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A B S T R A C T

Capreomycin (CAP), a cyclic peptide antibiotic, is considered to be an ideal second-line drug for tuberculosis
(TB). However, in the past few years, the emergence of more CAP-resistant (CAPr) TB patients has limited its use.
Although it has been reported that CAP resistance to Mycobacterium tuberculosis (Mtb) is associated with rrs or
tlyA mutation, the exact mechanism of CAPr Mtb strains, especially the mechanism associated with tlyA deficient
or mutation, is not fully understood. Herein, we utilized a multi-omics (genome, proteome, and metabolome)
approach to assess CAP resistance on tlyA deficient CAPr Mtb strains (CAPr1) and tlyA point mutation CAPr Mtb
strains (CAPr2) that we established for the first time in vitro to investigate the CAP-resistant mechanism. Our
results showed that the CAPr1 strains (> 40 μg/ml) was more resistant to CAP than the CAPr2 strains (G695A,
10 μg/ml). Furthermore, multi-omics analysis indicated that the CAPr1 strains exhibited greater drug tolerance
than the CAPr2 strains may be associated with the weakening of S-adenosyl-L-methionine-dependent methyl-
transferase (AdoMet-MT) activity and abnormal membrane lipid metabolism such as suppression of fatty acid
metabolism, promotion of glycolipid phospholipid and glycerolipid metabolism. As a result, these studies reveal
a new mechanism for CAP resistance to tlyA deficient or mutation Mtb strains, and may be helpful in developing
new therapeutic approaches to prevent Mtb resistance to CAP.

1. Introduction

Tuberculosis (TB) caused by Mycobacterium tuberculosis (Mtb) is a
deadly bacterial disease that infects approximately one-third of the
world's population through its symptomatic or asymptomatic status. In
particular, the emergence of multidrug-resistant TB (MDR-TB) and ex-
tensively drug-resistant TB (XDR-TB) patients exacerbates the severity
of this public health and safety crisis (WHO, 2017). Although second-
line anti-TB injectable drugs such as aminoglycosides kanamycin,
amikacin, capreomycin and viomycin have been widely used to im-
prove treatment outcomes of MDR-TB (Caminero et al., 2010), there are
still more MDR-TB patients who are resistant to the above drugs (Falzon
et al., 2011).

Capreomycin (CAP) is considered as a second-line drug for TB and is

also a representative of peptide anti-TB drugs. It is known that the re-
sistance of Mtb to CAP is related to rrs or tlyA mutation (Akbergenov
et al., 2011; Maus et al., 2005; Monshupanee et al., 2012). Anna En-
gström et al. reported that Mtb with rrs mutation might be more sen-
sitive to CAP than Mtb with tlyA mutation based on clinical sequencing
data (Engstrom et al., 2011). Notably, some TB patients show cross-
resistance to CAP, amikacin and kanamycin, and rrs A1401 G allele of
Mtb is a marker of cross-resistance to these drugs. Since amikacin and
kanamycin are recommended as the first choice for second-line in-
jectable anti-TB drugs, it is unclear whether any of these three drugs
can induce rrs mutation.

Until recently, the detailed mechanism of rrs mutation in CAP-re-
sistant (CAPr) strains is unclear, except for founding the clinical CAPr

strains with rrs mutations. Certainly, the exact mechanism of CAPr Mtb
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strains which is associated with tlyA deficient or mutation, is not fully
understood. TlyA encodes protein TlyA with rRNA methyltransferase
activities, which catalyze 2’-O-methylation at nucleotides C1409 of 16S
rRNA and C1920 of 23 s rRNA to offer the optimal CAP binding to the
mycobacterial ribosome at the interface of the small and large subunits
so as to inhibit mRNA-tRNA translocation (Stanley et al., 2010). It is
known TlyA with loss-of-function mutations in rRNA methylation, can
confer CAP resistance (Akbergenov et al., 2011; Maus et al., 2005;
Monshupanee et al., 2012) and the complementation of a tlyA-deficient
strain with a wild-type copy of tlyA restores CAP susceptibility to Mtb
(Maus et al., 2005). Despite the critical role of TlyA in CAP sensitivity
and the identification of inactivating mutations that cause resistance,
our current understanding of TlyA structure and the mechanism of
action as well as the relation between rrs mutations and tlyA mutations
remains limited.

Recently, proteomics and metabolomics, representing the direct
performer and final feedback of the overall function or state-of-the-life
system, served as the basis for a better understanding of the drug re-
sistant mechanisms and elucidating drug mechanisms and monitoring
treatment outcomes (Luies et al., 2017a,b; Vranakis et al., 2014). In this
study, a multi-omics approach, which integrates the genome, high-
throughput isobaric tag for relative and absolute quantitation (iTRAQ)-
based quantitative proteomics and liquid Chromatograph Mass Spec-
trometer (LC–MS)-based metabolomics, was performed to investigate
the resistance mechanism of two different laboratory CAP-resistant Mtb
strains, tlyA deficient CAPr Mtb strains (CAPr1) and tlyA point mutation
CAPr Mtb strains (CAPr2).

This is the first study on the mechanism of CAP resistance in Mtb in
vitro using the statistically integrated multi-omics method. In this study,
we found that, except TlyA inactivation, tlyA-deficient Mtb has a more
complex drug-resistant mechanism compared to a tlyA point-mutated
Mtb, including the reduction of S-adenosyl-L-methionine-dependent
methyltransferases (AdoMet-MTs) activity and abnormal membrane
lipid metabolism such as inhibiting fatty acid metabolism but pro-
moting glycolipid phospholipid and glycerolipid metabolism. The re-
sults of this study will advance our understanding of the mechanisms
underlying the resistance of bacteria to antibiotics.

2. Materials and methods

2.1. Bacterial cultures

Mtb H37Rv strain was cultured on Löwenstein-Jensen (LJ) medium
and were respectively treated with CAP, kanamycin (KAN) and ami-
kacin (AMK) according to the route of Fig. 1 to obtain the corre-
sponding drug-resistant Mtb. For Mtb treated with drugs, single co-
lonies were randomly selected and cultured in liquid culture for the
extraction of genomic DNA and testing minimum inhibitory con-
centrations (MIC) of Mtb strains according to the established protocols
(Kim and Hong, 1992; Larsen et al., 2007; Wang et al., 2011). Then
single colonies were assessed by targeted sequencing of PCR amplicons
of rrs and tlyA genes. The primers used in the targeted sequencing are
described in Supplemental Table S7 (see Supplemental Experimental
Procedures).

2.2. Drug susceptibility testing

The MICs of the drugs were determined as described by Luciano
Mengatto et al. (Mengatto et al., 2006). The detailed method was shown
in Supplemental Experimental Procedures.

2.3. Congo red assay

When Mtb grew to stationary phase, 2 μl was dropped on 7H10
medium supplemented with 1.5% agar and 100 μg/ml Congo red
(Sigma). The plates were incubated at 37 °C for colony morphology and

Congo red staining (Deshayes et al., 2005; Sonden et al., 2005).

2.4. Sliding motility assay

Mtb strains were grown to stationary phase, 2 μl was dispensed on
plate containing 7H9 medium with 0.3% agar. The plate was then in-
cubated at 37 °C for 5 weeks (Deshayes et al., 2005; Sonden et al.,
2005).

2.5. Whole genome resequencing

The Mtb genome was extracted as described by Somerville et al.
PCR-free DNA libraries for full-genome sequencing were constructed
from the genomic DNA of selected strains using a TruSeq DNA kit
(Illumina, Inc.) according to the manufacturer's protocol, and assayed
using the Illumina MiSeq or HiSeq 2000 sequencing systems. The de-
tailed method was shown in Supplemental Experimental Procedures.

2.6. Protein preparation and iTRAQ labeling

The proteins were extracted using mechanical crushing method. For
each sample, total protein (100 μg) was digested with 3.3 μl of trypsin

Fig. 1. The process of capreomycin-induced drug resistance. M. tuberculosis
H37Rv strain was cultured on Löwenstein-Jensen (LJ) medium and processed
by amplification culture named as passage 0 (P0) strains, which were selected
for preparing CAP-resistant strains. Concentration gradients (2−4, 2-3, 2-2, 2-1,
20) of CAP based on the critical concentration (40.0 μg/mL CAP) contained LJ
medium were prepared, and P0 strains (1 MCF) were cultured in LJ medium
(2−4 CAP concentration) for approximately 4 weeks named as passage 1 (P1).
Repeat this step till passage 4 (P5) strains, which met to the WHO criteria for
CAP-resistant strains, and then the resistant strains were verified by the ap-
propriate concentrations of drug used in the drug-susceptibility test. The re-
sistant strains were continuously cultured to passage 8 (P8) without CAP, and
then analyzed by the drug-susceptibility test. The single colonies were ran-
domly selected and cultured in liquid culture for the extraction of genomic DNA
and testing CAP MICs of Mtb strains. Then single colonies were assessed by
targeted sequencing of PCR amplicons of genes associated with CAP resistance.
The primers used in the targeted sequencing are described in Supplemental
Table S7. Two strains, one tlyA-deficient and one tlyA-point mutant Mtb are
identified and subjected to full genome resequencing, proteomic and metabo-
lomic analysis.
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(1 μg/μl) at 37 °C for 24 h. After trypsin digestion, peptides were re-
constituted in 0.5M TEAB and processed according to the manufac-
turer's instructions (Applied Biosystems) (see Supplemental
Experimental Procedures).

2.7. LC–MS analysis

The resolved peptides were submitted to MS on an Q EXACTIVE
(Thermo Fisher Scientific, San Jose, CA, USA) with an analytical C18
column (75 μm i.d.× 150mm, 2 μm, 100 Å, nano Viper, Thermo Fisher
Scientific, USA) for identification and quantification. The raw data were
searched with Proteome Discoverer v2.2 version (Thermo Scientific)
against the H37Rv database with the same parameters setting as pre-
viously described. The final proteins that were seemed to be differen-
tially expressed were filtered as a P value<0.05 and 1.5-fold changes
(> 1.50 or< 0.667) relative to the control group.

2.8. Macrophage virulence assay

Bacterial suspensions of CAPr1, CAPr2 and their parental strains
were added respectively to wells containing RAW264.7 cells. The sur-
vival ability of bacteria inside macrophages was measured after cells
were lysed at the times indicated (see Supplemental Experimental
Procedures).

2.9. Metabolite extraction for LC–MS

The collected Mtb were quenched immediately by liquid nitrogen
for 10min stored at −80 °C. The intracellular metabolites in Mtb were
extracted according to the method described by Loots du (Loots du,
2016) and the metabolites in the culture filtrate were extracted ac-
cording to the method described by Lau, S. K. et al. (Lau et al., 2015)
(See Supplemental Experimental Procedures).

2.10. Identification and analysis of metabolites by LC–MS

The samples were analyzed in the positive ion mode on an AB 5600
+ Triple TOF mass spectrometer system coupled to an Ekspert UltraLC
system (110, AB Sciex) which equipped with ACQUITY UPLC HSS T3
(1.8 μm 2.1×100mm, Waters) column. The raw MS files (WIFF format
file) were converted to ABF (analysis base file format) using the freely
available Reifycs file converter (http://www.reifycs.com/
AbfConverter/). Peak picking and alignment were performed using
MS-DIAL version 2.24 and the parameters were set as follows:
Alignment: MS1 tolerance, 0.01 Da; Retention time tolerance, 0.1 min;
Identification: Accurate mass tolerance (MS1), 0.025 Da; Accurate mass
tolerance (MS1), 0.25 Da. Representative MS/MS spectra were exported
in abf format for MS-DIAL, and compound identification was performed
against MS/MS libraries including MassBank and MONA (Hilbig and
Rarey, 2015) (see Supplemental Experimental Procedures).

2.11. Bioinformatics analysis

For the proteomics results, Gene ontology (GO) enrichment and
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis were per-
formed using DAVID online software. For the metabonomics results,
multidimensional statistical analysis was performed using
MetaboAnalyst software, including unsupervised principal component
analysis (PCA), supervised partial least squares discriminant analysis
(PLS-DA). Univariate statistical analysis was performed by Students’ t-
tests and KEGG pathway analysis was performed using MBROLE 2.0
online software.

3. Results

3.1. Identification and characteristics of CAPr 1 and CAPr 2 Mtb strains

To obtain CAPr Mtb strains, wild type H37Rv Mtb strains were
treated with CAP according to the route of Fig. 1. Sixty CAPr Mtb strains
(MIC > 2.5 μg/ml) were randomly selected for further characteriza-
tion of CAPr associated genes tlyA and rrs by sequencing. Among these
CAPr Mtb strains, 45 strains had the same point mutation in tlyA (695
G→A, G232D), and 12 strains had a frameshift tlyA mutation (357 G
deletion) (Supplemental Table S1). In addition to the tlyA mutation,
only three strains (3/60) were found to harbor rrs mutation (A1401 G).
Moreover, we also constructed KANr and AMKr Mtb strains induced by
kanamycin and amikacin using the same method, respectively. In nei-
ther of KANr nor AMKr Mtb strains, tlyA were mutated, while rrs
(A1401 G) mutation were 100% (15/15) in AMKr Mtb strains, and
87.5% (18/21) in KANr Mtb strains. Notably, all KANr and AMKr Mtb
strains with rrs (A1401 G) mutation were also resistant to CAP (data not
shown), in consistence with reported laboratory and clinical results
(Reeves et al., 2015; Sowajassatakul et al., 2014). These results sug-
gested that tlyA mutation was the most direct domains in CAPr Mtb
strains.

Among the CAPr Mtb strains, the tlyA deficient CAPr Mtb strains
(CAPr1) occurs at a 20% frequency in nature and has a higher resistance
to CAP (> 40 μg/ml) than does the tlyA point mutation CAPr Mtb
strains (CAPr2) (G695A, 10 μg/ml). In addition, these two strains were
not cross-resistant to 9 other anti-TB drugs except CAP (Supplemental
Table S2). Furthermore, to verify whether the mutation was stable, we
cultured both strains for three continuous generations without CAP and
found the mutations and CAP resistance level unchanged (data not
shown), indicating that the CAPr strains have been successfully estab-
lished.

Next, genome sequencing was performed on the CAPr1, CAPr2 and
parental strains. Interestingly, comparative genomic analysis revealed
that apart from the point mutation within tlyA of CAPr2 strain, a mis-
sense mutation occurred in plcC (143 T→C, Q462R) compared to its
parental strain. Different from CAPr2, CAPr1 had four different muta-
tions: tlyA (357 G deletion), Rv0228 (516C→G, A172 G), PPE51
(259G→C, A87 P) and a synonymous mutation in mtbA (Supplemental
Table S3). It is known that loss-of-function mutations in tlyA can confer
CAP resistance in Mtb (Maus et al., 2005; Monshupanee et al., 2012)
and the inactivating mutations in tlyA include two types: point and
deficient. Although the locations of these mutations are different, the
two kinds of mutations widely exist in laboratory CAPr isolates
(Engstrom et al., 2011; Hu et al., 2013; Maus et al., 2005). The CAPr

strains we induced fit the two types of mutations, but they were not
found in reported clinical isolates. This discrepancy is likely related to
fewer reported strains, different strain backgrounds, and their growth
differences in vivo versus in vitro.

3.2. Global protein expression patterns of CAPr 1 and CAPr 2 Mtb strains

To further investigate the changes at protein levels of the strains
caused by CAP, we performed global protein expression profiling on the
CAPr1, CAPr2 strains and their parental strains. In total, 1,891 proteins
were identified. For CAPr1 strains, compared to its parent strain, a total
of 166 differentially expressed 1.5-fold or greater change proteins were
found (P < 0.05), including 61 down-regulated proteins and 105 up-
regulated proteins, respectively (Supplementary Table S4). For the
CAPr2 strain, 22 proteins were identified, including 17 proteins that
were upregulated and 5 proteins that were downregulated.

We further investigated the GO categories of the changed proteins
using DAVID online software (Fig. 2). Among the increased proteins, in
cellular component ontology, we found that the ribosome-associated
proteins increased in both CAPr strains, while the ribosomal protein
species in the CAPr1 strain increased significantly more than those of
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the CAPr2 strain (CAPr1, 31 proteins; CAPr2, 11 proteins) (Fig. 2A and
G). Notably, there were also 64 proteins (43.24%) related to the plasma
membrane in CAPr1 strain (Fig. 2A). Accordingly, in the biological
process ontology, the process of the translation, growth and ribosomal
assembly were enriched in both CAPr strains compared to their parent
strain (Fig. 2B and H). The difference is that under the pressure of CAP,
the changes of CAPr1 focused on ribosomal large subunit assembly,
while the changes of CAPr2 tended to focus on small subunit assembly
(Fig. 3A and B). The above results indicated that the CAPr strain might
grow faster than the parental strain. However, we observed that the two
CAPr strains had similar phenotype and growth characteristics (Fig. 4A
and B) that a similar phenomenon has also been observed by other
researchers (Johansen et al., 2006; Maus et al., 2005). Interestingly, in
Congo red assay, we found that the cell surface of CAPr1 strain is
smoother than that of wild-type strain and CAPr2 strain (Fig. 4A).

In the biological process ontology, the fatty acid biosynthetic pro-
cess and metabolic process with decreased abundance were enriched in
the CAPr 1 strain (Fig. 2E), such as FadD9, FadD21, FadD26, FadD29,
FadD34 and PpsE (Supplemental Table S4). In addition, PapA1, PapA3
and AcpM were also found decreased in CAPr 1 strain. Sulfolipid-1 (SL-
1) was the most abundant sulfatide in the family of cell surface sulfated
lipids which were identified in Mtb extracts and correlated to bacterial
virulence (Dubos and Middlebrook, 1948; Gangadharam et al., 1963;
Middlebrook et al., 1959). Kumar et al. has proved that PapA1 is an
essential acyltransferases for the biosynthesis of Sulfolipid-1(Kumar
et al., 2007). Polyacyltrehalose (PAT), a pentaacylated trehalose-based
glycolipid, is one of the components of Mtb cell wall. Hatzios SK et al.
proved that PapA3 is involved in PAT assembly and leads to a decline in
glycolipid biosynthesis (Hatzios et al., 2009). It has been previously
shown that acpM is a major component of fatty acid synthase II in Mtb
(Kremer et al., 2001).

Among the decreased proteins, we observed that ESAT-6, CFP-10
and other ESX family antigens (EsxN and EsxG) were significantly de-
creased in the CAPr 1 strain (Supplemental Table S4). We also found the

evasion or tolerance by symbiont of host-produced nitric oxide process
and pathogenesis process were significantly reduced in the CAPr1
strain, suggesting that the survival ability of the CAPr1 strain in the host
might be weakened (Fig. 2E). To verify this assumption, we tested the
bacterial resistance to macrophages (murine RAW264.7 cell) and found
that at 76 h post-infection, the CAPr1 strain grew to a lower yield in
macrophages than the control and CAPr 2 strain (Fig. 4C). Md. Aejazur
Rahman et al. had also reported that the tlyA protein negatively reg-
ulates T helper 1 (Th1) and Th17 differentiation and promotes TB pa-
thogenesis. They also found that the tlyA-deficient Mtb exhibited re-
duced bacillary load in macrophages and mice compared to the wild-
type strain (Rahman et al., 2015). Interestingly, we found the methy-
lation process was dramatically repressed along with six reduced
AdoMet-MTs (Rv0830, Rv0726c, Rv0415, Rv0416, Rv3767c and
Rv1896c) (Fig. 2E). Notably, the decreased AdoMet-MTs were observed
only in the tlyA deficient Mtb strain, not in the CAPr 2 strain, suggesting
that the CAPr 1 strain has a more complex and effective drug-resistant
mechanism than the CAPr 2 strain.

3.3. Compared with tlyA point mutation CAPr2 Mtb strains, lipid
metabolism pathway was significantly enriched by downregulated
intracellular metabolites in tlyA deficient CAPr1 Mtb strains

As mentioned above, the relative abundance of some proteins in-
volved in metabolism and fatty acid synthesis (ppsE, FadD21, FadD29,
FadD26 and FadD34) in the CAPr1 strain were significantly decreased
while several proteins involved in glycerophospholipid metabolism and
glycerolipid metabolism were observably increased (FbpB, PlcA, PlcB,
FabG1 and Rv0223c) (Fig. 5). To investigate the metabolomics level in
the CAPr1 and CAPr2 Mtb, the intracellular and extracellular metabo-
lites were evaluated by liquid chromatography coupled with tandem
mass spectrometry (LC–MS) and analyzed by multi- and univariate
analyses. For multivariate analysis, PCA showed that 72.1% (CAPr1)
and 56.6% (CAPr2) of the total variance in the data were represented by

Fig. 2. Gene Ontology categories for the differentially expressed proteins of H37Rv in response to CAP using DAVID analysis. (A), (B) and (C) Functional classifi-
cation of the CAPr 1 upregulated proteins (1.5-fold change) in the biological processes, molecular functions, and cellular components, respectively. (D), (E) and (F)
Functional classification of the CAPr 1 downregulated proteins (1.5-fold change) in the biological processes, molecular functions, and cellular components, re-
spectively. (G), (H) and (I) Functional classification of the CAPr 2 upregulated proteins (1.5-fold change) in the biological processes, molecular functions, and cellular
components, respectively.
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Fig. 3. Heat map showed the differentially expressed ribosomal proteins in CAPr Mtb strains (1.5-fold changed).
(A)Heat map showing the average relative abundance of differentially expressed ribosomal proteins and S-adenosylmethionine-dependent methyltransferase related
protein in CAPr 1 Mtb. (B)Heat map comparing the abundances of differentially expressed ribosomal proteins in CAPr 2 Mtb. Green and red indicate decreases and
increases.
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the first three principal components compared to the control (Fig. 6A
and B). The 3D-PCA score plot revealed that the CAPr strains can be
distinguished from the parental strain based on the first three principal
components, with the CAPr strains clearly separated from the parental
strain along principal component 1, which represented 38.9% (CAPr1)

and 34.5% (CAPr2) of the variance. In view of the significant separation
achieved using PCA, supervised analysis PLS-DA (Fig. 6C and D) was
subsequently performed to maximize the separation and to identify
additional metabolites to those identified using PCA. In the PLS-DA
score plot, the separation between different Mtb species is more

Fig. 4. Characterization of CAP-resistant Mtb
used in this study. (A) Phenotypic analysis of
M. tuberculosis strains. Wild-type strain (con-
trol) was compared to tlyA deficient CAPr

strains (CAPr1) and tlyA site-mutated CAPr

strains (CAPr2) for the following phenotypes:
(a) Colony morphology, (b) Sliding motility.
(B) Growth of M. tuberculosis H37Rv, CAPr 1
and CAPr 2 strains in 7H9+ADC liquid media
for 37 days. The average of two biological re-
plicates is shown. (C) Bacterial load in the
murine RAW264.7 cell. The macrophages were
infected with CAPr 1, CAPr 2 and their parental
strains, respectively. Error bars indicate stan-
dard errors for each group (n=3).

Fig. 5. Heat map showed the proteins involved in glyceropho-
spholipid metabolism and glycerolipid metabolism in CAPr1 Mtb
strain. Purple and red indicate decreases and increases. Many
identified proteins in CAPr1 Mtb strain are associated with lipid
metabolism. Among these proteins, some upregulated proteins are
involved in the glycerophospholipid and glycerolipid metabolism,
such as PlcA, PlcB, GlpD1, PlsB2, Rv2182c, Cdh, FbpB, FbpC.
Besides, FadD26 and FadD29, which are involved in fatty acid
synthesis, were down-regulated. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the
web version of this article).
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prominent. Potential metabolites were selected based on the VIP score
(> 1). To further confirm the specificity and significance of potential
metabolites identified from PCA and PLS-DA, univariate analysis of
each metabolite was performed using Student’s t-test. The potential
metabolites contributing most to the variation between CAPr and the
parental strain with significantly higher level in PLS-DA was carried out
for analysis. Of these differential compounds identified in the in-
tracellular region of CAPr 1 strain, 29 decreased metabolites were in-
volved in membrane lipid formation and metabolism, viz. phosphatidic
acid (PA), phosphatidylethanolamine (PE), phosphatidylcholine (PC),
phosphatidylserine (PS), phosphatidylinositol (PI), phosphatidyl gly-
cerin (PG) and diglyceride (DG), Monogalatosyl diglyceride (MGDG),
digalactosyl diglyceride (DGDG), sulfoquinovosyl diacylglycerol
(SQDG) (Supplemental Table S5). Next, we enriched the KEGG path-
ways of these altered metabolites by MBRole 2.0 online analysis. As
shown in Supplemental Table S5, glycerolipid metabolism and glycer-
ophospholipid metabolism pathway were the drastically altered meta-
bolic activity in CAPr 1 strain with considerable enrichment (FDR <
0.01). In addition, we observed that cytidine-5’-triphosphate had an
approximately 70-fold increase in the CAPr 1 strain, and riboflavin was
also upregulated by approximately 18-fold (Supplemental Table S5).

We also characterized the metabolomes of the culture supernatant
of CAPr strains by the same method used for testing the extracellular
metabolites. Interestingly, we also detected a significant decrease in the
relative abundance of lipids compared to the control (Supplemental
Table S6). Notably, different from the CAPr1 strain, no significant
changes at individual metabolite levels in either cellular content or
spent culture media of CAPr2 strain were detected (data not shown),
further indicating that the CAPr1 strain has a CAP-resistant mechanism
different from that of the CAPr2 strain. We further enriched the KEGG
pathways of these altered metabolites. Among the intracellular meta-
bolites, there were only three significantly decreasing pathways,

including glycerophospholipid metabolism, glycerolipid metabolism
and metabolic pathways (Supplemental Table S5). As such, glycer-
ophospholipid metabolism and the biosynthesis of unsaturated fatty
acids were reduced in extracellular metabolites (Supplemental Table
S6). Taken together, the above results illustrated that there was a
substantial shift in lipid metabolism caused by CAP resulting in greater
consumption of fatty acids.

4. Discussion

In this study, we screened and established two different CAP-re-
sistant strains (tlyA deficient and point mutation) by increasing con-
centrations of CAP to Mtb in vitro and compared the differential pro-
teins and metabolites of CAP-resistant Mtb and their parent strain using
an integrated genomic-proteomic-metabonomic approach.

Different from the method induced by high concentration drugs
(Zhao et al., 2014), a continuous drug concentration gradient induction
(Fig. 1, Supplemental Experimental Procedures) can better simulate the
accumulation of drugs in the body. Interestingly, among the reported
CAPr associated genes, we found there was an about 95% mutation rate
in tlyA including 20% frameshift and 75% point-mutation, as well as 5%
point mutation (A1401 G) in rrs gene (Supplemental Table S1). We also
found that in KANr and AMKr Mtb strains constructed using the same
method, there were high mutation rates in rrs gene while tlyA were not
mutated in these strains. Since rrs A1401 G allele are reported as a
marker of cross-resistance to CAP, amikacin and kanamycin, our results
showed that all KANr and AMKr Mtb strains with rrs (A1401 G) muta-
tion were indeed resistant to CAP. Therefore, we speculate that tlyA
gene is the direct target of CAP, and rrs gene may be the direct target of
kanamycin and amikacin. As for why rrs mutation can also cause CAP
resistance in Mtb, it remains to be studied. Given that amikacin and
kanamycin are recommended as the first choice among the second-line

Fig. 6. PCA score plot and PLS-DA score plot
based on intracellular metabolites of CAPr

strains compared with their parent strain. (A)
PCA score plot of metabolite profiles of distinct
developmental of CAPr1. PCA presented as
combination of first three dimensions, which
together comprise 72.1% of the metabolite
variance. (B) PCA Score plots of CAPr 2. (C)
PLS-DA score plot of metabolite profiles of
distinct developmental of CAPr 1. PLS-DA
presented as combination of first three di-
mensions, which together comprise 64.3% of
the metabolite variance. (D) PLS-DA plots of
CAPr 2. A web-based tool MetaboAnalyst 3.0
was used to analyze the data.

J. Zhao, et al. International Journal of Medical Microbiology 309 (2019) 151323

7



injectable anti-TB drugs and these two drugs can cause high frequency
mutation of rrs (A1401 G) inducing cross-resistance at the same time,
which can explain why the mutation rate of rrs is much higher than that
of tlyA in CAP drug-resistant strains clinically.

We further investigated the proteomic changes between the two
CAP-resistant strains. Interestingly, our results showed that there were
a lot of ribosomal proteins increased in these strains. Some previous
studies also reported that the ribosomal subunits have been dramati-
cally enriched in the drug-resistant group (Belenky et al., 2015; Lin
et al., 2014a). For example, oxytetracycline which has a broad spectrum
of anti-pathogenic microorganisms and belongs to the class of tetra-
cyclines (Lin et al., 2015), the researchers have found that some
translation related ribosomal subunits, such as S17, L27, S18, S19, S16,
and S20, were obviously increased in oxytetracycline-resistant bacteria.
In addition, some aminoglycoside drug-resistant hospital isolates En-
terococcus faecium and Neisseria gonorrhoeae also have a lot of ribosomal
subunits significantly increased, compared to drug-sensitive strains
(Nabu et al., 2014; Wagner et al., 2018). Therefore, it can be validated
that any antibiotic that acts on microbial ribosomes will increase ri-
bosome protein expression when bacteria are resistant. We also ana-
lyzed the KEGG pathways of differentially expressed proteins in Mtb
(Supplementary Table S4). Only the ribosomal pathway was enriched
with increased proteins in both CAPr strains, suggesting the important
role of ribosome in overcoming the pressure caused by CAP since this
drug inhibits protein synthesis. A microarray-based study on CAP also
showed that the treatment of Mtb with CAP resulted in overexpression
of several ribosomal proteins (Fu and Shinnick, 2007). Yuan Lin et al.
had further reported that the overproduction of ribosomal protein L12
in Mtb, but not L10, could lower the antibacterial activity of T766 and
T054, which are two anti-TB drugs, indicating that the ribosome was
likely the cellular target (Lin et al., 2012). They also found an over-
expression of L12 and/or L10 in M. smegmatis, which enabled the in-
crease of the CAP MIC (Lin et al., 2014b). Our results confirm the
conclusion that the promotion of ribosomal subunits may be a com-
pensative tactic for bacterial defense to antibiotics, and further indicate
that more ribosomal subunits responsible for antibiotic resistance may
be revealed by high-throughput proteomics.

In addition, several AdoMet-MTs (Rv0830, Rv0726c, Rv0415,
Rv0416, Rv3767c and Rv1896c) were significantly decreased in tlyA
deficient Mtb strains. It is known that CAP resistance in Mtb increases
through the inactivation of AdoMet-MT activity of tlyA, which can di-
rect 2′-O-methylation on ribosomal subunits (Monshupanee et al.,
2012). Our results indicated that the increased CAP resistance may not
only depend on tlyA but also be due to the reducing action of AdoMet-
MTs, which could not compensate for the effect caused by tlyA deletion.

Another interest finding in tlyA deficient CAPr1 Mtb is that the
glycerophospholipid metabolism and glycerolipid metabolism pathway
were enriched at the level of both proteome and metabolome
(Supplemental Tables S4, S5 and S6). Recent studies have shown that
bacterial membrane anionic lipids are promising targets to fight anti-
microbial resistance, such as in aminoglycoside antibiotics. A tran-
scriptomic study on the mechanism of action of CAP additionally re-
vealed substantial changes in a variety of other gene classes, including
lipid metabolism, cell wall and cell processes, and intermediary meta-
bolism and respiration in Mtb (Fu and Shinnick, 2007). Another study
revealed more dramatic changes in the mycomembrane of M. smegmatis
in response to challenge with CAP (Man et al., 2018). They propose that
CAP could act by inhibiting protein synthesis but induce substantial
remodeling of the mycomembrane. In addition, they presented a sub-
stantial shift in metabolism following CAP challenge, resulting in a
greater consumption of fatty acids, a depletion of mycolic acid and a
rigidification of the mycomembrane as trehalose monomycolate pre-
dominates over trehalose dimycolate. This hypothesis is partially sup-
ported by our results regarding the proteomics and LC–MS metabo-
lomics of the CAPr1 strain.

Compared to wild type strain, many proteins with significant

differential expression in CAPr1 strain involved in fatty acid synthesis,
glycerophospholipid metabolism and glycerolipid metabolism (Fig. 5,
Supplemental Tables S4, S5 and S6), such as FadD proteins and Plc
proteins. In Mtb, 34 fadD genes are annotated as members of the ade-
nylate-forming superfamily (Camus et al., 2002) and several fadD genes
involved in the synthesis of bioactive lipids have been shown to be
essential for bacterial survival or virulence (Dunphy et al., 2010; Liu
et al., 2013; Rindi et al., 2004; Simeone et al., 2010). Phthiocerol di-
mycocerosate (PDIM) is one of the cell wall lipids of mycobacteria. The
genes tesA, fadD26, ppsABCDE, mas, fadD28 could involve in the
synthesis of PDIM (Chavadi et al., 2011, 2012; Vergnolle et al., 2015).
Phthiocerol dimycocerosates (DIMs) and phenolic glycolipids (PGLs)
are two structurally related families of the surface-exposed lipids,
which have been proved contribute to the cell envelope permeability
barrier and virulence (Astarie-Dequeker et al., 2009; Cox et al., 1999).
Roxane Siméone et al. have clearly demonstrated that FadD29 is an
essential active intermediates during the formation of PGLs, and
FadD26 is required for the production of DIMs (Simeone et al., 2010).

Many up-regulated proteins in CAPr 1 strain, such as FbpB, PlcA,
PlcB, FabG1 and Rv0223c, are involved in cell wall synthesis and lipid
metabolism. The antigen 85(Ag85)proteins (encoded by the genes fbpA,
fbpB, and fbpC) have been found to possess mycolyltransferase activity
and may play a role in cell wall synthesis (Azad et al., 1997, 1996;
Banerjee et al., 1994; Blanchard, 1996). Belisle et al. have proved Ag85
is responsible for the transfer of mycolic acids to α-α′-trehalose to form
α-α′-trehalose monomycolate (TMM) and α-α′-trehalose dimycolate
(TDM) (Belisle et al., 1997). Mycolic acids are very long-chain α-
branched β-hydroxylated fatty acids (C54–63), which protect Mtb from
other hazards (Takayama et al., 2005). Mycolic acid biosynthesis in-
cludes a combination of type II fatty acid synthase (FAS-II) (Bloch,
1977). Hedia et al. proved that FabG1 belongs to the mycobacterial
FAS-II system (Marrakchi et al., 2002). Phospholipase C1 (plcA) and
phospholipase C2 (plcB) are involved in the metabolism of glycer-
ophospholipid metabolism in Mtb (Johansen et al., 1996; Raynaud
et al., 2002). In addition, Rv0223c could play a role in the glycerolipid
metabolism (Kim et al., 2009).

Many lipids in intracellular and extracellular metabolites are indeed
significantly reduced (Fig. 7). We did not find mycolic acid and tre-
halose monomycolate, which may be ascribed to different methods for
detecting metabolites. Thus, it can be seen that the glycerophospholipid
metabolism and glycerolipid metabolism are related to the drug re-
sistance of pathogenic bacteria, but how does it affect the drug re-
sistance of Mtb need further study.

In this study, we generated two different CAPr strains (tlyA deficient
CAPr1 Mtb strains and tlyA point mutation CAPr2 Mtb strains) in vitro
using increasing concentrations of CAP, and used an integrated
genomic-proteomic-metabonomic approach to compare differences in
genomic, proteins and metabolites of different CAPr Mtb strains and
their parent strain. We found that CAPr1 and CAPr2 Mtb strains have
different CAP resistance mechanisms. Aside from the inactivation of
tlyA, tlyA deficient CAPr1 Mtb strains exhibited greater drug tolerance
than CAPr2 strains may be associated with the weakening of AdoMet-
MTs activity and abnormal membrane lipid metabolism such as in-
hibiting fatty acid metabolism but promoting glycolipid phospholipid
and glycerolipid metabolism. These studies reveal a new mechanism for
CAP resistance to tlyA deficient or mutation Mtb strains, and may be
helpful in developing new therapeutic approaches to prevent Mtb re-
sistance to CAP.
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