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Abstract 13 

 14 

 The lactococcal abortive phage infection mechanism AbiQ was recently classified as a type 15 

III toxin-antitoxin system in which the toxic protein (ABIQ) is regulated following cleavage of its 16 

repeated non-coding RNA antitoxin (antiQ). In this study, we investigated the role of the 17 

antitoxin in anti-phage activity. The cleavage of antiQ by ABIQ was characterized using 18 

5’RACE PCR and was located in an adenine-rich region of antiQ. Next, we generated a series of 19 

derivatives with point mutations within antiQ or with varying number of antiQ repetitions. These 20 

modifications were analyzed for their effect on the anti-phage activity (efficiency of plaquing) 21 

and on the endoribonuclease activity (Northern hybridization). We observed that increasing or 22 

reducing the number of antiQ repeats significantly decreased the anti-phage activity of the 23 

system. Several point mutations had a similar effect on the anti-phage activity and were 24 

associated with changes in the digestion profile of antiQ. Interestingly, point mutations in the 25 

putative pseudoknot structure of antiQ mutants led to an increased AbiQ anti-phage activity, 26 

thereby offering a novel way to increase the activity of an abortive infection mechanism. 27 

28 
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Introduction 29 

 30 

 Lactococcus lactis is a Gram-positive bacterium used by the dairy industry to transform 31 

milk into fermented products such as cheese and yogurt. Many virulent phages specific to L. 32 

lactis strains have emerged over years of production and despite numerous control strategies, 33 

they still represent one of the major risks of productivity loss in cheese factories (1). The constant 34 

threat of phage infection led to the selection of strains with robust natural anti-phage systems. 35 

Anti-phage mechanisms can either prevent phage adsorption, block the entry of phage DNA, 36 

cleave foreign nucleic acids using restriction-modification systems or CRISPR-Cas systems, or 37 

abort infection through altruistic suicide (2). The latter group of anti-phage mechanisms are 38 

known as abortive infection systems (Abi). Globally, they act at various steps of the phage 39 

replication cycle, from DNA replication to bacterial lysis (3, 4), but their common characteristic 40 

is inducing cell death in phage-infected bacteria, seemingly to favour the survival of the bacterial 41 

population (3).  42 

 To date, an impressive number of distinct Abi systems have been identified in L. lactis (3-43 

6). These 23 systems are effective, at various degrees, against some or all prevalent groups of 44 

lactococcal phages (936, c2, and P335) found in dairy plants (3). Nevertheless, only a few Abi 45 

systems have been characterized at the molecular level. In the lactococcal AbiD1 system, the 46 

phage protein ORF1 (bIL66) activates abiD1 translation and the effective bacterial protein AbiD1 47 

reduces transcription of a phage gene coding for a RuvC-like resolvase that is essential for 48 

replication and maturation of viral DNA (7-10). In the AbiK system, the AbiK protein has a 49 

template-independent reverse transcriptase activity that generates random complementary DNA 50 

fragments, which likely prevents viral protein translation (11, 12). In AbiP+ cells, phage DNA 51 
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replication is stopped by the accumulation of early transcripts that prevent transcription of the 52 

middle/late phage genes (13). It has been suggested that this phenotype is caused by direct 53 

binding of the AbiP membrane protein to RNA and ssDNA (14). Like AbiP, AbiV causes a 54 

significant reduction in transcription of the middle- and late-expressed genes (15). During the 55 

infection, the phage protein SaV directly interacts with AbiV and inhibits the translational 56 

machinery of the cell (15, 16). Finally, AbiQ was recently identified as a type III toxin-antitoxin 57 

system (17).  58 

 A toxin-antitoxin (TA) system is typically a bicistronic operon that codes for a toxic protein 59 

and its cognate antitoxin which is more prone to degradation under stress conditions (18). 60 

Originally described for their role in post-segregational killing (plasmid stabilization) with the 61 

characterization of the CcdA/CcdB system (19), many other functions have now been associated 62 

to TA systems: protection against phages, persistence, biofilm formation, global cell regulation 63 

and stabilization of mobile genetic elements (20-25). TA are currently divided into five groups 64 

(type I-V) based on the nature of the antitoxin and the mode of regulation of its cognate toxin (18, 65 

20). 66 

  Type I TA systems involve an antisense RNA that regulates translation of the toxic protein 67 

(26). In type II systems, an antitoxic protein interacts directly with a toxic protein to inhibit its 68 

activity (27). The type III systems involve a non-coding RNA that regulates the toxin through 69 

protein:RNA complex formation (25, 28). Such as type II systems, type IV systems involve two 70 

proteins but the antitoxin interacts with the target of the toxin, rather than the toxin itself, to 71 

prevent toxin activity (29, 30). Finally, the antitoxin of type V system has specific 72 

endoribonuclease activity that regulates toxic gene transcription (31). 73 

 Only a few type III TA systems have been characterized to date (17, 25, 28, 32). ToxIN, an 74 

Abi system from Pectobacterium atrosepticum (ToxINPa) was the first to be studied and is the 75 
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model for type III systems (25). The antitoxin (ToxI) is a 5.5-repeat of a 36 nt non-coding RNA 76 

that is specifically cleaved by the toxin (ToxN) (25, 28). The mature small RNA fragment (one 77 

repeat of 36 nt) interacts directly with ToxN, forming a triangular hetero-hexameric 78 

(3ToxI:3ToxN) complex that inhibits toxicity (28). It has also been shown that the secondary 79 

structure (pseudoknot) of ToxI RNA is essential for the antitoxic activity (28). Under stress 80 

conditions, ToxN is free and can target essential mRNAs, leading to cell growth arrest and 81 

preventing phage replication (25, 28, 32).  82 

 The protein ToxN has 31% identity with the ABIQ protein from the L. lactis AbiQ system, 83 

suggesting a similar mode of action (25, 33). The antitoxin, antiQ, is a 2.8-repeat of 35 nt located 84 

downstream of a rho-independent terminator and the abiQ gene, respectively (17, 33). Similar to 85 

ToxINPa, the toxic ABIQ protein is an endoribonuclease that specifically cleaves its cognate 86 

antitoxin (17). The superimposed 3D-structures of these two systems suggests that they share a 87 

similar mechanism of regulation (17). Interestingly, the endoribonuclease activity is not 88 

necessarily associated with the anti-phage activity, as key amino acid residues of ABIQ protein 89 

were different for both activities (17). AbiQ was first described as a defense mechanism against 90 

lactococcal phages of the c2 and 936 phage groups and its activity resulted in the accumulation of 91 

concatemeric viral DNA (33). It was recently shown that phage P008 (936 group) can become 92 

resistant to AbiQ through mutations within its orf38 gene or ribosome binding site, suggesting 93 

that the phage protein ORF38 is playing an essential role in the activity of AbiQ (34).  94 

In this study, we investigated the role of the antiQ antitoxin region and the effect of 95 

mutations in this region on the anti-phage activity of the lactococcal abortive infection 96 

mechanism AbiQ. 97 

98 
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Materials and Methods 99 

 100 

Bacterial strains and phage propagation. Phage, bacteria, and plasmids used in this study are 101 

listed in Table 1. All L. lactis strains were grown at 30°C in M17 medium (Oxoid) supplemented 102 

with 0.5% glucose (GM17). Escherichia coli was grown in LB medium at 37°C with agitation. 103 

When needed, ampicillin (100 µg/ml) or chloramphenicol (5 µg/ml) was added to the media. For 104 

phage propagation, L. lactis IL1403 was grown at 30°C to an optical density 600 nm (OD600, 105 

Spectronic 20) of 0.1 before the addition of 105-107 plaque forming units (PFU)/ml and CaCl2 to 106 

a final concentration of 10 mM. After complete lysis, the clear lysate was passed through a 0.45 107 

µm filter and kept at 4°C until use. Phage titer was determined by the double agar overlay plaque 108 

assay (35), in triplicate, on a lawn of L. lactis IL1403 on GM17 plates, and incubated overnight. 109 

The efficiency of plaquing (EOP) was calculated by dividing phage titer on a resistant strain 110 

(AbiQ+) by phage titer on a sensitive strain (AbiQ-). To increase titer, phages were purified on a 111 

discontinuous CsCl gradient (36). 112 

 113 

Cloning and DNA manipulation. Primers used in this study are found in Supplementary 114 

Materials (Table S1). Plasmids (Table 1) were purified using a QIAprep spin Miniprep kit 115 

according to the manufacturer’s instructions. For L. lactis strains, a lysozyme treatment (30 116 

mg/ml in P1 buffer at 37°C for 20 minutes) was added to weaken the cell wall. To construct 117 

plasmids of interest, an endonuclease-based cloning strategy was carried out as described 118 

elsewhere (36). Briefly, DNA fragments were amplified by standard PCR, digested using 119 

restriction enzymes, ligated to a dephosphorylated restricted plasmid (O/N at 16°C) and then 120 

introduced into competent cells. Enzymes and commercial kits were used as recommended by the 121 
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manufacturers: restriction enzymes (Roche), Taq DNA polymerase (Feldan), Antarctic 122 

phosphatase (New Englands Biolabs), T4 DNA ligase (Invitrogen), and QIAquick PCR 123 

purification (Qiagen). DNA was sequenced at the Plateforme de séquençage et de génotypage des 124 

génomes of the CHUL center. Sequences were analysed using BioEdit (37), Staden (38), or 125 

Genious software (39).  126 

 127 

5’ Rapid amplification of cDNA ends (5’ RACE PCR). Approximately 109 cells (O/N culture) 128 

of L. lactis IL1403 pNZ123-AbiQ were centrifuged and the pellets flash frozen (ice-cold 129 

isopropanol 80%) at -80°C. After pre-treating the cells with lysozyme (60 mg/ml in 25% sucrose 130 

solution) for 10 minutes at 37°C, total RNA was extracted using Trizol reagent, as recommended 131 

by the manufacturer (Invitrogen). The extracts were then treated with DNase I (Roche) and 132 

protected with RNase inhibitors (Roche) for 30 minutes at 37°C, before being purified again 133 

using RNA clean up protocols (RNeasy kit) as recommended (Qiagen). Total RNA was retro-134 

transcribed (primer JS2) as per manufacturer’s instructions using Superscript III (Invitrogen) and 135 

then treated with RNase H (Roche). The resulting double stranded complementary DNA (cDNA) 136 

was purified using a PCR cleanup kit (Qiagen). A 5’ poly (G) tail was added using terminal 137 

transferase, as recommended (Invitrogen). The cDNA was amplified by PCR using primers 138 

PolyC/AbiQRev or AbiQFwd/AbiQRev (control) before being directionally cloned in 139 

pBluescript II KS+ (XhoI and EcoRI restriction sites), and transferred into E. coli XL1-blue for 140 

blue/white screening (40). Plasmids from clones were extracted and the insert regions sequenced 141 

(primer M13Fwd/M13Rev). 142 

 143 

Site directed mutagenesis. Mutagenesis was carried out as described elsewhere (17). Briefly, the 144 

plasmids were isolated from L. lactis IL1403 and then transferred into E. coli MG1655 by 145 
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chemical transformation (36). Plasmid DNA was extracted before being amplified by PCR (16 146 

cycles) using mutated reverse-complementary primers in combination with the high fidelity 147 

enzyme Pwo (Roche). The residual template plasmid was removed using DpnI (Roche) that 148 

cleaves methylated DNA. Amplified plasmids were introduced into the sub-cloning strain L. 149 

lactis MG1363 by electroporation (41), confirmed by sequencing (primer pNZ-F/pNZ-R) before 150 

being moved into L. lactis IL1403 by electroporation (41). 151 

 152 

Bacterial growth and stationary phase mortality experiments. Bacterial growth was measured 153 

at an optical density of 630 nm (OD630; Biotek Synergy 2 spectrophotometer). For each strain 154 

tested, eight experimental and three biological replicates were set up in 96-well plates. The 155 

growth rate (g) was calculated by manual determination of the slope in the exponential growth 156 

phase. In stationary phase mortality tests, bacteria were grown for six hours and then sampled at 157 

various times (t0h, t1h, t2h, t4h and t8h). Samples were diluted in cold GM17 medium, spread on 158 

GM17 agar medium and grown overnight prior to counting colony forming units (cfu).  159 
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Northern hybridization. A time-course phage infection (non-infected, 2, 10, 20, 30 and 40 160 

minutes) was carried out as described previously (17). Total RNA was first extracted and purified 161 

as described above (5’ RACE PCR). The concentrations of total bacterial RNA extracts were 162 

determined using a NanoDrop 2000 and diluted to a concentration of 1 µg/µl. A total of 5 µg of 163 

purified RNA was added to formamide loading buffer (98% deionized formamide, 10mM EDTA 164 

pH 8.0, 0.025% xylene cyanol and 0.025% bromophenol blue) at a 1:1 ratio and separated on a 165 

10% polyacrylamide/8 M urea denaturing gel. The RNA was electrophoretically-transferred to a 166 

nylon membrane (Roche) before being fixed by exposure to UV for 2 minutes (36). A DNA 167 

probe complementary to the antiQ antitoxin 168 

(GCTCCAATTTTATCAATTCCAACTATGGCTTGGATA) or the abiQ gene 169 

(GGGGTATTAATTCGCTGTCAGGAACTGGAATC) was radiolabelled with 32P (Perkin-170 

Elmer) using polynucleotide kinase (Roche), and purified using a Micro Bio-spin P-30 size-171 

exclusion column (Bio-Rad). The radiolabeled probes were diluted to 1×106 cpm/ml with 172 

Beckman Coulter LS6500. Hybridization was carried out for 18 hours at 42°C, the filters were 173 

washed twice in SSC 2X+ SDS 0.05%, and revealed by autoradiography using BioMax XAR 174 

films (KODAK).  175 

176 
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Results 177 

 178 

ABIQ cleaves its antitoxin (antiQ) in an adenine-rich region. When the non-coding 179 

RNA antitoxin, antiQ, is cleaved by its cognate toxin ABIQ, a specific digestion profile is 180 

produced (17). To further characterize this RNA maturation process in vivo, we used 5’RACE 181 

PCR to determine the cleavage site and also the transcription initiation site of the AbiQ operon. 182 

We extracted total RNA from L. lactis IL1403 AbiQ+ and retro-transcribed it into cDNA before 183 

carrying out PCR amplification using the added 5’poly guanine tail as guide for the primer (Fig. 184 

1). The RACE-AbiQ PCR products included a band at 450 bp, surrounded by two bands of lower 185 

intensity, approximately 50 bp apart. These cDNA fragments corresponded to the expected sizes 186 

of digested antiQ RNA fragments (350-450 bp) and the addition of 5’ non-complementary primer 187 

nucleotides (49 bp). This PCR extract was cloned into the vector pBS-KS, transferred into E. 188 

coli, and the clones screened for ampicillin resistance and PCR products with the expected insert 189 

length (400-500 bp). Twelve positive clones were sequenced (Fig. 2).  190 

Point mutations were observed in some of the sequences and are thought to be caused by 191 

the error rate of the reverse transcriptase (42) combined with the error rate of the Taq polymerase. 192 

In each case, the 5’end of the sequenced fragment was represented by the polycytosine sequence 193 

confirming the clones (Fig. 2). Five clones (#6-10) demonstrated the specific ABIQ cleavage site 194 

within the antiQ sequence. In all cases, the cleavage site was between adenine 26 and adenine 27 195 

(A/AAA) of the first or second repeats. None of the clones showed cleavage in last repeat (0.8 196 

repeats), suggesting no or a much lower frequency of cleavage even if the sequence of the last 197 

repeat is identical to the other two repeats up to nucleotide 29.  198 

 199 
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Transcription of the AbiQ operon. Analysis of the sequencing results of clones #1-5 (Fig. 2) 200 

indicates that transcription of the AbiQ operon starts at one of two adjacent nucleotides: T at the -201 

7 position or A at the -6 position, relative to the first nucleotide of the first antiQ repeat. 202 

Bioinformatics analysis suggested similar results by predicting the transcription start site (TSS) at 203 

the same T with a 99% degree of confidence (Neural Network Promoter Prediction – prokaryote, 204 

http://www.fruitfly.org/seq_tools/promoter.html). This also agrees with the -10 and -35 bacterial 205 

promoter boxes identified respectively at -8 (TATAAT) and -34 (TTGCAT) (not shown). 206 

 207 

antiQ is cleaved less frequently in the last repeat (0.8 repeat). The above cleavage and 208 

transcription start sites were then used to associate mature (cleaved) fragments of antiQ to the 209 

specific bands previously observed (17) in the in vivo digestion profile as visualized by Northern 210 

hybridization (Fig. 3). Of the theoretical possible small RNA fragments, only the 106 nt fragment 211 

(transcription start site to last cleavage site (0.8r)) and the 74 nt fragment (first cleavage site to 212 

last cleavage site (0.8r)) appeared to be rare or absent, respectively. In both cases, the formation 213 

of these fragments is dependent on cleavage by ABIQ within the last repeat and they support the 214 

above cloning results that suggested a low frequency of cleavage within this 0.8 repeat. 215 

 216 

The number of repeats in antiQ is important to the anti-phage activity. In a previous study, 217 

we investigated the effect of point mutations in the gene coding for the toxin protein, ABIQ (17). 218 

In the process of generating these mutations, we isolated a few clones that had acquired or lost 219 

repeat sequences in the antiQ region (0.8 to 3.8 repeats). These mutants were also detected here 220 

as two clones (#11-12) lost two complete repeats. Interestingly, one of the clones (#11) lost two 221 

complete repeats without any AbiQ mutations, suggesting that the variation in the number of 222 

repeats is not inevitably associated with mutation in the AbiQ operon (Fig. 2).  223 
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We used directed mutagenesis to construct mutants in antiQ that varied in the number of 224 

repeats by bringing back the wild type sequence of abiQ. Mutants containing 1.8 and 3.8 repeats 225 

were easily obtained. However, we were unable to isolate clones with only the 0.8 repeat, 226 

suggesting that a 0.8 repeat is not enough to avoid the toxic effects of ABIQ. We then compared 227 

the anti-phage activity of these clones against phage P008 by evaluating the EOP (Fig. 3). 228 

Deleting (1.8r) or adding (3.8r) one repeat to the wild-type 2.8 repeats led to a significant 229 

reduction (3 to 5 logs) in the phage resistance phenotype. Moreover, in contrast to phage escape 230 

mutants obtained on wild-type AbiQ (34), none of the phage from plaques picked on the two 231 

mutated antiQ plates had mutations in the orf38 gene (data not shown). 232 

We also performed Northern hybridization experiments using a probe complementary to 233 

one repeat of antiQ. As expected, the cleavage pattern of antiQ was affected by the number of 234 

repeats, as more RNA fragments were observed with the added repeat while a much simpler 235 

profile was obtained with the 1.8 repeats (Fig. 3).  However, the expected relative abundance of 236 

each fragment was not affected (Fig. 3). Then, we infected AbiQ-containing strains (Mut 1.8r, 237 

Mut 3.8r and AbiQ-wt) with P008 and performed Northern hybridization experiments targeting 238 

antiQ or abiQ. We observed no differences between strains containing variable repeats, 239 

demonstrating that the reduction in anti-phage activity was not caused by differences at the level 240 

of transcription of either antiQ or the toxic gene abiQ (Fig. S1). Taken together, these results 241 

suggest that the wild type length of antiQ (2.8 repeats) is critical for optimal anti-phage activity. 242 

 243 

More than one mature antiQ fragment plays a role in the regulation of ABIQ toxin. To 244 

further characterize the antiQ gene coding for the antitoxin, we tested the effect of point 245 

mutations on AbiQ anti-phage and endoribonuclease activities (Fig. 3). The mutations were 246 

introduced specifically in the first repeat, leaving a wild-type sequence of 1.8 repeats previously 247 
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shown to be sufficient for cell survival (see above). The mutations mostly surrounded the 248 

cleavage site (A26/A27) in the antiQ repeat (A24C, T25C, A26C and A28C). The A13C 249 

mutation was used as a control as we observed no differences in phage EOPs and antiQ digestion 250 

profile as compared to the wild type antiQ (Fig. 3). Similar results were obtained for mutation 251 

T25C, located only two nucleotides from the cleavage site. This nucleotide is likely not essential 252 

for ABIQ recognition and/or cleavage, or that it is permissive to pyrimidine bases at this site.  253 

Conversely, mutations A24C, A26C and A28C resulted in significant changes to the 254 

digestion profile. The A24C mutation partially reduced the amount of the 97 nt fragment (first 255 

cleavage site to terminator) and similarly increased the amount of the 106 nt fragment 256 

(transcription start site to last cleavage site (0.8r)). A similar pattern was obtained for mutation 257 

A26C, but the transition between these two fragments was more complete. Based on the digestion 258 

profile described in Figure 3, these two mutations partially (A24), or completely (A26), 259 

prevented cleavage in the first repeat, which likely leads the protein ABIQ to target the 0.8 repeat 260 

region. The clone containing the A28C mutation carried a duplication of the mutated repeat. The 261 

digestion profile suggested partial inhibition of cleavage for A28C, similar to A24C. We 262 

performed bioinformatics analysis (RNAfold software) to compare the predicted secondary 263 

structures of wild type and mutated antiQ RNA (Fig. S2). The wild type antiQ sequence had free 264 

access to the first ABIQ cleavage site, unlike the A24 and A28 mutants, where this site was likely 265 

sterically hindered. The A26 mutant resulted in no predicted modification to the general structure, 266 

suggesting that this nucleotide is essential for recognition and/or cleavage by ABIQ. In all three 267 

cases (A24C, A26C and A28C), the single point mutation led to a phage EOP of almost 1, 268 

indicating a significant loss of anti-phage activity for these mutated AbiQ systems. These results 269 

confirm that the number, and relative abundancy, of ABIQ-generated antiQ RNA fragments play 270 

a role in the control of ABIQ toxicity and anti-phage activity. 271 
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Anti-phage activity of AbiQ can be significantly increased by a point mutation in the 272 

putative pseudoknot structure of antiQ. It has been described, for the type III toxin-antitoxin 273 

system ToxINPa, that specific point mutations in the RNA antitoxin can reduce cell survival, 274 

mostly by affecting pseudoknot secondary structure of RNA (28). Based on the model, the free 275 

toxin causes cell death and prevents phage replication. We generated a G32A mutant, which 276 

would significantly modify the predicted secondary structure (pseudoknot) of the antiQ RNA 277 

(Fig. S3). Two different mutants containing G32 mutation were obtained with either 2.8 or 3.8 278 

repeats (duplication of the mutated repeat). Both clones were characterized for their anti-phage 279 

activity and endoribonuclease digestion profile (Fig. 3).  280 

Interestingly, the anti-phage efficiency of ABIQ was significantly increased (3 logs) with 281 

a mutated antiQ G32A as compared to the with-type antiQ (from an EOP of 10-5 to an EOP 10-8). 282 

Remarkably, the mutated antiQ G32A with 3.8 repeats also increased ABIQ efficacy by 6 logs as 283 

compared to the wild-type antiQ with 3.8 repeats (from an EOP of 10-1 to an EOP 10-7). No 284 

difference in the relative abundance of the RNA fragments was observed between the two clones 285 

(other than the extra repeat). However, the 97 nt fragment (first cleavage site to terminator) 286 

increased relative to all other bands in the pattern. It is still not clear if this modification plays a 287 

role in AbiQ regulation but it suggests that the number of inhibitory RNA fragments is important.  288 

To further characterize the mutated antiQ G32A, we analyzed the bacterial fitness of these 289 

clones. The comparison between wild-type (2.8r) and mutated (G32A-2.8r) revealed no 290 

differences between generation times (60 minutes, data not shown). Stationary phase mortality 291 

assays also demonstrated no differences between the strains tested (data not shown), strongly 292 

suggesting that the antiQ G32A mutation does not affect fitness while increasing anti-phage 293 

efficiency. Taken together, our results showed the role of the G32A mutation within antiQ for 294 

optimization of complete anti-phage activity.   295 
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Discussion 296 

Described as an efficient abortive infection system against prevalent dairy phage groups 297 

(936 and c2) (33), the AbiQ mechanism has recently been reported as a type III TA system (17). 298 

To understand the molecular basis of the mechanism, two previous studies focused on the role of 299 

specific phage proteins in AbiQ anti-phage activity (34) and on the specificity of the toxic protein 300 

ABIQ within the system (17). Here, we investigated the role of the antitoxin (antiQ, 2.8 repeats 301 

of 35 nt), emphasizing the effects of mutations on the anti-phage activity.   302 

Within the AbiQ system, the toxic protein (ABIQ) is a sequence-dependent 303 

endoribonuclease that specifically cleaves its cognate non-coding RNA antitoxin (17). Our 5’ 304 

RACE experiments showed that the cleavage site was located within the repeat between adenine 305 

26 and adenine 27 in an adenine rich region (A/AAA), one nucleotide away from in silico ABIQ-306 

antiQ cleavage site prediction (/AAAA) (43). Interestingly, the toxin of the two other type III TA 307 

systems also cleaved RNA fragments in adenine-rich regions (ToxINPa : AA/AU and ToxINBt : 308 

A/AAAA) (32). In antiQ, this poly-adenine sequence is found in the complete repeats (R1 and 309 

R2) and also in the last 0.8 repeat (R3). Our data showed that ABIQ seems to cleave at same 310 

frequency between the first and the second repeat. However, cleavage in the last repeat is either 311 

rare or absent. This may be explained by the presence of a stem-loop structure (transcriptional 312 

terminator) next to the last repeat that could sequester the cleavage site. Moreover, secondary 313 

structure prediction of antiQ RNA suggests that the poly adenine region interacts with poly uracil 314 

residues of the terminator sequence, increasing the total length of the stem-loop structure. In a 315 

few cases, this extension of the stem-loop structure (rho-independent terminator) can lead to 316 

reduced termination efficiency (44). It is also possible that nucleotides 30 to 35 (absent in the last 317 

repeat) are important for recognition and/or cleavage by ABIQ.  318 
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Using 5’ RACE PCR, the transcription start site of abiQ was determined to be 6 or 7 319 

nucleotides upstream of the start of the first repetition, more specifically at a thymine or adenine 320 

residue, respectively. This double transcription site phenomenon has been described in the 321 

characterization of transcription start sites in E. coli (45). Interestingly, thymine and adenine were 322 

identified as transcription start sites in 35% (7 nt upstream) and 31% (6 nt upstream) of cases. We 323 

also investigated the role of specific modifications within the antiQ region. Our data showed that 324 

1.8 repeats (antiQ) are enough to enable cell survival (and neutralize ABIQ) because clones were 325 

obtained, which was not possible with only a 0.8 repeat. In comparison, ToxINPa needs 2.5 326 

repeats (out of 5.5 repeats) to prevent ToxN toxicity in vivo (46). However, when the protein 327 

(ToxN) is expressed in trans, only 1.5 repeats are necessary (25). Presumably, the key would be 328 

to have at least one complete mature repeat fragment (from cleavage site to cleavage site), this 329 

fragment playing a critical role in toxin regulation within the type III TA systems (28, 32).  330 

Two clones with either Mut 1.8 or Mut 3.8 repeats were used to see the effect on anti-331 

phage activity of ABIQ. In both cases, the EOP of phage P008 was reduced by only 1 or 2 logs 332 

when compared to the phage titer on the sensitive strain without AbiQ. This value is far from the 333 

EOP of 10-5 obtained with the wild-type AbiQ system. Interestingly, phages replicating on the 334 

mutated strains (Mut 1.8r and Mut 3.8r) do not have mutations in orf38, in contrast with AbiQ 335 

(2.8r) where escaping P008 phages were shown to be mutated in that gene (34). This indicates 336 

that modification in the number of repeats (antiQ) leads to reduced efficiency of AbiQ that 337 

enables wild type phage to directly bypass the system, rather than selecting phage-escaping 338 

mutant. It is plausible that one additional repeat (Mut 3.8r) leads to an increased number of 339 

regulatory RNA fragments, thereby regulating the toxin ABIQ, increasing cell survival and 340 

decreasing anti-phage activity. Conversely, it is unclear how Mut 1.8r reduces the anti-phage 341 

activity, since the deletion did not cause a change at the level of antiQ or abiQ transcription. 342 
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Characterization of antiQ point mutants also gives key information on AbiQ mechanism. 343 

Our data showed the importance of specific nucleotides in the cleavage of antiQ and suggested 344 

that the secondary structure of RNA is also important in the cleavage. Three mutations (A24C, 345 

A26C and A28C) led to significant reductions in anti-phage activity, and were associated with 346 

changes in the digestion profile of antiQ by ABIQ. Blocking cleavage in the first repeat brings 347 

ABIQ to cleave in the last repeat and changed the ratio of specific fragments, increasing the 106 348 

nt fragment (transcription start site to last cleavage site (0.8r)) and lowering the 97 nt fragment 349 

(first cleavage site to terminator). Experiments assessing the EOPs of phage P008 suggest that 350 

this 106 nt fragment is implicated in the regulation of ABIQ toxin, preventing its release, 351 

favouring cell survival and leading to normal replication of the phage. This fragment could be 352 

another inhibitory RNA like the mature repeat (cleaved RNA-36 nt) identified for the type III TA 353 

ToxINPa (28) that is probably also involved in regulation in the AbiQ system. On the other hand, 354 

it is also possible that the 97 nt fragment (first cleavage site to terminator) acts as an anti-355 

inhibitory fragment and that reduction of this fragment leads to this phenomenon.  356 

It has been shown that the pseudoknot structure of type III antitoxin RNA is essential for 357 

preventing toxicity of the cognate toxin (28). However, it had not been shown that mutations 358 

affecting this structure could increase anti-phage activity. Our data showed that a single specific 359 

mutation (G32A) led to a significant increase (3 logs) in anti-phage activity. Even the G32A-3.8r 360 

mutant led to a remarkable 6-log EOP reduction as compared to the 3.8r mutant. Surprisingly, 361 

this G32A mutation also increased AbiQ anti-phage activity against the previously isolated (34) 362 

AbiQ-resistant phage P008-Q12 (EOP of 10-4, data not shown). We propose that the G32A 363 

mutation inactivated the inhibitory fragments, thereby preventing phage replication. Interestingly, 364 

the G32A mutants did not reduce the fitness of AbiQ (G32A)-containing bacteria. Taken 365 

altogether, a single specific mutation in antiQ can increase the anti-phage activity of AbiQ. 366 
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In summary, AbiQ is a complex molecular system that provides phage resistance. Our 367 

results suggest that different inhibitory RNA fragments regulate ABIQ. Under stress conditions 368 

(phage infection), a specific phage protein can destabilize the regulatory complex by interacting 369 

with the antitoxin, or by changing ABIQ activity. Freeing the toxin would enable it to cleave 370 

phage and cellular mRNA, cause growth arrest and prevent phage replication. Also, our data 371 

showed that we can optimize the AbiQ system, through a single mutation in the pseudoknot 372 

structure. Better comprehension of anti-phage systems is the key to limit rapid phage evolution, 373 

where phages often find a strategy to avoid the bacterial barrier (47). 374 
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Table 1. Strains, plasmids and phages used in this study. 524 

Bacterial strains, 
plasmids or phages 

Specific characteristics 
 

References 

Strains   
Lactococcus lactis   
     IL1403 Laboratory strain, plasmid free. Host of phage P008 (48) 
     MG1363 Laboratory strain, plasmid free. Cloning strain (49) 

   
Escherichia coli   
     XL1-blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac 

[F’ proAB lacIq ZΔM15 Tn10 (TetR)] 
Stratagene 

     MG1655 F- λ- ilvG- rfb-50 rph-1 (50) 
   

Plasmids   
  pBS-KS Cloning vector suitable for blue-white screening, 

3.0kb, AmpR 
Stratagene 

     pNZ123 Shuttle vector (L. lactis et E. coli), 2.5kb, CmR (51) 

     pNZ123-AbiQ AbiQ-wt operon cloned in pNZ123 at EcoRI site, CmR (17) 
     pNZ-AbiQ (1.8r) AbiQ operon in pNZ123, antiQ of 1.8 repeat (Mut 

1.8r), CmR 
This study 

     pNZ-AbiQ (3.8r) AbiQ operon in pNZ123, antiQ of 3.8 repeat (Mut 
3.8r), CmR 

This study 

     pNZ-AbiQ (A13C) AbiQ operon in pNZ123, mutation A13C in the first 
antiQ repeat, CmR 

This study 

     pNZ-AbiQ (A24C) AbiQ operon in pNZ123, mutation A24C in the first 
antiQ repeat, CmR  

This study 

     pNZ-AbiQ (T25C) AbiQ operon in pNZ123, mutation T25C in the first 
antiQ repeat, CmR 

This study 

     pNZ-AbiQ (A26C) AbiQ operon in pNZ123, mutation A26C in the first 
antiQ repeat, CmR 

This study 

     pNZ-AbiQ (A28C) AbiQ operon in pNZ123, mutation A28C in the two 
first antiQ repeats, 3.8 repeats, CmR 

This study 

     pNZ-AbiQ (G32A-3.8) AbiQ operon in pNZ123, mutation G32A in the two 
first antiQ repeats, 3.8 repeats, CmR  

This study 

     pNZ-AbiQ (G32A) AbiQ operon in pNZ123, mutation G32A in the first 
antiQ repeat, CmR 

This study 

   
Phages   
     P008 Siphoviridae, 936 group, sensitive to AbiQ (52) 
     P008-Q12 P008 mutated in ORF38 (Pro38Leu), resistant to AbiQ (34) 

 525 

  526 
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Legends of Figures 527 

 528 

Figure 1. The AbiQ operon and PCR products of the 5’RACE assay. Panel A) The specific 529 

position (and orientation) of each primer (arrows) is represented in the schematic form of the 530 

operon AbiQ. The PCR products are: Ctrl-PCR (AbiQFwd/AbiQRev, water as template), Ctrl-531 

DNA (AbiQFwd/AbiQRev, RNA without retro-transcription as template), Ctrl+ 532 

(AbiQFwd/AbiQRev, cDNA as template) and RACE-AbiQ (PolyC/AbiQRev, cDNA as 533 

template). Panel B) 5’RACE PCR products of the AbiQ operon separated on a 2.0% agarose gel. 534 

Red arrows are pointing out the three PCR product bands. The molecular weight standard was 1 535 

kb Plus DNA Ladder (Invitrogen) 536 

 537 

Figure 2. Sequences of the 12 pBS-KS::RACE-AbiQ clones. The repeats (R) and the 538 

transcription start site (position -7 / -6) are indicated over the first sequence (clone #1) with 539 

different shades of gray representing the three repeats. “.” indicates identical sequence, “-” 540 

indicates the absence of the nucleotide in sequenced clone. 541 

 542 

Figure 3. Efficiency of plaquing (EOP), size of lysis plaques and digestion profile of antiQ for 543 

wild-type and mutated AbiQ operons. One antiQ repeat 544 

(GCTCCAATTTTATCAATTCCAACTATGGCTTGGATA) was used as a probe to define the 545 

digestion profile for AbiQ mutants in Northern hybridization experiments. a EOP and standard 546 

deviation were calculated from at least three biological assays. b P008 infecting L. lactis IL1403 547 

pNZ123 (AbiQ-) produces lysis plaques of 3-5 mm. 548 

 549 
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