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Seventy-four unrelated clinical isolates of Streptococcus pneumoniae harboring the tet(M) gene were studied. Seven strains with
low tetracycline (Tc) MICs (0.25 to 0.5 pg/ml) were found to harbor truncated tet(M) alleles that were inactivated by different
frameshift mutations. In contrast, five strains bore deletions in the tet(M) promoter region, among which four displayed in-
creased Tc MICs (16 to 64 pg/ml). The same promoter mutations were detected in Tc-resistant mutants selected in vitro from
various susceptible strains. Sequence analysis revealed that these deletions might impede the formation of the transcriptional
attenuator located immediately upstream of tet(M). Expression in Enterococcus faecalis of a tet(M) reporter gene transcribed
from these promoter mutants conferred a level of Tc resistance similar to that observed in the parental S. pneumoniae strains.
These results show that different levels of Tc susceptibility found in clinical isolates of S. pneumoniae can be explained by frame-
shift mutations within tet(M) and by alterations of the upstream transcriptional attenuator.

I n European countries, tetracycline (Tc) is still used in significant
amounts for human medicine, despite the availability of alter-
native antibiotics (10, 19), and it remains one of the most used
antibiotics in veterinary medicine (1). For Streptococcus pneu-
moniae, resistance to Tc remains an important epidemiological
trait (19). The major mechanism of Tc resistance is due to ribo-
some protection by the Tet(M) protein (3, 23), while protection
by Tet(O) is less common (27). Tet(M) and probably Tet(O) pro-
mote the release of tetracycline from the 30S ribosomal subunit, in
a GTP-dependent manner (7, 8).

The tet(M) genes are located mainly on conjugative trans-
posons belonging to the Tn916-Tn1545 or Tn5253 family, largely
accounting for the widespread distribution of these genes (5, 6, 9,
11, 21, 26). The tet(M) promoter region of Tn916 contains two
major features (22) that control the transcription of the down-
stream gene: the —35 and — 10 boxes, which define the binding
site for RNA polymerase, and a short open reading frame cor-
responding to a 28-amino-acid peptide and containing an in-
verted repeat sequence located immediately upstream of
tet(M) that acts as a transcriptional attenuator (22). Transcrip-
tional analyses revealed that tet(M) expression results from an
extension of a small transcript representing the upstream leader re-
gion into the resistance determinant (22). In the presence of a subin-
hibitory concentration of T, a significant increase in the amount of
tet(M) transcription could be observed, resulting from increased
transcriptional readthrough from the upstream transcript (2, 22). In
France, 10% to 20% of S. pneumoniae clinical isolates are Tc resistant
(Centre National de Référence des Pneumocoques [CNRP] [http:
/Iwww.invs.sante.fr/Espace-professionnels/ Centres-nationaux
-de-reference/Rapports-d-activites-et-liens/Rapports-d-activite
/Rapport-CNR-pneumocoque-2010]), and most strains harbor
the fet(M) gene (data not shown). Interestingly, different studies
made the point that silent fef(M) genes exist in S. pneumoniae and
other streptococcal species (25). The aim of this work was to char-
acterize the heterogeneity of fet(M) sequences in S. pneumoniae
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clinical isolates and to determine the impact of some relevant re-
arrangements on the level of expression of Tc resistance.

MATERIALS AND METHODS

Strains. Five hundred invasive S. pneumoniae strains originating from 40
distinct French geographical regions were randomly selected from our
CNRP collection and investigated for the presence of the ret(O) and
tet(M) genes by PCR. Among these strains, tef(O) was never detected, and
the 74 strains harboring fet(M) were studied further.

Susceptibility testing. Tc MICs were determined on Mueller-Hinton
(MH) agar supplemented with 5% horse blood. Spotting of 10° CFU was
done with a Steers replicator device on media containing increasing Tc
concentrations. MICs were read after 18 h of incubation at 37°C, and
susceptibility was interpreted according to CLSI breakpoints (4). Inde-
pendent measurements were done with a standardized Etest according to
the manufacturer’s instructions (bioMérieux, France).

Selection of resistant mutants. [ vitro Tc-resistant mutants were se-
lected using an inoculum of 10° to 10 CFU/ml on MH agar supplemented
with 5% horse blood and 6 g/ml of Tc. Resistance was confirmed by MIC
determination and Etest after isolation of single colonies.

DNA manipulations. Chromosomal DNA was extracted as previously
described (12). Detection of tet(M), tet(O), and the Tn916-Tn1545 family
integrase gene int-Tn by PCR was performed using specific primers as
previously described (16). All PCR amplifications were performed with
the high-fidelity Pfu DNA polymerase (Promega, France) according to the
manufacturer’s instructions. PCR products [tet(M) promoter regions and
full-length genes] were sequenced using a BigDye Terminator kit and an
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FIG 1 Schematic representations of plasmids pTCV-lac and pTCV-tet. (A) The components of the parental vector pTCV-lacare (i) the spoVG-lacZ translational
gene fusion; (ii) the genes aphA3 and ermB, conferring resistance to kanamycin and erythromycin, respectively; (iii) the replication origins (oriR) of plasmids
PACYC184 and pAMB1; and (iv) the transfer origin (oriT) of the IncP plasmid RK2. Plasmid pTCV-tet was constructed by replacing the BamHI-PstI spoVG-
lacZ-ermB fragment of pTCV-lac with a BamHI-PstI fragment containing the fet(M) gene of Tn916 devoid of its translational signals, including the first codon.
The plasmid components are not drawn to scale. (B) Expression of the tet(M) reporter gene of pTCV-tet was obtained following cloning of EcoRI-BamHI
fragments containing various tet(M) promoter regions to provide appropriate transcriptional and translational signals. MCS, multiple cloning site. (C) Expres-
sion of the spoVG-lacZ reporter gene of pTCV-lac was obtained following cloning of the same EcoRI-BamHI fragments as those for panel B to provide
appropriate transcriptional signals. Note that in all the spoVG-lacZ fusions analyzed in this study, tet(M) translation ends prematurely at the underlined TAA stop

codon and hence should not interfere with that of the downstream reporter gene.

automated model 377 DNA sequencer (Applied Biosystems). Sequence
analysis was performed using Bioedit.

The tet(M) promoter regions [from position —1 downstream of the
tet(M) start codon to position —419] were amplified with a forward
primer containing an EcoRI site (5'-GGGGGGAATTCGGTACTTGAAA
AGAACGGGAG-3') and a reverse primer containing a BamHI site (5'-C
CCAAGGATCCCCATGTGATTTTCCTCCATTCA-3"). Using the same
primers, selected S. pneumoniae tet(M) promoters were cloned between
the corresponding sites of pTCV-lac (17) (Fig. 1). Recombinant vectors
were introduced into Enterococcus faecalis BM4110 by electroporation
(24), and the B-galactosidase activities were assayed as previously de-
scribed (17). Electroporants were selected on erythromycin (5 pg/ml).

The vector pTCV-tet was constructed (Fig. 1) to test the contributions
of different tet(M) promoter regions to the level of expression of Tc resis-
tance. To this end, a 2,049-bp DNA fragment containing a promoterless
functional pneumococcal fet(M) gene was amplified by PCR using a for-
ward primer containing a BamHI site (underlined) (5'-GGGGGGGATC
CTTAATATTGGAGTTTTAGCTCAT-3') and a reverse primer contain-
ing a Pstl site (underlined) (5'-GGGGGCTGCAGCCACTTGTAGTTTA
TAATAACTATCTC-3'). The corresponding BamHI-Pstl PCR product
was cloned in place of lacZ-ermB into pTCV-lac (17) to give pTCV-tet
(Fig. 1). Selected S. pneumoniae tet(M) promoters were cloned into the
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EcoRI and BamHI sites of pTCV-fet, i.e., upstream of the tet(M) reporter
gene, and the recombinant vectors were introduced into E. faecalis
BM4110 by electroporation (17). Electroporants were selected on kana-
mycin (1,000 pg/ml).

RNA manipulations and real-time quantitative PCR (QRT-PCR) ex-
periments. RNA extractions were performed on exponentially growing S.
pneumoniae cells (optical density at 650 nm [ODg5,] = 0.5) grown in
brain heart infusion (BHI) medium at 37°C from a freshly isolated colony
inoculated on Columbia agar supplemented with 5% horse blood. RNA
was extracted using TRIzol Plus RNA purification reagent (Life Technol-
ogies, Grand Island, NY) as recommended by the manufacturer. Briefly,
bacterial pellets were washed and resuspended in 25 mM Tris-10 mM
EDTA solution supplemented with 20% glucose. RNA isolation was based
on mechanical disruption with a FastPrep apparatus (Anachem, United
Kingdom) followed by isolation of nucleic acids by use of TRIzol Plus and
chloroform-isoamyl alcohol solutions. Nucleic acid precipitation was
done with isopropanol, and residual DNA was removed using a Turbo
DNA-free kit (Life Technologies, Grand Island, NY). Reverse transcrip-
tion was done on 1 pg total RNA with an iScript cDNA synthesis kit
(Bio-Rad, France), in parallel with a negative-control experiment where
the reverse transcriptase enzyme was omitted to confirm the absence of
residual DNA contamination.

aac.asm.org 5041


http://aac.asm.org

Grohs et al.

qRT-PCR was performed using an SsoFast Evagreen Supermix kitin a
MyiQ device (Bio-Rad) with tet(M)-specific primers (5'-ATGCTTGCTC
CTATTGTATTGG and 5'-TGTATGCTCGTGAAAGATATTCC) and
gyrA-specific primers (5'-CAATATGCTCGCTATCCAA and 5'-GACGA
ACAACCACTTCTT). Expression of tet(M) in the different S. pneu-
moniae strains was calculated by the AAC;- method, using the expression
of the gyrA housekeeping gene as a reference. Each RNA quantification
was done with biological duplicates (independent cultures and RNA ex-
tractions) in four technical replicates (QRT-PCRs).

RESULTS AND DISCUSSION

Sequence heterogeneity of the tet(M) gene and upstream pro-
moter region in pneumococcal isolates expressing different lev-
els of resistance to Tc. Seventy-four unrelated S. prneumoniae clin-
ical isolates collected by the CNRP during 2003 to 2009 and
harboring tet(M) but exhibiting a wide range of susceptibilities to
Tc (MICs of 0.25 to 64 pg/ml) were analyzed. Eighteen strains
were Tc susceptible (MICs of =2 pg/ml), 5 were Tc intermediate
(MIC = 4 pg/ml), and 51 were Tc resistant (MICs of =8 pg/ml).
The presence of the integrase gene int-Tn in all isolates suggested
that the tet(M) genes were carried by Tn916-related elements.

Pneumococcal strains with MICs of =1 pg/ml and harboring
silent fet(M) genes were mentioned in previous studies (5, 25), but
their tet(M) sequences were not characterized. We observed that
among the 18 Tc-susceptible strains, the 7 displaying the lowest Tc
MICs (0.25 to 0.5 pg/ml) harbored frameshifts within tet(M),
resulting in a 10-bp deletion at positions 620 to 630 (n = 4),a 2-bp
deletion at positions 1014 and 1015 (n = 2), or a T insertion at
position 379 (n = 1). To characterize the sequence heterogeneity
of this resistance determinant in our panel of strains, 30 randomly
chosen strains, including 5 Tc-susceptible strains (MICs of 1 to 2
pg/ml), 2 strains with intermediate susceptibility (MIC of 4 g/
ml), and 23 resistant strains (MICs of 8 to 64 pg/ml), were simi-
larly sequenced. No frameshift in tef(M) was observed for the five
Tc-susceptible strains (data not shown). The Tet(M) amino acid
sequences of 11 strains were identical to that encoded by Tn916 or
Tn1545 (15), whereas those of the remaining 19 strains differed by
only one of the following amino acid substitutions: K55R, VoM,
Vaol, QuosRs Niss T, HasoK, Tzl PoysL, and Vi, A. However, the
Tc MICs of all Tet(M) variants except for strain 52 (MIC of 1
pg/ml; see below) were =8 pg/ml, suggesting that none of these
mutations could be associated with low-level Tc MICs.

Since expression of tet(M) is inducible and regulated by tran-
scriptional attenuation (2, 22), we used PCR analysis of the length
polymorphism of the tet(M) promoter region in the 74 pneumo-
coccal strains displaying variable Tc MICs to investigate if inser-
tions or deletions could be detected. Four strains (10, 108, 125,
and 139) (Fig. 2A) with Tc MICs ranging from 16 to 64 pg/ml, as
well as strain 52, with an MIC of 1 pg/ml, were found to harbor
shorter promoter regions than those in Tn916. Sequence analysis
of these promoter regions [nucleotides (nt) —339 to + 1; number-
ing throughout the text starts from the first base of the tet(M)
initiation codon] revealed that strains 10, 108, 125, and 139 dis-
played a large deletion upstream of tet(M) that drastically altered
the stem-loop forming the transcriptional attenuator (Fig. 2A;
Table 1) (22). The deleted segment extended from positions —187
to —33 in strains 10 and 125 and from positions —160 to —36 in
strains 108 and 139. Strain 52 contained a smaller deletion, ex-
tending from positions —95 to —38 (Fig. 2A), that is analyzed in
detail below. We also sequenced the fet(M) promoter regions of
two strains with a Tc MIC of 2 ug/ml (strains 140 and 59) whose
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PCR products displayed the expected size. Point mutations were
detected in these promoter regions compared to those in Tn916,
but none could be associated with any obvious functional altera-
tions that could account for the observed low-level resistance.

Convergent in vitro and in vivo selection of tet(M) mutants
displaying increased levels of resistance to Tc. It is worth noting
that the deletions characterized in clinical isolates 10 and 108
might have been generated in vivo through homologous recombi-
nation between short repeated sequences containing mismatches
(Fig. 2B), a recombination mechanism already described for S.
pneumoniae (18). To demonstrate that these recombination
events associated with increased Tc resistance could occur in vitro
under laboratory conditions, Tc-susceptible S. pneumoniae strains
59 and 140 (MIC of 2 pg/ml), which possessed a tet(M) promoter
region almost identical to that in Tn916, were plated on agar con-
taining 6 pg/ml of Tc. Tc-resistant mutants were selected at a
frequency of about 10~7, and all mutants selected from these two
strains exhibited either the previous large deletion extending from
positions —187 to —33 seen in strains 10 and 125 (MICs of 32 to
64 p.g/ml) or that from positions —160 to —36 seen in strains 108
and 139 (MICs of 16 to 32 pg/ml) (Fig. 2A; Table 1).

Higher Tcresistance levels in WT pneumococcal isolates and
mutant strains are due to increased tet(M) transcription. The
level of tet(M) transcription was analyzed by qRT-PCR on total
RNAs extracted from wild-type (WT) clinical isolates 10, 59, 108,
and 140 and the mutant derivative 140-M1, cultivated without
and with a subinhibitory concentration of Tc. As expected, the
results obtained revealed that tet(M) in strains 140 and 59 (Tc
MIC of 2 g/ml), which possessed Tn916-like promoter regions,
was transcribed at a relatively low level that was induced 6-fold in
the presence of Tc. In contrast, in WT strains 10 and 108 and the
mutant strain 140-M1 (Tc MICs of 16 to 64 wg/ml), which pos-
sessed a truncated promoter region, tet(M) transcription was in-
trinsically higher (>15-fold) and not significantly upregulated in
the presence of Tc.

These promoter regions were cloned into the low-copy-num-
ber expression vector pTCV-tet (Fig. 1), which enabled tet(M)
expression from the cloned transcriptional and translational sig-
nals, and the functional impact of these deletions on Tc resistance
was further characterized in a single heterologous host, E. faecalis
BM4110 (Table 1). The Tc MIC of the recipient strain was 0.5
pg/ml and increased to 2 pg/ml when the Tn916-like tet(M) reg-
ulatory regions of S. pneumoniae 140 and 59 were cloned. Intro-
duction of the regulatory region with the large deletion (nt —187
to —33) from strains 10 and 140-M1 resulted in a 32-fold increase
in the Tc MIC compared to that of strain 140 (Table 1). Similarly,
the deletion extending from positions —160 to —36 (strain 108)
was associated with a 16-fold increase in the Tc MIC compared to
that of strains 59 and 140. As shown in Table 1, the Tc MICs
determined for E. faecalis harboring the tet(M) fusions perfectly
reflected those of the parental pneumococcal strains.

The promoter regions were also cloned into the low-copy-
number expression vector pTCV-lac, which enabled spoVG-lacZ
expression from the cloned transcriptional signals. The corre-
sponding (-galactosidase activities reflected the promoter
strengths of the cloned fragments in E. faecalis cells cultivated
under uninduced or induced conditions. As shown in Table 1, the
promoters originating from Tc-susceptible pneumococcal iso-
lates 140 and 59, possessing a functional transcription terminator,
were associated with a low level of 3-galactosidase activity under
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FIG 2 tet(M) promoter regions in pneumococcal isolates displaying different levels of resistance to tetracycline. (A) Schematic comparison of the 339-bp
sequence upstream of the first base of the fet(M) initiation codon of Tn916 from E. faecalis DS16 (GenBank accession no. U09422) with those of the correspond-
ing regions in WT isolates 140, 10, 59, 108, 139, and 52 and in the relevant mutants 140-M1 and 52-M1. The positions of the transcriptional signals (—35and —10
boxesand +1 start site), the leader peptide (containing an inverted repeat acting as a transcriptional terminator), and the tet(M) translational signals are depicted
in the Tn916 sequence. The positions of the mutations and the extents of the deletions (A) observed in pneumococcal sequences are indicated by small vertical
bars and horizontal dashed lines, respectively. (B) Proposed homologous recombination events accounting for the deletions observed in strains 10, 125, and
140-M1 (positions —187 to —33), strains 108 and 139 (positions —160 to —36), and strains 52 and 52-M1 (positions —95 to —38). The short repeated
recombining sequences containing mismatches with Tn916 sequences are boxed, and the crossover points are indicated by arrows. The resulting deletion
sequences are shown with bold letters. Numbering of the deletions in panels A and B was determined relative to the first base of the tet(M) translation codon in
the Tn916 sequence.

TABLE 1 Analysis of fet(M) expression as assayed by determination of

uninduced conditions that was increased 5- to 10-fold in the pres- ~ MICs, QRT-PCR analysis, and -galactosidase activity assay
ence of Tc. As expected, the mutated promoters from strains 10,

108, and 140-M1, which were resistant to Tc (MICs of 24 to 64

E. faecalis transformant data”

B-Gal activity (Miller

pg/ml) and devoid of a transcription terminator, were 20- to 40- qRT-PCR result” units)©
fold more active under uninduced conditions and were not up- pneumoniae  MIC Noninduced Induced MIC Noninduced Induced
regulated by Tc (Table 1). isolate (pg/ml)  cells cells (pg/ml)  cells cells

Evidence for translational control of tet(M) expressionin S. 140 2 18 114 2 15 168

pneumoniae strain 52. Surprisingly, strain 52, with an MIC of 1~ 140-M1 64 650 51 64 669 1,188
pg/ml, contained a smaller deletion extending from positions ;(9) 24 ;08 go ?45 ff ;’6197
- 9? to— 3§ that also removed the tra’nscriptional terminator’in its  og 16 302 379 2;1 288 420
entirety (Fig. 2A; Table 1). Accordingly, qRT-PCR analysis re- 52 1 776 880 1 252 213
vealed that the level of tet(M) mRNA was similar to those observed ~ 52-M1 32 890 904 12 — —

in strains 10 and 108, which were resistant to Tc, and did not
increase in cells cultivated with Tc. These results were confirmed
by expression analysis experiments carried out in E. faecalis which

“ Relative levels of fet(M) transcripts were measured by qRT-PCR analysis of RNAs
extracted from exponentially growing S. pneumoniae cells cultivated without or with a
subinhibitory concentration of Tc (0.2 wg/ml). Expression levels were normalized by
using gyrA as an internal standard and are indicated as threshold cycle ratios. Values are

showed that the corresponding promoter region did not confer
resistance to Tc (1 pg/ml), although it directed a level of 3-galac-
tosidase synthesis that was >15-fold higher than those obtained
with the low-level resistant strains 140 and 59. We therefore con-
cluded that the low level of Tc resistance in strain 52 was not due to
a low level of transcription of tef(M), and we carried out a muta-
tional analysis to decipher the molecular basis of this intriguing
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means for four technical replicates and are representative of two independent
experiments showing less than 10% variation.

b E. faecalis BM4110 was transformed with the reporter plasmid pTCV-tet(M) or with
pTCV-lac containing the tet(M) promoter regions of the corresponding pneumococcal
strains. —, not tested.

¢ B-Galactosidase was assayed on exponentially growing E. faecalis cells cultivated
without or with a subinhibitory concentration of Tc (0.2 pg/ml). Values are
representative of two independent experiments showing less than 10% variation.
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FIG 3 Secondary structure of tetf(M) mRNA from strain 52. Compared to that
in Tn916, the tet(M) promoter region of this strain exhibits a deletion extend-
ing from positions —95 to —38 (see Fig. 2A). The mRNA structure [positions
—145 to +1; numbering was done relative to the first base of the tef(M) trans-
lation codon in the Tn916 sequence| was computed using the Mfold program
(28). The tet(M) RBS and +1 translational start site are indicated. The muta-
tions associated with increased levels of resistance to tetracycline (G,;,T in
mutant 52-M1, G,;,T and G;,C transversions, and G,;,A transition) and
affecting the pairing of the stem that sequesters the tetf(M) translational start
site are shown. The free energy of interaction (AG) of the most stable structure
of the tet(M) mRNA of strain 52 was —28.5 kcal/mol (—15.6 kcal/mol for the
corresponding 10-nt stem) and increased to —23.5 kcal/mol (—6.6 kcal/mol
for the corresponding 10-nt stem) in the resistant mutants.

expression phenotype. A resistant S. pneumoniae strain 52 mutant
(MIC of 32 wg/ml) was selected at a frequency of 10~ on agar
plates containing 6 wg/ml of Tc. This resistant mutant, 52-M1,
possessed a G5, substitution, i.e., a mutation in a region never
reported to be involved in the control of tet(M) expression (Fig.
2A; Table 1). We confirmed by qRT-PCR analysis that tet(M)
expression was similar in strains 52 and 52-M1 and that the cor-
responding mutated promoter also conferred high-level resis-
tance to Tc on E. faecalis.

To understand why strain 52, with a high level of constitutive
tet(M) transcription, displayed susceptibility to Tc, we analyzed
the secondary structure of fef(M) mRNA from positions —145 to
+1. A putative stem-loop structure having a free energy of forma-
tion of —15.6 kcal/mol (28) and pairing with a 10-nt segment
which is located immediately downstream of the tet(M) ribosome
binding site (RBS) and includes the first four coding bases (posi-
tions —136 to —127) was predicted (Fig. 3). This suggests a con-
trol of tet(M) expression by translational attenuation. Consistent
with this suggestion, the mutation in the 52-M1 promoter region
associated with high-level Tc resistance is located in the middle of
this segment (Fig. 3) and should impair the formation of the stem-
loop (AG = —6.6 kcal/mol), thus enabling more efficient tet(M)
translation with an increased MIC (Table 1). To substantiate this
hypothesis, we independently selected three additional mutants of
strain 52 that were highly resistant to Tc (16 to 32 pg/ml) and
sequenced the corresponding promoter regions. This analysis re-
vealed the presence of single point mutations located in the same
10-bp segment—G; 3, T and G, 5,C transversions and a G, 5,A tran-
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sition—which all similarly affect its pairing (Fig. 3). Based on
these results, we conclude that this hairpin structure acts as a
translational attenuator that inhibits tef(M) expression in isolate
52 (13, 14, 20). We postulate that the formation of this transla-
tional attenuator is impeded by that of the large transcriptional
attenuator in fully functional Tn916-like fet(M) promoters
(strains 140 and 59) and by the large deletions that remove the 5
arm of the 10-bp stem in mutants 10, 125, and 140-M1 (from
positions —187 to —33) or strains 108 and 139 (from positions
—160 to —36).

In conclusion, we showed in this study that pneumococcal iso-
lates containing tet(M) sequences but remaining susceptible to Tc
possess pseudogenes resulting from frameshift mutations and en-
coding inactive truncated Tet(M) proteins. On the other hand, we
also showed that pneumococcal strains highly resistant to Tc dis-
played rearrangements in the fef(M) promoter region that re-
moved the transcriptional terminator controlling tet(M) expres-
sion and could readily be obtained in vitro under laboratory
conditions. Importantly, we provide evidence that high-level
tet(M) transcription could be associated with a low level of Tc
resistance due to a deletion in the promoter region that favors the
formation of a new stem-loop interfering with tet(M) translation.
However, it is worth mentioning that some Tc-susceptible strains
(e.g., 140 and 59) possess an apparently fully functional tet(M)
transcriptional unit, which suggests that still-uncharacterized fac-
tors control the phenotypic expression of Tc resistance in S. pneu-
moniae isolates.
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