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1  | INTRODUCTION

Aggregatibacter actinomycetemcomitans is a non- motile, facultative 
Gram- negative bacterium in the Pasteurellaceae family that is most 
commonly found in the oral cavity. It is implicated in the etiology of 
aggressive and chronic periodontitis, but is also associated with extra- 
oral infections such as infective endocarditis, soft- tissue abscesses, 

meningitis, pneumonia, septicemia, urinary tract infections and osteo-
myelitis.1-6 Aggregatibacter actinomycetemcomitans expresses a variety 
of virulence factors that facilitate its persistence and survival in the 
oral cavity and the activity of these factors contributes to increased in-
flammation, immune suppression, tissue destruction and alveolar bone 
resorption.7,8 The molecular mechanisms by which A. actinomycetem-
comitans successfully colonizes and persists in the dental biofilm, and 
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Summary
Type II toxin/antitoxin (TA) systems contribute to the formation of persister cells and 
biofilm formation for many organisms. Aggregatibacter actinomycetemcomitans thrives 
in the complex oral microbial community subjected to continual environmental flux. 
Little is known regarding the presence and function of type II TA systems in this organ-
ism or their contribution to adaptation and persistence in the biofilm. We identified 11 
TA systems that are conserved across all seven serotypes of A. actinomycetemcomitans 
and represent the RelBE, MazEF and HipAB families of type II TA systems. The sys-
tems selectively responded to various environmental conditions that exist in the oral 
cavity. Two putative RelBE- like TA systems, D11S_1194- 1195 and D11S_1718- 1719 
were induced in response to low pH and deletion of D11S_1718- 1719 significantly 
reduced metabolic activity of stationary phase A. actinomycetemcomitans cells upon 
prolonged exposure to acidic conditions. The deletion mutant also exhibited reduced 
biofilm biomass when cultured under acidic conditions. The D11S_1194 and 
D11S_1718 toxin proteins inhibited in vitro translation of dihydrofolate reductase 
(DHFR) and degraded ribosome- associated, but not free, MS2 virus RNA. In contrast, 
the corresponding antitoxins (D11S_1195 and D11S_1719), or equimolar mixtures of 
toxin and antitoxin, had no effect on DHFR production or RNA degradation. Together, 
these results suggest that D11S_1194- 1195 and D11S_1718- 1719 are RelBE- like 
type II TA systems that are activated under acidic conditions and may function to 
cleave ribosome- associated mRNA to inhibit translation in A. actinomycetemcomitans. 
In vivo, these systems may facilitate A. actinomycetemcomitans adaptation and persis-
tence in acidic local environments in the dental biofilm.
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its ability to disseminate from this niche to other organs of the body, 
have not been well defined.

The dental biofilm is a complex and dynamic microbial community 
that is comprised of up to 700 different species of bacteria.9-14 This 
biofilm is the prime etiological agent of three common oral diseases in 
humans: dental caries, gingivitis and periodontal disease.1,15,16 The pro-
gression of these diseases is associated with major shifts in microbial 
populations in the oral biofilm and diseased sites often exhibit increased 
populations of pathogenic species relative to healthy sites in the oral 
cavity.15-17 The stimuli that contribute to these population shifts have 
not been well characterized but the oral cavity is subject to continual 
environmental flux, including changes in pH, temperature, osmolarity 
and nutrient supply. Oral bacteria rapidly detect and respond to these 
environmental fluctuations, allowing them to successfully coexist and 
thrive in the oral cavity.16,18,19 A variety of mechanisms contribute to 
adaptation to environmental flux but there is growing evidence that 
the activity of toxin/antitoxin (TA) systems play an important role in 
adapting to and persisting under conditions of environmental stress.20

The TA systems comprise a variety of genetic elements classified in 
six different families or types based on the mechanism of action of the 
antitoxins and are encoded on both plasmids and the bacterial chomo-
some.21-24 Type II TA systems have been most extensively studied and 
encode protein toxins and antitoxins. Interaction of the antitoxin with 
the toxin inhibits toxin activity25 and in many cases, the antitoxin and/
or the toxin- antitoxin complex can also function as a transcriptional 
repressor to autoregulate their expression.26,27 Under conditions of 
environmental stress, cellular proteases (eg, Lon and ClpXP) are ac-
tivated, which degrade the labile antitoxin, activating the toxin. Type 
II toxins target important physiological functions such as translation, 
DNA replication, cell wall synthesis and the assembly of cytoskeletal 
proteins during cell division, leading to growth arrest.21 Many type II 
toxins function as ribonucleases that cleave their target mRNAs in 
either a ribosome- dependent or independent manner.22 Very little 
is known about the presence and function of A. actinomycetemcom-
itans type II TA systems and how they may contribute to adaptation 
and persistence of the organism in the dental biofilm. In this study, 
we identified 11 operons in the A. actinomycetemcomitans D11S ge-
nome that encode putative functional type II TA systems and show 
that these systems respond selectively to various environmental con-
ditions. Two RelBE- like systems were activated under acidic growth 
conditions and deletion of these systems resulted in reduced meta-
bolic activity of A. actinomycetemcomitans in stationary phase. Finally, 
we demonstrate that both of these TA systems inhibit translation and 
function as ribosome- dependent ribonucleases.

2  | MATERIALS AND METHODS

2.1 | Bacterial strains and plasmids

The bacterial strains and plasmids used in this study are listed in the 
Supplementary material (Tables S1 and S2), respectively. Luria- Bertani 
(LB) broth or LB agar (LB broth plus 1.5% agar) was used for the propa-
gation or plating of Escherichia coli. Bacteria were grown at 37°C with 

shaking for broth cultures or under microaerophilic conditions in an at-
mosphere of 5% CO2 for plates. Aggregatibacter actinomycetemcomitans 
strain 652 was routinely cultured in brain- heart infusion (BHI) broth or 
BHI agar (BHI plus 1.5% agar) under microaerophilic conditions, either 
in a candle jar for plates or as standing broth cultures in an atmosphere 
of 5% CO2. For the construction of gene deletion mutants, SOC medium 
(2% tryptone, 0.5% yeast extract, 10 mm NaCl, 2.5 mm KCl, 10 mm MgCl2 
and 20 mm glucose), TYE (1% tryptone and 0.5% yeast extract) or TYE 
agar (TYE plus 2% agar) were routinely used for the propagation or plat-
ing of A. actinomycetemcomitans. For some experiments, A. actinomycet-
emcomitans was grown in a chemically defined medium as described by 
Socransky et al.28 with some modifications (see Supplementary material, 
Table S3). When necessary for plasmid selection, medium was supple-
mented either with 25 μg mL−1 kanamycin, 50 μg mL−1 spectinomycin, 
12.5 μg mL−1 tetracycline, 50 μg mL−1 ampicillin, 40% sucrose or 1 mm 
isopropyl B- d- 1- thiogalactopyranoside (IPTG).

2.2 | Identification of putative TA systems

Putative type II TA systems in A. actinomycetemcomitans were iden-
tified by two methods. First, the genome of A. actinomycetemcomi-
tans strain D11S- 1, serotype c29 was probed for sequence similarity 
to known E. coli TA systems using the protein basic local alignment 
search tool (pBLAST, https://www.ncbi.nlm.nih.gov). The sequences 
for known E. coli toxins that were used in these searches are listed in 
the Supplementary material (Table S4). In addition, the entire genome 
of A. actinomycetemcomitans D11S- 1 was examined using TAfinder 
(http://202.120.12.133/TAfinder/TAfinder.php) to identify operons 
that were not previously identified in the BLAST searches described 
above. TAfinder detects type II TA loci mainly based on sequence 
alignments and conserved domain searches against a database of TA 
families. The A. actinomycetemcomitans peptide sequences identified 
as putative TA systems in strain D11S- 1 were subsequently used to 
probe 33 other A. actinomycetemcomitans genome sequences that 
were present in the NCBI database (see Supplemental material, Table 
S5) that represent all seven A. actinomycetemcomitans serotypes.

2.3 | Expression of putative TA systems under 
environmental stress

The expression of the putative TA systems was determined under var-
ious environmental stress conditions using real- time polymerase chain 
reaction (PCR). Cells were grown to mid- exponential phase in chemi-
cally defined medium supplemented with 20 mm glucose or 20 mm 
lactate30 at 37°C and were then exposed to various environmental 
conditions for 20 min. Environmental conditions examined included: 
acidic pH (pH 5.0), oxidative stress (0.1% hydrogen peroxide), micro-
aerophilic conditions (5% CO2), elevated temperature (39°C), anaero-
bic conditions (10% H2, 10% CO2, 80% N2), iron limitation (250 μm 
bipyridyl), and reduced temperature (30°C). Bacteria were harvested 
and RNA was isolated using the cesium chloride step- gradient method 
as described by Reddy and Gilman.31 RNA was reverse transcribed 
to cDNA using random primers provided in the cDNA synthesis kit 

https://www.ncbi.nlm.nih.gov
http://202.120.12.133/TAfinder/TAfinder.php
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(Quanta Bio, Beverley, MA), and the resulting cDNA was used in 
SYBR Green real- time PCR using primers for the TA system as recom-
mended by the manufacturer (Quanta Bio). Data were analyzed using 
the ΔΔCt method and fold change expression was determined by nor-
malizing the results to the levels of an unstressed control (5S rRNA 
was used for normalization). The putative TA systems that are co- 
expressed with a third gene (D11S_0469- 470 and D11S_2094- 2095) 
were excluded in these analyses.

2.4 | Construction of isogenic deletion mutants

The generation of markerless deletion mutations was carried out as 
described by Juárez- Rodríguez et al32 with some modifications. PCR 
fragments of the upstream and downstream flanking regions of the 
gene targeted for deletion were amplified by PCR and ligated into the 
pJT1 suicide vector.33 Primers used in these reactions are shown in 
the Supplementary material (Table S6). After transformation of E. coli 
with the resulting ligation mixture, recombinant colonies exhibiting 
spectinomycin resistance were analyzed by restriction digestion and 
gel electrophoresis to confirm the presence of the desired insert frag-
ments. Inserts were then further confirmed by DNA sequencing. The 
resulting plasmids were introduced into A. actinomycetemcomitans by 
electroporation. Electroporated cells were recovered in SOC broth for 
5 h before being plated on BHI agar plates supplemented with spec-
tinomycin. Resistant colonies were selected, cultured again in BHI 
broth supplemented with spectinomycin and then passaged overnight 
twice in BHI broth lacking antibiotic. Samples were then inoculated 
into TYE broth supplemented with IPTG to induce the expression 
of levansucrase encoded by sacB carried on the pJT1 plasmid vec-
tor. Levansucrase forms long levan chains from sucrose and is lethal 
to Gram- negative bacteria in the presence of sucrose. Cultures were 
then serially diluted and plated on TYE agar supplemented with IPTG 
and sucrose. A minimum of 100 colonies were replica plated onto 
TYE agar supplemented with IPTG and sucrose and BHI agar supple-
mented with spectinomycin. Colonies that were sucrose resistant and 
antibiotic sensitive were selected for PCR confirmation that the genes 
of interest were deleted. Colonies that were positive for gene dele-
tion were further confirmed by DNA sequencing. No differences in 
planktonic growth of the mutant and wild- type strains were observed.

2.5 | Measurement of metabolic activity

To determine the metabolic activity of isogenic mutants, 3- (4,5-  
di methylthiazol- 2- yl)- 2,5- diphenyl tetrazolium bromide (MTT) was 
used as described by Wang et al.34 with some modifications. Cultures 
were grown at 37°C to stationary phase, removed from the incuba-
tor (t = 0) and incubated at room temperature for 5 days. At various 
time points, 3 mL of the culture was removed, centrifuged at 5000 g 
and suspended in fresh BHI broth containing 2.07 mm MTT. Cultures 
were then incubated for 2 h (approximately one doubling period) 
before being harvested. Metabolically active cells reduce MTT via 
NADH+/NADPH+- dependent oxidoreductase enzymes in the elec-
tron transport chain to form water- insoluble formazan.35 The resulting 

formazan crystals were dissolved in dimethyl sulfoxide and absorb-
ance was measured at 550 nm.

2.6 | Growth and analysis of static biofilms

Static biofilms were grown in multi- well tissue culture plates.36–38 
The A. actinomycetemcomitans cultures were grown overnight in BHI 
broth and the optical density at 600 nm (OD600) was measured. To 
form mature A. actinomycetemcomitans biofilms, cells were diluted 
into fresh BHI broth to a final OD600 of 0.005 and this dilution was 
used to inoculate the plate wells. Cultures were incubated at 37°C 
for 72 h and the resulting biofilms were then supplied with fresh BHI 
broth that was adjusted from pH 5.0—pH 8.0 to represent the range 
of conditions that might typically exist in the gingival pocket.39,40 The 
biofilms were subsequently incubated for an additional 24 h, rinsed 
gently with sterile water and stained with 0.1% crystal violet. After 
staining, cells were rinsed with sterile water until the water was clear, 
crystal violet was solubilized with 30% acetic acid and the absorbance 
at OD570 was measured.

2.7 | Statistical analysis

All assays were carried out in triplicate and data were analyzed using 
the unpaired t- test with statistical significance defined as P ≤ .05.

2.8 | Functional analysis of putative TA systems

Peptides representing the toxin and antitoxin proteins of each TA 
system (sequences are shown in the Supplementary material, Table 
S7) were chemically synthesized (Biosynthesis, Inc., Lewisville, TX) at 
> 90% purity. Synthetic peptides were dissolved in 0.05 m phosphate 
buffer, pH 7.8, containing 300 mm NaCl and 0.01% trifluoroacetic 
acid and peptide purity and size was confirmed using a NuPAGE Bis- 
Tris SDS- PAGE gel (Thermo Fisher Scientific, Waltham, MA). Samples 
were prepared in NuPAGE SDS sample buffer according to the rec-
ommendation of the manufacturer and gels were electrophoresed 
using NuPAGE MES Buffer in an XCell SureLock MiniCell. To test the 
ability of the synthetic toxins and antitoxins to interfere with pro-
tein translation, a cell- free protein synthesis system was used. Toxin 
(200 ng), antitoxin (200 ng) or an equimolar mixture of both proteins 
were added to the PURExpress In Vitro Protein Synthesis Kit (New 
England BioLabs, Ipswich, MA) and translation of dihydrofolate re-
ductase (DHFR) from the control plasmid supplied in the kit was ex-
amined. Reactions were incubated in a thermocycler at 37°C for 2 h 
and 5 μL of the reaction was used for analysis on a Tris- Glycine SDS- 
PAGE gel according to the manufacturer’s instructions. All protein 
gels were stained with AcquaStain 1- Step Protein Gel Stain (Bulldog 
Bio, Portsmouth, NH) overnight and destained with sterile water for 
20 min before imaging. To determine if the toxin and antitoxin pro-
teins function to degrade mRNA in the presence of ribosomes, MS2 
bacteriophage genomic RNA (Roche, Basel, Switzerland) was mixed 
with toxin (200 ng), antitoxin (200 ng) or an equimolar mixture of both 
in the presence and absence of ribosomes. Reactions were incubated 
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at 37°C for 30 min and the reaction was stopped with RNA loading 
dye containing 47.5% formamide (New England BioLabs). Samples 
were denatured at 85°C for 15 min before analysis on a TBE- Urea gel 
according to the manufacturer’s recommendation. Gels were rinsed 
in diethyl pyrocarbonate- treated water for 10 min and were stained 
for 20 min with ethidium bromide and rinsed twice with diethyl 
pyrocarbonate- treated water before imaging.

3  | RESULTS

3.1 | Identification of type II TA systems in 
A. actinomycetemcomitans

Type II TA systems encode two small proteins (each between ~40 and 
200 amino acids) that can regulate bacterial cell function including 
the formation of biofilms and the cellular response to various envi-
ronmental stresses (eg, antibiotic treatment, starvation). To determine 
if the A. actinomycetemcomitans genome encodes type II TA systems, 
peptide sequences of known TA systems that are present in E. coli 
were used to perform BLAST searches of the A. actinomycetemcomi-
tans D11S- 1 genome. As shown in Table 1, this search identified nine 
putative type II TA systems. Two of these TA operons exhibit se-
quence similarity to the MazEF- family of TA systems, which function 
as site- specific endoribonucleases that cleave mRNA independent of 
ribosome binding, resulting in inhibition of translation. One A. actino-
mycetemcomitans TA system was related to the HipAB- family, which 
acts as a serine/threonine kinase targeting tRNA to inhibit transla-
tion. The remaining six putative type II TA systems of A. actinomy-
cetemcomitans were related to the RelBE- family, which function as 
ribosome- dependent endoribonucleases to cleave mRNA.

As approximately 32% of the genes in the A. actinomycetemcom-
itans genome have not been assigned a function, it is possible that 

A. actinomycetemcomitans encodes additional type II TA systems that 
may not be related to known E. coli TA system sequences. Hence, the 
entire A. actinomycetemcomitans genome was further examined using 
TAfinder, which detects type II TA loci using both sequence align-
ment and conserved domain searches against a database of diverse 
TA families. As shown in Table 1, TAfinder identified five additional 
putative type II TA systems. None of these exhibited significant se-
quence similarity to E. coli TA systems. In addition, D11S_0469- 470 
and D11S_2094- 2095 were unique in that each operon contained a 
third open reading frame encoding a gene unrelated to toxins or an-
titoxins, diadenosine tetraphosphatase and O- succinylbenzoate syn-
thase, respectively. Finally, sequence analysis suggested that three of 
the putative TA systems may contain pseudogenes (indicated by an 
asterisk in Table 1). Hence, the A. actinomycetemcomitans D11S- 1 ge-
nome encodes at least 14 putative type II TA loci, three of which may 
contain pseudogenes and may be non- functional.

To determine the extent to which the type II TA systems identified 
in serotype c strain D11S- 1 are conserved across other A. actinomyce-
temcomitans serotypes, peptide sequences representing each of the 
TA systems identified in D11S- 1 were compared with 33 other A. acti-
nomycetemcomitans genomes contained in the sequence database. As 
shown in the Supplementary material (Tables S8a–S8e), most of the 
D11S- 1 TA systems are highly conserved across all of the other A. ac-
tinomycetemcomitans serotypes. Two exceptions were D11S_150- 151 
and D11S_1069- 1070. A complete D11S_1069- 1070 operon was 
present in only three of the 33 genomes examined (D11S- 1, SC383s 
and ANH9381); the other strains either lacked the toxin open reading 
frame or possessed a truncated gene, but interestingly most contained 
the antitoxin gene. D11S_150- 151 was present in all serotype a, b, d, 
f and g strains but was absent in the serotype c organisms except for 
D11S- 1, which possessed a putative pseudogene. For many of the 
strains across all of the serotypes, some TA systems were present in 

TABLE  1 Type II toxin/antitoxin systems in Aggregatibacter actinomycetemcomitans

Toxin Antitoxin Gene identity Family Total score Query cover E value Maximum identity

mazF mazE D11S_0905- 0906 mazEF 101 92% 2e- 28 33%

chpBK chpBI D11S_0919- 0920 mazEF 88.6 93% 2e- 23 42%

hipA hipB D11S_1069- 1070 hipAB 108 21% 1e- 28 45%

yafQ dinJ D11S_1194- 1195 relBE 89.7 95% 2e- 24 36%

yoeB yafM D11S- 1718- 1719 relBE 125 100% 1e- 38 63%

relE relB D11S_1798- 1799 relBE 112 94% 6e- 33 57%

relE relB D11S_2133- 2134 relBEa 44.7 88% 2e- 7 12%

relE relB D11S_1417- 1418 relBE 102 98% 3e- 30 54%

relE relB D11S_1144- 1145 relBE 149 97% 2e- 46 59%

— — D11S_1023- 1024 — — — — —

— — D11S_0150- 0151 a — — — —

— — D11S_0499- 0500 a — — — —

— — D11S_0469- 0470 b — — — —

— — D11S_2094- 2095 b — — — —

aSequence analysis indicated that this operon contained a toxin and/or antitoxin pseudogene.
bIdentified by TAfinder but present in a three- gene operon with a non- toxin/antitoxin (TA) - related gene (see text).
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multiple copies. For example, serotype b strain RhAA1 possesses at 
least 19 type II TA systems including two copies of D11S_0469- 0470, 
D11S_0905- 0906, D11S_1418- 1419 and D11S_2133- 2134, and three 
copies of D11S_1023- 1024 and D11S_1798- 1799, however this strain 
also lacked D11S_1069- 1070, D11S_1194- 1195 and D11S_2094- 2095. 
Finally, PCR using A. actinomycetemcomitans 652 (serotype c) DNA as a 
template indicated that all of the D11S- 1 TA systems were present in 
this strain (not shown). Although a complete genome sequence is not yet 
available, strain 652 has been extensively characterized in our laboratory 
and was used for the functional characterization of the A. actinomycetem-
comitans TA systems described below. Overall, these results suggest that 
the TA systems identified in the D11S- 1 genome are highly conserved 
in all A. actinomycetemcomitans serotypes but that D11S_150- 151 and 
D11S_1069- 1070 were more limited in distribution than the other type 
II TA systems.

3.2 | Putative TA systems in A. 
actinomycetemcomitans respond to 
environmental stress

For many of the known type II TA systems, the complex of the toxin 
and antitoxin proteins functions as a repressor that autoregulates 
its own operon expression. Under environmental stress, proteases 
such as Lon are activated and degrade the labile antitoxin, activating 

the toxin and de- repressing operon expression. To assess the effect 
of environmental stress on A. actinomycetemcomitans TA expres-
sion, cells were exposed to various stress conditions and TA expres-
sion was determined by real- time PCR. As shown in Figure 1A, the 
expression of D11S_0150- 0151 and D11S_1023- 1024 was induced 
to the greatest extent when cells were cultured under anaerobic 
conditions or under iron- limited conditions (250 μm dipyridyl), and 
to a lesser extent when cells were cultured at pH 5.0 or under mi-
croaerophilic conditions. Interestingly, D11S_499- 500 was down- 
regulated at pH 5.0 or when cells were cultured in the presence 
of H2O2. As shown in Figure 1B, the HipAB- like D11S_1069- 1070 
TA system exhibited the greatest increase in expression when cells 
were cultured anaerobically.

The two MazEF- related TA systems exhibit a similar pattern of ex-
pression and both are significantly induced under microaerophilic and 
anaerobic growth conditions and to a lesser extent when cells were 
cultured at pH 5.0 or when lactate is the carbon course (Figure 1C). The 
RelBE- related TA systems responded mainly to growth under acidic or 
anaerobic conditions. As shown in Figure 1D, D11S_1194- 1195 and 
D11S_1718- 1719 were strongly induced when cells were cultured 
at pH 5.0 and D11S_1718- 1719 and D11s_1798- 1799 were signifi-
cantly induced under anaerobic conditions.

Together, these results clearly show that the putative TA sys-
tems respond differentially to environmental stress and that specific 

F IGURE  1  Induction of type II toxin- antitoxin (TA) system expression in Aggregatibacter actinomycetemcomitans exposed to various 
environmental conditions. A, TA systems D11S_0150- 0151, D11S_0499- 500 and D11S_1023- 1024; B, D11S_1069- 1070 related to the 
HipAB family of TA systems; C, D11S_0905- 0906 and D11S_0919- 0920 related to the MazEF family of TA systems; and D, D11S_1194- 1195, 
D11S_1718- 1719, D11S_1798- 1799 and D11S_2133- 2134 related to the RelBE family of TA systems
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TA systems preferentially responded under certain stress conditions. 
Seven of the 11 systems comprising members of each of the TA fam-
ilies were induced under anaerobic conditions, suggesting that a high 
degree of functional redundancy may exist in the TA systems contrib-
uting to adaptation to anaerobic growth. In contrast, only two systems 
were significantly induced when cultures were either grown under 
microaerophilic conditions, at pH 5.0, or in the presence of dipyridyl, 
which suggests that some TA systems are functionally more specific. 
Only one TA system, D11S_2133- 2134, did not respond to any of the 
environmental stress conditions that were tested.

3.3 | Functional characterization of 
D11S_1194- 1195 and D11S_1718- 1719

During growth of A. actinomycetemcomitans in broth culture, the pH 
of the medium drops from an initial pH 7.5 to pH 5.5- 6.0 when the 
culture is in stationary phase. Bhattacharjee et al41 previously showed 
that if the pH of spent medium was readjusted to neutral, A. actino-
mycetemcomitans continued to grow without requiring any other 
additives. This suggests that entrance into stationary phase may be 
dependent on environmental pH rather than depletion of available 
nutrients in the medium. Two of the putative RelBE- like TA systems, 
D11S_1194- 1195 and D11S_1718- 1719, were highly induced when 
A. actinomycetemcomitans was cultured at pH 5.0 (Figure 1D), sug-
gesting that these systems may contribute to overall fitness of the 
organism at reduced pH. These two TA systems were selected for 
further study. A gene deletion mutant of each TA system was con-
structed and metabolic activity of stationary phase cultures of these 
strains at pH 5.0 were compared with the wild- type strain.

As shown in Figure 2A, when stationary phase cultures were incu-
bated at room temperature, the metabolic activity of wild- type cultures 
decreased gradually over 120 h. In contrast, the Δ1718/1719 mutant 
strain was more sensitive to sustained exposure to acidic pH and lost 
metabolic activity to a greater extent than the wild- type, especially 
between 72 and 120 h. Complementation of the deletion mutant with 
a functional copy of D11S_1718- 1719 TA system restored metabolic 
activity to wild- type levels. As shown in Figure 2B, the Δ1194/1195 
mutant phenotype was similar to the wild- type strain through 72 h but 
exhibited a significant decrease in metabolic activity relative to the 
wild- type at the 96 h and 120 h time points. Complementation of the 
mutant restored metabolic activity to the wild- type level. Interestingly, 
the OD600 of the cultures did not significantly decrease over the incu-
bation period for any of the strains (data not shown), suggesting that 
cell lysis may not be occurring as metabolic activity decreases.

3.4 | Δ1718- 1719 and Δ1194- 1195 mutants exhibit 
reduced biofilm growth

To determine if the D11S_1718- 1719 and D11S_1194- 1195 TA sys-
tems influence A. actinomycetemcomitans biofilm growth, static bio-
films were grown for 72 h and then provided with fresh medium at pH 
5.0 to pH 8.0. After incubation for an additional 24 h, biofilms were 
quantified by crystal violet staining. As shown in Figure 3A, biofilm 

biomass of the wild- type strain increased after the addition of fresh 
medium at pH 6.0, 7.0 or 8.0, consistent with the previous findings 
of Bhattacharjee et al41 However, a significant decrease in biomass 
occurred when the wild- type biofilm was incubated in fresh medium 
at pH 5.0. Biomass of the D11S_1718- 1719 mutant was significantly 
less than that of the wild- type at pH 6.0 and pH 5.0, but was restored 
to wild- type levels when the deletion strain was complemented with 
a functional copy of the TA system. Biomass of the D11S_1194- 1195 
deletion mutant did not differ significantly from wild- type; how-
ever, complementation of this strain resulted in a significant increase 
(P ≤ .01) in biofilm biomass relative to wild- type at pH 5.0 and 6.0, 
possibly arising from the presence of the TA system in multiple copy in 
the complemented strain. Together, these results suggest that the TA 
systems may contribute to the persistence of A. actinomycetemcomi-
tans in mature biofilms exposed to acidic conditions.

3.5 | D11S_1194- 1195 and D11S_1718- 1719 
encode a ribonuclease and inhibit translation

To functionally characterize the D11S_1194- 1195 and 
D11S_1718- 1719 TA systems, each of the full- length putative toxin 
proteins and their corresponding antitoxins was obtained as a syn-
thetic peptide. These peptides were tested for inhibition of translation 

F I G U R E  2 Metabolic activity of stationary phase Aggregatibacter 
actinomycetemcomitans wild- type, toxin- antitoxin (TA) system 
deletion mutants, and complemented strain cultures. Metabolic 
activity was measured using 3- (4,5- dimethylthiazol- 2- yl)- 2,5- 
diphenyl tetrazolium bromide (MTT) as described in the Materials and 
methods. Asterisks indicate the time points where metabolic activity 
of the mutant strain was significantly reduced relative to the wild- 
type (P ≤ .05) and restored to wild- type levels when complemented 
with a functional copy of the TA system
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using the PURExpress In Vitro Protein Synthesis system using a con-
trol plasmid that expressed mRNA encoding DHFR. After conduct-
ing translation reactions in the presence and absence of the synthetic 
toxin and/or antitoxin proteins, samples were electrophoresed in a 
Tris- Glycine SDS- PAGE gel. As shown in Figure 4, DHFR (indicated 
by an arrow in Lanes 1 and 8) is readily produced in the control trans-
lation reaction in the absence of synthetic peptide. In contrast, no 
DHFR is produced when the translation reaction is conducted in the 
presence of the synthetic D11S_1194 toxin (Lane 2). DHFR produc-
tion was unaffected by the synthetic D11S_1195 anti- toxin peptide 
(Lane 3) or in the presence of equimolar amounts of both the synthetic 
D11S_1194- 1195 toxin and antitoxin (Lane 4). This result indicates 
that the synthetic D11S_1194 peptide functions as a toxin that in-
hibits DHFR translation and that the D11S_1195 protein represents 
its cognate antitoxin that is capable of preventing toxin activity when 
applied together. Similarly, synthetic D11S_1718 protein prevents 
translation of DHFR (Lane 5) whereas the D11S_1719 protein or an 
equimolar mixture of D11S_1718- 1719 proteins have no effect on 
DHFR production (Lanes 6 and 7, respectively). This result was unex-
pected as, from the structural organization of many RelBE TA oper-
ons, the open reading frame encoding the D11S_1719 protein would 
be predicted to encode the toxin component. In contrast, our results 
clearly show that D11S_1719 does not inhibit DHFR translation and 
so functions as an anti- toxin and that the D11S_1718 peptide repre-
sents the toxin in this TA system.

To examine the mechanism of translation inhibition, we next 
determined if the toxin proteins function as a ribosome- dependent 
ribonuclease. To accomplish this, MS2 virus RNA (MS2 contains a 

F IGURE  3 Biofilm biomass of wild- type, toxin- antitoxin (TA) 
system deletion mutants, and complemented strains under acidic 
conditions. Biofilms were initially grown for 72 h at pH 7.0 (Control), 
and subsequently incubated for an additional 24 h in fresh medium at 
pH 5.0 to pH 8.0. Biomass was quantified after staining with crystal 
violet. Asterisks indicate the conditions where biofilm biomass of the 
mutant strain was significantly reduced (P ≤ .05) relative to the wild- 
type and restored to near wild- type levels after complementation
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F I G U R E  4  In vitro translation of dihydrofolate reductase (DHFR) in the presence of synthetic peptides representing the toxin and antitoxin 
proteins of the D11S_1718- 1719 and D11S_1194- 1195 toxin- antitoxin (TA) systems. In vitro translation reactions were incubated with the toxin 
or antitoxin proteins of the TA systems, either alone or in combination and reaction products were electrophoresed in a Tris- Glycine SDS- PAGE 
gel. Lanes 1 and 8, positive control reaction without toxin or antitoxin protein (arrows indicates the DHFR protein); Lane 2, D11S_1194 toxin 
only; Lane 3, D11S_1195 antitoxin only; Lane 4, equal mixture of the D11S_1194- 1195 toxin and antitoxin; Lane 5, D11S_1718 toxin only; 
Lane 6, D11S_1719 antitoxin only; Lane 7, equal mixture of the D11S_1718- 1719 toxin and antitoxin; Lane 9, empty; Lane 10, size markers
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positive- sense, single- stranded RNA genome) was incubated with 
buffer (Figure 5A) or with purified ribosomes (Figure 5B) at 37°C for 
25 min in the presence of the synthetic toxin and/or anti- toxin pro-
teins. As shown in Figure 5A, little degradation of MS2 RNA occurred 
in the absence of ribosomes. In contrast, as shown in Figure 5B, MS2 
RNA was significantly degraded in the presence of ribosomes and 
synthetic D11S_1194 peptide (Lane 2) but not by D11S_1195 or an 
equimolar mixture of D11S_1194- 1195 peptides (Lanes 3 and 4, re-
spectively). Similarly, addition of ribosomes and synthetic D11S_1718 
toxin resulted in MS2 degradation (Lane 5) whereas little degrada-
tion was observed in the presence of D11S_1719 or a mixture of 
D11S_1718- 1719 proteins (Lanes 6 and 7, respectively). These re-
sults are consistent with the translation inhibition results and strongly 
suggest that the D11S_1194 and D11S_1718 toxins function as 
ribosome- dependent endoribonucleases, which are inhibited by the 
D11S_1195 and D11S_1719 anti- toxin proteins.

4  | DISCUSSION

Type II TA systems are widely distributed in prokaryotes and increasing 
evidence indicates that they contribute to adaptation and persistence 

under conditions of stress.21–24 The human oral cavity is an environ-
mentally diverse niche that is populated by a complex microbial com-
munity comprised of over several hundred bacterial species,10,15,16 
yet little is known about the role that type II TA systems play in the 
response of oral organisms to stress. Aggregatibacter actinomycetem-
comitans D11S contains 14 TA loci that represent at least three of the 
six known families of type II TA systems. Consistent with the reported 
plasticity of the A. actinomycetemcomitans genome,42 three of these 
loci possess pseudogenes that have undergone significant gene dele-
tion or rearrangement and are likely to be non- functional. Only two of 
the TA systems identified in strain D11S_1 were not widely conserved 
across all seven A. actinomycetemcomitans serotypes. The HipAB- like 
TA system was intact in only three of the 33 genomes examined (one 
serotype b and two serotype c stains), whereas 22 genomes possessed 
the antitoxin gene without the corresponding toxin gene. Most of the 
genome sequences analyzed were derived from strains isolated from 
humans, but many of the TA systems are also conserved in A. actino-
mycetemcomitans RhAA1, which was isolated from the oral cavity of a 
rhesus monkey.43 Indeed, the RhAA1 genome encodes a greater num-
ber of TA systems than the other A. actinomycetemcomitans genomes 
examined and many are present in multiple copies. Interestingly in 
Mycobacterium tuberculosis, the MazEF TA system is present in multi-
copy and the MazF toxins have been shown to be functionally distinct. 
Although MazF is known to function as a site- specific mRNAse,44 two 
MazF toxins in M. tuberculosis also inhibit translation by cleaving at 
different sites in the 23S and 16S rRNAs45,46 whereas a third MazF 
toxin cleaves tRNAPro and tRNALys.47 Hence, multicopy TA systems 
may provide several distinct mechanisms to respond to environmen-
tal stress and it is possible that the TA system content of the RhAA1 
genome may reflect distinct mechanisms of adaptation to local envi-
ronmental stress that exist in the monkey oral cavity.

Functional analysis of A. actinomycetemcomitans TA systems indi-
cate that they respond selectively to a variety of environmental con-
ditions to which the organism might be exposed in the human oral 
cavity or in the dental biofilm. Aggregatibacter actinomycetemcomitans 
readily colonizes and persists in the anaerobic niche of the subgingi-
val pocket and indeed, seven of the type II TA systems were induced 
when A. actinomycetemcomitans was cultured under anaerobic condi-
tions. This suggests that a high level of functional redundancy exists in 
the response and adaptation to anaerobic growth. Multiple TA systems 
of other human pathogens have also been shown to respond to spe-
cific host- derived or host- induced environmental conditions.48,49 For 
example, 14 TA systems of Salmonella enterica serovar Typhimurium 
contribute to the intracellular formation of persister cells in macro-
phages50 and seven RelBE systems are induced in Vibrio cholera under 
virulence inducing conditions.51

In contrast, a more limited response was observed when A. acti-
nomycetemcomitans was exposed to other environmental stresses 
such as reduced pH or iron limitation. D11S_1194- 1195 and 
D11S_1718- 1719 were highly induced when A. actinomycetemcomi-
tans was exposed to acidic conditions similar to the conditions of a 
stationary- phase broth culture. Deletion of D11S_1718- 1719 resulted 
in a significant reduction in metabolic activity of stationary- phase cells 

F IGURE  5 D11S_1194 and D11S_1718 toxins degrade MS2 RNA 
in the presence of ribosomes. RNA samples were incubated in the 
presence or absence of ribosomes and were analyzed on a TBE- urea 
gel and stained with ethidium bromide. Lane 1, control, no toxin or 
antitoxin protein; Lane 2, D11S_1194 toxin only; Lane 3, D11S_1195 
antitoxin only; Lane 4, equal mixture of the D11S_1194- 1195 toxin 
and antitoxin; Lane 5, D11S_1718 toxin only; Lane 6, D11S_1719 
antitoxin only; Lane 7, equal mixture of the D11S_1718- 1719 toxin 
and antitoxin
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relative to the wild- type strain. In contrast, the phenotype exhibited 
by the Δ1194- 1195 stain was similar to wild- type even though both 
the D11S_1718 and D11S_1194 toxin proteins function to inhibit 
translation and degrade mRNA (see below). One possible explana-
tion for this result may be that activation of the D11S_1718 toxin 
functionally complements the loss of D11S_1194 toxin activity but 
D11S_1194 does not or only partially complements D11S_1718 func-
tion. Interestingly, although construction of the single TA deletion 
mutants was readily accomplished, multiple attempts to construct a 
1194/1195- 1718/1719 double mutant failed, suggesting that the 
loss of both TA systems may be lethal to A. actinomycetemcomitans. 
Consistent with this, D11S_1718- 1719 was present and intact in all 
33 A. actinomycetemcomitans genomes that were analyzed, whereas 
several genomes lacked D11S_1194- 1195, which might be toler-
ated if the D11S_1718 toxin functionally complements the loss of 
D11S_1194.

Many of the toxins encoded by RelBE family TA systems function 
as ribosome- dependent ribonucleases that bind to the A site on the 
ribosome to cleave mRNA, so inhibiting translation.52 Our results 
indicate that the D11S_1194 and D11S_1718 toxins function sim-
ilarly to other RelE toxins. Based on the gene organization of other 
RelBE family TA operons, in which the antitoxin gene precedes the 
toxin gene, our initial prediction was that D11S_1718 encoded the 
antitoxin protein and D11S_1719 the toxin. However, our results 
clearly showed that the D11S_1718 protein inhibits translation and 
has ribonuclease activity, indicating that it represents the toxin of 
this TA system. Hence, the D11S_1718- 1719 operon is organized 
differently from many other RelEB TA operons and is structurally 
similar to the MqsRA TA system that regulates biofilm formation by 
E. coli, where MqsR encodes the toxin protein.53 The physiologic 
outcomes that arise from activation of the D11S_1194- 1195 and 
D11S_1718- 1719 TA systems in vivo are not clear. TA system acti-
vation is associated with the formation of persister cells and is also 
important for biofilm formation.20-24 Aggregatibacter actinomycetem-
comitans thrives in a complex multispecies biofilm in the oral cav-
ity and in this context, A. actinomycetemcomitans has been shown 
to closely associate with commensal oral streptococci and benefits 
from a cross feeding relationship in which streptococci metabolize 
sugars to produce lactate, which serves as a primary energy source 
for A. actinomycetemcomitans.54,55 However, A. actinomycetemcom-
itans is also acid sensitive and grows poorly in an acidic environ-
ment.41 It is possible that the activation of D11S_1194- 1195 and 
D11S_1718- 1719 at low pH facilitates this interspecies relationship 
by allowing A. actinomycetemcomitans to persist during periods of 
active streptococcal metabolism.

In summary, we have identified type II TA systems represent-
ing the RelBE, MazEF and HipAB families that are conserved across 
all seven serotypes of A. actinomycetemcomitans. Two systems, 
D11S_1194- 1195 and D11S_1718- 1719 respond to low pH and 
deletion of D11S_1718- 1719 results in reduced metabolic activity 
in A. actinomycetemcomitans and reduced biofilm biomass upon pro-
longed exposure to acidic conditions. Both TA systems function to 
inhibit translation by cleaving mRNA associated with the ribosomes 

and may represent novel therapeutic targets to control A. actinomyce-
temcomitans infections.

ACKNOWLEDGEMENTS

This study was supported by PHS grant R01DE014605 from the 
National Institute for Dental and Craniofacial Research.

CONFLICT OF INTEREST

The authors declare no conflicts of interest.

ORCID

D.R. Demuth  http://orcid.org/0000-0003-4854-5651 

REFERENCES

 1. Haffajee AD, Socransky SS. Microbial etiological agents of destructive 
periodontal diseases. Periodontol. 2000;1994:78-111.

 2. Henderson B, Nair SP, Ward JM, Wilson M. Molecular pathogenicity 
of the oral opportunistic pathogen Actinobacillus actinomycetemcomi-
tans. Annu Rev Microbiol. 2003;57:29-55.

 3. Paturel L, Casalta JP, Habib G, Nezri M, Raoult D. Actinobacillus actino-
mycetemcomitans endocarditis. Clin Microbiol Infect. 2004;10:98-118.

 4. Rahamat-Langendoen JC, van Vonderen MG, Engström LJ, et al. Brain 
abscess associated with Aggregatibacter actinomycetemcomitans: case 
report and review of literature. J Clin Periodontol. 2011;38:702-706.

 5. Wang CY, Wang HC, Li JM, et al. Invasive infections of Aggregatibacter 
(Actinobacillus) actinomycetemcomitans. J Microbiol Immunol Infect. 
2010;43:491-497.

 6. Hyvärinen K, Mäntylä P, Buhlin K, et al. A common periodontal patho-
gen has an adverse association with both acute and stable coronary 
artery disease. Atherosclerosis. 2012;223:478-484.

 7. Han X, Kawai T, Eastcott JW, Taubman MA. Bacterial- responsive 
B lymphocytes induce periodontal bone resorption. J Immunol. 
2006;176:625-631.

 8. Rogers JE, Li F, Coatney DD, et al. Actinobacillus actinomycetemcom-
itans lipopolysaccharide- mediated experimental bone loss model for 
aggressive periodontitis. J Periodontol. 2007;78:550-558.

 9. Aas JA, Paster BJ, Stokes JN, Olsen I, Dewhirst FE. Defining the normal 
bacterial flora of the oral cavity. J Clin Microbiol. 2005;43:5721-5732.

 10. Kolenbrander PE, London J. Adhere today, here tomorrow: oral bacte-
rial adherence. J Bacteriol. 1993;175:3247-3252.

 11. Kuramitsu HK, He X, Lux R, Anderson MH, Shi W. Interspecies in-
teractions within oral microbial communities. Microbiol Mol Biol Rev. 
2007;71:653-670.

 12. Lamont RJ, Jenkinson HF. Life below the gum line: pathogenic 
mechanisms of Porphyromonas gingivalis. Microbiol Mol Biol Rev. 
1998;62:1244-1263.

 13. Paster BJ, Olsen I, Aas JA, Dewhirst FE. The breadth of bacterial diver-
sity in the human periodontal pocket and other oral sites. Periodontol. 
2000;2006:80-87.

 14. Whittaker CJ, Klier CM, Kolenbrander PE. Mechanisms of adhesion by 
oral bacteria. Annu Rev Microbiol. 1996;50:513-552.

 15. Marsh PD. Dental plaque as a biofilm and a microbial community—im-
plications for health and disease. BMC Oral Health. 2006;6:S14.

 16. Marsh PD, Bradshaw DJ. Physiological approaches to the control of 
oral biofilms. Adv Dent Res. 1997;11:176-185.

 17. Marsh PD. Are dental diseases examples of ecological catastrophes? 
Microbiology. 2003;149:279-294.

http://orcid.org/0000-0003-4854-5651
http://orcid.org/0000-0003-4854-5651


     |  233SCHNEIDER Et al.

 18. Actis LA, Rhodes ER, Tomaras AP. Genetic and molecular characteri-
zation of a dental pathogen using genome- wide approaches. Adv Dent 
Res. 2003;17:95-99.

 19. James CE, Hasegawa Y, Park Y, et al. LuxS involvement in the reg-
ulation of genes coding for hemin and iron acquisition systems in 
Porphyromonas gingivalis. Infect Immun. 2006;74:3834-3844.

 20. Radzikowski JL, Schamke H, Heinemann M. Bacterial persistence from 
a system- level perspective. Curr Opin Biotech. 2017;46:98-105.

 21. Lobato-Marquez D, Diaz-Orejas R, Garcia-del Portillo F. 
Toxin- antitoxins and bacterial virulence. FEMS Microbiol Rev. 
2016;40:592-609.

 22. Page R, Peti W. Toxin- antitoxin systems in bacterial growth arrest and 
persistence. Nature Chem Biol. 2016;12:208-214.

 23. Hall AMJ, Gollan B, Helaine S. Toxin- antitoxin systems: reversible tox-
icity. Curr Opin Microbiol. 2017;36:102-110.

 24. Lee K-Y, Lee B-J. Structure, biology, and therapeutic applica-
tion of toxin- antitoxin systems in pathogenic bacteria. Toxins. 
2016;8:305-338.

 25. Gotfredsen M, Gerdes K. The Escherichia coli relBE genes belong to a 
new toxin- antitoxin gene family. Mol Microbiol. 1998;29:1065-1076.

 26. Afif H, Allali N, Couturier M, van Melderen L. The ration between 
CcdA and CcdB modulates the transcriptional repression of the ccd 
poison- antidote system. Mol Microbiol. 2001;41:73-82.

 27. Brown BL, Lord DM, Grigoriu S, Peti W, Page R. The Escherichia 
coli toxin MqsR destabilizes the transcriptional repression complex 
formed between the antitoxin MqsA and the mqsRA operon pro-
moter. J Biol Chem. 2013;288:1286-1294.

 28. Socransky SS, Dzink JL, Smith CM. Chemically defined medium for 
oral microorganisms. J Clin Microbiol. 1985;22:303-305.

 29. Chen C, Kittichotirat W, Si Y, Bumgarner R. Genome sequence of 
Aggregatibacter actinomycetemcomitans serotype c strain D11S- 1. J 
Bacteriol. 2009;191:7378-7379.

 30. Brown SA, Whiteley M. A novel exclusion mechanism for carbon 
resource partitioning in Aggregatibacter actinomycetemcomitans. J 
Bacteriol. 2007;189:6407-6414.

 31. Reddy KJ, Gilman M. Preparation of bacterial RNA. Curr Protoc 
Molec Biol. 2001;Chapter 4:Unit 4.4. doi: 10.1002/0471142727.
mb0404s21

 32. Juarez-Rodriguez MD, Torres-Escobar A, Demuth DR. ygiW and qseBC 
are co- expressed in Aggregatibacter actinomycetemcomitans and regu-
late biofilm growth. Microbiology. 2013;159:989-1001.

 33. Juarez-Rodriguez MD, Torres-Escobar A, Demuth DR. Construction 
of new cloning, lacZ reporter and scarless- markerless suicide vectors 
for genetic studies in Aggregatibacter actinomycetemcomitans. Plasmid. 
2013;69:211-222.

 34. Wang H, Cheng H, Wang F, Wei D, Wang X. An improved 3- (4,5- dim
ethylthiazol- 2- yl)- 2,5- diphenyl tetrazolium bromide (MTT) reduction 
assay for evaluating the viability of Escherichia coli cells. J Microbiol 
Methods. 2010;82:330-333.

 35. Stepaneko AA, Dmitrenko VV. Pitfalls of the MTT assay: direct and 
off- target effects of inhibitors can result in over/underestimation of 
cell viability. Gene. 2015;574:193-203.

 36. Merritt JH, Kadouri DE, O’Toole GA. Growing and analyzing static 
biofilms. Curr Protoc Microbiol. 2005;Chapter 1:Unit 1B.1. doi: 
10.1002/9780471729259.mc01b01s00

 37. Haase EM, Bonstein T, Palmer RJ Jr, Scannapieco FA. Environmental 
influences on Actinobacillus actinomycetemcomitans biofilm forma-
tion. Arch Oral Biol. 2006;51:299-314.

 38. Izano EA, Sadovskaya I, Wang H, Vinogradov E, Ragunath C, et al. 
Poly- N- acetylglucosamine mediates biofilm formation and deter-
gent resistance in Aggregatibacter actinomycetemcomitans. Microb 
Pathogen. 2008;44:52-60.

 39. Bickel M, Cimasoni G. The pH of human crevicular fluid measured by 
a new microanalytical technique. J Periodont Res. 1985;20:35-40.

 40. Eggert FM, Drewell L, Bigelow JA, Speck JE, Goldner M. The pH of 
gingival crevices and periodontal pockets in children, teenagers and 
adults. Arch Oral Biol. 1991;36:233-238.

 41. Bhattacharjee MK, Childs CB, Ali E. Sensitivity of the periodontal 
pathogen A. actinomycetemcomitans at mildly acidic pH. J Periodontol. 
2011;82:917-925.

 42. Kittichotirat W, Bumgarner R, Chen C. Markedly different genome ar-
rangements between serotype a strains and serotype b and c strains 
of Aggregatibacter actinomycetemcomitans. BMC Genom. 2010;11:489.

 43. Karched M, Furgang D, Planet PJ, DeSalle R, Fine D. Genome se-
quence of Aggregatibacter actinomycetemcomitans RHAA1, iso-
lated from a rhesus macaque, an old world primate. J Bacteriol. 
2012;194:1275-1276.

 44. Park JH, Yoshizumi S, Yamaguchi Y, Wu KP, Inouye M. ACA- specific 
RNA sequence recognition is acquired by the loop 2 region of MazF 
mRNA interferase. Proteins. 2013;81:874-883.

 45. Schifano JM, Edifor R, Sharp JD, et al. Mycobacterial toxin MazF- mt6 
inhibits translation though cleavage of 23S rRNA at the ribosomal A 
site. Proc Natl Acad Sci USA. 2013;110:8501-8506.

 46. Schifano JM, Vvedenskaya IO, Knoblauch JG, et al. An RNA- seq method 
for defining endoribonuclease cleavage specificity identifies dual rRNA 
substrates for toxin MazF- mt3. Nature Commun. 2014;5:3538.

 47. Schifano JM, Cruz JW, Vvedenskaya IO, et al. tRNA is a new target for 
cleavage by a MazF toxin. Nucleic Acids Res. 2016;44:1256-1270.

 48. Norton JP, Mulvey MA. Toxin- antitoxin systems are important for 
niche- specific colonization and stress resistance of uropathogenic 
Escherichia coli. PLoS Pathog. 2012;8:e1002954.

 49. Tiwari P, Arora G, Singh M, et al. MazF ribonucleases promote 
Mycobacterium tuberculosis drug tolerance and virulence in guinea 
pigs. Nature Commun. 2015;22:6059.

 50. Helaine S, Cheverton AM, Watson KG, et al. Internalization of 
Salmonella by macrophages induces formation of nonreplicating per-
sisters. Science. 2014;343:204-208.

 51. Wang Y, Wang H, Hay AJ, et al. Functional RelBE family toxin- 
antitoxin pairs affect biofilm maturation and intestine colonization in 
Vibrio cholera. PLoS ONE. 2015;10:e0135696.

 52. Chistensen SK, Gerdes K. RelE toxins from bacteria and Archaea 
cleave mRNAs on translating ribosomes, which are rescued by 
tmRNA. Mol Microbiol. 2003;48:1389-1400.

 53. Gonzalez-Barrios AF, Zuo R, Hashimoto Y, et al. Autoinducer 2 con-
trols biofilm formation in Escherichia coli though a novel motility 
quorum- sensing regulator (MqsR, B3022). J Bacteriol. 2006;188: 
305-316.

 54. Ramsey MM, Rumbaugh KP, Whiteley M. Metabolite cross feeding 
enhances virulence in a model of polymicrobial infection. PLoS Pathog. 
2011;7:e1002012.

 55. Stacy A, Everett J, Jorth P, et al. Bacterial fight- and- flight responses 
enhance virulence in a polymicrobial infection. Proc Natl Acad Sci USA. 
2014;111:7819-7824.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the 
 supporting information tab for this article.

How to cite this article: Schneider B, Weigel W, Sztukowska M, 
Demuth DR. Identification and functional characterization of 
type II toxin/antitoxin systems in Aggregatibacter 
actinomycetemcomitans. Mol Oral Microbiol. 2018;33:224–233. 
https://doi.org/10.1111/omi.12215

http://doi:10.1002/0471142727.mb0404s21
http://doi:10.1002/0471142727.mb0404s21
http://doi:10.1002/9780471729259.mc01b01s00
http://doi:10.1002/9780471729259.mc01b01s00
https://doi.org/10.1111/omi.12215

