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Abstract 18 

We investigated the role of a novel small RNA expressed in Enterococcus faecium (named 19 

Ern0030). We revealed that ern0030 was encoded within the 5’untranslated region of tet(M), a 20 

gene conferring tetracycline resistance through ribosomal protection. By RACE mapping, we 21 

accurately determined the boundaries of ern0030, which corresponded to Ptet. This upstream 22 

sequence of tet(M), Ptet, was previously described within transcriptional attenuation mechanism. 23 

Here, Northern blot analyses revealed three transcripts of different lengths (ca. 230, 150 and 100 24 

nucleotides) expressed from Ptet. Phenotypically, the total deletion of ern0030 conferred a decrease 25 

in tetracycline MICs that was consistent with gene expression data showing no significant tet(M) 26 

induction under tetracycline SIC in ern0030-deleted mutant as opposed to a 10-fold increase of 27 

tet(M) expression in the wild-type strain. We investigated the transcriptional attenuation 28 

mechanism by toeprint assay. Whereas the expected tet(M) RBS was detected, the RBS of the 29 

putative leader peptide was not highlighted by toeprint assay, suggesting the transcriptional 30 

attenuation was unlikely. Here, we demonstrate that Ern0030 has a role in regulation of tet(M) 31 

expression and propose a novel model of tet(M) regulation alternative or complementary to 32 

transcriptional attenuation.  33 

 34 
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1. Introduction 36 

The worldwide spread of multidrug-resistant (MDR) bacterial pathogens has become a major 37 

public health issue and there is an urgent need to find new tools and approaches to control it. The 38 

most critical MDR microorganisms have been grouped as “ESKAPE” pathogens that comprise 39 

Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 40 

Pseudomonas aeruginosa and Enterobacter spp. [1,2]. Among them, E. faecium is a leading cause 41 

of nosocomial infections and hospital outbreaks, especially vancomycin-resistant E. faecium 42 

(VREF) isolates for which limited therapeutic options are available [3,4]. The epidemiological 43 

success of VREF mainly results from the worldwide dissemination of a specific clonal complex 44 

(CC17) comprising clinical isolates that share a common MDR phenotype with high-level 45 

resistance to both ampicillin and fluoroquinolones [5]. CC17 is part of a human hospital-adapted 46 

lineage (clade A1) that emerged from the animal-associated lineage (clade A2) after the 47 

introduction of antibiotics, and which differs genetically from the human community-associated 48 

lineage (clade B) [4]. Thanks to a remarkable genomic plasticity, E. faecium is particularly adept 49 

at acquiring new genes through horizontal gene transfer of a large panel of mobile genetic elements 50 

[6,7] while it also exhibits a versatile metabolism allowing it to cope with many environmental 51 

stresses [3,8]. 52 

Post-transcriptional control by non-coding RNAs (ncRNAs) enables a rapid and tight regulation to 53 

environmental cues, with gene expression directly influenced by metabolic variations [9]. ncRNAs 54 

can be divided into small RNAs (sRNAs) and RNA leaders, the latter including riboswitches and 55 

attenuators [10]. Regulation of the expression of antibiotic resistance genes by attenuators is 56 

widespread, particularly for ribosome-targeting antibiotics such as tetracyclines, aminoglycosides 57 

or MLS (macrolides-lincosamides-streptogramins) antibiotics [10–13]. The attenuation 58 

mechanism is based on the presence of a short open reading frame (ORF) coding for a leader 59 
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peptide immediately upstream of the resistance gene, which recruits translating ribosomes to the 60 

regulatory 5’-untranslated region (5’-UTR) element. In the absence of antibiotics, there is an 61 

inhibition of the resistance gene expression through a premature transcriptional terminator 62 

(transcriptional attenuation) or the ribosome binding site (RBS) masking (translational attenuation) 63 

[13,14]. When the antibiotic is present in the cell, there is a RNA leader conformational switch due 64 

to the ribosome stalling resulting in alternative base-pairing patterns that promote an anti-65 

termination conformation or a RBS release, which consequently activate the expression of the 66 

regulated gene [13,14]. 67 

Recently, we identified the first set of transcripts expressed from non-annotated regions in E. 68 

faecium using the reference strain Aus0004 [15] and provided a list of 61 sRNA candidates [16]. 69 

Out of them, 10 were experimentally validated by Northern blots and by qPCR experiments as 70 

expressed along bacterial growth [16]. However, their biological functions as well as their 71 

molecular targets and associated gene networks remain unknown. Among them, a putative sRNA 72 

(initially designated sRNA_0030 and renamed here Ern0030 for Enterococcus ribonucleotide acid) 73 

was located upstream of the tet(M) gene, which codes for a ribosomal protection protein involved 74 

in tetracycline resistance  [17–20]. This gene is carried by the widespread Tn916-like conjugative 75 

transposons [21–24], and its expression is inducible by low concentrations of tetracycline [11,25]. 76 

The regulatory region upstream of tet(M), known as Ptet, has been described as RNA leader 77 

sequence encoding a putative peptide leader (Orf12), and it has been suggested by structure 78 

prediction that tet(M) regulation might be mediated by transcriptional attenuation with the 79 

hypothetical implication of the availability of rare aminoacyl-tRNAs [11,26]. Interestingly, it has 80 

also been demonstrated in Enterococcus faecalis that partial deletions of Ptet could be responsible 81 

for an upregulation of tet(M) expression associated with resistance to tigecycline, antibiotic usually 82 

effective despite Tet(M) production [25]. 83 
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Since the regulation mechanism of tet(M) expression has been poorly studied, the aim of this study 84 

was to molecularly characterize a small cis-regulatory RNA (Ern0030) expressed within the 5’ 85 

UTR of tet(M) and to mechanistically investigate its role in regulation of tet(M) expression and 86 

associated tetracycline resistance.  87 
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2. Materials and methods 88 

2.1. Bacterial strains, plasmids and growth conditions 89 

The reference strain E. faecium Aus0004 (GenBank accession number CP003351.1) and 90 

isogenic mutants (Table S1) were grown under ambient air at 37°C in brain heart infusion (BHI; 91 

Oxoid) broth or on BHI agar (Oxoid). Strains of Escherichia coli (Table S1) were grown under 92 

ambient air and agitation (160 rpm) at 37°C in Luria-Bertani (LB; ThermoFischer Scientific) 93 

medium or on LB agar (ThermoFischer Scientific). For some experiments, these media were 94 

supplemented with spectinomycin (Sigma) and/or tetracycline (Sigma) (see below). The plasmids 95 

pAT29 and pWS3 (Table S2) were used for cloning and gene disruption, respectively. 96 

2.2. Antimicrobial susceptibility testing 97 

Minimal inhibitory concentration (MICs) of tetracycline and tigecycline were determined by 98 

the microdilution reference method in Mueller-Hinton (MH; ThermoFischer Scientific) broth in 99 

accordance with EUCAST guidelines (www.eucast.org). The sub-inhibitory concentration (SIC) 100 

of tetracycline was determined in BHI broth and was defined as the highest antibiotic concentration 101 

that did not altered significantly the bacterial growth kinetics. 102 

2.3. Construction of deleted mutants and trans-complemented strains 103 

E. faecium Aus0004 contain a large sequence within tet(M) gene. The restoration of a 104 

functional tet(M) gene (named E. faecium Aus0004TR) was obtained from E. faecium Aus0004 (as 105 

represented in Fig. 1A) by homologous recombination and excision of the large sequence using the 106 

pWS3 suicide vector and specific primers, as previously described [27] (Tables S1-S3). Using the 107 

same approach, the entire ern0030 gene (from 5’ to 3’ position; see Fig. 1B) was deleted in E. 108 

faecium Aus0004TR and the corresponding deleted mutant was named ern0030-Aus0004TR 109 
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(Tables S1-S3). Both deletions were confirmed by PCR and sequencing using specific primers 110 

(Table S3).  111 

Trans-complemented strains were constructed by cloning the ern0030 gene (with its native 112 

promoter and rho-independent terminator) in the pAT29 shuttle vector [28] using specific primers 113 

(Tables S1-S3). The recombinant plasmid was transformed by electroporation into E. coli EC1000 114 

then into both E. faecium Aus0004TR and ern0030-Aus0004TR strains (Table S1). For 115 

investigation of the Ern0030 function, different recombinant plasmids were generated using the 116 

pAT29 vector in which was cloned the functional tet(M) gene. The different recombinant plasmids 117 

contained wild-type sequence of ern0030 or several mutated ern0030 sequences. These plasmids 118 

were introduced into E. coli EC1000 strain and then into E. faecium Aus0004 (Tables S1-S3). 119 

Transformants were selected on agar plates containing spectinomycin at the concentration of 100 120 

mg/L (E. coli) or 300 mg/L (E. faecium). Inserts of recombinant plasmids were sequenced using 121 

specific primers (Table S3). 122 

2.4. RNA extraction 123 

Total RNAs were isolated at three different time points during growth: mid exponential (ME, 124 

OD600nm 1), late exponential (LE, OD600nm 2.2) and early stationary (ES, OD600nm 3) phase. In some 125 

experiments, tetracycline was added in the growth medium at the SIC (equivalent to 1/32 MIC). 126 

Extractions were performed as previously described [29]. Briefly, cell pellets were dissolved into 127 

500 μL of lysis buffer, and cells were broken by acid-treated glass beads and acidic phenol (pH 4) 128 

using a FastPrep-24 cell disruptor (MP biomedicals). Following acid phenol extraction, total RNAs 129 

were cleaned with chloroform and absolute ethanol precipitated overnight at -20°C with sodium 130 

acetate. Residual chromosomal DNA was removed by treating all total RNA samples with the 131 

Turbo DNA-free kit (Life Technologies). 132 
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2.5. RACE mapping 133 

RACE mapping was performed using bacterial cells grown in BHI broth and collected at ME 134 

growth phase, as previously described [30]. Briefly, Total RNAs (5 μg) from E. faecium Aus0004 135 

were circularized using T4 RNA Ligase (Promega). After precipitation, the reaction was reverse 136 

transcribed by the M-MLV RT (Promega) using primer sRNA0030R1 and then two PCR reactions 137 

were performed with Taq polymerase (Invitrogen) using sRNA0030R2-F1 and sRNA0030R3-F2 138 

primers (Table S2). The PCR products were cloned in pGEM-T vector (Promega) and recombinant 139 

plasmids were transformed into E. coli XL1blue (Table S1), and sequenced with M13 reverse 140 

vector primer (Table S3). 141 

2.6. Northern Blot 142 

Northern blots were done using total RNAs extracted at the three different time points during 143 

growth (see above). RNA samples (5 to 20 µg) were loaded on denaturing 8% polyacrylamide/8M 144 

urea gels for separation of smaller RNA transcripts (100-600 nt) or denaturing 0.8% agarose gel 145 

for separation of larger RNA transcripts (0.2-3 kb), and transferred onto membrane Hybond N+ 146 

(GE Healthcare). Membranes were hybridized with specific γ32P 5’ end-labeled probes (Table S3) 147 

in ExpressHyb solution (Clontech), washed, exposed, and scanned with a Typhoon FLA 9500 148 

scanner (GE Healthcare). tmRNA levels were used as internal loading controls. 149 

2.7. RT-PCR and RT-qPCR 150 

For RT-PCR, DNase-treated RNAs isolated from E. faecium Aus0004 grown at the ME phase 151 

(OD600nm 1) in BHI broth supplemented with tetracycline SIC were used. cDNA was synthetized 152 

using the High Capacity cDNA reverse transcription kit (ThermoFischer Scientific) with 153 

qPCRTETMR or qPCRsRNA0030R primers (Supplementary Table S3). PCRs were then carried 154 

out under standard conditions using specific primers (Table S3). Each PCR amplification was 155 
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performed on cDNA, chromosomal DNA (positive control), water or RNAs with no RT step 156 

(negative controls). 157 

From 40 ng of DNase-treated total RNA samples, RT-qPCR was performed using the Power 158 

SYBR Green RNA-to-CT 1-Step kit (ThermoFischer Scientific) and a StepOnePlus Real-Time 159 

PCR system (Applied Biosytems). Transcript levels (expressed as copy numbers per ng of RNA) 160 

in each sample were determined by absolute quantification using serial dilutions of PCR products. 161 

The primers efficiencies mainly ranged between 95 to 120%. Expression of the adk gene as a 162 

housekeeping control gene was also measured to control expression homogeneity between the 163 

samples. Each experiment was performed in triplicate. For statistical analysis, two-way ANOVA 164 

and Tukey tests were employed using the GraphPad Prism 7.0 software. 165 

2.8. Half-life determination 166 

E. faecium Aus0004TR cells were cultured overnight, diluted 1:50, then grown to ME phase 167 

(OD600nm 1) at 37°C in BHI broth supplemented or not with tetracycline SIC, and then incubated 168 

with 150 mg/L of rifampicin. Total RNAs were extracted at different time intervals and transcript 169 

levels of Ern0030 and tet(M) RNA were quantified by RT-qPCR with specific primers (Table S3). 170 

Half-lives of both RNAs were calculated by non-linear regression curve fitting (one phase decay) 171 

using GraphPad Prism 7.0 software as previously described [31].   172 

2.9. Toeprints assays 173 

In vitro transcription was conducted from PCR-amplified templates using Aus0004 genomic 174 

DNA and the MEGAscript T7 kit (Ambion) with specific primers (Table S3). RNAs were gel-175 

purified, eluted and precipitated with ethanol in the presence of 0.3M sodium acetate. Toeprint 176 

assays were performed as previously described [32] with some minor modifications. Briefly, 177 

annealing mixtures containing 5 pmol 5’UTR-tet(M) RNA with 1 pmol γ32P 5’ end-labeled primers 178 

(Table S3) were incubated in a buffer (20 mM Tris-HCl, pH7.5, 60 mM NH4Cl) for 1 min at 90°C. 179 
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Renaturation was done in the presence of 10 mM MgCl2 for 20 min at 20°C. 70S ribosomes were 180 

reactivated for 15 min at 37°C, diluted in the reaction buffer and incubated again for 15 min at 181 

37°C. Various concentrations (0 to 1.9 pmol) of purified 70S ribosomes were added to each sample, 182 

and these were incubated for 5 min at 37°C, after which MgCl2 was adjusted to 10 mM. After 15 183 

min at 37°C, an amount of 10 pmol of uncharged tRNAfMet was added and incubated for 5 min at 184 

37°C. The cDNAs were synthesized with 10 U of AMV RT (New England Biolabs) for 20 min at 185 

42°C. Reactions were stopped by the addition of 15 μl of loading buffer II (Ambion), and cDNAs 186 

were loaded and separated onto 8% polyacrylamide/8M urea gels. Sequencing ladders were 187 

generated with the same 5’ end-labeled primer for toeprint.   188 
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3. Results and discussion 189 

3.1.Characterization of ern0030 transcripts in E. faecium Aus0004 190 

In a previous study, we identified a set of novel transcripts in the ESKAPE pathogen E. faecium 191 

strain Aus0004 [16]. Among them, ern0030 was found to be expressed upstream from the initiation 192 

codon of the tet(M) tetracycline resistance gene. In E. faecium Aus0004, tet(M) is chromosomally 193 

encoded but interrupted by a large insertion sequence (from EFAU004_00064 to 194 

EFAU004_00066) containing the dfrG trimethoprim resistance gene (Fig. 1A) related to Tn5801 195 

‘type A5’ transposons [33]. Due to an overlap between ern0030 and Ptet, we hypothesized a 196 

functional relationship between ern0030 and tet(M). Therefore, we repaired the tet(M) gene of E. 197 

faecium Aus0004 producing E. faecium strain Aus0004TR and confirmed its functionality by 198 

Northern blot (Fig. S1) and determination of tetracycline MICs (Table 1).  199 

By RACE mapping, the 5’ end of ern0030 was determined to be located at the genomic position 200 

65144 on E. faecium Aus0004 chromosome (T1; Fig. 1B). This position corresponds to the 201 

transcription initiation site (TSS) previously reported for tet(M) [11]. Its 3’ end corresponded to a 202 

predicted rho-independent terminator (A233; Fig. 1B). This revealed that ern0030 corresponded to 203 

Ptet, the RNA leader sequence upstream tet(M) previously reported [11,26]. Surprisingly, by using 204 

the same probe previously published to reveal Ern0030 [16], we identified three transcripts of 205 

different lengths (ca. 230, 150 and 100 nucleotides; Fig. 2) expressed from Ptet, which has not been 206 

previously described [11,16]. Using other ern0030-specific probes, we demonstrated that the two 207 

shorter forms were located in the 5’ end of the Ptet sequence between positions G29 and C133 (Fig. 208 

1B and Fig. 2), suggesting RNA processing or premature transcription termination. Note that Su et 209 

al. were not able to detect these shorter transcripts since they used a probe targeting the 3’ moiety 210 

of the Ptet sequence [11]. The study of RNA level of these three different transcripts showed 211 

significant variations during bacterial growth, with high-level expression of 230- and 150-nt 212 
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transcripts and weak expression of the 100-nt transcript at the ME phase whereas an opposite 213 

pattern was observed at the ES phase (Fig. 2). The high-level expression of the 100-nt transcript at 214 

the ES phase suggests post-transcriptional regulation of Ern0030 expression allowing its 215 

accumulation. 216 

To complete Ern0030 characterization, the half-life of 233-nt form RNA was measured in E. 217 

faecium Aus0004TR in the absence of tetracycline. The half-life of Ern0030 (mean = 4 minutes and 218 

18 seconds) was slightly higher than that of tet(M) (mean = 1 minute and 48 seconds) (Fig. 3). The 219 

Ern0030 half-life is shorter than those of conventional trans-acting sRNAs while the very short 220 

half-life of tet(M) mRNA is consistent with a dynamic transcriptional adaptation [34]. Half-life 221 

measurement with a SIC of tetracycline was not calculable since transcript levels did not differ 222 

between different time points. This may be related to the fact that tetracycline SIC may result in a 223 

global mRNA stabilization, as previously described in Bacillus subtilis [35]. 224 

3.2. Role of ern0030 in tet(M) expression 225 

We firstly investigated the functional link between ern0030, tet(M) and tetracycline resistance 226 

by using the ern0030-deleted Aus0004TR mutant. Phenotypically, the ern0030 deletion caused an 227 

eight-fold decrease in MICs of tetracycline (from 32 to 4 mg/L) while no change was observed for 228 

tigecycline (Table 1). This observation was consistent with variations of tet(M) expression between 229 

the two strains with a ~10-fold increase of tet(M) expression in Aus0004TR upon addition of 230 

tetracycline and no change in the steady state mRNA level in ern0030-Aus0004TR (Fig. 4A). 231 

Noteworthy, tetracycline did not affect ern0030 expression in Aus0004TR (Fig. 4B). This decrease 232 

in tetracycline MICs is quite surprising since in a previous study bioreactor-adapted E. faecalis 233 

mutants with partial deletions in Ptet were resistant to higher levels of tetracycline resistance, 234 

especially towards tigecycline [25]. In the latter study, two types of tet(M)-overexpressing 235 
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chromosomal mutants were obtained, one with a partial deletion of 3’ end of Ptet (named BTR87b) 236 

and another with a partial deletion of 5’ end of Ptet (named BTR22). Since the complete deletion 237 

of ern0030 seems to confer a phenotype different from those obtained by partial deletions, it 238 

suggests a complex mechanism of regulation. 239 

To assess whether Ern0030 could act in trans on Tet(M) expression, we expressed 240 

pAT29ern0030 in Aus0004TR and ern0030-Aus0004TR strains (Tables S1 and S2). No 241 

difference in MICs of tetracycline and tigecycline was observed between trans-complemented 242 

strains and those harboring the pAT29 empty vector (Table 1), indicating that Ern0030 does not 243 

Tet(M) in a cis-trans manner [36]. 244 

3.3. Investigation of transcriptional attenuation mechanism 245 

The upstream sequence of the tet(M) gene, Ptet, was defined as a transcriptional attenuator only 246 

based on predicted secondary structures and on the presence a putative peptide leader ORF (orf12)  247 

[11,26]. This mechanism hypothetically relies on peptide leader translation and ribosome stalling 248 

that may cause an alternative structure of the rho-independent transcriptional terminator located at 249 

3’ end of ern0030 (Fig. 1B). The role of these two elements (i.e. rho-independent transcriptional 250 

terminator and putative peptide leader ORF) was then investigated. 251 

First, we verified that there was a transcriptional read-through of ern0030 and tet(M) promoted 252 

by tetracycline as previously described [11,26]. For this, we used Aus0004TR strain and its isogenic 253 

mutant Δern0030-Aus0004TR and we confirmed the read-through after tetracycline addition (Fig. 254 

5). The co-transcription of ern0030 and tet(M) was also observed by RT-PCR (Fig. S2). The role 255 

of the rho-independent transcriptional terminator was investigated by studying the 256 

Aus0004_pAT29Ωtet(M)-205-239ern0030 strain that carries a pAT29tet(M) (that contained both 257 

ern0030 and tet(M) genes) derivative with a 35-nt deletion covering the rho-independent terminator 258 
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in ern0030 (Tables S1 and S2). MICs of tetracycline and tigecycline were similar (only a one-259 

dilution difference) between the two strains (Table 1), suggesting a minor effect of the rho-260 

independent transcriptional terminator.  261 

The second important element in transcriptional attenuation mechanism is the ribosomal 262 

binding to the 5’ UTR and the peptide leader translation. Based on structural predictions, it has 263 

been suggested that the RNA leader termination conformation was induced by the ribosome stalling 264 

during peptide leader translation [11]. According to this hypothesis, under non-induced conditions, 265 

the translation of the leader peptide is delayed since it is composed of codons corresponding to rare 266 

aminoacyl-tRNAs, and then the expression of Tet(M) is limited only to what can be generated as a 267 

result of transcriptional read-through of the terminator. When bacterial cells are exposed to 268 

tetracycline SIC, which delays translation, there is an increased availability of those rare 269 

aminoacyl-tRNAs, which allows leader peptide translation to more easily keep up with 270 

transcription, disrupt the terminator stem-loop base pairing and enable continuing tet(M) 271 

transcription. To determine whether the peptide leader had a function in regulation of tet(M) 272 

expression, we investigated the ribosomal loading onto the predicted peptide leader RBS by 273 

toeprint assays. This in vitro assay relies on the inhibition of reverse transcription due to stalled 274 

ribosome onto the initiation codon. Recognition of a RBS sequence by ribosomes induces a toeprint 275 

during primer extension that usually occurs 16-19 nucleotides downstream of the initiation codon 276 

[37]. We used the two different radiolabeled primers TETMPRINT and RBSTETM-R targeting 277 

the RBS of tet(M) and that of the putative leader peptide [11], respectively (Fig. 1B). With the 278 

TETMPRINT primer, three different toeprints (A300, G292 and U260) were detected (Fig. 6A). The 279 

position G292 corresponds to the expected tet(M) RBS (Fig. 1B). Being close to G292, A300 may be 280 

the result of structural changes due to ribosome binding. For U260, it is located ~15-20 nucleotides 281 

downstream of an AUG that has a putative RBS (GGGA) suggesting that another leader peptide 282 

Jo
urn

al 
Pre-

pro
of



15 

 

 

might exist (Fig. 1B). Note that the stop at the position A233 was independently observed regardless 283 

of the ribosome concentration and corresponded to the end of the stem-loop of the Ern0030 rho-284 

independent transcription terminator, which is undoubtedly a very robust structure (Fig. 6A).  285 

The research of the putative peptide leader RBS was also performed with RBSTETM-R primer. 286 

According to Su et al. [11], the expected theoretical ribosome toeprint should have been detected 287 

between positions U191 and U194 (Fig. 1B). However, none toeprint was observed suggesting that 288 

this putative leader peptide does not exist or is not involved in ribosomal recruitment and regulation 289 

of tet(M) expression (Fig. 6B). The role of this putative peptide leader was also challenged by 290 

studying the Aus0004_pAT29Ωtet(M)-TGA172-174 strain that carries a pAT29tet(M) (that 291 

contained both ern0030 and tet(M) genes) derivative with a unique mutation (ATG  TGA) in the 292 

translation initiation codon of the putative peptide leader (Tables S1 and S2). Despite the absence 293 

of leader peptide translation, tetracycline MICs were similar (only one-dilution difference) between 294 

Aus0004_pAT29Ωtet(M) and Aus0004_pAT29Ωtet(M)-TGA172-174 strains (Table 1), indicating 295 

that this putative leader peptide (if it does exist) has no major role in tetracycline-mediated 296 

regulation of tet(M) regulation.  297 

The tet(M) regulation by transcriptional attenuation was unlikely with the peptide leader 298 

ORF12 previously described [11]. Another more likely hypothetic mechanism could be a 299 

regulation mediated by regulatory protein included within Tn916-like transposon. In fact, recent 300 

study demonstrated than tet(M) induction by tetracycline was Tn916-dependent [38]. In absence 301 

to ribosome recruitment on RBS of ORF12 supported by our toeprint assay (Fig. 6), the 302 

antitermination conformation was likely the most stable [11]. We could suspect a read-through, in 303 

accordance with basal expression of tet(M) without tetracycline (Fig. 4), to regulatory region 304 

containing genes coding for some proteins with unknown function [23,26]. One of these proteins 305 
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could interact with Ptet and promote the termination conformation, corresponding to Ern0030. The 306 

addition of tetracycline could inhibit the regulatory protein translation and indirectly induce the 307 

antitermination conformation. 308 

Finally, it has been demonstrated that tetracycline could interact with double-stranded RNAs 309 

[39] and hypothetically might interfere with ribosomal interaction. This ability to alter ribosome 310 

binding onto the mRNA was also evaluated by toeprint assays, but we did not detect differences 311 

regardless of tetracycline concentration (Fig. S3). Another argument suggesting another regulation 312 

mechanism is that it has been previously demonstrated that a partial deletion of 5’ Ptet (mutant 313 

BTR22), which does not include the peptide leader orf12, is more resistant to tetracyclines with 314 

upregulation of tet(M) [25]. 315 

4. Conclusion 316 

Here, we have for the first time investigated the role of a regulatory RNA (Ern0030) expressed 317 

in E. faecium. We have demonstrated that Ern0030 had a role in regulation of tet(M) expression. 318 

Even though further investigations are needed, results obtained here indicate the existence of 319 

alternative or complementary mechanism(s) of tet(M) regulation other than transcriptional 320 

attenuation, and we propose a new hypothetic model where it may be envisaged the existence of a 321 

putative regulatory protein encoded by Tn916-like transposon that might interact with Ptet and 322 

promote the termination conformation. Indeed, a recent study demonstrated that the induction of 323 

tet(M) expression by tetracycline was Tn916-dependent [38] and in our hypothesis, tetracycline 324 

may inhibit translation of this regulatory protein and indirectly induce the anti-termination 325 

conformation. Nevertheless, this hypothesis needs further investigations for the identification of 326 

this putative regulatory protein and the demonstration of its direct interaction with Ptet. The 327 

complexity of regulation tet(M) expression has also been pointed out since it has been demonstrated 328 

that the transcription of tet(M) from Tn916 was induced by SICs of other antibiotics (such as 329 

Jo
urn

al 
Pre-

pro
of



17 

 

 

spectinomycin and MLS) or biocides (such as ethanol) [38,40]. Besides its role in the regulation of 330 

the tet(M) resistance gene, Ern0030 may also be involved in the control of the transfer of Tn916 331 

and then the dissemination of antibiotic resistance genes [23,25].   332 
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Legends to figures 450 

Figure 1 | Genetic environment of chromosomal ern0030 and tet(M) genes in E. faecium strains. 451 

(A) Genetic organization of ern0030 and tet(M) genes in E. faecium Aus0004 and derivative strains 452 

(Table S1). Open reading frames (ORFs) are indicated by horizontal arrows. Putative transcription 453 

terminators, predicted with ARNold finding terminator software (Naville et al., 2011), were 454 

indicated by loops. The tet(M) gene actually corresponds to both EFAU004_00063 and 455 

EFAU0004_00067 annotated genes (Genbank accession no. CP003351.1). 456 

(B) Annotated nucleotide sequence of the 5’ untranslated region of tet(M). The -35 and -10 457 

promoter boxes are in bold as well as the transcription start site (+1) from which the numbering 458 

starts. The white triangle corresponds to the 3’ end of ern0030. The sequence deleted within 459 

ern0030-Aus0004TR correspond to G2 to 3’ indicated by white triangle. Translation initiation 460 

codons of ern0030, the putative leader peptide and tet(M) are indicated by ATG in bold. The 461 

position of mutation within pAT29tetM-TGA172-174 was indicated by TGA under the translation 462 

initiation codon of putative leader peptide previously described by Su an al. The rho-independent 463 

transcriptional terminator (comprising the stem-loop between positions 204 and 233) was 464 

underlined and correspond to deleted sequence within pAT29Ωtet(M)-205-239ern0030. The 465 

putative leader peptide sequence are represented. Positions of Northern blot probes and toeprint 466 

primers (Table S3) are indicated. Toeprint positions (Figure 6A) are symbolized by black triangles.  467 

Figure 2 | Expression of Ern0030 transcripts with or without induction by tetracycline SIC in E. 468 

faecium Aus0004. 469 

Northern Blots were performed on total RNAs extracted from Aus0004 cells collected at an 470 

OD600nm of 1, 2.2 and 3 corresponding to mid (ME), late (LE) exponential and early stationary (ES) 471 

phases of growth. The RNAs were extracted on cells grown in the absence (-tet) or presence (+tet) 472 
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of tetracycline SIC (equivalent 1/32 of MIC). The detection of transcripts was performed by using 473 

three different probes (Figure 1B, Table S3). tmRNA levels were used as internal loading controls. 474 

The data show a representative experiment among three independent biological replicates. 475 

Figure 3 | Half-life measurement of Ern0030 (A) and tet(M) (B) transcripts in E. faecium 476 

Aus0004TR in the absence of tetracycline. 477 

After reaching the ME phase, rifampicin was added at t = 0. RNA abundance was measured by 478 

absolute RT-qPCR (number of copies by ng of total RNAs) and half-lives (in seconds) were 479 

determined by nonlinear one phase decay.  480 

Figure 4 | Expression levels of tet(M) (panel A) and Ern0030 (panel B) in E. faecium strains in the 481 

presence or absence of tetracycline SIC. 482 

Total RNA samples were collected from bacterial cells grown until mid-exponential (ME) phase 483 

in BHI broth supplemented (grey bar) or not (white bar) with tetracycline SIC (equivalent to 1/32 484 

of MIC). Transcript levels (expressed as copy numbers per ng of RNA) in each sample were 485 

determined by absolute quantification. The multiple comparison between each sample was done 486 

by the Tukey test (p-value adjusted: * < 0.05, *** < 0.001, **** < 0.0001). Error bar shows 95%CI 487 

between three independent biological replicates. 488 

Figure 5 | Expression of Ern0030 and tet(M) transcripts with or without induction by tetracycline 489 

SIC in Aus0004TR and ern0030-Aus0004TR strains. 490 

Northern Blots were performed on total RNAs extracted from Aus0004TR and ern0030-491 

Aus0004TR cells collected at an OD600nm of 1 corresponding to mid exponential (ME) phase of 492 

growth. The RNAs were extracted on cells grown in the absence (-) or presence (+) of tetracycline 493 

SIC (equivalent 1/32 of MIC). The detection of transcripts was performed on two different probes, 494 

one with a ern0030-specific probe and another with a tet(M)-specific probe (Table S3). tmRNA 495 
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levels were used as internal loading controls. The data show a representative experiment among 496 

three independent biological replicates.  497 

Figure 6 | Translational toeprint assays on 5’ untranslated region (5’ UTR) of tet(M). 498 

The cDNAs were synthetized using primers TETMPRINT (A) and RBSTETM-R (B) that target 499 

the RBS of tet(M) and that of the putative leader peptide, respectively. Concentrations of 70S 500 

ribosomes were indicated as follows: R0: 0 nM, R1: 0.25 nM, R2: 0.5 nM, R3: 1 nM, R4: 1.9 nM. 501 

Positions of toeprints are represented by black triangles according to ern0030 numbering (Figure 502 

1B). The position A233 corresponds to the end of the stem-loop of the Ern0030 rho-independent 503 

transcription terminator. 504 
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Table 1. MIC values (mg/L) of tetracycline and tigecycline against the different E. faecium strains. 506 

E. faecium Tetracycline Tigecycline 

Aus0004 0.12 0.01 

Aus0004TR 32 0.03 

Δern0030-Aus0004TR 4 0.03 

Aus0004TR_pAT29 32 0.03 

Aus0004TR_pAT29ern0030 32 0.03 

Δern0030-Aus0004TR_pAT29 4 0.03 

Δern0030-Aus0004TR_pAT29ern0030 4 0.03 

Aus0004_pAT29 0.12 0.06 

Aus0004_pAT29tetM 64 0.25 

Aus0004_pAT29tetM-Δ205-239ern0030 32 0.12 

Aus0004_pAT29tetM-TGA172-174 32 0.03 

 507 
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Supplementary material 520 

Supplementary Table S1 | Bacterial strains used in the study. 521 

Strains Relevant characteristics Reference 

E. faecium    

Aus0004  vanB-positive reference strain, isolated in Australia, 1998 [15] 

Aus0004TR Mutant derived from Aus0004 with functional tet(M) (see Figure 1A) This study 

ern0030-Aus0004TR Aus0004TR deleted for ern0030 (see Figure 1A) This study 

Aus0004TR_pAT29 Aus0004TR carrying empty pAT29 vector This study 

Aus0004TR_pAT29ern0030 Aus0004TR carrying recombinant plasmid pAT29ern0030 This study 

ern0030-Aus0004TR_pAT29 ern0030-Aus0004TR carrying empty pAT29 vector This study 

ern0030-Aus0004TR_pAT29ern0030 ern0030-Aus0004TR carrying recombinant plasmid pAT29ern0030 This study 

Aus0004_pAT29 Aus0004 carrying empty pAT29 vector This study 

Aus0004_pAT29tet(M) Aus0004 carrying recombinant plasmid pAT29tet(M) This study 

Aus0004_pAT29tet(M)-205-

239ern0030 
Aus0004 carrying pAT29tet(M)-205-239ern0030 This study 

Aus0004_pAT29Ωtet(M)-TGA172-174 Aus0004 carrying pAT29Ωtet(M)-TGA172-174 This study 

E. coli  

XL1blue Strain used for 5’3’RACE mapping and cloning Stratagene® 

EC1000 Strain used for cloning [41] 
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Supplementary Table S2 | Plasmids used in the study. 522 

Plasmids Relevant characteristicsa Reference 

pGEM-T High-efficiency TA cloning vector used for 5’3’RACE mapping (Ampr) Promega® 

pWS3 
Temperature-sensitive pG(+)host9-derived shuttle vector used for gene disruption 

(Spcr) 
[27] 

pAT29 High-copy-number promoterless shuttle vector used for cloning (Spcr) [28] 

pAT29ern0030 
pAT29 containing ern0030 with its native promoter and rho-independent 

terminator (Spcr) 
This study 

pAT29tet(M) pAT29 containing both ern0030 and tet(M) genes (see Figure 1A) (Spcr, Tetr) This study 

pAT29tet(M)-205-

239ern0030 

pAT29tet(M) with a 35-nt deletion in ern0030 comprising its rho-independent 

terminator (see Figure 1B) (Spcr, Tetr) 
This study 

pAT29tet(M)-TGA172-174 

pAT29tet(M) plasmid with an unique mutation (ATG  TGA) in the 

translation initiation codon of the putative peptide leader (see Figure 1B) (Spcr, 

Tetr) 

This study 

aAmpr, ampicillin resistance; Spcr, Spectinomycin resistance; Tetr, tetracycline resistance. 523 
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Supplementary Table S3 | Oligonucleotides used in the study. 524 

Name Nucleotide sequence (5’-3’) Purpose 

sRNA0030F1 CATGTGATTCTAAAGTATCCAG 

5’3’RACE 

mapping 

of ern0030 

sRNA0030F2 CTGTATGCTTTGTATACCTATGG 

sRNA0030R1 AAAGGTATTCTTAAACTGGG 

sRNA0030R2 CTAAGCCCTCCTAAAAAAGGACATC 

sRNA0030R3 CCCGCTATCAAATTGACAGTT 

KOern0030F1 CTATGAATTCAGCTTTCATGTGGTTGTCCATATAG 

Knockout deletion 

of ern0030 

KOern0030F2 TTTTTATGCCCTTTTGGGTTTTTGAATGG 

KOern0030R1 CCAAAAGGGCATAAAAACTTAAATAATAGCACGTAAGAGC 

KOern0030R2 GTTCGAATTCCTGTTTGATTACAATTTCGGCAG 

KOern0030vF TTGGAGATTCCTTTACAAATATGC 

KOern0030vR TTTCCTGCATCAACATGAGC 

KOdfrGF1 AGAAGGAATTCCAAAGGTACAACGAGGACGG 

Restoration 

of tet(M) function  

KOdfrGF2 ATACGCCTTTATAGTGGAGTACTACATTTACGAGATTCG 

KOdfrGR1 CTCCACTATAAAGGCGTATATATGCAAGACGTTGTCTTT 

KOdfrGR2 GTTCCAGAATTCCTAAAGGCTTGCTCCAGTAC 

vF-KOdfrG CATCAACACATCGAGGTCCG 

vR-KOdfrG CTCCAGAATAAGCTCTATCAATCTTAC 

pCern0030F GGTGGTGGATCCCAAATATTGGTACATGATTACAG 

Construction of 

recombinant 

plasmids  

pCern0030R GGTGGTGAATTCGTGATTTTCCTCCATTCAAAAAC 

F-Dloopern0030 ATGCCCTTTTGGGTTTTTGA 

R-Dloopern0030 AACCCAAAAGGGCATTTTTTATGCATAACCATAGGTATAC 

R-StopPLtetM TACAAAGTCAACAGATATTCTCTGGATACTT 

F-StopPLtetM TACTGTTGACTTTGTATACCTATGGTTATGC 

R-pCtetM GGTGGTGAATTCCAAAAAGAGCCGATAAGATGAG 

M13F GTAAAACGACGGCCAGTG 

Verification of 

recombinant 

plasmid 

constructions 

M13 Reverse short CAGGAAACAGCTATGAC 

pWS3F1 TTTCCCAGTCACGACGTTGT 

pWS3R1 ACTGACAGCTTCCAAGGAGC 

pAT29vF GTAAAACGACGGCCAG 

pAT29vR CAGGAAACAGCTATGAC 

qPCRsRNA0030F CATGTGATTCTAAAGTATCCAGAGA 

RT-qPCR 

qPCRsRNA0030R TGCATAACCATAGGTATACAAAGCA 

qPCRTETMF CGATTACAGAATTAGGAAGCG 

qPCRTETMR GATGTTCACCTTCGTATTTTCC 

adk-F CCGCACATCTCAACAGGAGA 

adk-R AGGCCAAGAGCTGTTTCGTT 

T7ern0030F 
TAATACGACTCACTATAGGGTGACTATTTAAAAGGAGTTAATA

AATATGCG 
In vitro 

transcription  
R-PCRTETM GTCCTCGTTGTACCTTTGTC 

F-PCRTETM GGAGTTTTAGCTCATGTTGATGC 

RT-PCR F-ORF CCCTTTTGGGTTTTTGAATGGAG 

F-PCRern0030 GGAGTTAATAAATATGCGGCAAGG 

NBtmRNA TCGCTAGTCTGATGTTCTCTTTTTC 

Probes for 

Northern blot 

NBTetM CGCTTCCTAATTCTGTAATCGC 

NBern0030* GGTATTCTTAAACTGGGTACAAAAA 

NBRBSputPLern0030 AGGTATACAAAGCATACAGATATTCTCTGG 

NB5’ern0030 CAGTTTATTTAAGAATACCTTGCCGC 

NBdfrG GGTTCTTCCTACCTAATATTATCGG 

TETMPRINT CTCCACTGTTATATAATAAGC 
Toeprint assays 

RBSTETM-R CATGTGATTTTCCTCCAT 

*Probe for ern0030 used previously [16]. 525 
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 526 

 527 

Supplementary Figure S1 | Validation of the Aus0004TR strain by Northern Blot. 528 

Northern Blots were performed on total RNAs extracted from Aus0004TR cells collected at an 529 

OD600nm of 2.1 corresponding to the late exponential phase of growth. The RNAs were extracted 530 

on cells grown in the absence (-) or presence (+) of tetracycline SIC (equivalent 1/32 of MIC). 531 

The detection of transcripts was performed by using tet(M)-specific and dfrG-specific probes 532 

(Supplementary Table S3). tmRNA levels were used as internal loading controls. The data show 533 

a representative experiment among three independent biological replicates.   534 
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 535 

Supplementary Figure S2 | Mapping of the 5’ untranslated region (5’ UTR) of tet(M) by RT-536 

PCR. 537 

(A) Schematic representation of the genetic environment of ern0030 in E. faecium Aus0004 538 

(Genbank accession no. CP003351.1). Black labeled lines (A-G) indicate the regions of interest 539 

for amplification. The two primers used for reverse transcription are represented by arrows.  540 

(B) Visualization of PCR-amplified products using cDNAs as matrix (RT +). Genomic DNA was 541 

used as positive control and DNAse-treated RNAs as negative control (RT -).  542 
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 543 

Supplementary Figure S3 | Translational toeprint assays on 5’ untranslated region (5’ UTR) of 544 

tet(M). 545 

The cDNAs were synthetized using the TETMPRINT primer that target the RBS of tet(M). 546 

Concentrations of 70S ribosomes were indicated as follows: R0: 0 nM, R4: 1.9 nM. 547 

Concentrations of tetracycline were from 0 to 288 μM (0 M; 281 nM; 9 μM; 288 μM). Positions 548 

of toeprints are represented by black triangles according to ern0030 numbering (Figure 1B). The 549 

position A233 corresponds to the end of the stem-loop of the ern0030 rho-independent 550 

transcription terminator. 551 
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