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Objectives: The objective of this study was to characterize chromosomal mutations associated with resistance to
tetracycline in Streptococcus pneumoniae.

Methods: Chronological appearance of mutations in two S. pneumoniae R6 mutants (R6M1TC-5 and R6M2TC-4)
selected for resistance to tetracycline was determined by next-generation sequencing. A role for the mutations
identified was confirmed by reconstructing resistance to tetracycline in a S. pneumoniae R6 WT background. RNA
sequencing was performed on R6M1TC-5 and R6M2TC-4 and the relative expression of genes was reported
according to R6. Differentially expressed genes were classified according to their ontology.

Results: WGS of R6M1TC-5 and R6M2TC-4 revealed mutations in the gene rpsJ coding for the ribosomal protein
S10 and in the promoter region and coding sequences of the ABC genes patA and patB. These cells were cross-
resistant to ciprofloxacin. Resistance reconstruction confirmed a role in resistance for the mutations in rpsJ and
patA. Overexpression of the ABC transporter PatA/PatB or mutations in the coding sequence of patA contributed
to resistance to tetracycline, ciprofloxacin and ethidium bromide, and was associated with a decreased accumu-
lation of [3H]tetracycline. Comparative transcriptome profiling of the resistant mutants further revealed that, in
addition to the overexpression of patA and patB, several genes of the thiamine biosynthesis and salvage pathway
were increased in the two mutants, but also in clinical isolates resistant to tetracycline. This overexpression most
likely contributes to the tetracycline resistance phenotype.

Conclusions: The combination of genomic and transcriptomic analysis coupled to functional studies has allowed
the discovery of novel tetracycline resistance mutations in S. pneumoniae.
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Introduction

Streptococcus pneumoniae is a Gram-positive bacterium responsible
for diseases such as otitis media, meningitis, community-acquired
pneumonia and bacteraemia1 and for which resistance to antibio-
tics has become a worldwide concern. The prevalence of resistance
varies between countries, but is globally high for b-lactams, macro-
lides, chloramphenicol and tetracycline, mainly due to the spread
of MDR clones.2 Since the first report in 1967 of penicillin and tetra-
cycline non-susceptible isolates,3 – 7 resistance has increased to a
point where 24%, 35%, 42% and even .80% of disease-causing
pneumococci are now resistant to tetracycline in the USA, France,
Spain and some regions of Asia, respectively.8 – 10 Doxycycline,
a tetracycline mostly used for the treatment of intracellular
bacterial infections, has been proposed for the treatment of

community-acquired pneumonia.11 However, cross-resistance
between the tetracycline family compounds is observable in
pneumococci,12,13 except for the new glycylcycline tigecycline.

Tetracycline inhibits protein synthesis by blocking the attach-
ment of charged aminoacyl-tRNA to the A site on the ribosome,
which prevents the introduction of new amino acids to the nas-
cent peptide chain.14 Resistance to tetracycline in bacteria occurs
through enzymatic inactivation,15 by active efflux or by ribosome
protection from the acquisition of tet genes.16,17 In pneumococci,
the acquisition of the gene tet(M) is the most common mechan-
ism of resistance to tetracycline,6,18,19 while resistance mediated
by tet(O) has only been reported sporadically.20 Both genes are
located on Tn916-like mobile genetic elements and encode ribo-
somal protection proteins that have homology to elongation fac-
tors G.21 The GTPase activity of tet(M) and tet(O) appears to be
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important for the displacement of tetracycline from the ribosome.19

Resistance to tetracycline is now so frequent in S. pneumoniae that it
is seldom used for treating this bacterium.

Besides mobile elements, chromosomal mutations have also
been shown to participate in resistance to tetracycline. In
Helicobacter pylori, the triple base pair mutation AGA926-928�TTC
in both copies of the 16S rRNA gene caused high-level resistance
to tetracycline, whereas strains with low-level resistance harboured
only single or double base pair mutations.22,23 In Neisseria
gonorrhoeae, point mutations in the rpsJ gene coding for ribosomal
protein S10, the gene mtrR coding for a transcriptional regulator or
the gene penB coding for a porin have also been implicated in
resistance to tetracycline.24

Overexpression of multidrug efflux pumps of the ABC super-
family can contribute to resistance to structurally unrelated mole-
cules, including tetracycline in Gram-negative bacteria and
fluoroquinolones in S. pneumoniae.25 – 27 Fluoroquinolones still
have an excellent activity against S. pneumoniae, but resistance
in in vitro-selected or clinical strains was indeed shown to involve
the overexpression of the multidrug ABC transporter PatA/PatB in
addition to mutations in gyrase and topoisomerase genes.28 – 32

Here, we studied resistance to tetracycline in the absence of
tet(M) in S. pneumoniae by DNA and RNA sequencing and found
several novel mutations and gene overexpression, including one
ribosomal protein, the ABC proteins PatA/PatB and thiamine
biosynthetic enzymes that are associated for the first time with
tetracycline resistance in S. pneumoniae.

Methods

Bacteria culture and strains
Strains used in this study are listed in Table S1 (available as Supplementary
data at JAC Online). Pneumococci were grown in brain heart infusion broth
(BHI, Difco) or on tryptic soy agar containing 5% defibrinated sheep’s
blood. Cultures were incubated for 16–24 h in a 5% CO2 atmosphere at
358C. Tetracycline-resistant mutants of S. pneumoniae were obtained by
successive passages of S. pneumoniae R6 WTon plates containing increas-
ing concentrations of tetracycline, as previously described.32 – 35 Briefly, the
selection for tetracycline resistance was conducted on Szybalski plates
containing concentration gradients of tetracycline. Mutants were selected
by scrapping colonies growing at the front of the highest concentration of
tetracycline at each stage. This pool of colonies was then streaked onto
plates containing either the same concentration of antibiotic or a gradient
of increased antibiotic concentrations. End-point mutants corresponded
to colonies growing on plates with the highest concentration of antibiotic
and for which an additional increase in tetracycline concentration failed to
yield resistant colonies. A total of five and four selection cycles were
required to obtain the endpoint S. pneumoniae R6M1TC-5 and R6M2TC-4
mutants, respectively.

Next-generation DNA sequencing
Genomic DNAs were extracted using the Wizard Genomic DNA Purification
Kit (Promega) according to the manufacturer’s instructions. The genomes
of R6M1TC-5 and R6M2TC-4 were sequenced using a 454 Life Sciences
GS-FLX system (Roche). Genome sequencing, assemblies and comparative
analyses were performed at the McGill University Genome Québec
Innovation Center. R6M1TC-5 and R6M2TC-4 generated aggregated gen-
ome sizes of 2016699 and 2017241 bp, respectively, at a mean 21×
coverage. WGS was also performed on clones of strains R6M1TC-1,
R6M1TC-2, R6M1TC-3, R6M1TC-4, R6M2TC-1, R6M2TC-2 and R6M2TC-3

using an Illumina MiSeq system (Centre de Recherche du CHU de
Québec) and a 250 nt paired-end reads protocol. This generated genome
assemblies covering at least 99% of the S. pneumoniae R6 genome at a
mean 120× coverage. Sequence reads from each strain were filtered
based on the quality score using Trimmomatic36 and aligned to the gen-
ome of S. pneumoniae R6 using the software bwa (bwa aln, version 0.5.9)
with default parameters.37 The maximum number of mismatches was
four, the seed length was 32 and two mismatches were allowed within
the seed. The detection of SNPs was performed using samtools (version
0.1.18), bcftools (distributed with samtools) and vcfutils.pl (distributed
with samtools),38 with a minimum of three reads to call a potential vari-
ation prior to further analysis. Mutations deduced from massively parallel
sequencing were confirmed by PCR amplification and conventional DNA
sequencing.

Sequencing data accession numbers
All sequencing data described in this paper have been deposited at the
EBI SRA database under the study accession number PRJEB6539 and
the sample accession numbers ERS480579 (R6M1TC-1), ERS480580
(R6M1TC-2), ERS480581 (R6M1TC-3a), ERS480582 (R6M1TC-3b),
ERS480583 (R6M1TC-4a), ERS480584 (R6M1TC-4b), ERS480567
(R6M1TC-5), ERS480585 (R6M2TC-1a), ERS480586 (R6M2TC-1b),
ERS480587 (R6M2TC-2a), ERS480588 (R6M2TC-2b), ERS480589 (R6M2TC-3a),
ERS480590 (R6M2TC-3b) and ERS480568 (R6M2TC-4).

Genetic transformation and inactivation
Long PCR fragments (�5 kb) containing the mutations of interest were
amplified using primers listed in Table S2 and transformed in S. pneumoniae
R6 as described previously.32,34 For introducing mutations that were
less amenable to selection, short (500 bp) PCR fragments amplified from
ribosomal protein S12 (rpsL) or dihydrofolate reductase (dhfr) gene var-
iants conferring resistance to streptomycin and trimethoprim, respect-
ively, were co-transformed and used as surrogate selection markers as
previously described.32 Fragments containing the mutations from the
entire patA-patB operon from R6M1TC-5 and R6M2TC-4 were produced
by overlap PCR from two distinct fragments to increase the length of the
PCR product.

Gene inactivation was performed using the plasmid pFF6 (kanamycinw)
or pFF3 (chloramphenicolw).32 PCR fragments covering the middle region
of the genes patA, patB, spr0632, spr0634, spr0637 and spr0638 were amp-
lified using the primers listed in Table S2 and cloned into EamII05I-digested
pFF6 or pFF3 to produce plasmids pFF6patA, pFF6patB, pFF6spr0632(R6),
pFF3spr0632(CCRI22087), pFF6spr0634, pFF6spr0637 and pFF6spr0638.
These were transformed into S. pneumoniae as previously described.34,39

MIC determination
MICs of tetracycline (Sigma), ciprofloxacin (Sigma) and ethidium bromide
(Fluka) in the absence and the presence of 20 mg/L reserpine (Sigma) were
determined by microdilution. All MIC measurements were performed with
three independent biological replicates, each replicate being further
assessed in technical duplicates.

RNA sequencing
Total RNA was isolated from S. pneumoniae R6M1TC-5, R6M2TC-4 and R6
WT grown to mid-log phase in BHI using the Qiagen RNeasy Mini Kit
(Qiagen) according to the manufacturer’s instructions. RNAs were quanti-
fied using 2100 BioAnalyzer RNA6000 Nano chips (Agilent) and 1 mg of total
RNA was treated with Ribo-ZeroTM rRNA Removal Kits (Bacteria) (Epicentre).
RNA-seq libraries were produced from 50 ng of rRNA-depleted samples
using the ScriptSeqTM v2 RNA-Seq Library Preparation Kit (Epicentre). The
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libraries were analysed using 2100 BioAnalyser High Sensitivity DNA chips
and quantified by PicoGreen. The libraries were pooled, diluted to 8 pM
and sequenced on an Illumina MiSeq system using a 250 bp paired-ends
reads protocol.

Reads were mapped to the S. pneumoniae R6 reference genome as
described above. Transcripts were assembled from the alignment files
using the Cufflinks pipeline.40 Differential gene expression was computed
with CuffDiff, and genes with a P value ≤0.015 were considered for further
analysis.

Quantitative real-time PCR (qRT–PCR)
Total RNAs were extracted as described above and treated with DNase I
(Ambion) to avoid any DNA contamination. The quality and integrity of
the RNAs was assessed using a 2100 BioAnalyzer and RNA6000 Nano
chips (Agilent). cDNAs were generated from 250 ng of total RNAs using
the Superscript II reverse transcriptase (Invitrogen) and random hexamers
according to the manufacturer’s instructions. qRT–PCR assays were car-
ried out with a Bio-Rad Cycler using SYBR Green I (Molecular Probes). A
final volume of 10 mL was used for each reaction containing specific pri-
mers (Table S2) and iQ SYBR Green Supermix (Bio-Rad). All qRT–PCR data
were normalized according to the amplification signals of 16S rRNA.

Gene ontology (GO)
Differentially expressed genes were classified according to their ontology
using the Blast2GO software.41 If not mentioned, the default setups were
used during the analysis. S. pneumoniae R6 ORFs were first blasted against
the NCBI genome database and GO mapping performed on the blasted
genomes to assign cellular component, molecular function and biological
process ontology levels. Mapped genes where then screened using KEGG.
GO enrichment analysis (Fisher’s exact two-tailed t-test) was then per-
formed for genes identified as overexpressed or down-regulated
(P≤0.015) in R6M1TC-5 and R6M2TC-4 by the CuffLinks pipeline, and
also on the S. pneumoniae R6 genome as a control. GO terms with a
value P≤0.015 were considered significantly enriched in the group tested.
Results are expressed as the proportion of sequences associated with a
particular GO term in the tested group.

Tetracycline accumulation
Three independent S. pneumoniae cultures were independently grown to
exponential phase (OD600¼0.2–0.3) in BHI. Cells were centrifuged and
washed once with 0.1 M phosphate buffer, pH 7. Cells were then concen-
trated 40× (�109 cells/mL) in 0.1 M phosphate buffer containing 1 mM
MgSO4, pH 7, and incubated at 378C in the presence 1% glucose for
15 min. After pre-incubation with glucose, 0.05 mM [7-3H(N)]tetracycline
(17.9 Ci/mmol, Moravek Biochemicals and Radiochemicals) was added
to a final concentration of 5 mM of tetracycline. [3H]tetracycline was
used within 1 week of arrival to avoid possible degradation.42 When
required, 20 mg/L of the efflux pump inhibitor reserpine was added
15 min after the addition of [3H]tetracycline. Aliquots (0.1 mL) were with-
drawn at specific intervals and accumulation was stopped by diluting with
1 mL of ice-cold 0.1 M phosphate buffer, pH 7, containing 100 mM LiCl.
Samples were centrifuged immediately at 48C for 2 min and washed
once with 0.1 M ice-cold phosphate buffer/100 mM LiCl, pH 7. Pelleted
cells were resuspended in 0.1 mL of 1× PBS and 5 mL of Ecolite was
added before scintillation counts were measured using a LS6000TA
Scintillation counter (Beckman). Results were normalized to bacterial
count obtained prior to the addition of tetracycline at 0 and 378C, since
no growth was observed during the course of the experiment after the
addition of the drug.

Results

Tetracycline-resistant mutants

Two S. pneumoniae mutants named R6M1TC-5 and R6M2TC-4
were independently selected for resistance to tetracycline from
S. pneumoniae R6 WT (MIC of tetracycline¼0.125 mg/L) by serial
passages in the presence of increasing tetracycline con-
centrations until they reached an MIC of 8 mg/L (Table 1). This
is considered resistant according to recently revised breakpoints
for tetracycline.43 Five and four passages on tetracycline-
supplemented agar plates were required for the selection of
R6M1TC-5 and R6M2TC-4, respectively. The R6M1TC-5 and
R6M2TC-4 mutants were also cross-resistant to the fluoroquino-
lone ciprofloxacin and to the intercalating dye ethidium bromide
(Table 1). A low-level cross-resistance was also observed in
R6M1TC-5 and R6M2TC-4 to the new glycylcycline tigecycline.
Interestingly, the efflux pump inhibitor reserpine decreased
the ciprofloxacin and ethidium bromide MICs for both mutants
to WT levels and also substantially increased their sensitivity to
tetracycline (Table 1). Reserpine had no effect on the small
cross-resistance to tigecycline (Table 1). While confirming
a role for drug efflux in the multidrug resistance phenotype
of S. pneumoniae R6M1TC-5 and R6M2TC-4, the reserpine-
insensitive residual tetracycline resistance suggests that add-
itional mechanisms are also likely to contribute to resistance
in these mutants.

WGS of tetracycline-resistant mutants

The genomes of each selection step leading to both R6M1TC-5
and R6M2TC-4 mutants were sequenced to understand
the genomics of tetracycline resistance and the order of
appearance of mutations linked to resistance. The genomes
of S. pneumoniae R6M1TC-5 and R6M2TC-4 both contained
nine mutations, which were distributed over seven and eight
genomic loci, respectively (Table 2). Two of the mutated loci
were common to both mutants, i.e. the gene spr0187 coding
for ribosomal protein S10 and the gene spr1887 coding for
the multidrug ABC transporter PatA, although mutations
occurred at different positions in each mutant (Table 2). For
the gene spr0187 (also known as rpsJ), the R6M1TC-5 mutant
harboured a C157T transition (leading to a R53C mutation) in
addition to a small deletion covering positions 175 – 180
(Table 2). Interestingly, intermediate mutants R6M1TC-1 to
R6M1TC-4 presented instead a single G178T transversion in
spr0187 (Table 2). The increasing tetracycline pressure thus
appears to have selected for several distinct events in
R6M1TC, the first one being selected early at position 178 and
the others occurring late at positions 157 and 175 – 180 of
rpsJ (which encompasses the initial G178T mutation)
(Table 2). In contrast, a unique A169G transition leading to a
K57E substitution was observed in spr0187 in R6M2TC-4,
which was selected early at the first selection step (Table 2).
For the patA locus, both mutants harboured mutations
upstream of the start codon (possibly in the promoter region)
and within the coding region (Table 2). Interestingly, in both
cases the mutations in the promoter region of patA preceded
those within the gene (Table 2). The number of patA mutations
also correlated with the level of resistance to tetracycline
(Table 2).
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Reconstruction of tetracycline resistance

Recurrent mutations are the most likely candidates to contribute
to resistance and the role of the rpsJ and patA mutations was thus
further assessed by resistance reconstruction. This was done by
transforming S. pneumoniae R6 WT with variant alleles amplified
from RM1TC-5 or R6M2TC-4 either alone or along with a PCR frag-
ment covering the rpsL+ allele of S. pneumoniae CP1296 and con-
ferring resistance to streptomycin that was used as a surrogate
marker for the selection of transformants (see the Methods
section). The rpsL+ PCR fragment had no impact on tetracycline
susceptibility levels when transformed alone (Table 3). Each
reconstructed strain was then tested for resistance to tetracyc-
line, ciprofloxacin and ethidium bromide in the presence and
absence of reserpine. The introduction of the rpsJ alleles from
R6M1TC-1 (harbouring a G178T mutation) or R6M2TC-4 (harbour-
ing a A169G mutation) into S. pneumoniae R6 WT increased
the tetracycline MIC 4-fold for the S. pneumoniae R6rpsJ(R6M1TC-1)

and S. pneumoniae R6rpsJ(R6M2TC) transformants (Table 3).
Interestingly, the rpsJ allele from R6M1TC-5 was more potent at
conferring resistance to tetracycline than the one from
R6M1TC-1 [compare R6rpsJ(R6M1TC-1) and R6rpsJ(R6M1TC-5) in
Table 3], which is consistent with their chronological order of
appearance during the selection of the R6M1TC series of mutants
(Table 3). To exclude the possibility of second-site mutations intro-
duced during the transformation, we reintroduced the WT rpsJ
allele in the S. pneumoniae R6rpsJ(R6M1TC-1) and R6rpsJ(R6M1TC-5)

transformants and these cells became more susceptible to
tetracycline [see R6rpsJ(R6M1TC-1)-rev(R6WT)-rpsL+ and R6rpsJ(R6M1TC-5)-

rev(R6WT)-rpsL+ in Table 3].
The patA allele from R6M1TC-5 also accounted for a

4-fold increase in resistance to tetracycline in the S. pneumoniae
R6patA(R6M1TC) transformant (Table 3), of which half is attribu-
table to the G-35A mutation in the promoter region
[R6p_patA(R6M1TC)-rpsL+ in Table 3] and the other half to the G510A
mutation within the gene [compare R6CDSpatA(R6M1TC)-rpsL+,
R6CDSpatA(G510A)(R6M1TC)-rpsL+ and R6CDSpatA(C883A)(R6M1TC)-rpsL+ in
Table 3]. The patA allele from R6M2TC-4 was less effective at
increasing tetracycline resistance, however, as it only doubled

the tetracycline MIC for the S. pneumoniae R6patA(R6M2TC) transfor-
mant (Table 3). As expected, tetracycline resistance conferred by
the patA mutations, but not by the rpsJ alleles, was reversible by
reserpine (Table 3). Resistance reconstruction experiments also
implicated mutations upstream and within patA in resistance to
ciprofloxacin and ethidium bromide for both mutants (Table 3).
As a final proof of the role of patA in resistance, we introduced
the WT version of patA in S. pneumoniae R6patA-patB(R6M2TC), which
became more susceptible to tetracycline [see R6patA-patB(R6M2TC)-

rev(patA)-rpsL+ in Table 3].
Gene inactivation experiments further confirmed the role of

the variant patA alleles in the resistance of R6M1TC-5 and
R6M2TC-4 (Table 4). Inactivation of the gene coding for the ABC
transporter PatB also sensitized both mutants to tetracycline
and ciprofloxacin, which is consistent with the finding that PatA
and PatB act as heterodimers to extrude toxic compounds in
S. pneumoniae.44 In contrast to patA, however, no role in resist-
ance could be attributed to the mutation selected in R6M2TC-4
in the coding region of patB (spr1885) by transformation into a
tetracycline-susceptible S. pneumoniae background (Table 3).

Other strain-specific mutations were observed in the mutants
(Table 2). These were often, but not always, detected in the most
resistant mutants, but we could not, by gene transformation
along with the rpsL+ allele, link any of these strain-specific muta-
tions with tetracycline resistance (result not shown).

Decreased accumulation of tetracycline in
S. pneumoniae-resistant mutants

Mutations upstream of patA have previously been linked to drug
resistance in S. pneumoniae by inducing the overexpression of
the transporter,35,45 although never for tetracycline. qRT –PCR
also confirmed that patA was overexpressed in the S. pneumoniae
R6M1TC-5 and R6M2TC-4 mutants, and introducing the G-35A
and G-48A mutations in a S. pneumoniae R6 WT background con-
firmed that these were indeed responsible for patA overexpression
(Table 4). As mutations in the coding regions of patA were also
shown to contribute to tetracycline (Table 3) and ciprofloxacin

Table 1. MICs for tetracycline-resistant strains used in this study

MICs (mg/L)

TET TET+R CIP CIP+R EtBr EtBr+R TGC TGC+R

R6 0.125 0.125 0.5 0.5 2 0.125 0.031 0.031
R6M1TC-1 2 1 1 0.5 8 0.25 0.063 0.063
R6M1TC-2 2 1 2 0.5 8 0.25 0.063 0.063
R6M1TC-3 4 1 4 0.5 8 0.25 0.063 0.063
R6M1TC-4 4 1 4 0.5 16 0.25 0.063 0.063
R6M1TC-5 8 2 4 0.5 16 0.25 0.25 0.25
R6M2TC-1 2 1 1 0.5 2 0.25 0.063 0.063
R6M2TC-2 2 1 1 0.5 2 0.25 0.063 0.063
R6M2TC-3 4 1 4 0.5 16 0.25 0.125 0.125
R6M2TC-4 8 1 8 0.5 16 0.25 0.125 0.125

TET, tetracycline; R, reserpine (20 mg/L); CIP, ciprofloxacin; Etbr, ethidium bromide; TGC, tigecycline.
MICs are the results of three independent biological replicates.
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(Table 3 and by Lupien et al.32) resistance, tetracycline accumula-
tion experiments were conducted to directly address to role of
both types of mutations (i.e. promoter versus coding region) on
the transport capacity of the PatA/PatB heterodimer. S. pneumoniae
R6M1TC-5 and R6M2TC-4 accumulated less [3H]tetracycline
than the parental S. pneumoniae R6 WT (P≤0.05) (Figure 1a).
This is directly linked to the presence of patA variants, as
S. pneumoniae R6patA(R6M1TC) and R6patA-patB(R6M2TC) harbouring
promoter and coding region mutations derived from R6M1TC-5
and R6M2TC-4, respectively, displayed the same reduced

accumulation of [3H]tetracycline as the original mutants
(Figure 1b and c). Interestingly, while mutations in the promoter
of patA and in its coding region conferred resistance to tetracyc-
line when introduced on their own in S. pneumoniae R6 WT
(Table 3), only the mutations in the promoter region were respon-
sible for the decreased accumulation of tetracycline in the
mutants (P≤0.05) (Figure 1b and c). While mutations derived
from the coding regions of patA/B in R6M2TC apparently enabled
a small decrease in [3H]tetracycline accumulation compared with
S. pneumoniae R6 WT (Figure 1c), the difference was not

Table 2. Chronological appearance of mutations in tetracycline-resistant mutants

Locus IDa Functiona

Mutationsb –d

R6M1TC R6M2TC

1e 2f 3g 4h 5 1i 2j 3k 4

spr0187 (rpsJ) 30S ribosomal protein S10 G178T
D60Y

G178T
D60Y

G178T
D60Y

G178T
D60Y

C157T
R53C
D175–180

A169G
K57E

A169G
K57E

A169G
K57E

A169G
K57E

spr0219 phosphoglycerate mutase WT WT WT WT T-52C WT WT WT WT
spr0291 phosphotransferase system IIA component WT WT WT WT WT C-101G C-101G C-101G C-101G

T-30C
spr0691 biotin synthase WT WT WT WT WT G356T

A119D
G356T
A119D

G356T
A119D

G356T
A119D

spr0822 agmatine deiminase WT WT WT WT WT WT WT WT A95C
Stop

position 32
spr0825 hypothetical protein G-61A G-61A G-61A G-61A G-61A WT WT WT WT
spr0960 positive transcriptional

regulator MutR
WT WT WT WT A-151C WT WT WT WT

spr1262 transcriptional regulator Spx WT WT T-11C T-11C T-11C WT WT WT WT
spr1377 cystathionine g-synthase WT WT WT WT WT WT WT WT T290

CA97V
spr1777 DNA-directed RNA

polymerase subunit b
WT WT WT WT C1442T

Syn
WT WT WT WT

spr1885 (patB) ABC transporter ATP-binding
protein/permease

WT WT WT WT WT WT G794A
G265E

G794A
G265E

G794A
G265E

spr1887 (patA) ABC transporter ATP-binding
protein/permease

G-35A G-35A
C883A
R295S

G-35A
G510A
M170I
C883A
R295S

G-35A
G510A
M170I
C883A
R295S

G-35A
G510A
M170I
C883A
R295S

WT WT G-48A G-48A
G860A
G287E

spr1991 glycerol kinase WT WT WT WT WT WT WT WT DG position 75

aID, identity. Nomenclature according to the genome annotation of S. pneumoniae R6.
bWhen mutations are within coding regions, the change in amino acids is also indicated in italics.
cIn non-coding sequence, the number preceded by a hyphen indicates the position upstream of the ATG.
dMutations in bold were further studied to determine their potential role in tetracycline resistance and mutations underlined are involved in drug resist-
ance (tetracycline, ciprofloxacin, ethidium bromide).
eOne clone was sequenced. Unique mutations: spr1138 (C443A).
fOne clone was sequenced. Unique mutations: spr0428 (G250A); spr0857 (G1298T).
gTwo clones were sequenced. Unique mutations: spr0313 (A195G); spr1032 (G1216T); spr1367 (C511A); spr1865 (G224A); spr2035 (G-72A).
hTwo clones were sequenced. Unique mutations: spr0294 (T111C).
iTwo clones were sequenced. Unique mutations: spr0661 (G896T); spr0797: A to T 458 bp downstream of the gene.
jTwo clones were sequenced. Unique mutations: spr0661 (G896T/A); spr1250 (T999C).
kTwo clones were sequenced. Unique mutations: spr0232 (G191A).
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significant, but this might be due to the sensitivity of the transport
experiment. The addition of reserpine, an inhibitor of efflux
pumps,29,46 restored the accumulation of tetracycline in the
S. pneumoniae R6patA(R6M1TC) and R6patA-patB(R6M2TC) transformants
(Figure 1d).

RNA expression profiling in tetracycline-resistant
mutants

The rpsJ and patA mutations could only partly explain the levels of
tetracycline resistance of S. pneumoniae R6M1TC-5 and R6M2TC-4
(Table 3) and none of the other mutations identified in the gen-
ome of the mutants (Table 2) conferred resistance to tetracycline
when introduced into S. pneumoniae R6 WT (not shown). We
therefore hypothesized that resistance to tetracycline could
also involve differences in gene expression (as in the case of
patA/patB) and performed comparative gene expression profiling
between the R6M1TC-5 and R6M2TC-4 mutants and their suscep-
tible S. pneumoniae R6 WT parent by RNA-seq. Overall, 43 and 60
genes were found to be significantly overexpressed (P≤0.015) in

the R6M1TC-5 and R6M2TC-4 mutants compared with R6 WT,
respectively (Figure 2 and Table S3). Moreover, 31 and 26 genes
had their expression significantly decreased (P≤0.015) in
R6M1TC-5 and R6M2TC-4 compared with R6 WT, respectively
(Figure 2 and Table S3). Overall, 13 overexpressed and 14 down-
regulated genes were common to both mutants (Table S3).

Clustering differentially expressed genes according to their
ontology revealed that genes overexpressed in S. pneumoniae
R6M1TC-5 were enriched for biological processes involving thia-
mine metabolism (Figure 3). For S. pneumoniae R6M2TC-4,
genes identified as overexpressed by RNA-seq were enriched
mainly for processes implicated in carbohydrate metabolism
and transport functions (Figure 3) and were not directly linked
to the metabolism of thiamine. Nonetheless, a thorough examin-
ation of the RNA-seq data revealed that the expression of
most genes related to thiamine metabolism overexpressed in
R6M1TC-5 were also increased in R6M2TC-4 when the cut-off
P value for filtering differentially expressed genes was loosened
to P≤0.05. qRT–PCR later confirmed that genes spr0632,
spr0634, spr0637 and spr0638, all involved in thiamine metabolism

Table 3. Functional analysis of mutations detected in S. pneumoniae R6M1TC-5 and R6M2TC-4

Straina

Mutated alleles MIC (mg/L)b

rpsJ

patA

patB TET TET+R CIP CIP+R Etbr Etbr+Rpromotor CDS

R6 WT WT WT WT 0.125 0.125 0.5 0.5 2 0.25
R6rpsL+ WT WT WT WT 0.125 0.125 0.5 0.5 2 0.25
R6M1TC-5 R6M1TC-5 R6M1TC-5 R6M1TC-5 WT 8 2 4 0.5 16 0.25
R6M2TC-4 R6M2TC-4 R6M2TC-4 R6M2TC-4 R6M2TC-4 8 1 8 0.5 16 0.25
R6rpsJ(R6M1TC-1) R6M1TC-1 WT WT WT 0.5 0.5 0.5 0.5 2 0.25
R6rpsJ(R6M1TC-1)-rpsL+ R6M1TC-1 WT WT WT 0.5 ND 0.5 ND ND ND
R6rpsJ(R6M1TC-1)-rev(R6WT)-rpsL+ WT WT WT WT 0.125 ND 0.5 ND ND ND
R6rpsJ(R6M1TC-5) R6MITC-5 WT WT WT 1 1 0.5 0.5 2 0.25
R6rpsJ(R6M1TC-5)-rpsL+ R6MITC-5 WT WT WT 1 ND 0.5 ND ND ND
R6rpsJ(R6M1TC-5)-rev(R6WT)-rpsL+ WT WT WT WT 0.125 ND 0.5 ND ND ND
R6patA(R6M1TC) WT R6M1TC-5 R6M1TC-5 WT 0.5 0.125 2 0.5 16 0.25
R6p_patA(R6M1TC)-rpsL+ WT R6M1TC-5 WT WT 0.25 0.125 1 0.5 8 0.25
R6CDSpatA(R6M1TC)-rpsL+ WT WT R6M1TC-5 WT 0.25 0.125 1 0.5 8 0.25
R6CDSpatA(G510A)(R6M1TC)-rpsL+ WT WT R6M1TC(G510A) WT 0.25 0.125 1 0.5 4 0.25
R6CDSpatA(C883A)(R6M1TC)-rpsL+ WT WT R6M1TC(C883A) WT 0.125 0.125 1 0.5 8 0.25
R6rpsJ(R6M1TC)-patA(R6M1TC) R6M1TC-5 R6M1TC R6M1TC-5 WT 2 0.5 2 0.5 16 0.25
R6rpsJ(R6M2TC) R6M2TC-4 WT WT WT 0.5 0.5 0.5 0.5 2 0.25
R6patA-patB(R6M2TC) WT R6M2TC-4 R6M2TC-4 R6M2TC-4 0.25 0.125 1 0.5 16 0.25
R6patA-patB(R6M2TC)-rpsL+ WT R6M2TC-4 R6M2TC-4 R6M2TC-4 0.25 ND 1 ND ND ND
R6patA-patB(R6M2TC)-rev(patA)-rpsL+ WT WT WT R6M2TC-4 0.125 ND 0.5 ND ND ND
R6p_patA(R6M2TC)-rpsL+ WT R6M2TC-4 WT WT 0.25 0.125 1 0.5 8 0.25
R6CDSpatA(R6M2TC)-rpsL+ WT WT R6M2TC-4 WT 0.25 0.125 1 0.5 4 0.25
R6CDSpatB(R6M2TC)-rpsL+ WT WT WT R6M2TC-4 0.125 0.125 0.5 0.5 2 0.25
R6CDSpatA-patB(R6M2TC)-dhfr+ WT WT R6M2TC-4 R6M2TC-4 0.25 0.125 1 0.5 8 0.25
R6rpsJ(R6M2TC)-patA(R6M2TC) R6M2TC-4 R6M2TC-4 R6M2TC-4 WT 0.5 0.25 2 0.5 16 0.25
R6rpsJ(R6M2TC)-patA(R6M2TC)-patB(R6M2TC) R6M2TC-4 R6M2TC-4 R6M2TC-4 R6M2TC-4 0.5 0.25 2 0.5 16 0.25

TET, tetracycline; R, reserpine (20 mg/L); CIP, ciprofloxacin; Etbr, ethidium bromide; ND, not done; CDS, coding sequence.
arpsL+ and dhfr+ indicate an allele conferring resistance to streptomycin and trimethoprim, respectively, that was co-transformed along with the PCR
fragment of interest for selection purposes.
bMICs are the results of three independent biological replicates. MICs in bold are significantly different from the parent strain without the mutation.
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(see Figure S1), were indeed overexpressed in both mutants (Table 4).
The expression of the spr0632 gene was further tested by qRT–PCR in
10 clinical isolates of S. pneumoniae (five susceptible and five
resistant). Interestingly, an increased expression of spr0632 was
observed in two resistant clinical isolates and in none of the
susceptible ones (Table 5). Down-regulated genes also clustered
in GO terms shared by the two tetracycline-resistant mutants
(biological processes implicated in alcohol/polyol/glycerol or
organophosphate metabolism; Figure 3).

In addition to its central role in intermediary metabolism, vita-
min B1 (i.e. thiamine) has also been reported to act as an import-
ant stress-response molecule against oxidative or osmotic stress
in bacteria,47,48 plants49,50 and fungi.51 Interestingly, a tripho-
sphorylated derivative of vitamin B1, namely thiamine triphos-
phate, was shown to act as an alarmone, initiating a reaction
cascade involved in the adaptation of bacteria to stringent con-
ditions such as amino acid starvation.52 We hypothesized that
the overexpression of genes linked to thiamine metabolism in

R6M1TC-5 and R6M2TC-4 could also have a role in favouring resist-
ance to tetracycline. The gene spr0632 is overexpressed in
R6M1TC-5 and R6M2TC-4 and codes for the ATPase subunit of
an ABC transporter putatively involved in the transport of hydroxy-
methyl pyrimidine (HMP; one of the building blocks of thiamine)
from the extracellular milieu (Figure S1). The inactivation of
spr0632 by insertion –duplication mutagenesis decreased the
level of tetracycline resistance of R6M1TC-5 and R6M2TC-4 by
2- and 4-fold, respectively (Table 4). A 2-fold sensitization to tetra-
cycline was also observed upon inactivation of spr0632 in the clin-
ical isolate CCRI 22087 initially overexpressing the gene, but not in
the clinical isolate CCRI 18414 not overexpressing spr0632
(Table 5) [we were incapable of transforming strain CCRI 14774,
which also had overexpression of spr0632 (Table 5)]. This is con-
sistent with the lack of tetracycline sensitization upon inactivation
of spr0632 in S. pneumoniae R6 WT or clinical isolates not overex-
pressing the gene (Tables 4 and 5) and suggests that overexpres-
sion is required for its contribution in resistance. In the case of

Table 4. Relative expression and functional inactivation of genes

Strain Genea
Mean fold expression
compared with R6b Gene inactivateda,c

MIC of tetracycline
(mg/L)d

MIC of ciprofloxacin
(mg/L)d

R6 — — none 0.125 0.5
patA — patA 0.125 0.5
patB — patB 0.125 0.5
spr0632 — spr0632 0.125 0.5
tenA — tenA 0.125 0.5
thiD — thiD 0.125 0.5
thiE — thiE 0.125 0.5

R6M1TC-5 — — none 8 4
patA 6.031+3.647 patA 2 1
patB — patB 4 1
spr0632 4.334+1.048 spr0632 4 4
tenA 5.597+0.997 tenA 8 4
thiD 5.165+1.374 thiD 8 4
thiE 3.952+0.880 thiE 8 4
spr1021 1.685+0.247 spr1021 — —

R6p_patA(R6M1TC)-rpsL+ — — none 0.25 —
patA 7.782+1.157 — — —

R6M2TC-4 — — none 8 8
patA 15.268+5.841 patA 2 2
patB — patB 2 2
spr0632 8.325+2.587 spr0632 2 4
tenA 6.616+1.513 tenA 2 8
thiD 6.955+0.541 thiD 4 8
thiE 4.381+0.570 thiE — 8
spr1021 1.548+0.199 spr1021 — —

R6p_patA(R6M1TC)-rpsL+ — — none 0.25 —
patA 11.426+3.034 — — —

aS. pneumoniae R6 gene accessions: patA, spr1887; patB, spr1885; tenA, spr0634; thiD, spr0638; thiE, spr0637.
bMean fold expression was measured using qRT–PCR. Gene expressions were normalized on the 16S rRNA expression. The gene spr1021 was used as a
control.
cInactivation of patA and patB was performed as a control.
dThe MICs are the results of three independent biological replicates. MICs in bold are significantly different from the parent strain without the inacti-
vated gene.
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R6M2TC-4, the inactivation of spr0632 also slightly sensitized to
ciprofloxacin (Table 4). The inactivation of spr0634 and spr0638,
coding for a thiaminase and for a phosphomethylpyrimidine
kinase in the thiamine biosynthesis pathway (Figure S1), also
affected the level of tetracycline susceptibility, but this time spe-
cifically in R6M2TC-4 (Table 4), which suggests that overexpression
of some genes of the HMP salvage pathway is associated with
tetracycline resistance.

Discussion
The selection of the S. pneumoniae tetracycline-resistant mutants
R6M1TC-5 and R6M2TC-4 from S. pneumoniae R6 WT [which
lacks tet(M) or tet(O)] by incremental increases in tetracycline
concentrations revealed the possibility of S. pneumoniae becom-
ing resistant to tetracycline through genomic alterations. For both
mutants, the first selected event occurred at the level of the gene
rpsJ coding for ribosomal protein S10. Based on the crystal struc-
ture of the 30S ribosomal subunit from Thermus thermophilus
cross-linked with tetracycline,53 the mutations in the R6M1TC-5
and R6M2TC-4 mutants are all located in the vertex loop of ribo-
somal protein S10. This loop is composed of 50–60 amino acids
and is located near the primary site of action of tetracycline, i.e.
the aminoacyl-tRNA site.17 As previously proposed, amino acid
changes located in the vicinity of this site could decrease the
affinity for the antibiotic by altering the rRNA structure near
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Figure 1. Accumulation of tetracycline in S. pneumoniae. (a) Accumulation
of labelled tetracycline was measured in S. pneumoniae R6 WT, R6M1TC-5
and R6M2TC-4 at baseline and at 5 min intervals for a total of 20 min.
(b) The role of mutations selected at the patA locus in R6M1TC-5 in
accumulation of tetracycline was assessed by comparing the accumulation
of labelled tetracycline in R6 WT, R6patA(R6M1TC), R6p_patA(R6M1TC)-rpsL+ and
R6CDSpatA(R6M1TC)-rpsL+ for up to 20 min. (c) The role of mutations selected at
the patA locus in R6M2TC-4 in accumulation of tetracycline was assessed
by comparing the accumulation of labelled tetracycline in R6 WT,
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Figure 2. Gene expression alterations in S. pneumoniae tetracycline-
resistant mutants. Gene expression was compared between S. pneumoniae
R6 WT and R6M1TC-5 or R6M2TC-4 by RNA-seq. Results for R6M2TC-4 are
shown. The dots represent the 2043 genes from the S. pneumoniae R6
genome sorted in numerical order on the abscissa. Black dots represent
overexpressed and down-regulated genes (P≤0.01) and grey dots
represent not significantly altered genes.

R6patA-patB(R6M2TC), R6p_patA(R6M2TC)-rpsL+ and R6CDSpatA-patB(R6M2TC)-dhfr+ for up
to 20 min. Results represent the means of three independent replicates. A
t-test was performed on normalized data at 10 and 20 min and the
significance threshold set to P≤0.05. (d) Accumulation of tetracycline in
the presence of reserpine in R6 WT, R6patA(R6M1TC) and R6patA-patB(R6M2TC).
Reserpine (20 mg/L) was added at 15 min.
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Figure 3. GO classification of genes whose expression is significantly altered in S. pneumoniae tetracycline-resistant mutants. Genes differentially expressed (P≤0.015) in (a) R6M1TC-5
and (b) R6M2TC-4 compared with S. pneumoniae R6 WT were clustered according to their ontology. GO terms surrounded by dark grey, medium grey and light grey correspond to cellular
component-, molecular function- and biological process-associated GO terms, respectively. The percentage of sequences associated with a specific GO term is shown for overexpressed
genes (green), down-regulated genes (blue) and overall S. pneumoniae R6 genes (red). This figure appears in colour in the online version of JAC and in black and white in the print version
of JAC.
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the tetracycline-binding site.53 Interestingly, the amino acid
from ribosomal protein S10 the nearest to the primary site in
T. thermophilus (lysine-55) was found to be within 8 –9 Å of
bound tetracycline24,53 and the equivalent residue is mutated
in R6M2TC-4 (K57E). Substitutions at homologous residues
were also previously observed and implicated in tetracycline
resistance in high-level resistant N. gonorrhoeae,24 confirming
the importance of endogenous mutations near the ribosomal
aminoacyl-tRNA site for tetracycline resistance in the absence
of tet genes.

Multidrug efflux pumps are important contributors of resist-
ance to antimicrobials and the S. pneumoniae multidrug ABC
transporter PatA/B had already been implicated in resistance to
ethidium bromide, berberine, novobiocin, acriflavine, erythromy-
cin, fluoroquinolones, chloramphenicol and linezolid.35,54 A
phenotypic microarray screening for 240 compounds against a
panel of S. pneumoniae mutants inactivated for putative efflux
pumps also identified PatA/PatB as a possible contributor to oxy-
tetracycline resistance, but this was not further validated by an
additional quantitative method like microdilution MIC.55 Here,
we provide such evidence with S. pneumoniae transformants for
which the introduction of a mutation upstream of patA facilitates
the transcription of the PatA/PatB genes to foster resistance to
tetracycline by decreasing its accumulation, most likely by
increased efflux. While several other bacterial ABC transporters
have been shown to confer resistance to structurally dissimilar
compounds, including tetracycline and fluoroquinolones,25 – 27,56

this is the first known time that a reduced accumulation of tetra-
cycline mediated by such transporter has been directly measured.
The mutation in the promoter region of patA most likely increases
transcription rates by loosening a terminator-like structure
upstream of the gene. It was recently proposed that mutations
upstream of patA could lead to its overexpression by altering
the strength of a terminator-like stem-loop structure in the 5′

untranslated region (UTR) of patA.45,57 Also, constitutive

overexpression of patAB in fluoroquinolone-resistant isolates
may be caused by mutations in a Rho-independent transcriptional
terminator structure located upstream of patA gene.57 An analysis
of the DNA sequence upstream of patA using RibEx58 indeed sug-
gested the presence of three stem-loop structures (a transcriptional
terminator, an anti-terminator and an anti-anti-terminator
structure) in S. pneumoniae R6 (Figure S2). Interestingly, the
strength (DG) of the transcriptional terminator stem-loop structure
is decreased by the presence of the mutations detected upstream
of patA in R6M1TC-5 and R6M2TC-4 mutants (Figure S2), suggest-
ing that these alterations are responsible for the increase in patA
transcription (Table 4). Similarly, small deletions impeding the for-
mation of a transcriptional attenuator upstream of tet(M) have
been shown to increase its transcription rate in S. pneumoniae clin-
ical isolates unsusceptible to tetracycline.59 In S. pneumoniae,
tetracycline resistance conferred by ribosomal protection proteins
such as Tet(M) would lead to an excess of unbound tetracycline,
and overexpression of the chromosomally encoded PatA/PatB
efflux pump may be exploited by the pneumococcus to efflux
the excess tetracycline. It would thus be interesting to assess
whether patA/patB overexpression also occurs in S. pneumoniae
clinical isolates resistant to tetracycline due to the presence of
mobile elements of the Tn916 family.

Mutations in the coding region of patA also contributed to
resistance to tetracycline and ciprofloxacin (Table 2), possibly by
altering the specificity of the transporter. A TMHMM analysis of
the PatA sequence revealed that every mutation observed in
R6M1TC-5 and R6M2TC-4 was located in transmembrane
domains (TMs). A comparison with the crystal structure of the
bacterial ABC exporter SAV1866 from Staphylococcus aureus60

also supported the location of mutation M170I within TM4 and
the location of mutations G287E and R295S within TM6.
Residues from transmembrane helices TM1, TM4 –TM6 and
TM10–TM12 in the homologous human MDR1 have been shown
to interact with the substrates of the transporter.61 Unfortunately,

Table 5. Expression of spr0632 in S. pneumoniae clinical isolates susceptible and resistant to tetracycline

Strain Specimen sourcea

Genotypeb

Mean fold expression of spr0632c Tetracycline MIC for WT/Dspr0632 (mg/L)dtet(M) tet(O) rpsJ

R6 ATCC BAA-2555 2 2 WT 1 0.125/0.125

CCRI 14730 broncho-alveolar lavage 2 + WT 0.770+0.097 32/NA
CCRI 14774 throat + 2 WT 4.937+++++1.510 2/NA
CCRI 15711 sinus + 2 WT 0.858+0.442 2/NA
CCRI 18414 nose 2 + WT 0.950+0.467 16/16
CCRI 22087 CSF + 2 WT 2.913+++++0.772 32/16

CCRI 55073 respiratory tract 2 2 WT 0.795+0.360 0.125/NA
CCRI 60827 respiratory tract 2 2 WT 0.671+0.315 0.125/NA
CCRI 1974 NA 2 2 WT 0.525+0.060 0.125/NA
CCRI 9008 sputum NA NA NA 1.104+0.619 0.125/NA
CCRI 14598 blood NA NA NA 0.581+0.322 0.125/NA

NA, not available.
aAll clinical isolates are from Canada, except for CCRI 1974, which is of unknown origin.
bPrimers used to amplified tet(M), tet(O) and rpsJ are listed in Table S1.
cSignificant increased expression is shown in bold.
dSensitization to tetracycline upon spr0632 inactivation is indicated in bold.
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no well-defined substrate binding sites have been identified for
bacterial ABC exporters62,63 to hypothesize more precisely about
the role of these mutations in the activity of the transporter.
Nonetheless, it is intriguing that, for both R6M1TC-5 and
R6M2TC-4 mutants, a single mutation in the coding region of
patA enhanced resistance against structurally different mole-
cules. Mutations affecting substrate specificity have also been
reported previously for other multidrug efflux pumps.64,65

These mutations can possibly alter the tertiary structure of
the transporter and thereby modulate the substrate profile
or provide additional substrate binding sites relevant for the
recognition of a given substrate. In the case of R6M1TC, one
possibility would be that the M170I substitution in PatA
increases its specificity for tetracycline and excludes it from
rRNA by favouring its trapping at the membrane in the trans-
porter before its extrusion out of the cell.

The expression profile of R6M1TC-5 and R6M2TC-4 has high-
lighted that gene expression alterations other than the overex-
pression of patA/patB can foster resistance to tetracycline
(Figure 2 and Table S3). Comparative expression profiling by
RNA-seq and qRT–PCR indeed revealed that key genes involved
in the salvage of HMP in the thiamine biosynthesis pathway
were overexpressed in the R6M1TC-5 and R6M2TC-4 mutants
(Tables 4, Table S3 and Figure S1). This appears to be coherent
with resistance to tetracycline since the inactivation of spr0632,
which is responsible for the uptake of HMP from the extracellular
milieu, increased tetracycline susceptibility in both mutants.
Interestingly, increased expression of thiamine metabolism
gene was also observed in clinical isolates resistant to tetracyc-
line. An increased expression of spr0632 could be detected in
two tetracycline-resistant pneumococcal isolates, but in none of
the susceptible isolates tested (Table 5). While the number of iso-
lates tested is small, these results indicate that the expression of
thiamine metabolism genes can be increased in clinical isolates
and further work will undoubtedly help refine our understanding
of the clinical significance of thiamine metabolism and resistance
to tetracycline. The inactivation of the spr0632 gene in one
tetracycline-resistant clinical isolate reduced its resistance to
tetracycline. The activity of several enzymes of carbohydrate
metabolism, such as pyruvate dehydrogenase, 2-oxoglutarate
dehydrogenase and transketolase, requires thiamine pyrophos-
phate as a co-factor.66 Resistance to tetracycline may require
increased energetic needs, which would translate into a higher
thiamine demand from these enzymes. Alternatively, thiamine
derivatives have been shown to act as signals involved in the
adaptation of bacteria to stressful conditions52,67 and it will be
interesting to conduct metabolomics studies with extracts derived
from mutants R6M1TC-5 and R6M2TC-4 to fully understand the
changes happening in the thiamine biosynthesis pathway.

Overall, the combined use of WGS, RNA-seq and functional
analyses revealed that endogenous tetracycline resistance
mechanisms can be selected in S. pneumoniae in the absence
of tet(M) and tet(O). One early mutation is the S10 ribosomal
protein, but the clinical relevance of antibiotic efflux mediated
by the ABC transporter PatA/PatB in S. pneumoniae was reiter-
ated by the demonstration that the overexpression of this trans-
porter can foster resistance to tetracycline in addition to
resistance to fluoroquinolones30 – 32,44 and linezolid.35 A novel
link between thiamine metabolism and resistance to tetracycline
was also revealed.
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