,1–3

whereas exogenous processes include UV radiation and other

DNA-damaging agents, including antibiotics, chemicals, and

acids.1,4,5 As genomic DNA encodes essential genes, maintaining

its integrity is vital. To this end, bacteria encodediverseDNA repair

pathways.6–8Mutationsof singleDNAnucleotidesaregenerally re-

paired by base excision repair, nucleotide excision repair, or

mismatch repair pathways.9,10 In contrast, double-stranded DNA

breaks (DSBs) and other DNA lesions are generally repaired by

either non-homologous end joining (NHEJ) or homologous recom-

bination (HR) pathways.7,11 Alternatively, DSBs can be repaired

through microhomology-mediated end joining (MMEJ)12 and sin-

gle-strand annealing (SSA)13 pathways, of which proteins involved

partially overlap with NHEJ or HR pathways. NHEJ involves the

removal of damaged bases, error-prone resynthesis, and direct

ligation of the free DNA ends.14,15 While NHEJ is the main mode

of DSB repair in eukaryotes, only 22% of bacteria encode homo-

logs of known NHEJ proteins.16,17 Instead, DSBs are mostly re-

paired through HR pathways in bacteria.11,18 During HR, a DNA

template homologous to the damaged DNA is used to repair the

DSB,whichallowsmutation-freeDNA repair.18,19Asmost bacteria

harbormultiple copiesof their genome (or duplicatedgenomesare

present during replication), homologous DNA templates required

for HR are generally readily present in bacteria.20

Distinct bacterial HR pathways exist, each of which involve

proteins that can also be used in other distinct DNA repair path-

ways.18 Most bacterial HR pathways involve the protein RecA

(i.e., RecA-dependent HR pathways). While RecA-independent

HR pathways also exist, their activity has only been observed un-

der specific circumstances (e.g., in bacteria without RecA, at

[short/inverted] direct repeats and for specific types of DNA

damage)13,21–23 and are therefore not discussed further here.

RecA-dependent HR pathways rely on the formation of a sin-

gle-stranded (ss)DNA fragment to which RecA binds. Conse-

quentially, ssDNA-bound RecA forms a presynaptic filament

that places the ssDNA in a helical B-form conformation, which al-

lows the ssDNA to invade homologous dsDNA sequences.24–26

This facilitates strand exchange, after which HR can be

completed through branch migration and resolving the Holliday

junction by various proteins (e.g., RecG, RecQ, Rus, and/or

RuvABC27–29). Preceding strand invasion, RecA relies on one

of various DNA repair pathways for the formation of and/or

RecA loading onto ssDNA fragments. Well-studied bacterial

DNA repair pathways involved in ssDNA generation and RecA

loading include Rec(F)OR, RecBCD, AddAB, and AdnAB

(Figure 1).

The RecFOR pathway is typified by RecF, RecO, and RecR

(Figure 1A).31–35 The RecFOR pathway is involved in the repair

of ssDNA gaps that can occur during DNA replication31 and in

plasmid recombination and conjugation.35 Such ssDNA gaps

are sometimes extended by the nuclease RecJ, in cooperation

with the helicase RecQ,36,37 after which the ssDNA is coated
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by ssDNA-binding protein (SSB).35,37 After the DNA replication

machinery stalls at these ssDNA gaps, the RecFOR complex as-

sembles on the dsDNA/ssDNA transition38,39: a RecF dimer as-

sembles on the dsDNA, a tetrameric RecR ring clamps the

ssDNA, and RecO binds ssDNA on the RecF-distal side of the

RecR ring.33,37 In the absence of RecF, a RecOR complex can

also assemble in the middle of an ssDNA gap or on a staggered

DSB in vitro, where the RecF dimer is replaced by an additional

RecO monomer.40 The bound Rec(F)OR complex interacts with

SSB and stimulates loading of RecA onto SSB-coated ssDNA.41

Beyond repairing ssDNA gaps, the RecFOR pathway also re-

pairs DSBs when more efficient DSB repair pathways are ab-

sent.36 In that case, RecQ and/or RecJ process blunt or stag-

gered DSBs to generate stretches of ssDNA.36,37

The RecBCD pathway is typified by the RecBCD helicase-

nuclease complex (Figure 1B). RecBCD binds blunt-end DSBs,

which can be generated from staggered-end DSBs by nucleases

such as RecJ, SbcCD, and ExoI.7 The dsDNA is pulled through

RecBCD by the helicase domains of RecB and RecD, while the

RecB nuclease domain asymmetrically cleaves both unwound

Figure 1. Start of homologous recombina-

tion pathways in bacteria and domain archi-

tecture of proteins involved

(A) The general RecFOR repair pathway as

described for T. thermophilus,D. radiodurans, and

E. coli. RecQ helicase and RecJ nuclease widen

the ssDNA gap or ssDNA overhang at a ssDNA

gap or DSB, respectively. SSB binds exposed

ssDNA. The RecFOR complex binds ssDNA-

dsDNA junctions, or RecOR binds SSB-coated

ssDNA, and replaces SSB with RecA.

(B) The general RecBCD-like pathway as

described for E. coli. Blunt-ended DSBs are pro-

cessed by nucleases like ExoI to form blunt-ended

DSBs. The RecBCD complex (or AddAB in

B. subtilis or AdnAB in M. smegmatis) assembles

on the blunt-ended DSB and processes the

dsDNA by unwinding and cleavage of ssDNA.

Once a chi site is bound, cleavage of the chi-site-

containing strand is inhibited, after which that

strand is looped out, and RecA is loaded onto it. In

Rec(F)OR, RecBCD, AddAB, and AdnAB path-

ways, RecA-loaded ssDNA forms a synaptic fila-

ment that can invade a dsDNA template. Upon

base pairing between complementary strands, a

(double) Holliday junction is formed. RuvABC re-

solves the Holliday junction, after which DNA po-

lymerase fills in the ssDNA gaps.

(C) Domain architecture of proteins that initiate

homologous recombination in bacteria. NTD,

N-terminal domain; CTD, C-terminal domain; OB

fold, oligonucleotide-binding fold; IDL, intrinsically

disordered linker; C-tail, C-terminal tail; DHHA1,

DHH associated 1; 1A/2A, RecA-like domains 1/2;

1B/2B, domains inserted in RecA-like domains

1A/2A; SF1A/SF1B/SF2 helicase, superfamily 1/2

A/B helicases; Zn-bd, zinc-binding domain; RQC,

RecQ C-terminal domain; HRDC, helicase and

RNaseD C-terminal domain; DNA-bd, DNA bind-

ing domain; a-h, a helical domain; Znf, zinc finger;

HhH, helix-hairpin-helix domain; TOPRIM, topo-

isomerase-primase domain; PD-(D/E)XK nucl,

nuclease domain with conserved catalytic motif

PD-(D/E)XK; SH3, SRC homology domain 3. *,

catalytically inactive. #In most bacterial clades,

SSB contains one OB fold and forms a homote-

tramer, whereas in the Deinococcota, SSB con-

tains two OB folds and forms homodimers.30 See

also Figure S1 for catalytic residues and motifs of

archetype proteins.
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DNA strands that exit the RecBCD complex.42,43 RecBCD-medi-

ated dsDNA degradation continues until RecC binds a chi

(crossover hotspot instigator) site, a short sequence motif found

in the genome. Chi site binding changes the activity of RecBCD:

while degradation of the 50 end DNA strand is enhanced, degra-

dation of the 30 end is attenuated, and the formed 30 ssDNA
strand is bulged out of the RecBCDcomplex.44,45 RecA is loaded

onto this 30 ssDNA,44 after which strand exchange takes place,

and DNA repair is completed. It has recently been suggested

that RecBCD also functions in ssDNA gap repair, blurring the

lines between distinct DNA repair pathways.46

The AddAB pathway is typified by the AddAB helicase-

nuclease complex (Figure 1C).42 Akin to RecBCD, the AddAB

complex recognizes and processes blunt-end DSBs, recognizes

a (distinct) chi site, and generates a 30 ssDNA strand onto which

RecA is loaded.47,48 Although the proteins that comprise the

RecBCD and AddAB complexes are homologous and function

in a similar fashion, major differences between the complexes

exist (Figure 1C): RecBCD consists of three subunits (RecB,

RecC, and RecD), in which RecB is a helicase-nuclease, RecC

is a helicase-nuclease of which both domains are inactive, and

RecD is a helicase (and lacks a nuclease domain).44 In contrast,

AddAB consists of two subunits only (AddA and AddB), each of

which contains a helicase domain (inactive in AddB) and an

active nuclease domain.48 Furthermore, RecBCD unwinds the

DNA strands at a different rate (causing ssDNA loop formation

in front of the complex), while AddAB translocates both DNA

strands at the same rate and therefore requires SSB to prevent

cleavage product reannealing.42,45,47,49 The AdnAB repair com-

plex is closely homologous to AddAB.50 However, in contrast to

AddAB, in AdnAB, both subunits (AdnA and AdnB) contain func-

tional helicase and nuclease domains.42 Akin to RecBCD,

AdnAB does not require SSB for processive strand unwinding,

but no chi site has been identified.51–54

Beyond DNA repair, RecBCD and AddAB have also been

implicated in prokaryotic immunity.44,55–64 RecBCD can

directly degrade phage linear dsDNA genomes or replication in-

termediates that have exposed dsDNA ends.55,56 As such,

phages have developed various inhibitors to counteract

RecBCD activity.65–68 Furthermore, the products of RecBCD-

and/or AddAB-mediated invader DNA degradation result in

the formation of DNA degradation products that indirectly or

directly guide other prokaryotic immune systems, including

CRISPR-Cas systems57–59 and prokaryotic Argonaute (pAgo)

proteins.60–64 This suggests that these immune systems rely

on DNA repair complexes, that they act in conjunction, or that

synergistic effects between these DNA repair complexes and

immune systems exist. As such, analyses of the co-occurrence

of DNA repair proteins and these and other prokaryotic immune

systems might shed light on their functional co-dependence

and the mechanisms underlying prokaryotic immunity. Howev-

er, the high degree of homology between DNA repair proteins or

domains thereof (Figure 1C) makes the accurate identification

of DNA repair proteins challenging. While previous studies

have shed light on the distribution of proteins involved in

HR,69–73 we found that available TIGR/HMM profiles do not

accurately distinguish different DNA repair enzymes, hindering

subsequent analyses.

Here, we describe a unique search strategy to identify and

classify bacterial DNA repair proteins, involving new HMM pro-

files with query sequences from diverse phyla, followed by

reverse HMM score-based filtering. We used this stringent

search strategy to identify DNA repair proteins in the RefSeq

database, which facilitated accurate analyses of their taxonomic

distribution, (co-)occurrence, and genomic clustering over the

bacterial phyla. Furthermore, by identifying prokaryotic immune

systems using DefenseFinder and analyzing their co-occurrence

with DNA repair proteins, we confirm existing associations with

CRISPR-Cas systems and findmany novel correlations including

pAgos, dGTPases, GAPS2, and Wadjet. As such, this work pro-

vides an updated view on the distribution of DNA repair proteins

in bacteria, extends our insights into their genomic clustering,

and sheds light on the co-occurrence between DNA repair pro-

teins and prokaryotic immune systems.

RESULTS

Accurate identification and classification of DNA repair
proteins
To perform phylogenetic and taxonomic distribution analyses of

DNA repair proteins, accurate identification and classification

are required. In earlier studies, several HMM profiles have

been developed to identify the homologs that belong to specific

protein families.70,71,74 Using these publicly available HMM pro-

files, we attempted to identify DNA repair proteins in the repre-

sentative scaffold and whole genomes of the RefSeq database

(accessed on January 16, 2021, 7,249 genomes). However, the

presence of certain DNA repair proteins appeared highly overes-

timated (e.g., 27,589 RecB hits for TIGR00609, >3 copies per

genome; Table S1). Furthermore, multiple proteins were identi-

fied by multiple individual HMM profiles. This indicates that

search constraints are too lenient for accurate identification

and classification, probably due to the high degree of homology

and similar domain architecture of distinct DNA repair proteins

(Figure 1C). To generate new HMM profiles enabling more accu-

rate identification, for each DNA repair protein, we selectedR10

sequences (11–17) from highly different phylogenetic groups

(Figure 2A). However, HMM searches using the newly con-

structed HMM profiles still resulted in the overrepresentation of

various proteins (e.g., 27,846 hits for RecB, >3 copies per

genome; Figure 2B), and >20,000 proteins were identified by

multiple HMM profiles (e.g., 90,698 proteins were identified as

RecB, RecD, AddA, AddB, AdnA, and AdnB; Figure S2A). This

underscores the challenge of classifying highly homologous

DNA repair proteins. These results imply that further filtering is

required to facilitate accurate identification of DNA repair

proteins.

To obtain accurate classification of the DNA repair proteins,

for each protein identified, reciprocal HMM searches were per-

formed using the new HMM profiles developed (Figure 2A). Us-

ing the reciprocal search strategy, query proteins were first iden-

tified using the different HMM search profiles (i.e., for each type

of DNA repair protein, an HMM profile exists, and each of these

profiles is used to identify a pool of DNA repair proteins). Subse-

quently, for each identified DNA repair protein, an HMM score

was generated for each of the HMM search profiles (i.e., for
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each type of DNA repair protein). After that, for each DNA repair

protein, the different HMM scores were ranked, and the protein

was assigned the identification of the HMM search profile that

generated the highest HMM score.

The reciprocal HMM searches facilitated a classification of

DNA repair proteins for which no overlapping classification ex-

ists (Figures 2B and S2B). RecA and SSB are present in �99%

of the genomes (Figure 2B). These findings underscore the cen-

tral role of these SSBs in different DNA repair pathways.26,37,42

Similarly, RecJ and RecQ are present in 79% and 97% of ge-

nomes, respectively (Figure 2B). The proteins RecO and RecR

are identified in >94% of all genomes, whereas RecF is identified

in 86% of all genomes (Figure 2B). In line with the in vitro activity

of RecOR without RecF,75 this implies that RecF is not essential

in Rec(F)OR pathways. RecB and RecC are found in 25%–26%

of all bacterial genomes, while RecD is found in 73% (Figure 2B).

This confirms previous analyses that most RecD proteins have a

function outside the context of RecBCD.76,77 Finally, AddA and

AddB are found in 55% and 51% of genomes, whereas AdnA

and AdnB are present in 18% of genomes (Figure 2B).

To verify the classification and obtain insights about the

shared ancestry of DNA repair proteins, we performed phyloge-

netic analysis of the SF1 helicase domain-containing DNA repair

proteins (RecB, RecC, RecD, AddA, AddB, AdnA, AdnB) and

SF2 helicase RecQ (Figure 1C). 96.3% of proteins cluster in

distinct phylogenetic clades according to their classification,

which endorses the accuracy of our method (Figures 2C and

S3). The small fraction of proteins for which the assigned classi-

fication does not match the phylogeny generally have a low

score for all reverse HMM searches and form (sub)clades with

long branch lengths, which indicates they represent distantly

related proteins (Figures 2C and S3). While increasing the cutoff

score could limit these inaccurate identifications, it would also

lower the number of correctly identified proteins. The phylogeny

reveals that the AddA-RecB, AddB-RecC, and AdnA-AdnB pairs

have common ancestors (Figure 2C),41 in contrast to an earlier

study in which it was suggested that AddAB and RecBCD pro-

teins evolved from AdnAB proteins.78 RecD and RecQ form indi-

vidual clades, and within the RecQ clade, there is a clear distinc-

tion of two subclades (Figure 2C). The current identification and

classification strategy allows for further analysis of the distribu-

tion of these DNA repair proteins in bacteria.

Global taxonomic distribution of DNA repair proteins
To obtain a clear image of the taxonomic distribution of DNA

repair proteins across the bacterial phyla, we analyzed the abun-

dance of DNA repair proteins in the different bacterial phyla (Fig-

ure 3). We limited our analysis to phyla with R6 representative

genomes in the representative scaffold and whole genomes of

the RefSeq database and pooled the remaining genomes as

‘‘other.’’ In accordance with their high abundance, RecA, SSB,

and RecQ are present in all bacterial phyla (Figure 3; Table S2).

All three RecFOR proteins are present in most bacterial clades

(Figure 3), while Acidobacteriota, Aquificota, Mycoplasmatota,

Nitrospirota, Planctomycetota, and Thermodesulfobacteriota

mostly encode only RecOR and lack RecF. RecFOR proteins

are almost completely absent in Thermotogota (which form a

separate clade between Gracilicutes and Terrabacteria79,80).

Given that Thermotogota undergo extensive DNA exchange81,82

and that certain Thermotogota species are naturally compe-

tent,83 a more divergent Rec(F)OR pathway or another analo-

gous DNA repair system might exist in Thermotogota.

Despite RecBCD being arguably the most-studied bacterial

HR complex,42–45,68,84 RecB and RecC are (almost) completely

absent in 12 out of 21 phyla included in our analysis, including

bacteria belonging to the Terrabacteria and DST (Deinococcota,

Figure 2. Accurate identification of DNA

repair proteins and phylogenetic validation

of helicases

(A) Schematic representation of the pipeline used

for DNA repair protein identification and classifi-

cation. 11–17 sequences per protein family were

selected from diverse bacterial phyla to construct

HMM profiles. These profiles were used to search

the proteomes from 7,249 RefSeq genomes. The

obtained (overlapping; pre-filter) hits were sub-

jected to a reciprocal search using our collection

of HMM profiles, after which proteins were clas-

sified using the highest scoring HMMprofile (post-

filter).

(B) Number of proteins identified per protein family

pre-filter (gray) and post-filter (colored, primary y

axis). Diamonds (A, secondary y axis) indicate the

percentage of genomes that contain the corre-

sponding protein (post-filter).

(C) Unrooted phylogenetic tree of the SF1 and SF2

helicase domains of DNA repair proteins RecQ,

RecB, RecC, RecD, AddA, AddB, AdnA, and

AdnB. Clades are labeled and colored according

to the protein classifying this clade, and the per-

centages indicate the proteins correctly classified

in this clade. Proteins with classifications that do not follow the phylogeny are colored gray. See also Figure S2 for proteins identified bymultiple HMMprofiles and

Figure S3 for a midpoint-rooted tree with protein annotations and corresponding HMM scores.
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Synergistota, and Thermotogota) groups. RecBCD is present in

>50% of bacteria that belong to the Gracilicute group Chlamy-

diota, Chlorobiota, Deferribacterota, and Pseudomonadota

phyla (Figure 3; Table S2). In the remaining five Gracilicute phyla,

RecB and RecC are present in%20% of genomes. Several bac-

terial phyla that do not encodeRecBCdo encode RecD (e.g., Ba-

cillota, Chloroflexota, Deinococcota, and Mycoplasmatota),

which indicates the existence of the RecD variant ‘‘RecD2,’’ as

previously indicated76,77 (Figure 3).

In general, AddAB is (sometimes sparsely) distributed over all

phyla except Chlamydiota, and AddA is slightly more wide-

spread than AddB (Figure 3). In line with previous literature,

AdnA and AdnB are 99.96% specific to Actinomycetota.71

Various phyla, including the Terrabacteria clades Chloroflexota,

Cyanobacteriota, and Mycoplasmatota, encode (almost) no

RecBC, AddAB, and/or AndAB complexes. RecJ is found ubiq-

uitously in all phyla except Actinomycetota and Mycoplasma-

tota, which do encode RecOR (Mycoplasmatota) or RecFOR

and AdnAB (in Actinomycetota) (Figure 3). This implies that HR

occurs independently of RecJ in these phyla or that they encode

more divergent RecJ homologs or analogous proteins with a

similar function. Combined, our analysis reveals phyla-specific

patterns of DNA repair proteins, of which certain findings invite

further exploration.

Co-occurrence and co-encoding of DNA repair proteins
Rec(F)OR, RecBCD, AddAB, and AdnAB form complexes in

certain bacterial species.37,42,43,47,51 Principal-components

analysis (PCA) confirms that proteins of the DNA repair com-

plexes RecFOR, RecBC, AddAB, and AdnAB are distributed

accordingly (Figure 4A). To understand if co-occurrence (or

exclusion) also exists between these and other DNA repair pro-

teins, the co-occurrence of all DNA repair proteins was investi-

gated (Figures 4B and 4C). The presence of Rec(F)OR-coding

genes is strongly correlated, with representation of all three pro-

teins in 83% of the genomes, while 11% of the genomes encode

RecOR but not RecF (Figures 4B and 4C). Also, the presence of

Figure 3. Taxonomic distribution of DNA

repair proteins

Bubble plot indicating the fraction of genomes that

encode specific DNA repair proteins per bacterial

phyla (ordered according to bacterial phylog-

eny79,80). Phyla with <6 genomes were grouped as

‘‘other.’’79,80 Numbers next to the phyla names

indicate the number of genomes present in the

total dataset of 7,249 genomes.

AdnA/AdnB, AddA/AddB, and RecB/

RecC protein combinations is strongly

correlated (Figure 4B). As RecD is often

encoded in genomes independently of

RecBC (in 65% of the genomes), it does

not cluster with RecBC in the PCA (Fig-

ure 4A), and the correlation for RecD

co-occurrence with RecBC is weak (Fig-

ure 4B). However, RecBC is rarely found

in the absence of RecD (Figure 4C).

The presence of AddAB is negatively correlated with both of

the other DSB repair complexes, RecBC(D) and AdnAB

(Figures 4B and 4C), which suggests that they are mutually

exclusive. As expected due to their high abundance, proteins

that occur in >90% of genomes (SSB, RecA, RecR, RecQ,

RecO) mostly show weak correlations with other proteins (Fig-

ure 4B). However, the presence of RecQ is positively correlated

with the presence of RecFOR and RecBCD proteins, while a

slightly negative correlation is observed for the presence of

RecQ and AddAB proteins (Figure 4B). While a functional link ex-

ists between RecQ and RecFOR (Figure 1A), to our knowledge,

no such links have been established between RecQ and

RecBCD. The negative correlation of RecQ with AddAB could

be attributed to the complementary roles of RecQ and RecJ in

processing DSBs (followed by the RecFOR pathway)36,85; the

presence of RecJ is positively correlatedwith AddAB (Figure 4B),

which suggests that AddAB and RecJ function in conjunction.

Combined, these results confirm the co-occurrence of known

DNA repair proteins (Rec(F)OR, RecBCD, AddAB, and AdnAB)

and reveal co-occurrence patterns that have not been identified

before.

In bacteria, genes encoding proteins that function in conjunc-

tion sometimes cluster in the genome, for example in operons.86

To determine if the genomic clustering of genes encoding DNA

repair proteins is conserved, we analyzed the genomic distance

between the genes encoding complex-forming DNA repair pro-

teins (Figure 4D). Despite their linked functionality and omnipres-

ence, Rec(F)OR-coding genes rarely cluster (Figures 4D and S4),

as described previously.69 In contrast, 90% of RecBCD-coding

genes are found in clusters, mostly in Pseudomonadota, Defer-

ribacterota, and Chlorobiota (Figures 4D and 4E). In contrast, in

Chlamydiota, RecBCD-coding genes are present in all studied

genomes (Figure 3) but rarely clustered (Figure 4D). AddA- and

AddB-coding genes cluster in 87% of AddAB-encoding ge-

nomes (Figure 4D) distributed across most phyla (Figure 4E),

whereas RecJ, the occurrence of which is strongly positively

correlated with AddAB (Figure 4B), is rarely encoded in proximity
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to AddA or AddB (Figure 4D). The Actinomycetota AdnAB pair

exists in clusters in 97% of the AdnAB-encoding genomes

(Figures 4D and 4E). Together, these results signify that repair

proteins involved in a complex or functional in the same pathway

are found in a cluster or putative operon (AddAB, AdnAB, and

RecBCD) or are encoded independently (Rec(F)OR).

DNA repair proteins and genome size
Bacterial genomes widely vary in genome size, with bacteria

from certain phyla having smaller genomes than the others (Fig-

ure S5). There is a strict correlation between genome size and

proteome size (Pearson correlation coefficient [R] = 0.99; Fig-

ure 5A), and it has previously been established that a positive

correlation also exists between genome size and the number

Figure 4. Co-occurrence and genomic

clustering of DNA repair proteins

(A) PCA plot indicating similarity in the distribution

of DNA repair proteins across 7,249 bacterial ge-

nomes with two most-important PCs (PC1: 86.9%

and PC2: 4.3%). Proteins close together indicate a

similar overall distribution of these proteins.

(B) Pairwise Pearson correlation of the presence of

each DNA repair protein across 7,249 bacterial

genomes. Red/blue circles represent negative/

positive correlations, with size and color intensity

indicating correlation strength. Gray squares

indicate insignificant correlations (p R 0.01).

(C) Venn diagrams indicating the percentage of

genomes having co-occurrence of DNA repair

proteins for RecFOR, RecBCD, AddAB (with and

without RecJ), and AdnAB. In addition, a Venn

diagram indicating the co-occurrence of complete

AddAB, RecBCD, and AdnAB genomic clusters is

shown. Percentages indicate the genomes with

the specified proteins compared to the total

number of genomes (7,249) considered.

(D) Genomic distance between genes encoding

co-occurring DNA repair proteins. If three genes

are considered (RecFOR, RecBCD, AddABJ),

then the maximum distance is shown. Genes are

considered clustered when the maximum dis-

tance is <15 kb (see bottom). See also Figure S4

for each combination and individual cluster sizes.

(E) Taxonomic distribution of DNA repair protein

clusters <15 kb in bacterial phyla (ordered ac-

cording to bacterial phylogeny79,80). Numbers

next to the phyla names indicate the number of

genomes present in the total dataset of 7,249

genomes. Phyla with less than 6 genomes are

grouped as ‘‘other.’’

of prokaryotic immune systems en-

coded.87,88 To determine if a correlation

exists between genome size and the

number of DNA repair proteins encoded,

we compared the genome size to the to-

tal number of DNA repair proteins. While

the number of DNA repair proteins en-

coded increases up to a genome size of

�5 Mb, it plateaus at �15–16 DNA repair

proteins encoded in larger genomes

(Figure 5B). RecQ is diverse and overrepresented in our dataset

(with 35,581 copies identified in 6,998 genomes, >5 copies per

genome; Figures 2B and 2C). Therefore, we hypothesized that

removing RecQ from the analysis would clarify the analysis.

When RecQ is excluded, the number of DNA repair proteins pla-

teaus at 9–10 in genomes of �2.5 Mb and larger (Figure 5B).

Pearson correlation analysis confirms that a positive correlation

between genome size and DNA repair system abundance exists

in genomes <2.5 Mb (R = 0.56) but that this correlation is lost in

genomes >2.5 Mb (R = 0.069). This suggests that larger ge-

nomes do not necessarily require a larger set of canonical DNA

repair proteins to maintain genome integrity.

Next, we analyzed whether specific DNA repair proteins are

more abundant in genomes within a specific genome size range
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(Figures 5C and 5D). Whereas genomes <1 Mb encode RecA,

SSB, and RecR, the other DNA repair proteins only sporadically

occur in these small genomes (Figures 5C and 5D). Furthermore,

AddAB is most abundant in genomes that are �1.5–3.5 Mb,

whereas RecBCD is most abundant in genomes that are �3.5–

6.5 Mb in size (Figure 5D). In line with Actinomycetota having

relatively large genomes (Figure S5), AdnAB is most often found

in genomes >5 Mb. This suggests that specific proteins (RecA,

SSB, and RecR) are essential and selected for even in small ge-

nomes, while DSB repair complexes become more important in

genomes with a size beyond 1 Mb (Figure 5D). Furthermore,

while the few genomes encoding multiple DSB repair complexes

(RecBCD, AddAB, and AdnAB) are large genomes (Figure S5;

Table S2), larger genomes do not necessarily encode multiple

DNA repair complexes, possibly because their activities would

compete with each other.

Co-occurrence of DNA repair proteins and prokaryotic
immune systems
Various prokaryotic immune systems, which protect prokaryotes

against mobile genetic elements, including phages and

plasmids, function in conjunction with DNA repair pro-

teins.57–59,63,65,89,90 This includes retron Ec48, which senses

(phage-mediated) RecBCD inhibition and triggers abortive

infection,65 and type I-E, I-F, II-A, and III-A CRISPR-Cas sys-

tems, whose spacer acquisition is enhanced by RecBCD or

AddAB.57–59,89 In addition to CRISPR-Cas, the products of

Figure 5. DNA repair proteins and genome

size

(A) The total number of proteins in a genome in

relation to genome size. The line indicates the

average with a 95% confidence interval (shaded).

Pearson correlation coefficient R = 0.99.

(B) The total number of DNA repair proteins in a

genome in relation to genome size. The dark blue

line indicates the average with 95% confidence

interval (shaded) and R = 0.44. The light blue line

indicates the average of all proteins excluding

RecQ. Pearson correlation calculated for all

genome sizes, R = 0.22; for genomes <2.5 Mb,

R = 0.56; and for genomes >2.5 Mb, R = 0.069.

(C) The number of individual DNA repair proteins in

a genome in relation to genome size. The lines

indicate averages with 95% confidence intervals

(shaded) of individual DNA repair proteins.

(D) Close-up of (C) but excluding confidence in-

tervals. See also Figure S5 for the distribution of

genome sizes per bacterial phylum.

RecBCD- or AddAB-mediated dsDNA

degradation products are used by pAgo

systems as small ssDNA guides.62,63

If CRISPR-Cas and pAgo systems, and

possibly other immune systems, indeed

function in conjunction with DNA repair

proteins, then this suggests that correla-

tions between their occurrences could

exist. Indeed, previous bioinformatics an-

alyses confirm that the presence of certain

CRISPR-Cas subtypes correlates with DNA repair proteins.71

While such analyses might also expose putative functional rela-

tions between other immune systems and DNA repair proteins,

such analyses have not yet been extended to other prokaryotic

immune systems. Here, we use our classification of DNA repair

proteins to investigate their co-occurrenceswith immune systems

as identified by DefenseFinder in whole-genome species repre-

sentatives in the RefSeqdatabase (>2,300 genomes; Figure 6A).91

For the co-occurrence of DNA repair proteins and CRISPR-

Cas systems, several positive correlations (R > 0.3, p < 0.001)

can be observed (Figure 6B; Data S1A). The presence of type

I-E CRISPR-Cas systems is positively correlated with AdnAB

(R > 0.41) and negatively correlated with the presence of

AddAB (R <�0.25) and RecJ (R = 0.36; Figure 6B). This suggests

that although RecBCD and RecJ play a role in naive and primed

spacer acquisition in the E. coli type I-E CRISPR-Cas sys-

tem,57,89 this is not necessarily the case in other bacteria (Fig-

ure 6B; Data S1A). We hypothesize that in bacteria lacking

RecBCD and/or RecJ, other nucleases contribute to spacer

acquisition, for example ExoVII or AdnAB. In contrast to E. coli

RecBCD, chi site recognition has not been shown for AdnAB,

which suggests that it is not essential for CRISPR adapta-

tion.57,89,92 The presence of type I-F CRISPR-Cas systems is

positively correlated with that of RecB and RecC (R = 0.48 for

both) and negatively correlated with that of AddAB (R < �0.26;

Figure 6B). This suggests that RecBCmight play a role in spacer

acquisition for type I-F CRISPR-Cas systems.
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The presence of type II-A CRISPR-Cas systems is positively

correlated with the presence of AddAB (R > 0.16; Figure 6B),

and their functional co-dependance is confirmed by the Staphy-

lococcus aureus type II-A CRISPR-Cas system, which requires

AddAB for efficient spacer acquisition.58 Similarly, spacer acqui-

sition by the Staphylococcus epidermidis type III-A CRISPR-Cas

system is also enhanced by AddAB,59 in line with the positive

correlation of the presence of AddA with type III-A CRISPR sys-

tems (R = 0.09; Figure 6B).When considering each phylum sepa-

rately, the overall co-occurrences get stronger, and additional

phyla-specific co-occurrences become apparent (Data S1A).

For example, in Pseudomonadota, positive correlations between

the presence of RecF and type I-B and I-F CRISPR-Cas systems

and RecO with type I-F CRISPR-Cas systems exist, while in Ba-

cillota, a negative correlation between the presence of AddB and

type III-B CRISPR-Cas systems exists (Data S1A). Combined,

these results reveal that there is no strict co-dependence of

CRISPR-Cas subtypes on distinct DNA repair proteins, but

they function in conjunction with specific preferences within

phyla.

Despite RecBCD and AddAB having been implicated in gener-

ating small DNA guides for certain pAgos from the long-A pAgo

clade,62,63 a previous analysis suggests that RecBCD and

AddAB are present in only 47% of genomes encoding catalyti-

cally active long-A pAgos.63 In line with that observation, no

Figure 6. Co-occurrence of DNA repair pro-

teins and bacterial immune systems

(A) Immune systems identified in our dataset using

DefenseFinder.87,91 Systems identified in <15 ge-

nomes are not shown.

(B) Pairwise Pearson correlations for selected co-

occurring DNA repair proteins and immune sys-

tems. Red/blue circles represent negative/posi-

tive correlations, with size and color intensity

indicating correlation strength. Gray squares

indicate insignificant correlations (p R 0.01). For

absolute co-occurrences and more correlations,

see also Data S1A (CRISPR-Cas subtypes), Data

S1B (pAgo subtypes), and Data S1C (all immune

systems). For a full list showing what genomes

contain which DNA repair proteins and immune

systems, see Table S3.

moderate/strong correlations (R > 0.10)

between the presence of any of the

pAgo subtypes (including long A) and

DNA repair proteins are observed across

all phyla (Figure 6B; Data S1B). Also

within phyla, no strong correlations

(based on system presence in >10 ge-

nomes) are observed (Data S1B).

Instead, a weak positive correlation be-

tween the presence of pAgos with RecJ,

AddA, and AddB exists (R = 0.09, 0.09,

and 0.08, respectively), and a weak nega-

tive correlation between the presence of

pAgos with RecBC and AdnAB exists

(all R = �0.08) (Figure 6B). This suggests

that while (long-A) pAgos might be able to utilize the products of

DNA repair proteins as guides,62,63 they are functionally not

strictly dependent on them.

Beyond these correlations, the analysis uncovers hitherto un-

reported (but mostly weak) correlations for the presence of DNA

repair proteins and Wadjet, MazEF, dGTPases, GAPS2, Char-

lie_gp32, andmore (Figure 6B; Data S1C).Wadjet is an SMCpro-

tein complex that senses DNA topology (small circular vs. linear/

long circular) and a nuclease that cleaves upon complex stall-

ing.93,94 In line with previous observations that Wadjet is typically

found in Actinomycetota,91 its presence is positively correlated

with the presence of AdnAB (RR 0.30) and negatively correlated

with RecJ (R = �0.25; Figure 6B). The toxin-antitoxin system

MazEF, which a.o. senses DNA damage,95 is positively corre-

lated with RecJ (R = 0.18) and negatively correlated with

AdnAB (R = �0.16). The dGTPases, which deplete cellular

dGTP and are suggested to slow down phage replication,96

are weakly positively correlated with the presence of RecBC

(R = 0.24), RecJ (R = 0.14), and RecF (R = 0.09) andweakly nega-

tively correlated with AddAB (R R �0.12; Figure 6B). Also, the

occurrence of the GAPS2 system is positively correlated with

RecB and RecC (R R 0.25) and negatively correlated

with AddA and AddB (R R �0.16; Figure 6B). GAPS2 defends

against phages through an unknown mechanism97 and contains

a BRCT (BRCA1 C terminus) domain, which is generally involved
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in DNA repair, recombination, cell cycle control, and protein-pro-

tein interactions.98,99 Also, for various other immune systems of

which the mechanisms are unknown, a positive correlation with

the presence of one or more DNA repair proteins is observed.

This includes AbiH, SoFIC, AbiJ, AbiN, Azaca, Druantia,

Gao_Qat, NLR, and PD-Lambda1. It is possible that their func-

tional mechanisms are linked to the activity of DNA repair pro-

teins. Furthermore, 44 out of 64 GAPS2 systems were found

together with a dGTPase (R = 0.44; Data S1C), which suggests

possible synergy between these systems. These and other cor-

relations provide leads for further investigation into synergies be-

tween immune systems and DNA repair proteins (Figure 6B;

Data S1C).

DISCUSSION

Bacteria encode a wide array of DNA repair proteins, but which

DNA repair proteins co-occur and/or are mutually exclusive has

remained largely unclear, possibly due to challenges in accurate

classification. In this study, we present an enhanced method for

the classification of DNA repair proteins through reverse search

score classification from various phylogenetic groups (Figure 2).

This has facilitated in-depth analysis of the taxonomic distribu-

tion (Figure 3), co-occurrence, and genomic clustering of DNA

repair proteins (Figure 4) and their abundance in relation to

genome size (Figure 5). Finally, co-occurrence analysis between

DNA repair proteins and prokaryotic immune systems was per-

formed (Figure 6).

By analyzing the abundance of DNA repair proteins across non-

redundant genome databases, we show that RecBCD is less

conserved than previously thought,69–71 as it occurs only (and

often sporadically) in 9 out of 21 of the studiedbacterial phyla (Fig-

ure 3). Most other bacteria encode either AddAB (most common)

or AdnAB (specific to Actinomycetota). Yet, bacteria from other

clades, particularly bacteria from various Terrabacterial clades,

do not encode any of these canonical DSB repair complexes.

The small genome size of Mycoplasmatota (many intracellular

symbionts100) and Aquificota (Figure S5) could explain the lack

of these DSB repair complexes, as was described previously.72

However, this does not explain the absence of DSB repair com-

plexes in Cyanobacteriota and Chloroflexota (Figures 3 and

S5).101,102 Possibly, in these species, RecA self-loading103 is suf-

ficient to stimulate HRwithout auxiliary proteins, or possibly other

proteins mediate DSB repair, for example RecQ/RecS and RecJ

together with RecFOR.36 We can also not rule out that certain

bacteria contain alternative DNA repair proteins that facilitate

DSB repair, for example more remote homologs of RecBCD/

AddAB (akin to AdnAB in Actinomycetota) or non-related DNA

repair proteins with analogous functionality.

Our analysis confirms the co-distribution (Figures 4B and 4C)

and clustering (Figure 4D) of proteins that form the DSB repair

complexes AddAB, AdnAB, and RecBCD (although RecD also

exists outside the context of RecBC as stand-alone RecD276).

Although RecO and RecR occur more frequently with each other

thanwith RecF (consistent with RecOR activity not strictly relying

on RecF), neither RecFOR nor RecOR was found to cluster on

the genome. Instead, RecFOR proteins have been shown to be

part of operons that also encode proteins involved in replication

(e.g., DnaA-DnaN-RecF and RecR-DnaX).69 This aligns with

recent insights into the spatiotemporal localization of RecFOR

and RecF with the replisome, which is suggested to guide the

RecFOR assembly toward ssDNA gaps resulting from replica-

tion.31,38,39,104,105 Although RecJ is implicated in RecFOR path-

ways (Figure 1A), there is no positive correlation between the

presence of RecJ and any of the RecFOR components (Fig-

ure 4A). Instead, a positive correlation between the presence

of RecJ and AddAB (but not with AdnAB) is observed, indicating

a versatile role for RecJ in DNA repair alongside its involvement

in mismatch repair, base excision repair, and other DNA repair

pathways.106–108

Exploration of the co-occurrence of bacterial immune systems

and DNA repair systems confirms earlier observed correlations

(e.g., for CRISPR-Cas systems and RecBCD71; Data S1A) but

also reveals numerous novel correlations (Figure 6B; Data S1),

which suggests that these DNA repair proteins and immune sys-

tems might function in conjunction. While pAgo proteins might

be guided by RecBCD/AddAB-generated DNA fragments, we

found no strong correlations between long-A pAgos and

RecBCD or AddAB (Figure 6B). This suggests that DNA-guided

pAgos might also rely on other mechanisms, including chop-

ping,64,109,110 or other nucleases that degrade invader DNA. Of

note, Cyanobacteriota lack RecBCD and AddAB, but many Cya-

nobacterial long-ApAgosare co-encodedwithputativeCas4 fam-

ily nucleases (part of the PD-(D/E)XK nuclease superfamily111 also

encompassing AddAB, RecBC, and AdnAB; Figure 1C).112,113

The presence of various other immune systems, including

dGTPases, GAPS2, Wadjet, MazEF, and Charlie_gp32, is posi-

tively correlated with DNA repair proteins (Figure 6B). While it re-

mains unknown whether any functional relevance underlies

these correlations, these and other co-occurrences (e.g., those

observed for CRISPR-Cas systems) are never strict. Therefore,

in support of the notion that prokaryotic immune systems are

generally extensively transferred between bacteria and archaea

from distinct phylogenetic clades,114,115 we conclude that im-

mune systems never exclusively rely on specific DNA repair pro-

teins but that, in certain species, the immune and DNA repair

might function in conjunction.

Beyond DNA repair proteins being important for maintaining

genome integrity and function as immunesystems,mobile genetic

elements exploit or inhibit DNA repair proteins for natural transfor-

mationor recombination.116–118Assuch,DNArepairproteins influ-

ence the spread of mobile genetic elements and horizontal gene

transfer and facilitate genome diversification. Given that prokary-

otic immune systems are regularly transferred by horizontal gene

transfer,114,115 the observed associations of immune systems

with DNA repair proteins could also be the result of enhanced hor-

izontal gene transfer in that host or limited horizontal gene transfer

in others. Finally, DNA repair proteins have been repurposed for

genome engineering techniques.119–121 As such, understanding

the distribution of recombinatorial DNA repair systems can

improve our knowledge of gene dissemination and might

contribute to enhancing genome engineering techniques.

Limitations of the study
Our method accurately identifies commonly studied DNA repair

proteins that initiate HR and can be extended to other DNA repair
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proteins for a more comprehensive view of the DNA repair land-

scape. However, our analysis is limited by the diversity of avail-

able whole-genome sequences in the RefSeq database. As a

result, in our analyses, Pseudomonadota, Actinomycetota, and

Bacillota are overrepresented. Analyses on curated databases

with a set of genomes that are equally distributed could facilitate

a fairer distribution analyses.

We would like to emphasize that functional redundancy be-

tween DNA repair proteins might exist; a specific immune sys-

temmight function in conjunction with RecBCD in one bacterium

but with AddAB in another. Furthermore, correlations involving

epistatic groups (e.g., RecBC and AddAB) may not always imply

functional (in)compatibility; alternatively, such correlations could

result from the presence/absence of another protein with func-

tional (in)compatibility.

Certain correlations observed might be caused by a skewed

phyletic distribution. This is, for example, the case for various

correlations involving AdnAB observed in Actinomycetota. This

couldmean that the presence of AdnAB and certain immune sys-

tems are correlated simply because they are limited to the same

phylum. However, since DNA replication proteins, and especially

immune systems, are often horizontally transferred,79,80,114,115

these restricted correlations could imply a functional

dependence.

Additionally, analyzing data at the phylum level increases the

strength and significance of correlations between the presence

of DNA repair proteins and immune systems, but it reduces the

overall biological relevance of these correlations. These co-oc-

currences will not only depend on the specific genetic context

(i.e., what other proteins are encoded), but also the ecological

environment of the species should be considered (e.g., intracel-

lular symbionts might be less exposed to invading DNA and/or

less exposed to DNA-damaging agents). As such, the correla-

tions discovered in our analysis provide a solid in silico basis

that will require further experimental investigation to reveal the

putative mechanisms underlying the observed correlations.
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Protein selection, HMM profiles and database search for homologs
For each of the 14 protein families of interest (AddA, AddB, AdnA, AdnB, RecA, RecB, RecC, RecD, RecF, RecO, RecR, RecJ, RecQ,

and SSB) 11 to 17 protein sequences were collected from the NCBI RefSeq proteins database.122 The selection process included the

criteria that the proteins belonged to diverse phyla of bacteria, and preferably proteins were picked that have been experimentally

verified. If not enough experimentally verified proteins could be selected, they were picked from phyla with many hits with previous

HMMprofiles (e.g., from Bernheim et al., 2019).71 Protein identifiers along with species names, per protein family, are provided in the

GitHub repository. One HMM profile for each protein family was generated with ‘hmmbuild’ in HMMER (hmmer.org; v3.3) using the

sequence alignment made with default parameters of Clustal Omega (v1.2.4; https://www.ebi.ac.uk/jdispatcher/msa/clustalo).

These HMM profiles were searched in the proteomes from NCBI RefSeq database (downloaded on 16-01-2021) with a pipeline

search strategy that we developed earlier.128 Refer to the GitHub repository for the details of 7249 genomes. Briefly, proteomes

of 7249 genomes were searched for homologs using ‘hmmsearch’ (HMMER v3.3) with additional parameters ‘‘–notextw –E

0.001’’. We then extracted all the hits i.e., possible homologs per family, calculated the sequence length and checked for the distri-

bution using the in-house developed R scripts (https://github.com/sumanthmutte/DNArepairProteins). For comparison purposes, we

also identified protein homologs using the existing HMM profiles for some protein families (AddAB & RecBCD) that were taken from

previous studies (Table S1).70,71

Filtering criteria and homolog selection
Given the high overlap in the retrieved homologs across multiple protein families, unique and specific filtering criteria were needed to

identify the true homologs of each family. In a previous study,128 length and HMM-score based filters were used, but here these two

filters were inefficient to identify true homologs. Instead, reciprocal HMM score based filtering was used to classify homologs into

corresponding families. First, the ‘FoldDifference’ is calculated by dividing the reciprocal HMM score of the top hit with the highest

hit score while the ‘AbsoluteDifference’ is calculate by subtracting these two values. A protein is assigned or classified to the protein

family of the top hit, when score is above themedian of all the top hits or when the FoldDifference is above 1.5 & AbsoluteDifference is

greater than the median calculated earlier. A protein is not assigned to any protein family when the top hit HMM score is less than the

median, otherwise considered to have ‘multiple’ hits and not classified into a specific family. A brief summary of the pipeline along

with the number of homologous sequences identified before and after the filtering are provided in Figure 2A and 2B. The filtered (or

passed) hits from each family were imported into the R environment for further processing through ‘tidyverse’ package in R. Upset

plots weremade using the ‘UpSetR’ package while the bubble plots showing the phylum specific distribution of each of these protein
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Deposited data

NCBI RefSeq database (downloaded on 16-01-2021) O’Leary et al.122 https://www.ncbi.nlm.nih.gov/refseq/

DefenseFinder (data from run on RefSeq) Tesson et al.91 https://defensefinder.mdmlab.fr/

Correlation data and other intermediate

data underlying this study

This study https://github.com/sumanthmutte/DNArepairProteins

Software and algorithms

HMMER v3.3 Eddy et al. http://hmmer.org/

Clustal Omega v1.2.4 EBI https://www.ebi.ac.uk/jdispatcher/msa/clustalo

MAFFT v7.505 Katoh et al.123 https://mafft.cbrc.jp/alignment/software/

trimAl v1.4 Capella-Gutierrez et al.124 https://vicfero.github.io/trimal/

IQtree v2.2.0 Nguyen et al.125 http://www.iqtree.org/

ModelFinder Kalyaanamoorthy et al.126 http://www.iqtree.org/ModelFinder/

iTOL v6 Letunic et al.127 https://itol.embl.de/

Base R and packages (tidyverse, UpSetR,

ggplot2, ggrepel, corrplot, ggvenn)

R Core Team https://www.r-project.org/

R scripts This study https://github.com/sumanthmutte/DNArepairProteins
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families is made using ‘ggplot’ package. R scripts used for data processing are available in the GitHub repository. The taxonomy

information for all the 7249 genomes under consideration is obtained from the NCBI Taxonomy database https://www.ncbi.nlm.

nih.gov/taxonomy.

Phylogeny of helicase domains
To build a phylogenetic tree of the helicase domains of various protein families (AddAB, AdnAB and RecBCDQ), we randomly

selected protein sequences of 150 ‘post-filter’ hits that are homologs of each family. All the collected protein sequences were aligned

using ‘genafpair’ (E-INS-i) algorithm of MAFFT with a maximum of 1000 iterations (v7.505).123 Further the positions (aligned columns)

with more than 70% gaps were removed using trimal (v1.4).124 Phylogenetic tree was built using IQtree (v2.2.0)125 with ‘LG + F + R10’

as the model of evolution selected using in-built ‘ModelFinder’126 with a maximum of 1000 rapid bootstrap. Phylogenetic tree was

visualized in iTOL (v6).127

Principal component analysis (PCA) and correlation of DNA repair proteins
Number of homologs per genome and per gene family have been calculated and has been used to calculate the principal compo-

nents using ‘prcomp’ function in base R. ‘ggplot’ and ‘ggrepel’ packages have been used to plot the PCA and add the labels, respec-

tively. The same input data has been used to make a Pearson correlation plot of individual gene families using ‘corrplot’ function in

‘corrplot’ package of R. A p-value of 0.01 was used as the significance cutoff in all the correlation analyses.

Genomic clustering of gene families
For each genomic cluster under consideration (AddAB, AddABJ, AdnAB, RecBCD, RecFOR, RecOR and RecJQ), we calculated the

distribution of these protein pairs and classified them based on total cluster size taken as the sum of each gene size plus the inter-

genic length. Gene size and intergenic length information is retrieved from the genomic features file supplied with each RefSeq

genome from NCBI. Since the third quartile of every known cluster was less than 15 kb and operon sizes are below 15 kb,129,130

a gene set is considered to be in a genomic cluster if the size of the cluster is less than 15 kb. Venn diagrams were made using

‘ggvenn’ package and the boxplots were made using ‘ggplot2’ package in R.

Genome size correlations
Genome size and the total protein count were taken from the RefSeq database along with the proteome sequences from the genomic

features file. Pearson correlation for the total protein count and the DNA repair protein count against the genome size was calculated

using methods described above. The average number of proteins per genome was plotted with smoothing using Loess method with

95% confidence intervals.

Correlation of DNA repair proteins with bacterial immune systems
Data for the presence of immune systems in the bacterial genomes from the RefSeq database has been downloaded from

DefenseFinder (accessed on 28-June-2024; https://defensefinder.mdmlab.fr/wiki/refseq.87,91 Out of 172333 genomes available in

DefenseFinder, we selected 2324 genomes that are included in our study for the downstream correlation analysis. Pearson correla-

tion (p < 0.01) for the presence (or absence) of DNA repair proteins and the immune systems is calculated irrespective of the number

of proteins identified per protein or the system in that genome. Correlation with specific subtypes was performed only for the

CRISPR-Cas system. For the pAgo subtype correlations, we utilized the data from a previous study which was performed on the

same dataset as the DNA repair proteins (7249 genomes).128

QUANTIFICATION AND STATISTICAL ANALYSIS

Different ‘n’ values used specifically in certain analysis were clearly mentioned in the plots or the figure legends. The overall percent-

age calculations weremade using the number of genomes (n) used in the study i.e., 7249. Correlations were calculate using the ‘Pear-

son’ method with a statistical significance (p-value) cut-off of 0.01, unless otherwise specified in the specific method or the figures

and the figure legends.

ADDITIONAL RESOURCES

All the scripts and necessary data files with additional information are available through GitHub: https://github.com/sumanthmutte/

DNArepairProteins.
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