
 

Discovery of multiple anti-CRISPRs uncovers anti-defense gene 
clustering in mobile genetic elements 
 
 
Rafael Pinilla-Redondo1,2,3,#, Saadlee Shehreen4,#,  Nicole D. Marino2, Robert D. 
Fagerlund5,6, Chris M. Brown4,6+, Søren J. Sørensen1+, Peter C. Fineran5,6,7+*, Joseph Bondy-
Denomy2,8+* 

 
1 Section of Microbiology, University of Copenhagen, Copenhagen, Denmark. 
2 Department of Microbiology and Immunology, University of California, San Francisco, USA. 
3 University College Copenhagen, Copenhagen, Denmark. 
4 Department of Biochemistry, University of Otago, Dunedin, New Zealand. 
5 Department of Microbiology and Immunology, University of Otago, Dunedin, New Zealand. 
6 Genetics Otago, University of Otago, Dunedin, New Zealand. 
7 Bio-protection Research Centre, University of Otago, Dunedin, New Zealand. 
8 Quantitative Biosciences Institute, UCSF, and Innovative Genomics Institute, Berkeley, CA 
 
+Senior authors 
#Co-first authors 
*Co-corresponding authors 
 
 
Abstract 
Many prokaryotes employ CRISPR-Cas systems to combat invading mobile genetic elements 
(MGEs). In response, MGEs have evolved Anti-CRISPR (Acr) proteins to bypass this 
immunity. Here, we uncover 11 new type I anti-CRISPR genes encoded on numerous mobile 
genetic elements mainly within Enterobacteriaceae and Pseudomonas. Candidate genes 
were identified adjacent to anti-CRISPR associated gene 5 (aca5) and assayed against a 
panel of six type I systems: I-F (Pseudomonas, Pectobacterium, and Serratia), I-E 
(Pseudomonas and Serratia), and I-C (Pseudomonas), revealing the type I-F and/or I-E acr 
genes and a new aca (aca9). We find that acr genes not only associate with other acr genes, 
but also with inhibitors of distinct bacterial defense systems. These genomic regions appear 
to be “anti-defense islands”, reminiscent of the clustered arrangement of “defense islands” in 
prokaryotic genomes. Our findings expand on the diversity of CRISPR-Cas inhibitors and 
reveal the potential exploitation of acr loci neighborhoods for identifying new anti-defense 
systems.  
 
Introduction  
All cellular life is under the constant threat of invasion by foreign genetic elements. In 
particular, prokaryotes are outnumbered by a wide spectrum of mobile genetic elements 
(MGEs) that infect them, including viruses and plasmids. This selective pressure has driven 
the evolution of diverse defense mechanisms (Rostøl and Marraffini, 2019; Hampton, Watson 
and Fineran, 2020), including clustered regularly interspaced short palindromic repeats 
(CRISPR) and CRISPR-associated (Cas) genes, a family of adaptive immune systems. 
 
CRISPR-Cas loci have been identified in sequenced genomes of around 40% of bacteria and 
85% of archaea (Makarova et al., 2020), bearing testament to their evolutionary and ecological 
importance. This mode of defense allows cells to remember, recognize and thwart recurrently 
infecting agents. Broadly, CRISPR-Cas immunity consists of three main stages: adaptation, 
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processing/biogenesis, and interference (Hille et al., 2018). During adaptation, snippets of an 
invading genetic element are incorporated into CRISPR arrays as “spacers” between repeat 
sequences, yielding a heritable record of former genetic intruders. The CRISPR array is then 
expressed as a long transcript (pre-crRNA) that is processed into single CRISPR RNAs 
(crRNAs), which guide Cas nucleases to target invading nucleic acids that carry a 
complementary sequence to the spacer (referred to as protospacer). 
 
In response to the strong selective pressure exerted by CRISPR-Cas immunity, many MGEs 
have developed inhibitors of CRISPR-Cas function called anti-CRISPR (Acr) proteins (Borges, 
Davidson and Bondy-Denomy, 2018). The first acr genes were discovered in phages that 
inhibit the type I-F CRISPR-Cas system of Pseudomonas aeruginosa (Bondy-Denomy et al., 
2013). Many more non-homologous Acr proteins have been subsequently reported for 
different CRISPR-Cas types (e.g. types II, III and V) (Pawluk, Amrani, et al., 2016; Rauch et 
al., 2017; Marino et al., 2018; Watters et al., 2018; Bhoobalan-Chitty et al., 2019; Athukoralage 
et al., 2020), including some on non-phage MGEs (Mahendra et al., 2020). Previous structural 
and biochemical characterization of Acr proteins has revealed a diverse range of inhibitory 
activities, including interference with crRNA loading, inhibition of target DNA recognition, and 
inhibition of DNA cleavage, among others (Davidson et al., 2020). Apart from sharing a 
typically low molecular weight, Acrs lack conserved sequence and structural features, thus 
rendering de novo prediction largely impractical with current methods. However, acr genes 
tend to cluster within loci that encode more conserved Acr-associated (Aca) proteins (Pawluk, 
Staals, et al., 2016; Borges, Davidson and Bondy-Denomy, 2018), which are transcriptional 
repressors of the acr locus (Birkholz et al., 2019; Stanley et al., 2019). The aca genes are 
often more broadly distributed than acr genes and have been used to uncover new acr loci 
(Pawluk, Amrani, et al., 2016; Pawluk, Staals, et al., 2016; Lee et al., 2018; Marino et al., 
2018).   
 
The discovery of Acr proteins explains how MGEs can persist despite frequent targeting by 
host spacer sequences. Acrs are therefore a strong driver for the diversification of CRISPR-
Cas systems in nature and possibly the accumulation of other defense systems in prokaryotic 
genomes. Because MGEs facilitate host genome rearrangements and provide the foundation 
for vast prokaryotic gene exchange networks, the study of Acrs allows a better understanding 
of MGE-host interactions and the horizontal transfer potential of MGE-encoded traits (e.g. 
antibiotic resistance) across microbiomes. Practically, Acr proteins also benefit phage-based 
therapeutics and plasmid-based delivery platforms and provide a means to control CRISPR-
Cas-derived biotechnologies (Marino et al., 2020).  
 
In this study, we investigate the interactions between MGEs and their bacterial hosts, focusing 
on uncovering new Acrs that enable MGEs to avoid potent host defense mechanisms. We 
describe the discovery of 11 type I-F and/or I-E Acr families encoded by phage and non-phage 
MGEs by leveraging aca5 and a newly identified aca gene (aca9) as markers for acr loci. 
Bioinformatic analyses further revealed that acrs cluster with other anti-defense systems within 
MGE genomes, suggesting the existence of “anti-defense islands” and highlighting a potential 
avenue for the discovery of unknown anti-defense genes. 
 
Results 
An aca5-based computational search for Acr candidates 
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To uncover how MGEs within the Enterobacteriales order cope with the pressure of CRISPR-
Cas immunity, we performed bioinformatic searches using the Enterobacteriales-enriched 
aca5 gene (Marino et al., 2018). These searches revealed a wide phylogenetic distribution of 
homologs across bacterial families (Figure 1a), including members of the Salmonella, 
Pectobacterium, Klebsiella, Serratia, and Escherichia genera. Distant homologs were also 
identified in other bacterial orders (e.g. Vibrionales) at a considerably lower prevalence. 
Importantly, these organisms are enriched with class 1 CRISPR-Cas systems (primarily types 
I-F and/or I-E) (Makarova et al., 2020), suggesting that their MGEs may rely on unknown type 
I inhibitors to bypass immunity.  
 
Based on common characteristics of known Acr proteins, we restricted our candidate list to 
small predicted proteins (<200 amino acids) encoded upstream of aca5 within genomic 
regions containing numerous MGE-associated genes. Following this approach, we identified 
several acr candidates residing in prophages from genomes of Pectobacterium, Serratia, 
Klebsiella and Citrobacter, and 10 genomes harboring a diverse set of putative acr genes were 
selected for further study (Figure 1b, Supplementary Datasheet S1). Notably, while the 
position of aca5 remained fixed across these putative acr operons, acr candidates often co-
occurred in shuffled clusters of 2-4 genes, as seen for other acr loci (Bondy-Denomy et al., 
2013; Pawluk et al., 2014; Rauch et al., 2017; Marino et al., 2018).  
 
Bacteria that express acrs can tolerate “self-targeting” spacers that, in the absence of 
CRISPR-Cas inhibition, would otherwise cause lethal genomic cleavage (Bondy-Denomy et 
al., 2013; Vercoe et al., 2013; Xu et al., 2019; Rollie et al., 2020). The presence of these self-
targeting spacers can therefore be used to identify bacterial genomes that likely encode anti-
CRISPR proteins capable of inhibiting their endogenous CRISPR system (Rauch et al., 2017; 
Marino et al., 2018; Watters et al., 2018, 2020). We found that 8 out of the 10 selected 
genomes contained several I-F and/or I-E self-targeting spacers (Figure 1b, right, 
Supplementary Datasheets S1 and S2). A large number of these spacers (21/34 - 62% of all 
self-targeting hits) matched targets within the predicted prophages carrying the acr candidates 
(Supplementary Datasheet S2). Due to the promiscuous PAM of I-E (Westra et al., 2013; 
Fineran et al., 2014; Gleditzsch et al., 2019), we were unable to confidently ascertain whether 
the PAM would enable targeting of the predicted spacer-protospacer matches. However, most 
I-F protospacers (83%) were flanked by the conserved I-F 5’-GG-3’ PAM, as described 
previously (Cady et al., 2012; Rollins et al., 2015) (Figure 1c, Supplementary Datasheet S2). 
Collectively, we concluded that the identified prophage genomes likely harbored acr loci and 
proceeded to experimentally test the 9 selected type I-E/I-F candidate acr genes.   
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Figure 1. Bioinformatic search of aca5-associated acrs. (a) Phylogenetic distribution of 
Aca5 homologs across bacterial taxa. Tree branches are color-coded according to the genus 
from which the Aca5 orthologs originate. Black circles in the outer ring depict instances where 
Aca5 is associated with AcrIF11, marking the starting points for the guilt-by-association 
search; black lines represent the genomes from which acr candidates were selected for 
functional testing. (b) Genomic organization of the acrs selected for testing. Genes are colored 
by Acr family and the surrounding prophage genomic contexts are depicted in gray. Specific 
orthologs selected for testing are highlighted in bold. The presence/absence of I-F and I-E 
CRISPR-Cas systems and self-targeting spacers in the host genomes are summarized on the 
right (for details see Supplementary Datasheets S1 and S2). Self-targeting analysis was not 
possible in genomes where CRISPR-Cas systems were not detected, marked here as “NA”. 
(c) Graphic representation of the self-targeting instances observed in two Pectobacterium 
parmentieri genomes from which acrIF16 and acrIF20 genes were selected for testing. 
Colored arrowheads indicate the positions within the prophages that are targeted by a spacer 
in one of the host’s I-F CRISPR arrays. Genes are colored according to the legend in panel 
“b”. When possible, the name of the targeted gene is provided. Asterisks next to arrowheads 
indicate the number of spacer-protospacer mismatches. 
 
Newly identified Acr proteins inhibit different type I CRISPR-Cas systems 
The nine candidate acr genes (and 4 additional homologs, denoted here by a decimal number 
after the Acr name) were tested against a panel of type I CRISPR-Cas systems: two type I-E 
variants (Serratia sp. ATCC39006 and Pseudomonas aeruginosa SMC4386), three type I-F 
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variants (Serratia sp. ATCC39006, Pseudomonas aeruginosa PA14, and Pectobacterium 
atrosepticum SCRI1043), and one type I-C system (engineered strain of Pseudomonas 
aeruginosa PAO1). Notably, the different CRISPR-Cas subtypes and variants in the chosen 
model organisms span a wide phylogenetic diversity. While some of the tested systems 
display high degrees of similarity (e.g. >80% aa identity) with the CRISPR-Cas systems 
present in the endogenous acr hosts, others exhibit high divergence (<50% aa identity) (Figure 
2, Supplementary Datasheet S3), allowing us to test for possible differences in the breadth of 
inhibitory activity. We challenged each of the model organisms with a CRISPR-targeted phage 
and assayed whether its replication could be restored by an acr candidate gene (Figure 2a). 
 
Our screening revealed that each of the 9 candidate acr families tested inhibited the function 
of either one or more of the CRISPR-Cas subtype/variants challenged (Figure 2c). Most 
candidates potently inhibited the Pectobacterium and Serratia type I-F systems; only a few 
inhibited the Serratia type I-E and/or Pseudomonas type I-F, and none affected the function 
of the Pseudomonas type I-E and I-C systems. Overall, these results are consistent with the 
higher similarities between the type I-F and I-E CRISPR-Cas system variants present in the 
hosts encoding the acrs and the Pectobacterium and Serratia model system variants used for 
testing (Figure 2b). Interestingly, our results revealed that AcrIF18.1* and AcrIF22* exhibit 
broad inhibitory functions, robustly inhibiting the Serratia type I-E system and diverse type I-F 
variants (dual subtype inhibition denoted with an asterisk) (Figure 2b and 2c). Cross-subtype 
inhibitory activity has only been observed previously for AcrIIA5 (Hynes et al., 2018; Marshall 
et al., 2018), AcrVA3 (Marino et al., 2018), and certain homologs of AcrIF6 (Pawluk, Staals, 
et al., 2016). In addition to AcrIF18.1*, AcrIF15 strongly inhibited all three type I-F systems, 
whereas AcrIF16 and AcrIF17.1 inhibited Pseudomonas type I-F immunity less potently in our 
assays. AcrIE8 was the only type I-E-specific inhibitor identified in this work. All of the acr 
homologs tested (AcrIF20.2 - 65% identity, AcrIE8.2 - 76%, AcrIF18.2* - 96%, and AcrIF17.2 
- 39%) showed comparable inhibitory activities to their counterparts, with the exception of 
AcrIF17.2 from Citrobacter which, unlike its distant homolog in Pectobacterium, did not inhibit 
the type I-F system from P. aeruginosa (Supplementary Fig S1). 
  
The newly discovered Acr families present substantial differences in their biochemical 
properties. These include molecular weights (MW) ranging from 7.5 to ~20 kDa and varied 
predicted average isoelectric points (pI), spanning from acidic net charges (~pH = 4) to basic 
(~pH = 10) (Figure 2d, Supplementary Figure S2). Using a previously established CRISPRi 
system in PA14 I-F (Bondy-Denomy et al., 2015; Pawluk et al., 2017), we sought to investigate 
whether any of the newly identified P. aeruginosa I-F CRISPR-Cas system inhibitors (AcrIF15-
18*) could impede host immunity at the target DNA binding stage. Our results indicate that the 
dual inhibitor AcrIF18* and AcrIF15 act as potent target DNA binding inhibitors of the 
surveillance complex (Supplementary Figure S3), while AcrIF16-17 did not block CRISPRi. 
The specific inhibitory mechanism of these proteins requires further investigation.  
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Figure 2. Newly identified acr genes inhibit diverse type I CRISPR-Cas systems. (a) 
Schematic of the experimental setup employed for acr validation. Bacteria carrying their native 
type I-F, I-E, or I-C CRISPR-Cas systems and a plasmid expressing each acr candidate were 
challenged with a CRISPR-targeted phage and infectivity was assessed. (b) Percent 
sequence identity comparison between the model CRISPR-Cas systems challenged (type I-
F: Pectobacterium, Serratia, and Pseudomonas; type I-E: Serratia and Pseudomonas; type I-
C: Pseudomonas) and the type I-F/I-E systems found in the endogenous hosts of the acr 
candidates, when available. Average values for the individual percentage identity comparisons 
between Cas orthologs forming the type I-E/I-F interference complexes are shown, excluding 
the adaptation modules (see top gene map) (Supplementary Datasheet S3). The specific Acr 
orthologs found in the genomes which were selected for testing are noted below; asterisks 
indicate dual anti-I-F/I-E function. (c) Efficiency of plaquing (EOP) of CRISPR-targeted phages 
in bacterial lawns expressing the different acr candidates, or the empty vector control (ev 
+CRISPR), compared to EOP of the same phage in non-targeting bacterial lawns carrying the 
empty vector (ev -CRISPR). Positive controls for Acr inhibition include AcrIF9 (Pectobacterium 
and Serratia I-F), AcrIE5 (Serratia I-E), AcrIE4-F7 (Pseudomonas I-F and I-E), and AcrIC1 
(Pseudomonas I-C). In Serratia, CRISPR immunity provided an EOP of ~1x10-6 and the 
absence of EOP data indicates that no single plaques were detected with ~1x109 pfu/mL of 
phage JS26. (d) Percentage distribution of the MGE origin (phage, plasmid/ICE, or unclear) 
for the collection of orthologs of each of the validated acrs. The isoelectric point (pI) and 
molecular weights (MW) of the validated acrs are shown.  
 
Identified Acrs are spread across diverse Proteobacteria and MGE types 
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To explore the phylogenetic distribution of the new Acrs, publicly available prokaryotic 
sequences at NCBI were searched for homologs. The resulting analyses revealed a 
heterogeneous Acr distribution across Proteobacteria, most belonging to Enterobacteriaceae 
(Supplementary Figure S4, Supplementary Datasheet S4). As expected, the total collection of 
hosts encoding these acrs showed enrichment of genera frequently encoding CRISPR-Cas 
types I-F and/or I-E (e.g. Salmonella, Serratia, Cronobacter, Klebsiella, Pectobacterium) 
(Supplementary Datasheet S1). Interestingly, while AcrIF19-22 are primarily confined to 
species of the Pectobacterium genus, the rest (AcrIF15-IF18* and AcrIE8) radiate over wider 
phylogenetic ranges (Supplementary Figure S4, Supplementary Datasheet S4). For instance, 
homologs of AcrIF17 and AcrIF16 are present in bacterial families in addition to 
Enterobacteriaceae, such as Pseudomonadaceae, Burkholderiaceae, Halomonadaceae, and 
Desulfobacteraceae, and Yersiniaceae, Vibrionaceae, and Shewanellaceae, respectively.  

 
We then scanned the genomic contexts (~25 kb upstream and downstream) surrounding the 
acr homologs to identify marker genes that could provide situational insights (Supplementary 
Datasheet S4). Our analyses revealed the association of the identified acrs with distinct types 
of MGEs, including phages and conjugative elements (Figure 2d). The position and 
composition of acr loci relative to neighboring gene cassettes, were highly variable between 
MGEs (Supplementary Figure S5). We observed related phage genomes harboring 
completely distinct acr loci, in some cases carrying a different aca gene (Figure 3, 
Supplementary Figure S5), and sometimes lacking a known aca (Supplementary Figure S6). 
For example, we found a number of sequenced Pectobacterium genomes with integrated 
prophages that have similarities with Pectobacterium phage ZF40 (a phage carrying the 
acrIF8-aca2 locus) (Pawluk, Staals, et al., 2016; Birkholz et al., 2019), but in the remaining 
cases the prophage regions encoded different combinations of acr(s), together with aca5 
(Figure 3). This observation, together with the common detection of closely related aca and 
acr homologs within taxonomically mixed bacterial clades (Figure 1a, Supplementary Figure 
S4, Supplementary Datasheet S4), indicates that these genes are prone to frequent horizontal 
transfer between diverse MGEs.  

 
Figure 3. Genomic comparison between Pectobacterium phage ZF40 and different 
Pectobacterium genomes with related prophage/MGE regions. The alignment of the acr 
loci in related prophages/MGEs shows variability in nearby genes. Similar proteins are shown 
in the same color. Black dot denotes a pseudogene (early stop codon); domain of unknown 
function (DUF). 
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Identification of a previously undescribed Aca and two type I-F Acrs 
While exploring the genomic contexts of the identified acrs, we noticed that two AcrIF22* 
orthologs (encoded by a Raoultella phage and a Klebsiella plasmid) were located upstream of 
a small gene of hypothetical function distinct from, but in the same position as, aca5 (Figure 
4a). Motivated by this finding, we sought to investigate the potential Aca role of this gene 
further. A hallmark of all other previously identified Aca proteins is the presence of a helix-
turn-helix (HTH) DNA-binding domain, necessary for the transcriptional repression of the acr 
operon (Birkholz et al., 2019; Stanley et al., 2019). Multiple sequence alignments of diverse 
representatives followed by functional domain prediction analyses revealed a conserved HTH 
motif in the hypothetical protein (Figure 4b, Supplementary Figure S7 and S8). Phylogenetic 
analyses showed a wide distribution of homologs across diverse Proteobacterial MGEs, 
including phages (50%) and plasmids (38%) (Figure 4c, Supplementary Datasheet S5). 
Moreover, our search revealed that this gene is also encoded downstream of an acrIF15 
homolog in a Pectobacterium plasmid (Figure 4c). Taken together, these results indicate this 
is an anti-CRISPR associated (aca) gene, hereafter referred to as aca9.  
 
To test whether aca9 could be exploited as a marker for acr discovery, we searched for aca9-
associated genes with homologs in P. aeruginosa, one of our model CRISPR-Cas organisms 
(Figure 4d). We identified a P. aeruginosa homolog of a hypothetical protein encoded next to 
aca9 in Desulfovibrio carbinolicus that completely inactivated the PA14 type I-F CRISPR-Cas 
system (AcrIF23), as did its neighbor in a P. aeruginosa prophage (AcrIF24) (Figure 4e, 
Supplementary Figure S8). These two Acr proteins are homologous to a number of 
uncharacterized proteins that are distributed across Proteobacterial classes (Supplementary 
Figure S4). Although no known aca genes form part of the P. aeruginosa acrIF23-24 locus, 
the C-terminus of AcrIF24 contains an HTH domain, implying a possible dual Acr-Aca function 
(Figure 4d, Supplementary Figure S8). A similar binary role was previously shown for AcrIIA1 
(Osuna, Karambelkar, Mahendra, Sarbach, et al., 2020) and AcrIIA13-15 (Watters et al., 
2020), suggesting that self-regulation by Acrs may be widespread. Our results reveal two 
additional I-F inhibitors associated with genes encoding proteins containing different HTH 
domains.  
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Figure 4. Discovery of Aca9 uncovers two potent I-F Acrs. (a) Identification of an AcrIF22* 
homolog reveals a previously undescribed aca marker gene (aca9). (b) Alignment of diverse 
Aca9 representatives carried by Proteobacterial MGEs. Predicted secondary structure alpha-
helix regions are illustrated as ribbons for the K. pneumoniae homolog (top). The HTH DNA 
binding domain is highlighted in gray. (c) Phylogenetic diversity of Aca9 across publicly 
available sequences. Tree branches are colored by the bacterial host from where they 
originate (Order level). The MGE origin is shown with an empty circle (plasmid-like elements), 
a black diamond (phage), and left blank when the genomic context was unclear. The relative 
percentage distribution of aca9 orthologs by MGE origin is depicted as the area of the gray 
shaded circles in the legend. The positions in the tree where acrIF15 and acrIF22* are found 
associated with aca9 are marked with yellow and red circles, respectively. (d) Guilt-by-
association searches following aca9 led to the discovery of two candidate acr genes in P. 
aeruginosa. (e) Functional testing for inhibition of the PA14 I-F CRISPR-Cas system was 
performed by phage plaque assays in strains carrying plasmids expressing the indicated acr 
candidates. Ten-fold serial dilutions of CRISPR-targeted DMS3m phage were titered on lawns 
of P. aeruginosa naturally expressing its I-F CRISPR-Cas system. The ΔCRISPR strain shows 
phage replication in the absence of CRISPR-Cas targeting. AcrIF11 was employed as a 
positive control for strong I-F inhibition.  
 
 
Acrs cluster with Anti-RM and other anti-defense genes 
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A closer examination of the genomic environments surrounding the newly identified acr loci 
revealed several intriguing instances of additional anti-defense system components (Figure 
5). For example, an anti-defense gene cluster was identified in a discrete region of a Klebsiella 
pneumoniae plasmid, separated from the gene modules responsible for plasmid 
housekeeping functions (e.g. replication, partitioning, and conjugative transfer) (Figure 5a). 
Together with an aca9-acrIF22* Acr locus, we found genes encoding anti-restriction 
modification systems (Anti-RM) (e.g. ArdA and KlcA (Zavilgelsky and Rastorguev, 2009; 
Serfiotis-Mitsa et al., 2010)) and a plasmid SOS-inhibition (psi) locus involved in suppressing 
the deleterious host SOS response elicited by conjugative plasmid entry (Bagdasarian et al., 
1986). Orphan methyltransferase genes were also co-encoded in this region, suggesting a 
potential protective role against host restriction enzymes, as shown previously for other MGEs 
(Günthert and Reiners, 1987; Murphy et al., 2013). Furthermore, acrIF16 and acrIF17 were 
found adjacent to a methyltransferase gene and in close proximity to an Anti-RM gene (ardA) 
in a Rahnella plasmid (Figure 5b(i)).  
 
We then explored whether anti-RM genes are present nearby previously validated acr genes. 
Our analyses revealed the colocalization of the anti-RM gene klcA with previously described 
type I and V acrs (e.g. acrIF14 and acrVA1-2) in Moraxella MGEs (Figure 5b(ii) and 5b(iii)). 
Moreover, a gene encoding an H-NS histone family homolog was adjacent to acr and anti-RM 
loci in a Moraxella catarrhalis plasmid (Figure 5b(iii)). MGE-encoded H-NS-like proteins are 
often considered “stealth proteins” that tamper with host gene expression (Shintani, Suzuki-
Minakuchi and Nojiri, 2015; Vial and Hommais, 2019). Given the H-NS-mediated silencing of 
CRISPR-Cas adaptive immunity in E. coli (Pul et al., 2010; Westra et al., 2010), the lateral 
acquisition of H-NS homologs may help MGEs evade adaptive immunity, as previously 
proposed for certain plasmids (Dorman, 2014; Dorman and Ní Bhriain, 2020) and phages 
(Skennerton et al., 2011). Finally, we also found close ties between type II acrs (e.g. AcrIIA9 
and AcrIIA7) and anti-RM components in other types of MGEs, including a conjugative 
transposon and a putative phage (Figure 5b(iv) and 5b(v)). 

 
Collectively, these results suggest that, apart from accumulating acrs against CRISPR-Cas 
systems (Figure 1 to 4), MGEs compile a broader arsenal of inhibitors to overcome other host 
immune mechanisms. Intriguingly, the resulting collection of inhibitors appears to mirror the 
clustered arrangement of defense systems in their hosts, termed “defense islands” (Makarova 
et al., 2011; Doron et al., 2018). We found that the gene neighborhoods of loci encoding Acr 
and Anti-RM proteins are typically crowded with other small hypothetical protein-coding genes 
of unknown function (Figure 5). We speculate that these “anti-defense islands” may constitute 
an unrecognized phenomenon in diverse MGEs, potentially enriched with new genes that 
antagonize diverse defense systems (Bernheim and Sorek, 2019).  
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Figure 5. Acrs cluster with other antagonists of host defense functions; anti-defense 
islands. (a) Genome organization of the Klebsiella pneumoniae ABFQB plasmid unitig_1 
(CP036439.1), highlighting the anti-defense cluster region. Genes are colored according to 
their predicted functions as shown in the key. Coding regions encoded on the plus and minus 
strands are shown on the outer and inner lanes of the gene map, respectively. (b) Examples 
of genomic regions within diverse MGEs where acrs were found in the vicinity of known anti-
RM genes and other putative anti-defense determinants. Genes are colored according to the 
gene key in (a). 
 
Discussion 
Following an aca-based guilt-by-association search, 11 Acr families and a new Aca family 
were discovered across chromosomal and extrachromosomal MGEs of mostly 
Enterobacteriaceae (Figure 1b and 4d). These findings ascribe function to a dozen gene 
families that were previously only hypothetical and reveals that the diverse MGEs that carry 
them are likely encountering and evading functional CRISPR immunity in situ. The Acr proteins 
identified share no sequence homology with known Acrs, increasing the collection of distinct 
subtype I-F Acrs to 24 (from 14) and I-E CRISPR-Cas inhibitors to 10 (from 7). Many genomes 
analyzed showed instances of self-targeting, where integrated MGEs carrying the acr operons 
had regions with perfect identity to host-derived CRISPR spacers (Figure 1b and c). One self-
targeting spacer was even predicted to target an acr gene (acrIF16), encoded by a 
Pectobacterium parmentieri prophage (Figure 1c, bottom, Supplementary Datasheet S2).  

 
Loci encoding Acrs frequently contain more than one acr gene (Bondy-Denomy et al., 2013; 
Pawluk et al., 2014; Rauch et al., 2017; Marino et al., 2018). Here we observed loci where as 
many as 4 distinct acrs are “stacked” upstream of aca5 (Figure 1). It is unclear what fitness 
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benefits are associated with such locus organizations and whether functional redundancy or 
cooperation between the different Acrs occurs. Given the fast MGE-host co-evolutionary arms 
race, carrying multiple acrs likely serves as a safeguard against Cas mutational escape or 
subtype diversity. Alternatively, multiple Acr proteins could provide MGEs with “division of 
labor” potential where different Acr proteins are used during distinct stages of the MGE life 
cycle, or contribute to a more robust inhibitory effect by blocking the immune pathway at 
different stages (Osuna, Karambelkar, Mahendra, Christie, et al., 2020).  
 
Former mechanistic characterizations of Acr proteins have revealed a remarkable diversity of 
inhibitory functions (Davidson et al., 2020). Interestingly, relatively low MWs and pIs have been 
reported for Acrs inhibiting CRISPR-Cas systems via DNA mimicry (Jiang et al., 2019; Liu et 
al., 2019), suggesting a putative link between low MW/pI values and mechanistic inhibitory 
function. Given the small size and negative charges of AcrIF18* and AcrIF15 (Supplementary 
Figure S2), and their Cascade DNA binding inhibitory activities (Supplementary Figure S3), it 
is possible that they function as DNA mimics – analogous to AcrIF2 (Chowdhury et al., 2017), 
AcrIF10 (Guo et al., 2017), AcrIIA2 (Shin et al., 2017; Liu et al., 2019) and AcrIIA4 (Dong et 
al., 2017). DNA-recognition domains in Cas proteins (and components of other bacterial 
defense systems) are evolutionarily constrained, making them desirable targets for broad 
spectrum inhibition. A great example of how MGEs exploit this “Achilles heel” is phage protein 
Ocr, a DNA mimic that provides protection from both type I RM systems and BREX 
(Bacteriophage exclusion systems) (Isaev et al., 2020). While DNA mimicry could help explain 
the broad inhibitory activity of AcrIF18*, further experiments are required to ascertain such 
functionality. 
 
Although the Acr families we describe here are predominantly detected on prophage elements 
(Figure 2d, 3 and 4c), many are also carried by other types of MGEs, such as conjugative 
plasmids and ICEs (Figure 2d and 4c). Our results support the notion that Acrs play an 
important role in facilitating the horizontal transfer of diverse MGE-encoded traits, such as 
plasmid-encoded antibiotic resistance determinants (Figure 5, Supplementary Datasheet S6) 
(Mahendra et al., 2020). Consistent with this idea, we recently reported a positive association 
of acr genes and acquired antibiotic resistance genes in P. aeruginosa genomes (Shehreen 
et al., 2019). Interestingly, the taxonomically broadly distributed AcrIF17 is particularly 
enriched on conjugative plasmids (Figure 2d). Because conjugative elements often exhibit 
broader transfer host ranges than phages (Norman, Hansen and Sørensen, 2009; Guglielmini 
et al., 2011) these results may reveal a relationship between the MGE origin of acrs, their 
phylogenetic distribution and inhibitory spectrum.  

 
Consistent with previous work, we show that Acrs tend to inhibit the specific CRISPR-Cas 
system(s) present in the hosts of the MGEs carrying them, although the inhibition spectrum of 
certain Acrs is occasionally broader (Pawluk, Staals, et al., 2016; Marino et al., 2018; Forsberg 
et al., 2019; Song et al., 2019). These data indicate the challenge of inferring inhibitory activity 
a priori and highlights the necessity to interrogate acr function experimentally in a case by 
case manner using a panel of CRISPR-Cas systems.  
 
Because the dynamics of gene flow within microbial communities are governed by the 
interactions between MGEs and their hosts, shedding light on the defense/anti-defense arms 
race is integral for understanding the ecology and evolution of bacteria. However, prokaryotes 
possess an extraordinary variety of defense mechanisms and identifying uncharted immune 
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systems has proved challenging. Previous work has shown that defense systems often co-
localize within defense islands in bacterial genomes (Makarova et al., 2011), thus allowing the 
identification of undiscovered immune systems (Doron et al., 2018; Cohen et al., 2019). Here, 
we find that acr loci often cluster in MGE genomes with antagonists of other host defense 
functions (e.g. anti-RM), indicating that MGEs organize their counter defense strategies in 
“anti-defense islands”. We anticipate that this genetic co-occurrence will be useful for the 
discovery of novel anti-defense systems.   

 

Methods 
Bioinformatic searches and phylogenetic analyses of Aca and Acr proteins 
Protein sequences of Aca5 homologs were identified through 4 iterations of PSI-BLAST with 
default search parameters against the non-redundant protein database (NCBI-NR) using the 
Pectobacterium Aca5 WP_039494319.1 sequence as a query. Only hits with >70% coverage 
and e-value <10-8 were included in the generation of the position-specific scoring matrix 
(PSSM). An HMM model of Aca5 was also built using PSI-BLAST hits (three iterations; query 
cover: >90% and identity >55%). Acr candidates were identified following a previously 
described guilt-by-association approach (Pawluk, Staals, et al., 2016). Briefly, hypothetical 
ORFs upstream genes encoding Aca5 homologs were found through a combination of 
bioinformatic searches using PSI-BLAST (up to three iterations, only considering hits with e-
values <10-4 for PSSM generation) and hmmsearch (HMMER v3.0;  e-value cutoff 0.05; the 
script was modified to extract upstream and downstream nucleotide sequences for each hit).  
 
Multiple alignments of the identified Aca and Acr proteins were performed with the MUSCLE 
software (Edgar, 2004). Alignment sites with gaps were trimmed from the alignment. Maximum 
Likelihood phylogenetic trees were constructed using MEGA (Kumar, Stecher and Tamura, 
2016) (500 bootstraps and standard settings) and displayed using iTOL (Letunic and Bork, 
2019).  
 
MGE/prophage context, CRISPR-Cas and self-targeting analyses 
The genomic contexts (<25 Kb upstream and downstream) of all identified acr homologs were 
scanned manually in search for prophage, plasmid, and ICE signature protein-coding genes. 
The MGE type and corresponding signature gene(s) used to determine the acr origin are 
displayed in Supplementary Datasheets S1. In the absence of annotated genes, PSI-BLAST 
searches (70% coverage, < 10-4 e-value) were performed with genes neighboring the acrs in 
an attempt to find homology to genes of known function that could provide situational insights. 
CRISPRCasFinder (Couvin et al., 2018) was employed to determine the presence and 
sequence integrity of the CRISPR-Cas systems in the genomes of the bacterial hosts 
encoding the selected acr candidates and to extract the corresponding CRISPR spacers 
(Supplementary Datasheets S1 and S4). Self-targeting analyses were performed using 
CRISPRTarget (Biswas et al., 2013), STSS (Watters et al., 2018), and CRISPRminer(v2) 
(Zhang et al., 2018) by blasting the spacer contents against the host genome assemblies 
(Supplementary Datasheet S2). Prophage regions were identified and annotated via 
PHASTER (Arndt et al., 2016) and the position of the acr loci and self-targets were compared 
to the predicted prophage regions (Supplementary Datasheet S2). 
 
CRISPR-Cas sequence identity comparisons.  
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The protein sequences of the Cas orthologs of the model CRISPR-Cas systems tested and 
the endogenous CRISPR-Cas systems (hosts from which the selected acrs originate) were 
aligned using BLASTp. An average score of the percentage sequence identity between 
systems was calculated (Supplementary Datasheet S3). Only the proteins involved in the 
interference complex were taken into consideration in this analysis (i.e. excluding the 
adaptation module: Cas1 and Cas2 in I-E systems and Cas1 in I-F systems). 
 
Bacterial strains, phages and growth conditions 
All strains and phages used in this study are listed in Supplementary Tables S1 and S2. 
Pseudomonas aeruginosa strains (PA14, PAO1) and Escherichia coli strains (Mach-1) were 
routinely grown at 37°C in Lysogeny Broth (LB) (10 g/L tryptone, 5 g/L yeast extract, and 10 
g/L NaCl). Pectobacterium atrosepticum SCRI1043 and Serratia sp. ATCC39006 were grown 
at 25°C and 30°C, respectively in LB (10 g/L tryptone, 5 g/L yeast extract, and 5 g/L NaCl). All 
solid plate media were supplemented with 1.5% w/v agar. Media were supplemented with 
antibiotics to maintain the pHERD30T plasmid (and derivatives): 30 µg/mL for Pectobacterium 
atrosepticum SCRI1043 and Serratia sp. ATCC39006, 15 µg/mL gentamicin for E. coli, and 
50 µg/mL gentamicin for P. aeruginosa. When appropriate, the following inducer 
concentrations were used: 0.1-0.3% w/v arabinose and 0.1 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG). During heat shock transformations, E. coli was recovered in 
SOC media (20 g tryptone, 5 g yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 
mM, MgSO4, and 20 mM glucose in 1 L dH2O). 
 
Pseudomonas phages DMS3, DMS3m, and JBD30 derivatives were propagated on PA14 
ΔCRISPR or PAO1 WT. Pectobacterium phage ϕTE (Blower et al., 2012) and Serratia phage 
JS26 (Jackson et al., 2019) were propagated on P. atrosepticum SCRI1043 (WT) (Bell et al., 
2004) and Serratia sp. ATCC39006 LacA strains (Thomson et al., 2000), respectively. 
Pseudomonas phages were stored at 4°C in SM buffer (100 mM NaCl, 8 mM Mg2SO4, 50 mM 
Tris-HCl pH 7.5, 0.01% w/v gelatin) over chloroform. Pectobacterium and Serratia phages 
were stored at 4°C in phage buffer (10 mM Tris-HCl pH 7.4, 10 mM MgSO4 and 0.01% w/v 
gelatin) over chloroform. 
 
Cloning of candidate anti-CRISPR genes 
Candidate acr genes identified in the aca5-based guilt-by-association search (Supplementary 
Datasheet S1) were synthesized as gene fragments (Twist Biosciences) and cloned into the 
NcoI and HindIII sites of the pHERD30T shuttle vector using Gibson Assembly (New England 
Biolabs). The plasmid constructs were propagated in commercial E. coli Mach-1 competent 
cells (Invitrogen, Thermo Fisher Scientific) upon transformation, following the manufacturers 
recommendations. AcrIE8.1, AcrIF17.2, and AcrIF18.2* were synthesized as gBlocks (IDT) 
and ligated into the NcoI and HindIII sites of the pHERD30T shuttle vector and transformed 
into E. coli DH5α competent cells. The integrity of the cloned fragments were verified via 
Sanger sequencing using primers outside of the multiple cloning site (Supplementary Table 
S3). A list of the plasmids and oligonucleotides used in this study can be found in 
Supplementary Table S3 and S4. 
 
Preparation of P. aeruginosa, P. atrosepticum, and Serratia sp. ATCC39006 strains for 
acr functional testing 
The pHERD30T plasmids with different candidate anti-CRISPRs were electroporated into the 
different P. aeruginosa strains. Briefly, overnight cultures were washed twice in 300 mM 
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sucrose and concentrated tenfold. Competent cells were then transformed with 50 – 100 ng 
plasmid and incubated without plasmid selection in LB broth for 1 hr at 37 °C before they were 
grown overnight at 37°C on LB agar plates with plasmid selection. For the transformation of 
these plasmids in P. atrosepticum and Serratia ATCC39006, they were first transformed into 
the chemical competent E. coli ST18 and cells were plated onto LB agar plates with 50 µg/mL 
5-aminolevulinic acid (ALA). Then, the donor ST18 cells were conjugated with recipient P. 
atrosepticum (PCF188) (Pawluk et al. 2016) and Serratia ATCC39006 PCF524 (I-E) and 
PCF525 (I-F). The positive clones were selected by streaking onto LB agar plates containing 
30 µg/mL gentamicin. The arabinose-inducible promoter in pHERD30T was used to drive the 
expression of the candidate acr genes. 
 
P. aeruginosa phage immunity assays 
The functionality of the identified acr candidate genes was assessed through phage spotting 
assays or efficiency of plaquing (EOP). These tests evaluated the replication of CRISPR-
targeted phages DMS3m (I-F) and JBD30 (I-C and I-E) in bacterial lawns relative to the empty 
vector control. Efficiency of plaquing (EOP) was calculated by dividing the number of plaque 
forming units (pfus) formed on a phage-targeting strain by the number of pfus formed on a 
non-targeting strain: ΔCRISPR strain (I-F and I-E) or the absence of CRISPR expression 
inducer (I-C). Additional controls included infection in the presence of an already validated Acr 
(i.e. AcrIE4/F7, AcrIF11, or AcrIC1). Each pfu calculation was performed in 3 biological 
replicates and expressed as the mean EOP +/- SD (error bars). Briefly, 200 µL of bacterial 
overnight cultures were mixed with 10 µL of ten-fold phage serial dilutions and combined with 
4 mL of molten top agar (0.7%) supplemented with 10 mM MgSO4. The mix was poured onto 
LB agar (1.5%) plates containing 50 µg/mL gentamicin and 10 mM MgSO4. Additionally, plates 
were supplemented with 1 mM IPTG and 0.3% w/v arabinose for experiments using the PAO1 
strain (I-C CRISPR-Cas) and with 0.3% w/v arabinose when using the PA4386 strain (I-E 
CRISPR-Cas), and PA14 strain (I-F CRISPR-Cas). Plates were incubated overnight at 30°C 
and phage plaque-forming units (pfu) were calculated. In phage spotting experiments, phage 
dilutions 3.5 µL of ten-fold serial dilutions of the phage lysates were spotted onto the plate 
surface containing the bacterial lawn in the top agar. Plate images were obtained using Gel 
Doc EZ Gel Documentation System (BioRad) and Image Lab (BioRad) software.  
 
Anti-CRISPR Assay in P. atrosepticum and Serratia sp. ATCC39006 
PCF188, PCF524, and PCF525 were transformed with plasmids expressing the different Acrs 
and overnight cultures were used to pour top agar plates (100 µL culture added to 4 mL LB 
with 0.35% agar) onto LB agar plates (containing 30 µg/mL gentamicin and 0.1% w/v 
arabinose). Due to the toxic effects on Serratia cells, AcrIF9 (positive control for inhibition) was 
tested in the absence of arabinose. Twelve-fold serial dilutions of phage ϕTE and JS26 lysates 
were made in phage buffer, and 15 µL was spotted on the dried top agar plates. Then, the 
plates were incubated overnight at 25°C for Pectobacterium and 30°C for Serratia. The 
efficiency of plaquing (EOP) was determined by calculating the pfus per mL of the 
Pectobacterium 3xTE and Serratia cells (expressing the different Acrs) divided by the pfus of 
the corresponding wild-type with an empty vector pHERD30T control. Three biological 
replicates were done for each of the experiments (Supplementary Datasheet S9). 
 
Construction of recombinant acr phages 
DMS3m phage derivatives encoding AcrIF15, AcrIF18*, AcrIF16, and AcrIF17 were 
constructed. Briefly, a recombination plasmid with homology to the DMS3m acr locus (Borges 
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et al., 2018) was used to clone the Acr genes of interest upstream of aca1 by Gibson Assembly 
(New England Biolabs). The resulting vectors were used to transform PA14 ΔCRISPR and the 
strains were infected with WT DMS3m::gent35 cassette. Phages were recovered after full 
plate infections in selection plates containing 50 µg/mL gentamicin and the resultant phage 
lysates were used for full plate infections in plates without selection. Recombinant phages 
were sequentially passaged through PA14 ΔCRISPR 3 times to purge away potential non-
recombinant phage carryover. The integrity of the cloned Acr genes were verified by Sanger 
sequencing. Phages were stored in SM buffer at 4°C.  
  
Generation of recombinant Acr phage PA14 (dCas3) lysogens 
200 µL of PA14dCas3 overnight culture was added to 4 mL of 0.7% LB top agar and spread 
on 1.5% LB agar plates supplemented with 10 mM MgSO4. 3 µL of the recombinant acr phages 
were spotted on the top agar bacterial lawns and plates were incubated at 30°C overnight. 
Following incubation, bacterial survivors (lysogens which undergo superinfection exclusion or 
are surface receptor mutants) within the plaques were isolated and spread on 1.5% LB agar 
plates. Single colonies were assayed for phage resistance by streaking across a line of phage 
lysate, compared to a sensitive WT PA14 control. Prophages were confirmed by 
sequencing, checking for resistance to superinfection by the same phage, and assessing 
the spontaneous production of phage from the lysogenic strain (supernatant was titered 
on PA14 ΔCRISPR).  
  
CRISPRi-based pyocyanin repression assay in P. aeruginosa 
The pyocyanin repression assay was carried out as described previously (Bondy-Denomy et 
al., 2015). Briefly, the PA14dCas3 lysogens harboring the constructed DMS3m prophages 
expressing either AcrIF15, AcrIF16, AcrIF16 or AcrIF18* were transformed with 
pHERD30T::crRNAphzM, a vector expressing a crRNA designed to target the promoter of 
phzM, a chromosomal gene in PA14 which is involved in the production of the pyocyanin (blue-
green pigment). In the presence of crRNA phzM CRISPRi repression leads to a color change 
in the culture medium, from green to yellow. The different lysogens were additionally 
transformed with an empty vector (pHERD30T), serving as a non-targeting control (remains 
green).  
  
Cultures of 3 independent lysogens were grown overnight in LB supplemented with gentamicin 
(50 µg/mL) for vector retention and 0.3% arabinose to induce crRNA expression. Pyocyanin 
was extracted from the overnight cultures and quantified by measuring absorbance at 520 nm, 
as described previously (Bondy-Denomy et al., 2015). Representative pictures of the color 
changes are also displayed (Supplementary Figure S10). 
 
Software and statistical analysis 
Numerical data were analyzed and plotted with GraphPad Prism 6.0 Software. Statistical 
parameters are specified in the figure legends. HHPred searches were carried out for the 
prediction of protein domains (e.g. HTH). Protein secondary structure predictions were carried 
out by JPred4 (Drozdetskiy et al., 2015) and Phyre2 (Kelley et al., 2015) of antibiotic resistance 
genes was performed via BLAST against the Comprehensive Antibiotic Resistance Database 
(CARD) (McArthur et al., 2013) (Supplementary Datasheet S6). A list of the Software is 
provided in Supplementary Table S5. 
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Supplementary information 
 
Supplementary Tables 
 
Table S1. Bacterial strains used in this study 

Name Source Identifier/Reference 

Escherichia coli DH5α-
cloning strain 

Fineran Laboratory Gibco/BRL 

Escherichia coli Mach-1 Thermo Fisher Scientific Cat #C862003 
 

Escherichia coli ST18- 
Auxotrophic donor for 
biparental conjugation 

Fineran Laboratory (Thoma and Schobert, 
2009) 
 
 

Pectbacterium atrosepticum 
(PCF188) with 3 spacers to 
target ϕTE (I-F)   

Fineran Laboratory (Pawluk, Staals, et al., 2016) 

Pectobacterium 
atrosepticum 
SCRI1043  

Fineran Laboratory BX950851.1 

Pseudomonas aeruginosa 
dCas3 PA14  

Laboratory of George 
O’Toole 

(Cady et al., 2012) 

Pseudomonas aeruginosa 
PAO1  

Laboratory of Alan Davidson Refseq: NC_002516.2 

Pseudomonas aeruginosa 
PAO1 (I-C CRISPR-Cas); 
LL77 

Bondy-Denomy Lab (Marino et al., 2018) 
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Pseudomonas aeruginosa 
SMC4386  

Laboratory of George 
O’Toole 

LOQZ00000000 

Pseudomonas aeruginosa 
UCBPP-PA14 WT  

Laboratory of Alan Davidson Refseq: NC_008463.1 

Pseudomonas aeruginosa 
UCBPP-PA14 
∆CRISPR1∆CRISPR2 
(SMC5454) 

Laboratory of George 
O’Toole 

(Cady et al., 2012) 

Serratia sp. ATCC39006 Fineran Laboratory NZ_CP025084.1 

Serratia ATCC39006 
(PCF524) with 1 spacer to 
target phage JS26 (I-E) 

Fineran Laboratory Unpublished 

Serratia ATCC39006 
(PCF525) with 1 spacer to 
target phage JS26 (I-F) 

Fineran Laboratory Unpublished 

 

Table S2. Bacteriophages used in this study 

Name Source Identifier 

Pectobacterium Phage ϕTE  Fineran Laboratory (Blower et al., 2012) 

Pseudomonas phage JBD30 Laboratory of Alan Davidson Refseq: NC_020298.1 

Pseudomonas phage 
DMS3m (DMS3 derivative) 

Laboratory of George 
O’Toole 

Refseq (DMS3): 
NC_008717.1 

Pseudomonas phage 
DMS3macrIF15-18*  

Bondy Denomy Laboratory This study 
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Serratia Phage JS26 Fineran Laboratory (Jackson et al., 2019) 

 
Table S3. List of oligonucleotides used in this study 

Name Sequence Description Reference 

PF138 CACACTTTGCTATGCCATAG Forward Primer to 
sequence pPF1896, 
pPF1897, pPF1898 

(Richter et 
al., 2012) 

PF301 GCTATTACGCCAGCTGGCGA Reverse Primer to 
sequence pPF1896, 
pPF1897, pPF1898 

This study 

AcrIE8.2 TCGTCTTCACCTCGAGAAAT
CCCATGGCTATGACTACAAT
CACTATCAATACTTATGACCC
TGAAGCACGTTTCAACATGG
ACAAGGACGAAGCCAAGTCT
TTCTTTGAGTTCGTTGAAAAG
AAAGCCACAGACGCAGGGTT
TAATGTTCAGTACGACAGTTG
CAACTATGTCGATGAAGAAA
GTGAGCGCTTTGTTGAAAAA
TGCTTTGAGGATTATTAAGCT
TCCTGTTGATAGATCCAGTAA
TGAC 

gene fragment This study 

AcrIF18.2* TCGTCTTCACCTCGAGAAAT
CCCATGGCTATGACTACTAT
CAAAGCCACTTACATCAGCA
AAGACCAGAACTGGAACGAC
GGCACCACCACCTATTGGTT
TGATGTAAACGGTGAAACATT
CGGGGTTGTGCATGGCGGT
GAAAGCTGGAATTCCAAGGT
GGTTGACTGCGACGGAACGC
CATCAGACCAATACACCGTT
GACCAGTTCAACGTAACCAA
AGAGATGATCGCCGAATAAG
CTTCCTGTTGATAGATCCAGT
AATGAC 

gene fragment  This study 

AcrIF17.2 TCGTCTTCACCTCGAGAAAT
CCCATGGCTATGACTGAACT
CGACCTGAGAAAACTCAGCA
AAAAGGCTTTGCTTCAGTTAA
TTTCTGAAGCCGCAAACGAG
CTGCACCGCCGTGAATCCTC
ATCTTCTTTTGTCGAACCGGC
CGCAGCAGAAGAGACTGCCC

gene fragment This study 
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TGTCACCCGGACAGGCCGAT
CTGGTTTTTATTAATAACTGC
CTGAACGCAAGTGATTATGT
GCATGCTGATGCAAAAGACC
GATACAAACAGTTAGCATCTA
AATACTCAGCGTGGTTCGCG
TACAAGGGATATCCGCGAGA
TTTGCGTGGTTCAGACCTCA
AAAAATGGAAACAGTATTTCA
GGCCCAACACGAGAGAACAG
TAAGCTTCCTGTTGATAGATC
CAGTAATGAC 

AcrIF15 tgtttaactttaagaaggagatatacatacc
ATGACTACCATCACCATTGC
GTACGAAGTATCTAACGACA
AAGTTGAAACCATCAAGACA
ATGGTGGAGAGCCAGCAGAT
TCATAACGTTAACTTTAACGG
CGAGGAGTTCACCATAGAGC
GCGGTGACTTTACCTCCATC
GATAAAGATGAGGCTGAGCA
TGTAAAACTTCTCAACAAAAT
TCAGGACATCATTCACGGGT
ACAGCTAAtggcactggccgtcgtttt
acaacgtcgtgactgggaa 

gene fragment This study 

AcrIF16 tgtttaactttaagaaggagatatacatacc
ATGTCATTATCTGACAAAAAA
GAACAGAAAGAGGCTTATCT
TGATGCGTTGCGCATCGCTC
CGCTTGATAGAGGCGTTCTC
AAACGCATTCATGCTGTCAAT
GACAACACGTTAGATAAATG
GCTTTACGTTGCTGATAGATA
TCCCACGTTTAGAGCATGTT
GGGAATTGTGGATGTTCCAG
CGTAAGCGCCGAGTACTCAT
ATCGAGAAAACTTCATGTTCT
AATCAACAGATCCACGAACA
GAACAATAGAGGCGTTCGAA
AAAACCTACCCGCCCGAAGA
GAGGGTTGTGGGAAAATCAT
ATCGGGATCTGGTAACGGAA
AAGGGAGAGCGTTCCGCCAA
CATGTATATCATTAACGGGG
AAGTAGTTGGCGCTAAAGAT
GCGAGCATTTTGCTCGGATA
CTCATCATACAACACTCTTTA
CGCAAAAATGAAACGACTCG
GAATACAGCCAGGCGACGAC
ATTTCACATCTAAAGCCGGAA
AAAAGAGGAAGAAAAAAAGA
ATGCAGCTAAtggcactggccgtcg

gene fragment This study 
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ttttacaacgtcgtgactgggaa 

AcrIF17 tgtttaactttaagaaggagatatacatacc
ATGGCTTCCGAATTAGAAAG
TTTTATCAAACGAGACAACGC
GCGATACGTTGCAAGTTTCA
GCAATTCAGGAAAAGTTCCA
AAAGAAGATTTTTATAGCCGT
GTACACCTGGTCGCTCAGTG
GTGCCAGACGGAGAGCGTT
GCCAGTTATGACGATCTGTA
CACCGCTGCTTATAACGATC
TCGTCGCCGAAATTAACGCG
TCAGGTCTGATAATCGAAAAT
TAAtggcactggccgtcgttttacaacgtc
gtgactgggaa 

gene fragment This study 

AcrIF18.1* tgtttaactttaagaaggagatatacatacc
ATGACTACTATCAAAGCCGC
TTACATCAGCAAAGACCAGA
ACTGGAACGACGGCACCACC
ACTTATTGGTTTGACGTAAAT
GGTGAAACCTTTGGGGTTGT
GCATGGTGGTGAAAGCTGGA
ATGCCAAGGTAGTCGATTGC
GACGGAGCGCCATCCGACC
AATACACCGTTGACCAGTTC
AACATCACCGAAGATATGAT
CGCCGAATAAtggcactggccgtcg
ttttacaacgtcgtgactgggaa 

gene fragment This study 

AcrIF19 tgtttaactttaagaaggagatatacatacc
ATGAAACCTCTCCACACCAT
GAATTACGATAACAATCAAAT
GTCGTTAGTCTATGAGAGCT
ACGACGAATACGGCTTTGAA
TATAGCGTTAAACTAAAAATT
TCAGTACGAGACTATCGGGG
TATTGATGTCAGTGCATTCAA
TGCATTTCCTGAATGGGAAG
ACACTCTGCGTATGAGAGAT
CGCGTCATGTCAGTAGAGGA
AATCGAAAATGCAATGATTTC
TAGATACAAGTCGCTTTTTAT
TGCGCCGCCAGATTGTACTT
ATGAGTTTGATATCTAAtggcac
tggccgtcgttttacaacgtcgtgactggga
a 

gene fragment This study 

AcrIF20.1 tgtttaactttaagaaggagatatacatacc
ATGACAAAATCAGAAATATTC
AAATTTGCATGGGTGGATGC
TCATTATCTGGCTACCACGCT
TGGCGGGAATGCCGTGGAAT

gene fragment This study 
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ACTTCGCTGAGTGCCTCAAA
AAATCTCACATGATAAACCGC
ACAACAGCGGTTTCTTTTGAA
CAAAAGGAGTATGCGGTTGA
CGTTGCTTATGCAGCTATAAC
AATCCTCGCTGATGGCGCGG
TACTAGCAAGAGCAGCGGGT
AAAAACGGCTACGCAGATGC
AGCTATGATTGCTATCGCTAA
AATTAAACAAATGAAAATAGC
TCGTCAGATTCTTGATTCCTT
GATCGGAGTGAATTTCCGCA
AGGGGAGCGACTTAAAATTA
TGGCTATCAAGCAACTGAtggc
actggccgtcgttttacaacgtcgtgactgg
gaa 
 

AcrIF20.2 tgtttaactttaagaaggagatatacatacc
ATGACTAAGGCAGAAATATTC
AAATCAGCATGGACAGACGC
CCACTACTGCGCTTCAGTAA
TGGGCGGGAAAGCTAAAGAA
TACTTCGCTGAATGTCTTAAG
AAATCTCACATGTTAAACAGA
ATTAATGGTGCCTCCTTCAAG
CAGAAGGAATATGCAGTCGA
TGTGGCATACAAGGCTATTT
CTGTTCTTGCGGAGGGGGCA
TGTCAGGCAATAATCGCAAA
TAAGGACGCTTACGCAAGCG
CTGCTTATCTCGCCATCGCA
AAGATCAACAAAATGACATCT
GCCAAACAAATTCTTGACTCA
CTGCTGAACGTTAATTTCCAC
AAGGGATTTCAACTGAAAGA
GTGGCATTCAAAAAATTAAtgg
cactggccgtcgttttacaacgtcgtgactg
ggaa 

gene fragment This study 

AcrIF21 tgtttaactttaagaaggagatatacatacc
ATGACGAGCATTAAAACCATT
GAATACAAAGGCAACACGCT
GACATTGCAGAAAGATAGCG
ACGCTGACTGCATCAGTTAT
GAGATTTTACTACGCGACCC
AATCAAACACTGGGTAGGAC
GAGATGTTCAGATTTTAAATA
TTGATTCATCGACCAGTGTTG
ACGTCTTCTATAAGAAATTCA
GCGACTCAGAACTTGCATCT
ATGATGCAGAGGGAATACGA
CGACTGCTTTCCTCTTCAAGT
CACCGCAACATTAGAAAGCG

gene fragment This study 
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TTATTGAAGCTGGCGACATTA
ACACAAAATGGTTTGTGGTAA
ATGATGAAACTGGTGCGTTA
TCTGGTAAATACGGTAGCGT
TTACACAGAAAGTGGCTGGT
ACATTTGTAATGAATCAGGTG
AAAAAATTGAAAATAAACTCA
CTGAAAACCAAATCAGCTCA
ATCAGGGTAGCAATGGATAG
AGGTGATACAGCAACCTATT
CGTGGGAATTCGATGACTGAt
ggcactggccgtcgttttacaacgtcgtga
ctgggaa 

AcrIF22* tgtttaactttaagaaggagatatacatacc
ATGAGCAAGAAATTCTTGGA
AATCGTGGGTAACGCATCAA
CTAGCGCAACGTTTAACGGG
AAACTGATTGGGCACAATGT
CAATGCCTCCGCCTACGAAA
AAGACGGTGAAATCATTATC
CACCTGGAAACAAATGGATC
TCGCTGGAAATCATCGCCAG
AAGTAAGGATGACAAAAGAG
GAATATGATTCGTTTTGCGAA
AAACAATCTCGCCCTCTATTC
GTTCGCGGCATTGAGTTATTT
GGCGCAGAAGCCCTGTTGAG
TTAAtggcactggccgtcgttttacaacg
tcgtgactgggaa 

gene fragment This study 

AcrIF23 tgtttaactttaagaaggagatatacatacc
ATGACCAATTTCCAGACCTG
GCTCGACAGTGCCGACATTC
CCGTCCAGCAGAATGGGCAG
TGGATTGACCTCGAAACCGG
GATCGCCTATGACCCGTCGT
ACAACTACGCCGCGAACACC
CGCCGGGCCTCTTTGAGCCC
GCGCGGCATTGACGCTCGC
GCCGTGGCAAAGACCTTCGG
CGGTCGCGCCCTCACCGGC
ACAGCCAGGCAGAAGGAGT
GGGCCGAGAAGATCCGCGC
CGAGAAGGTACAGCAGATGA
ACCAAGACCAGGCGGAAATG
GCCTGCGATCCAAGCGGCCT
GCTCACTGCCGCCAAATTCT
GGATCGAAAATCGCAACGAT
AGTGCTCAGGAAATCGCCGG
ATTCGTAATGCAGCAGAAAG
CCTTGCTTGCCCAGCATCGC
TCTGCCAAGGCCGCCGGGC
AAGCCGACAAAGTGGCGAAA

gene fragment This study 
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ATCGCTGCTGAGTACAACGC
GCTTACCGCTCGCTGGGGGT
TCTGAtggcactggccgtcgttttacaa
cgtcgtgactgggaa 

AcrIF24 tgtttaactttaagaaggagatatacatacc
ATGAACGCCATCCATATCGG
GCCGTTCTCGATCACTCCGG
CTGCCCGCGGACTGCATTAC
GGGGGCCTGCCGCATCACC
AGTGGACCCTATACTACGGG
CCCCGGGAAATGGCGATAAA
GACCCTACCGGACAGTTACA
CCTCGTCGGAGGTGAGGGA
CGAGTTCTCAGACATCATCG
CCGAGTTCGTCATCGACGCC
CGGCACCGATACGCGCCCG
ATGTTCTGGAACTGGTGAAC
TCGGATGGTGACGCAGTGCT
CGCGCGAGTCGCCGTGAGC
CGACTGCCAGAAGCGTTGTC
CGGGTGCATACCAGACGATC
GATTCCCATACTGGCTCCTG
ACCGCCAGCCGCCCACGGC
TCGGGCTCCCTGTCACCCTG
AACGAGTACACCGCGCTCGC
GGTCGAACTCAGCGCCCCTC
CACTTGCATGGATCACAGGG
CTCCTCCCTGGCGAGGTACT
GACACATGACGCCGAGGAGT
GGCGACCGCCGACCAGTTG
GGAGCTACGCCACGTTGTCG
GCGAGGGGTCGTTTACTGGC
GTAAGCGGCGCCGCTGCGG
CCGCTCTGCTCGGAATGTCC
GCAACGAATTTCCGAAAGTA
CACAGCCGGGGACTCTGCC
GCGAATCGCCAGAAAATCAG
TTTCGCAGCCTGGCACTACC
TACTCGACCGGCTCGGCGTG
AAGCGGGCGAGCTGAtggcact
ggccgtcgttttacaacgtcgtgactggga
a 

gene fragment This study 

QB0068 ATGCCATAGCATTTTTATC
C 
 
 

Forward primer pBAD 
pHERD30T 

https://www.q
uintarabio.co
m/ 

Forward 
108 

tgtttaactttaagaaggagatatacat
acc 

Forward primer to 
amplify acr gene 
fragments for Gibson 
Assembly 

This study 
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Reverse 
108 

ttcccagtcacgacgttgtaaaacgac
ggccagtgcca 

Reverse primer to 
amplify acr gene 
fragments for Gibson 
Assembly 

This study 

 
Table S4. Plasmid constructs used in this study 

Plasmid Name Backbone Description Reference 

pPF1896 pHERD30T p30T-acrIE8.1 
(restriction cloning)  

This study  

pPF1897 pHERD30T p30T-acrIF18.2* 
(restriction cloning)  

This study 

pPF1898 pHERD30T p30T-acrIE17.2 
(restriction cloning)  

This study 

pRPR22 pHERD30T p30T-acrIF18.1* This study 

pRPR2 pHERD30T p30T-acrIF15 This study 

pRPR6 pHERD30T p30T-acrIF16 This study 

pRPR7 pHERD30T p30T-acrIF17 This study 

pRPR1.2 pHERD30T p30T-acrIE8.2 This study 

pRPR8 pHERD30T p30T-acrIF21 This study 

pRPR11 pHERD30T p30T-acrIF19 This study 

pRPR12 pHERD30T p30T-acrIF20.1 This study 

pRPR13 pHERD30T p30T-acrIF20.2 This study 

pRPR16 pHERD30T p30T-acrIF22* This study 

pRPR36 pHERD30T p30T-acrIF23 This study 

pRPR50 pHERD30T p30T-acrIF24 This study 

pJZ_299 pHERD30T p30T-acrIF11 (Marino et al., 2018) 

pJZ_298 pHERD30T p30T-acrIE4-IF7 (Marino et al., 2018) 

p30TcrRNA pHERD30T p30T:crRNAphzm (Bondy-Denomy et 
al., 2015) 

NM102 pHERD30T p30T-acrIC1 (Marino et al., 2018) 
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Supplementary Table S5. Software and algorithms 
 

Program Source Reference 

CRISPR/Cas finder https://crisprcas.i2bc.paris-
saclay.fr/  

(Couvin et al., 2018) 

MegaX https://www.megasoftware.n
et/ 

(Kumar, Stecher and 
Tamura, 2016) 

CRISPRTarget http://crispr.otago.ac.nz/CRI
SPRTarget/crispr_analysis.h
tml 

(Biswas et al., 2013) 

Graphpad Prism 6.0 www.graphpad.com GraphPad Software, La 
Jolla California USA. 

Adobe Illustrator https://adobe.com/products
/illustrator 

Adobe Inc., 2019. Adobe 
Illustrator 

iTOL https://itol.embl.de/ (Letunic and Bork, 2019) 

HHPred https://toolkit.tuebingen.mpg
.de/tools/hhpred 

(Söding, Biegert and Lupas, 
2005) 

Phyre2 http://www.sbg.bio.ic.ac.uk/~
phyre2/html/page.cgi?id=ind
ex 

(Kelley et al., 2015) 

HMMER3.0 https://www.ebi.ac.uk/Tools/
hmmer/ 

(Potter et al,2018) 

Easyfig 2.2.2 https://mjsull.github.io/Easyfi
g/ 

(Sullivan et al,2011) 

IMG/VR https://img.jgi.doe.gov/vr/ (Paez-Espino et al., 2017) 

JPred4 http://www.compbio.dundee.
ac.uk/jpred/ 

(Drozdetskiy et al., 2015) 

 
 
Supplementary Figures 
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Supplementary Figure S1. Functional screening of homologs of the acr candidates displayed 
in figure 2c. Plots show the relative efficiency of plaquing (EOP) of phages in bacterial lawns 
expressing the different acr candidates compared to EOP of the same phage in non-targeting 
bacterial lawns carrying the empty vector (ev). Asterisk denotes that the Arc in question is a 
dual I-F and I-E inhibitor.  
 

 
Supplementary Figure S2. Analysis of the molecular weights (MW) and isoelectric points (pI) 
of the newly identified I-F and I-E Acrs. a. Scatterplot showing the relationship between Acr pI 
and MW. b. Acr distribution for Acrs grouped by acidic (pH < 7) and basic (pH > 7) pIs. No 
statistical significance (ns) was observed between the basic and acidic Acr groups (unpaired 
t test; p value = 0.0733). Asterisk denotes that the Arc in question is a dual I-F and I-E inhibitor.  
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Supplementary Figure S3. AcrIF18* and AcrIF5 inhibit Cascade target DNA binding. a. 
Schematic of the CRISPRi biochemical assay to test Cascade DNA-binding inhibitory activity. 
Acrs are expressed in a CRISPRi strain (catalytically dead Cas3 background; dCas3) where 
the Cascade complex is targeted via a crRNA to the promoter region upstream of phzM, a 
gene involved in the production of the blue-green pigment pyocyanin. Cascade binding effects 
transcriptional repression of phzM, leading to a color change in the culture medium (green to 
yellow). In the absence of a crRNA, pyocyanin is produced at normal levels (green medium). 
When a crRNA is provided in the presence of a DNA-binding inhibitor (purple circle), 
transcription of phzM by Cascade is de-repressed (no color change; green). If the Acr does 
not affect the ability of Cascade to bind it’s DNA target (orange circle), phzM is repressed 
(color change; yellow). b. Average pyocyanin production levels for three CRISPRi lysogens 
expressing a prophage-encoded Acr (AcrIF15, AcrIF16, AcrIF17, and AcrIF18*) in the 
presence and absence of a crRNA (indicated by the +/- sign in the black circles on the x-axis). 
“Bg” represents the background pyocyanin detection levels for the assay. Representative 
colors displayed in the graph have been derived from pictures of the results, see 
Supplementary Fig S10. Error bars indicate the standard deviation of the mean for three 
biological replicates. 
 
 

a. AcrIE8 
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b. AcrIF15 

 
c. AcrIF16 
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d. AcrIF17 
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e. AcrIF18* 

 
 

f. AcrIF19 
 

 
 

g. AcrIF20 
 

 
 

h. AcrIF21 

 
i. AcrIF22* 
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j. AcrIF23 

 

 
 

k. AcrIF24 
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Supplementary Figure S4. Distribution of the identified Acrs across bacterial taxa. For 
each Acr family, phylogenetic analyses were performed with the homologs retrieved after PSI-
BLAST searches (up to three iterations, only considering hits with e-values <10-4 for PSSM 
generation). Multiple alignments were performed with the MUSCLE software and Maximum 
Likelihood phylogenetic trees were constructed using MEGA. Branches are labeled with the 
corresponding protein accession number, followed by the name of the bacterial host species. 
Arrows indicate the positions in the tree where the Acr homologs tested in this study are found.  
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Supplementary Figure S4: Genome comparison among prophages/MGEs having anti-
CRISPRs with related phages: Tblastx has been performed to compare different prophage 
genomes with their closely related phages (PHASTER best hit). The genomic regions are 
visualized with EasyFig V2.2.2. All encoded proteins except representative anti-CRISPRs 
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(red) are coloured green. Sequence similarities are shown with gradient (purple to black; 
between 30% and 100%) straight lines. (a) The prophages/MGEs with AcrIE8 share sequence 
similarity with Cronobacter phage ENT47670 genome. All of these genomes have AcrIE8 but 
the position of acrs, neighbouring gene cassettes are variable among different genomes. (b) 
The prophages carrying AcrIF18* share sequence similarity with Salmonella phage 
118970_sal3 and Pseudomonas phage phi2.These phage genomes do not have AcrIF18* and 
the position of acrs, neighbouring gene cassettes are variable among different prophage 
genomes. (c) The anti-CRISPRs AcrIF16, AcrIF17, AcrIF19, AcrIF20, AcrIF21 and the 
homologs of these Acrs are mostly found to be clustered in the same prophage regions. These 
regions have sequence similarity with Enterobacter phage mEP460, mEP237, and 
Pectobacterium phage ZF40. The phage genomes do not have these anti-CRISPRs, and the 
position of acrs, neighbouring gene cassettes are variable among different prophage 
genomes. A detailed analysis with Pectobacterium phage ZF40 is described in the text and 
Figure 3.  

 

 

Supplementary Figure S6. Proportion of newly identified acrs associated with a known 
aca gene. Homology search of the different acrs presented in this work against all Refseq 
bacterial contigs (total n = 18654021) revealed a significant number of orphaned Acrs in the 
bacterial genomes.  
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Supplementary Figure S7. Secondary structure prediction for the diverse Aca9 homologs 
displayed in the alignment form Figure 4b. Predicted secondary structure alpha-helix regions 
are illustrated as ribbons for the K. pneumoniae homolog (top) and blue shadings indicate the 
corresponding predictions across the different orthologs. The predicted HTH DNA binding 
domain is highlighted with a gray shaded area. 
 

 
Supplementary Figure S8. Summary of the HHPred analyses performed for Aca9 and 
AcrIF24. The top ten PDB/Pfam protein hits and associated domains ranked according to the 
HHPred probability score are listed, together with the corresponding e-values and matching 
amino acid positions in the protein query (query HMM).  
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Supplementary Figure S9. Image manipulation was performed to enhance the visibility of 
the phage titering results shown in “Figure 4d”. The raw, un-cropped images are shown here, 
highlighting (red rectangles) the portion of the original photographs displayed in Figure 4d. 
The plate images show the results of the functional validation experiments for AcrIF23 and 
AcrIF24. Briefly, PA14 lawns (+CRISPR) were spotted with 10-fold dilutions of CRISPR 
insensitive DMS3 phage (top dilution row) and CRISPR sensitive DMS3m phage (bottom 
dilution row), in the presence of the empty vector pHERD30T (ev), AcrIF11 (previously 
validated Acr; positive control for inhibition), AcrIF23, and AcrIF24. Lawns of a non-targeting 
PA14 strain (-CRISPR) were transformed with the empty vector (ev) as a negative control for 
DMS3m targeting.  
 
 

 
Supplementary Figure S10. CRISPRi-based repression of pyocyanin production. Assay 
results showing a representative picture of the observed change in color observed for the 
expression of AcrIF18*, AcrIF16, AcrIF15 and AcrIF17, in the presence (+) or absence (-) of a 
crRNA targeting the phzM gene, in a delta Cas3 PA14 genomic background. 
 
 
Supplementary Datasheets 
Supplementary Datasheet S1. Information summary for the identified Acrs. Information 
includes: the accession numbers for the different Acrs (and homologs) tested in this work, 
predicted isoelectric points (pI) for the proteins, amino acid (aa) sequence lengths, molecular 
weights (MW), positions in the genomes of the bacteria where acrs are found, positions and 
(sub)types of detected CRISPR arrays and Cas operons in the bacterial host genomes, 
presence/absence of self-targeting within the host genomes, positions of the identified 
prophage regions found within the genomes of bacteria encoding a validated Acrs. 
 
Supplementary Datasheet S2. List and analysis of self-targeting spacers. The following 
information is provided: the spacer number that self-targeting spacers occupy in the array of 
origin and corresponding CRISPR-Cas subtype, the genomic position (bp) where self targeting 
occurs, the sequence of the self-targeting spacer, number of mismatches, predicted PAMs, 
whether a phage is predicted within the predicted self-targeted region, the ORF and predicted 
protein-coding genes targeted (when possible). 
 
Supplementary Datasheet S3. CRISPR-Cas sequence identity comparison calculations 
used to make Figure 2b. The results from BLATSp comparisons between the Cas orthologs 
of the different model CRISPR-Cas systems tested and the selected endogenous CRISPR-
Cas systems (hosts from which the selected acrs originate) is shown. An average score of the 
percentage sequence identities was calculated for all one-to-one comparisons.  
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Supplementary Datasheet S4. Analysis of the genomic contexts and MGE origins of the 
homologs of the validated Acrs presented in Figure 2. The datasheet includes a list of 
accession numbers and protein sequences for all identified homologs of AcrIE8, AcrIF15, 
AcrIF16, AcrIF17, AcrIF18*, AcrIF19, AcrIF16, AcrIF20, AcrIF21, AcrIF22* that were used to 
build the phylogenetic trees of the Acr families. MGE-related genes used to determine the 
genetic context of each Acr homolog are listed. A summary count of the homologs found in 
phage, plasmid, and unknown genomic contexts is provided for each Acr. 
 
Supplementary Datasheet S5. List of Aca9 homologs used to build the phylogenetic tree in 
Figure 4. MGE-related genes used to determine the genetic context of each homolog are 
listed.  
 
Supplementary Datasheet S6. List of putative antibiotic resistance genes identified on the 
Klebsiella pneumoniae plasmid shown on Figure 5a. BLAST searches were performed against 
the Comprehensive Antibiotic Resistance Database (CARD). Positions for the location of 
genes in the plasmid genome, the e-value for the matches, and a short description of the gene 
function are indicated.  
 
Supplementary Datasheet S7. Lists of accession numbers and protein sequences for the 
homologs used to build the Aca5 phylogenetic tree in Figure 1a. 
 
Supplementary Datasheet S8. Lists of accession numbers and protein sequences for the 
homologs used to build the AcrIF23 and AcrIF24 phylogenetic trees in Supplementary Figure 
S3. 
 
Supplementary Datasheet S9. Raw data for the acr candidate validation experiments. 
Plaque forming unit count data and efficiency of plaquing calculations presented in Figure 2c. 
 
Supplementary Datasheet S10. HMM search results for the Acrs presented in this study. 
Top hits obtained from searches against pfam are shown. The probability, e-value and 
matching amino acid positions in the protein query (query HMM) are indicated. 
 
Supplementary Datasheet S11. Pyocyanin repression assay: raw data. Pyocyanin was 
extracted from the overnight cultures and quantified by measuring absorbance at 520 nm. 
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