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Abstract
Background Multidrug-resistant tuberculosis (MDR-TB) has become a big threaten to global health . The
current strategy for treatment of MDR-TB and extensive drug resistant tuberculosis (XDR-TB) is with low
e�cacy and high side effect. While new drug is fundamental for cure MDR-TB, repurposing the Food and
Drug Administration (FDA)-approved drugs represents an alternative soluation with less cost.

Methods The activity of 8 tetracycline-class antibiotics against mycobacterium tuberculosis ( M.tb ) were
determined by Minimum Inhibitory Concentration (MIC) in vitro. A transposon M.smeg libraries was
generated by using the Harm phage and then used to isolate the conditional growth mutants in
doxycycline containing plate. 11 mutants were isolated and genomic DNAs were extracted using the
cetyltrimethyl ammonium bromide (CTAB) method and analyzed by whole genome sequencing.

Results We found that three of eight drugs e�ciently inhibited mycobacteria growth under the peak
plasma concentration in the human body. Further tests showed these three tetracycline analogs
(demeclocycline, doxycycline and methacycline) had antimicrobial activity against seven clinical isolates,
including MDR and XDR strains. Among them, Doxycycline had the lowest MICs in all mycobacteria
strains tested in this study. By using a transposon library, we identify the insertion of transposon in two
genes, porin and MshA, associate with the resistant to doxycycline.

Conclusions Our �ndings show that tetracycline analogs such as doxycycline, has bactericidal activity
against not only drug sensitive M.tb , but also clinical MDR and XDR strains, provided proof of concept to
repurpose doxycycline to �ght MDR-TB and XDR-TB. Further investigations are warranted to clarify the
underlying mechanism and optimize the strategy in combination with other anti-TB drugs.

Introduction
Tuberculosis (TB), a chronic infectious diseases caused by Mycobacterium tuberculosis (M.tb), remains a
serious health problem worldwide. Millions of people continue to fall sick with TB each year. In 2018, TB
caused about 1.5million deaths[1]. According to WHO, an estimated 500,000 people worldwide developed
MDR-TB in 2017, and an additional 186,772 people contracted rifampicin-resistant TB. It is estimated that
about 6.2% of these cases were XDR-TB[1]. This is the real challenge in the management and treatment
of TB, especially MDR-TB and XDR-TB. The treatment of drug susceptible TB requires multiple antibiotics
to be taken daily at least 6 months, while the treatment of MDR- and XDR-TB entails second line drugs
that are usually toxic for a longer period[2, 3]. Patients often fail to complete their treatment or do not
adhere strictly to the regimen, due to the length of the treatment and the toxicity of second line drugs[2, 3].
Therefore, new drugs with novel mechanisms of action or repurposing the Food and Drug Administration
(FDA)-approved drugs are urgently needed to shorten the treatment period and e�ciency cure MDR/XDR-
TB.

Tetracycline antibiotic was �rst reported in 1948 and found widespread clinical use shortly thereafter [4–
8]. Tetracyclines were known as broad-spectrum antibacterial agents which have a good inhibitory effect
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on gram-positive and gram-negative bacteria, rickettsia, �ltered virus, spirochetes and even protozoa [9,
10]. Tetracyclines inhibit bacterial protein synthesis by binding to the 16S rRNA of the 30S bacterial
ribosome subunit, preventing accommodation of incoming aminoacyl-tRNAs at the acceptor site [11, 12].
Both synthetic and semisynthetic tetracycline analogs have been shown effective against wide ranges of
pathogens and different in�ammatory diseases and conditions [10], which are the most prescribed oral
antibiotics, with a long satisfactory track record of e�cacy, low price and safety [13]. Previous studies
have showed that doxycycline, a second-generation tetracycline, could e�cacy reduce M.tb growth both
in macrophage and guinea pig TB model via inhibiting host MMPs activity [14]. Doxycycline has been
used in vitro against M.tuberculosis[15], and combination with amikacin signi�cantly inhibited 18 of the
29 MDR and XDR TB strains replications [16]. Some of the older members of the tetracycline family also
showed activity against M. tuberculosis strains in animal models[17].

However, very few studies have been carried out to assess all three generation of tetracyclines activity in
mycobacteria. Furthermore, the underlying mechanism of doxycycline direct killing activity is still unclear.
Here, we investigated the potential anti-mycobactirum activity of several tetracyclines including
demeclocycline, tetracycline, chlortetracycline, tigecycline, oxytetracycline, methacycline, tetracycline and
doxycycline in vitro. We further identi�ed two mutants which were resistant to doxycycline by using a
transposon M.smeg library.

Materials And Methods

Bacterial Strains and Culture Conditions

M.smegmatis mc2 155 (M.smeg),, M.tb strains H37Ra, H37Rv, and seven clinical isolates: ER17, ER22,
400–13, 400–86, 400–89, 400–123, 200–28 were used in this study. The bacteria were grown in 7H9
Middlebrook broth supplemented with 10% oleic acid–albumin-dextrose–catalase (OADC, BD), 0.05%
Tween 80, and 0.2% glycerol. The culture was incubated at 37℃, with shaking for 4 to 5 days to achieve
midlogarithmic phase (OD600 = 0.3–0.8).

Drugs
Demeclocycline (hydrochloride), Tetracycline, Chlortetracycline (hydrochloride), Tigecycline,
Oxytetracycline, Methacycline (hydrochloride), Tetracycline (hydrochloride) and Doxycycline (hyclate)
were purchased from Med Chem Express (MCE, USA). Drugs were diluted and stored according to the
manufacturer’s instructions.

MIC determination
The anti-mycobacterium activity was tested using M.smeg, H37Ra, H37Rv and 7 clinical isolates. The
bacterial culture was diluted with 7H9-OADC to an OD = 0.01 and transferred to a 96-well microtiter plate
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for the drug sensitivity assay. Serial dilutions of tetracyclines were dispensed into 96-well microtiter
plates containing bacteria strains. The 96-well microtiter plates were incubated at 37℃ with slowly
horizontal shaking. The OD600 was measured in a microplate spectrophotometer (BioTek) in indicated
times and the growth rate was calculated. The MIC is de�ned as the lowest concentration of the
antimicrobial agent that prevents visible growth of a microorganism under the compound-containing
plates [18].

Whole Genome Sequencing of Transposon Mutants
The transposon M.smeg library was constructed with donor phagemid φMycoMarT7 which includes a
transposon that encodes a kanamycin resistance gene[19]. The entire sequence of the φMycoMarT7
transposon has been deposited in GenBank (GenBank accession no. AF411123). The transposon library
were collected from plates and frozen at −80°C. To �nd strains resistant to doxycycline among the
transposon mutants, the transposon M.smeg library were grown to OD600 of 0.8–1.0 in liquid culture.
Resistant mutants were isolated by plating 108 to 109 colony forming units (CFU) of transposon M.smeg
library [20]on 7H10-OADC doxycycline plates containing 1× MICs. Surviving colonies were collected by
scraping colonies off plates and restreaked on 7H10-OADC containing Kanamycin and 1×MIC of
doxycycline. Genomic DNAs were extracted using the cetyltrimethyl ammonium bromide (CTAB)
method[21]. The extracted DNAs from surviving strains were further analyzed by whole genome
sequencing (Genewiz, China).

Statistical analysis
Statistical analysis was performed using GraphPad Prism 7 software. One-way ANOVA was used to
assess the effects between more than two groups. Student’s t-test was used to assess the effects of only
one parameter.

Results

Tetracycline analogs showed bactericidal activity against
mycobacteria in vitro
8 tetracycline analogs were selected to investigate the antimicrobial effect against Mycobacterium. We
�rst test the effect of these analogs on M.smeg and results showed that seven of the tested tetracycline
analogs signi�cantly inhibited M.smeg growth (Fig 1 A). Previously studies have showed that tetracycline
[22] and tigecycline[23] could signi�cantly inhibited mycobacterial strains growth, which is consistent
with our results. We further determined the MIC of four tetracyclines, demeclocycline, chlortetracycline,
methacycline and doxycycline. We found that the MICs of M.smeg in 7H9 broth were 0.067μg/mL,
0.34μg/mL, 0.051μg/mL and 0.064 μg/mL for demeclocycline, chlortetracycline, doxycycline and
methacycline (Fig 1 B and Table 2), respectively. The MICs of the M.tb strain H37Ra were 1.25 μg/mL,
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5.15 μg/mL, 1.03 μg/mL, 2.39μg/mL for demeclocycline, chlortetracycline, doxycycline and methacycline
(Fig 1 C and Table 2), respectively. We noted that the MICs of those tetracyclines in M.tb strains were
about 20-fold higher than that in M.smeg. The results above demonstrated that some of tetracycline
analogs could signi�cantly inhibited mycobacteria growth in vitro.

Activity of Tetracyclines against drug-resistant clinical isolates
The MICs of demeclocycline, doxycycline and methacycline are lower than that in the peak plasma
concentration [24, 25]. We next assessed the activities of these tetracyclines in clinical isolates.

All the clinical isolates were collected from Shenzhen third people’s hospital, China. The isolates including
2 ethambutol resistance strains (ER17, ER22), 1 MDR strain (400–89) and 4 XDR strains (400–13,400–
86,400–123,200–28). The details of those clinical isolates were showed in Table3.

Three analogs shown anti-Mycobacterium activity for most of the isolates (Table3). The MIC result of
three drugs was from 1.28 to 5.13 μg/mL for doxycycline, from 0.25 to 25.06 μg/mL for demeclocycline
and 0.59 to 23.9 μg/mL for methacycline (Fig 2 and Table 3). Among these Tetracycline analogs,
doxycycline had the lowest MIC value of all the isolates.

Mutation in Porin or MshA showed resistant to doxycycline
Doxycycline showed better anti-mycobacteria activity among all the tetracyclines used in this study. To
study the anti-tuberculosis activity of doxycycline, we used a transposon insertion sequencing-based
strategy to identify loci that were required for M.smeg resistance to doxycycline. Mutants were selected
for resistance to doxycycline on plates with a concentration of 1xMIC. We isolated 11 resistant clones.
Whole genome sequencing identi�ed two genes which exhibited insertions of transposon were
candidates for mediating resistance. The less frequently insertion gene was (2 of 11 clones)
MSMEG_0933, encoding MshA. Most of the resistant clones (9 of 11) exhibited the insertion of
transposon was MSMEG_0965 (Table 4). MshA, a gene encoding the �rst enzyme involved in the
biosynthesis of mycothiol [26], which has been reported to essential for drug susceptibility in M.tb and
M.smeg [27–29]. MSMEG_0965 is a porin, which locates in the waxy outer layer of mycobacteria [30] and
provides a sieving function. Deletion of porin dramatically increased the resistance of M.smeg to multiple
drugs [31–33].

We further tested the MIC of doxycycline with these two mutants. Our results showed both mutants
showed increasing resistant to doxycycline and the MICs were 0.51μg/mL and 0.25μg/mL for
MSMEG_0965 and MSMEG_0933 mutant strains, respectively (Table 5). However, both MshA and porin
are non-essential genes [28, 34, 35], it was unlikely to encode the target. The mechanism underlying these
two mutants resistant to doxycycline needs to be further investigated.

Discussion
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With rising levels of antibiotic resistance eliminating the drug classes available for treating MDR- and
XDR-TB, identifying new drug classes serves a critical need. Additionally, concerning the rising of
heritable resistance to PZA [36], novel molecules that are bactericidal against M.tb will be important
components of much-needed new cocktails for shorter treatment without relapse. In this study, we
examined the activity of tetracycline analogs, including three generations of tetracyclines, against
mycobacteria. We identi�ed 6 tetracycline analogs (demeclocycline, tetracycline, chlortetracycline,
methacycline, tigecycline and doxycycline) that were e�cacious against Mycobacteria while
oxytetracycline showed poor activity. Our results is consistent with the previously reports on doxycycline
and tigecycline [14, 23, 37, 38]. We have found that demeclocycline, doxycycline and methacycline were
effective against clinical MDR- or XDR- isolates. When comparing the MICs of e�cacious tetracyclines,
doxycycline had lower MICs among all tetracyclines and is a pre-existing drug approved for the treatment
of various infections by gram-positive and gram-negative bacteria, aerobes and anaerobes [39].

Doxycycline is a well-tolerated broad-spectrum oral antibiotic that is used in therapy for many
infections.iIn this study, 6 of 7 clinical isolates were susceptibility to doxycycline. The result is similar as
previously reported doxycycline resistant rate in Russia clinical isolates [15].

Tetracycline-class antibiotics inhibit protein synthesis by preventing attachment of aminoacyl-tRNA to the
ribosomal acceptor (A) site that is different with all �rst line anti-TB drugs [40–42]. Mutations in porin
locus show decreased susceptibility to tetracyclines have been described in Gram-negative cells such as
E. coli and Helicobacter pylor in previous studies [43–46]. But there is less knowledge of speci�c genetic
requirements for tetracycline inhibitory activity in M.tb. Here, we took advantage of the power of
transposon insertion sequencing to identify genetic factors that contribute to the M.tb against
doxycycline. In consistent with the previous reports, we found a transposon insertion in MSMEG_0965
which encoding porin[32].Next we examined the role of the porin in the sensitivity of M. smeg to
doxycycline by using the mutant of M. smeg lacking the porin. The MIC for this mutant increased tenfold.
Thus, these results indicate further that doxycycline mainly diffuses through the porin in M. smeg.. In
addition, we characterized the molecular basis for doxycycline resistance in mycobacteria, which has not
been reported previously. An insertions located in MSMEG_0933, which encodes a glycosyltransferase
involved in the �rst step of mycothiol biosynthesis. Previous study has found that the altered thiol-
disul�de status can restricts mutant M.smeg ability to grow on plates and at low pH and to resist
challenge by hydrogen peroxide, but it still can grow normally in liquid culture[47]. However, our result
found that the MIC for this transposon insertion t increased �vefold, which still showed increasing
resistant to doxycycline in liquid culture. To our knowledge, this study is the �rst to demonstrate that
doxycycline resistance in mycobacteria can be associated with the loss of mycothiol function. However, it
remains unclear precisely how the altered expression levels of mycothiol drive doxycycline resistance.
Elucidating this precise mechanism of action should be the focus of future studies.

Conclusion
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There is a lack of effective drugs to cure MDR/XDR-TB. Our study demonstrated that Tetracycline
analogs, especially doxycycline has anti-tuberculosis bactericidal activity. Further studies found a
transposon insertion in MSMEG_0933 caused the loss of mycothiol function, which resulted in increased
resistant of mutant mycobacteria to doxycycline. Future studies will address whether mycothiol play a
role in other tetracycline resistance. If so, the development of agents that inactivate the activity of
mycothiol could enable the use of tetracycline antibiotics in M.tuberculosis.. Finally, this study highlights
the potential clinical application of tetracycline analogs, especially doxycycline as adjunct anti-
tuberculosis drugs.

Abbreviations
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Tables 1, 2, 5
Table 1 Tetracycline analogs test concentration
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Drug Concentration

(μg/mL)
Deme 100.3
Tetr 88.9
Chlo 103.1
Tige 117.1
Doxy 102.7
Oxy 92.1

Meth 95.8
Tetr(hy) 96.2

 

 

 

 

Deme, Demeclocycline (hydrochloride); Tetr, Tetracycline; Chlo, Chlortetracycline
(hydrochloride); Tige, Tigecycline; Doxy, Doxycycline (hyclate) (hyclate); Oxy,
Oxytetracycline; Meth, Methacycline (hydrochloride); Tetr(hy), Tetracycline
(hydrochloride);

 

 

Table 2 MIC of M.smeg and M.tb H37Ra

Drug(μg/mL) M.smeg M.tb H37Ra

Deme 0.067 1.25
Chlo 0.34 5.15
Doxy 0.051 1.03
Meth 0.064 2.39

 

 

Deme, Demeclocycline (hydrochloride); Chlo, Chlortetracycline (hydrochloride);
Doxy, Doxycycline (hyclate) (hyclate); Meth, Methacycline (hydrochloride);
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Strain Concentration

(μg/mL)
mc2155 mutant MSMEG_0965 0.51
mc2155 mutant MSMEG_0933 0.25

mc2155 wild type M.smeg 0.051

 Table 5 MIC of Transposon M.smeg

 

 

 

Figures

Figure 1

Determination of antimicrobial activity of tetracycline analogs against M.smeg and M.tb H37Ra strains.
(A) M.smeg was grown in liquid cultures with eight tetracyclines directly effected on it. Deme,
Demeclocycline; Tetr, Tetracycline; Chlo, Chlortetracycline; Tige, Tigecycline; Doxy, Doxycycline; Oxy,
Oxytetracycline; Meth, Methacycline; Tetr(hy), Tetracycline (hydrochloride); Mock, none drug. (B) M.smeg
was grown below the two fold serially diluted of four tetracyclines; The �nal test concentration for each
tetracyclines ranged from 0.00052 to 0.0667μg/mL for demeclocycline, 0.0054 to 0.685μg/mL for
chlortetracycline, 0.00129 to 0.103μg/mL for doxycycline and 0.000498 to 0.0637μg/mL for
methacycline. (C) M.tb H37Ra was grown below the two fold serially diluted of four tetracyclines; The
�nal test concentration for each tetracyclines ranged from 0.16 to 10.02μg/mL for demeclocycline, 0.16
to 10.31μg/mL for chlortetracycline, 0.16 to 10.26μg/mL for doxycycline and 0.15 to 9.58μg/mL for
methacycline.
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Figure 2

The MIC result of M.tb H37Rv and MDR-TB strain were measured. (A-H) were M.tb H37Rv, Clinical strain
ER17, ER22, 400-13, 400-86, 400-89, 400-123, 200-28, respectively. The test concentration range was from
0.00128 to 5.1294μg/mL for doxycycline, from 0.00627 to 25.066 μg/mL for demeclocycline and
0.00599 to 23.944 μg/mL for methacycline.
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