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Limited efficacy of the BCG (Bacillus Calmette–Guérin) vaccine against adult tuberculosis and the

emergence of resistance to existing anti-tuberculosis drugs compel discovery of novel antibiotics against

Mycobacterium tuberculosis. Actinomycetes are still an attractive platform for the discovery of new

antimicrobials, especially from untapped natural hotspots, despite the belief that they are an exhausted

resource after repeated re-discoveries. Herein we report the isolation and identification of chrysomycin

A from an actinomycete isolated from a coastal area in Kerala. We show for the first time that it has

antimycobacterial activity. It was found to be bactericidal to planktonic and intracellular M. tuberculosis

with an MIC of 3.125 mg mL�1; it is non-hemolytic and has negligible cytotoxicity. The actinomycete that

produces chrysomycin A was found to be a Streptomyces sp. through 16S rRNA gene sequencing.
Introduction

Tuberculosis (TB), caused by the airborne pathogen Mycobacte-
rium tuberculosis (MTB) remains a major global health problem.
With 1.4million deaths in 2015, it is still one of the top ten deadly
diseases worldwide.1 Antibiotics are the mainstay for the treat-
ment of TB as the only vaccine currently available (the BCG) does
not prevent the disease in adults.2 First-line drugs, namely
isoniazid, rifampicin, ethambutol and pyrazinamide, are effective
in treating TB. However, long duration of treatment (3–6 months)
and noncompliance from patients have resulted in the emer-
gence of drug resistant strains that are difficult to kill, and pose
a serious threat to global TB control.3,4 Emergence of multi-drug
resistant (MDR), extensively drug resistant (XDR) and now totally
drug resistant (TDR) strains is on the rise globally.5–7 Therefore,
the need of the hour is to discover efficient novel molecules that
have novel targets in the bacterium.
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Actinomycetes have provided us with different classes of
antibiotics that play a critical role in treating infectious
diseases.8 They are the source of more than 45% of all known
antibiotics and 90% of usable antibiotics available in the
market.9,10 This is mainly due to their capacity to produce
versatile bioactive secondary metabolites through their
resourceful biosynthetic gene clusters.11 We hypothesized that
ecological biodiversity hotspots such as coastal areas and
tropical forests could harbour new strains of actinomycetes
from which novel anti-mycobacterials could be isolated.

In this study, we screened culture ltrates of four hundred
actinomycetes isolated from coastal areas andWestern Ghats of
Kerala, India. Ethyl acetate extract of a Streptomyces sp. OA161,
was found to inhibit virulent laboratory strain MTB H37Rv. The
active principle was puried, subjected to structural character-
ization and identied as chrysomycin A. This is the rst report
that chrysomycin A has anti-MTB activity. It was found to be
non-cytotoxic to myoblast and epithelial cells and did not lyse
red blood cells.
Results and discussion
Screening of culture ltrate extracts for antimicrobial activity

Among four hundred isolates of actinomycetes screened for
their antimicrobial activity, ethyl acetate extract of the culture
ltrate of the isolate OA161 was found to inhibit the growth of
MTB in vitro (ESI Data 1†). The antimicrobial activity assay was
extended to a panel of seven more microbes and the results
revealed that it inhibited growth of Gram-positive bacteria but
not of Gram-negative bacteria (Table 1). Based on the results,
RSC Adv., 2017, 7, 36335–36339 | 36335
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M. smegmatis was used as a surrogate organism to identify the
active principle in the extract as the assay using MTB at every
step of activity-guided separation was laborious and time-
consuming. The ethyl acetate extract was fractionated using
thin layer chromatography and subsequent bioautography with
M. smegmatis revealed an inhibitory zone and the spot was
named AMF (antimycobacterial fraction) (ESI Data 2†). Subse-
quently, the anti-MTB activity of AMF was conrmed by resa-
zurin microtitre assay (REMA).
Fig. 1 Structure of chrysomycin A.

Identication of the active principle

Separation of AMF using HPLC revealed two prominent peaks
with retention times 26.4 minutes (compound 2) and
28.7 minutes (compound 1, ESI Data 3†). While the molecule
eluted at 26.4 minutes had negligible activity, the one that
eluted at 28.7 minutes had strong anti-MTB activity. The active
principle was subjected to structural characterization by
extensive NMR analysis which helped in identication of
compound 1 as chrysomycin A (Fig. 1) which was further
conrmed by comparison of the NMR data with that in the
published literature12–15 (ESI Data 4–6†). The AMF, yellow solid
(18 mg) aer separation through HPLC yielded compound 1 (2.5
mg) and compound 2 (9.5 mg), respectively.
Fig. 2 Kinetics of bactericidal activity of chrysomycin A on planktonic
MTB. Data presented is mean� SD of three independent experiments.
Antimycobacterial activity of chrysomycin A

Chrysomycin A was tested for antimycobacterial activity against
MTB by REMA. Planktonic MTB was inhibited by the molecule
at an MIC of 3.125 mg mL�1 and the same MIC was
observed with commercially available chrysomycin A (Abcam).
The MIC we observed is therefore better than that of two rst-
line anti-TB drugs, ethambutol (4 mg mL�1) and pyrazinamide
(16 mg mL�1).16,17

Time-course experiment with free-living MTB revealed that
the activity is bactericidal in nature as the CFUs were reduced by
three log10 folds at MIC and more at higher concentrations. In
fact, no colonies were found when bacteria were treated with
chrysomycin A (3.125 mg mL�1) for 24 hours. At this concen-
tration the bactericidal activity was comparable to that of
rifampicin (1 mg mL�1). Above 7.8 mg mL�1, which is the IC50 for
THP-1-derived macrophages, no colonies were found at any
Table 1 Antimicrobial activity of ethyl acetate extract and chrysomyc
experiments. MIC with no � SD represents consistent results with the sa

Bacteria tested

Mycobacterium tuberculosis H37Rv
Mycobacterium smegmatis MC2 155
Staphylococcus aureus ATCC 25923
MRSA (methicillin resistant Staphylococcus aureus)
VRE (vancomycin resistant Enterococcus faecalis)
Escherichia coli ATCC 25922
Pseudomonas aeruginosa ATCC 27853
Vibrio cholerae N16961

a “+” denotes antimicrobial activity, “�” no activity.

36336 | RSC Adv., 2017, 7, 36335–36339
time point checked on planktonic MTB (Fig. 2). Interestingly the
compound was also found to be inhibitory to intracellular MTB
at the same concentration (Fig. 3). The antimycobacterial
activity of chrysomycin A is comparable to that of rifampicin
(1 mg mL�1) as the CFU data suggested. This is the rst report
that chrysomycin A has anti-MTB activity against planktonic as
well as intracellular MTB.

Chrysomycin A was found to inhibit M. smegmatis and B.
subtilis but not Gram negative bacteria by Strelitz et al.14 Our
study also showed that it has the ability to inhibit M. smegmatis
at almost the same concentration (0.6 mg mL�1). In addition, it
is inhibitory to drug resistant strains of Staphylococcus aureus
in A by REMA. Data presented is mean � SD of three independent
me valuea

Antimicrobial activity of the
ethyl acetate extract

MIC (mg mL�1)
of chrysomycin A

+ 3.125 � 0.5
+ 1 � 0.2
+ 0.5
+ 2
+ 0.5
� >25
� >50
� >50

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Survival of intracellular MTB in the presence of chrysomycin A.
Data represented is mean � SD of three independent experiments.

Fig. 5 MTT assay: cytotoxicity of chrysomycin A was analyzed on cell
lines up to ten times the MIC (31.25 mg mL�1). Little or negligible
toxicity was found against L6 (rat myoblast cell line) and SW480
(epithelial cell line from colon). It was relatively more toxic against
THP-1-derived macrophages. Data presented is mean � SD of three
independent experiments.
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and Enterococcus faecalis. It was active against MRSA (methi-
cillin resistant Staphylococcus aureus) and VRE (vancomycin
resistant Enterococcus faecalis) in vitro with an MIC of 2 mg mL�1

and 0.5 mg mL�1, respectively. It was not inhibitory to Gram
negative bacteria tested (E. coli, Pseudomonas aeruginosa and
Vibrio cholerae). Interestingly, this molecule has also been re-
ported to cause DNA damage and apoptosis in leukemic cell line
HL60.13 Our study therefore highlights the need for re-
purposing existing and abandoned drugs as recommended by
Boguski et al.18
Chrysomycin A is non-hemolytic

Human erythrocytes were unharmed even at a concentration
ten times the MIC against MTB whereas 1% SDS resulted in
complete lysis (Fig. 4). This is another attractive characteristic of
an ideal antimicrobial lead molecule. MTT assay revealed
that cell lines L6 and SW480 were also unaffected even at
31.25 mg mL�1 while THP-1-derived macrophages had an IC50 of
7.8 mg mL�1, but largely remained unharmed at the MIC
(3.125 mg mL�1) (Fig. 5).

The high cytotoxicity of chrysomycin A on THP-1 cells in
comparison with the others was rather puzzling, however we
presume that this is perhaps due to the fact that THP-1 cells are
derived from human leukemia, and chrysomycin A has been
reported to possess anti-leukemic activity.13 Interestingly, when
tested on mice, chrysomycin A was not lethal even at 400 mg
kg�1 dose and it was, on the other hand, found to increase the
life span of the tumour-induced animals.15
Fig. 4 Hemolysis assay: chrysomycin A is non-hemolytic even at ten
times the MIC (31.25 mg mL�1). Data presented is mean � SD of three
independent experiments.

This journal is © The Royal Society of Chemistry 2017
Isolate that produces chrysomycin A is a Streptomyces sp.
OA161

The partial 16S rRNA gene sequence of our isolate was submitted
to GenBank, NCBI (accession number, KX364040). It is 1410 bp in
length and 99.07% similar to that of Streptomyces smyrnaeus. A
phylogenetic tree was generated using neighbor joining method19

usingMEGA 7 soware and the isolate forms a separate clade that
is characteristic of a separate species (ESI Data 7†).

Experimental
General procedures, strains, cell lines and chemicals

Mycobacterium tuberculosis H37Rv was grown in Middlebrook 7H9
medium (Difco) supplemented with 10% OADC (Difco). Other
bacteria used in this study are Mycobacterium smegmatis mc2 155,
Staphylococcus aureus ATCC 25953, MRSA (methicillin resistant
Staphylococcus aureus) clinical strain C10, VRE (vancomycin resis-
tant Enterococcus faecalis) clinical strain E8, E. coli ATCC 25922,
Pseudomonas aeruginosa clinical strain R8 and Vibrio cholera
N16961 and were grown in Luria Bertani broth (HiMedia, Mum-
bai). The clinical strains were a kind gi from the Department of
Microbiology, GovernmentMedical College, Trivandrum. Nalidixic
acid, nystatin, gentamycin, phorbol 12-myristate 13-acetate (PMA)
and resazurin were purchased from Sigma; Cell lines L6 (rat
myoblast), SW480 (epithelial cell from colon) and THP-1 (Human
monocytes) were obtained from National Centre for Cell Science,
Pune, India. Cell lines were maintained in RPMI1640 (Sigma) or
DMEM (Dulbecco's Modied Eagle's Medium, Gibco) with 10%
FBS (Gibco). The extracts and antibiotics were prepared in DMSO
and the nal concentration of DMSO used in the assays was 2%
whenever used for antimicrobial activity.

Isolation of actinomycetes

About 10 grams of soil samples were collected in sterile bags
from the sub-soil of different ecological niches and were dried
under shade. This was suspended in sterile water (1 gm mL�1),
serially diluted and plated on selective solid growth media
(starch casein agar/actinomycetes isolation agar/ISP-2/ISP-7)
with or without nalidixic acid (100 mg mL�1) and nystatin (50
mg mL�1) and incubated at 25 �C for 2 weeks. Once chalky
colonies appeared, they were further puried on ISP-2 agar. The
RSC Adv., 2017, 7, 36335–36339 | 36337
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pure colonies were stored in the form of stabs or as glycerol
stocks at 4 �C and �20 �C, respectively.

Purication of anti-mycobacterial principle

Single colony of the actinomycete isolate (OA161) was inocu-
lated in modied ISP-2 medium (50 mL) and grown at 30 �C on
a shaker incubator (250 rpm). Two glass marbles were intro-
duced into themedium to prevent clumping of the culture. Aer
6 days, the culture ltrate was prepared by centrifugation of the
culture at 6000 rpm for 15 minutes at room temperature fol-
lowed by ltration throughWhatman 3 lter paper, and passing
through 0.2 mmmembrane lter. The supernatant was frozen at
�80 �C before lyophilization. The lyophilized powder of the
culture ltrate was extracted with ethyl acetate, chloroform,
acetone and methanol and these extracts were concentrated
under vacuum and used in the antimicrobial assay.

Resazurin microtitre assay (REMA)

The assay was carried as described by Martin et al.20 Briey,
MTB H37Rv and M. smegmatis were grown in Middlebrook 7H9
medium, turbidity of the culture was adjusted to McFarland
standard 1 and further diluted 20 times. For other test strains,
Luria Bertani broth (HiMedia) was used for growth. One
hundred microlitre of the diluted culture was transferred to the
wells of a 96 well microtitre plate (Thermo Fisher). The extracts
and puried active principle were dissolved in DMSO and added
to a nal concentrations of 200 mg mL�1 to 0.78 mg mL�1 in
a nal volume of 200 mL per well. The plates were incubated for
7 days, with negative (no drug) and positive controls (rifampicin
and ciprooxacin at 1 mg mL�1). MIC was determined aer the
addition of Resazurin (0.25% solution in water) on the 8th day
which either remains blue or changes to pink (aer 24 hours)
based on the viability of the bacteria. Blue indicates that the
bacteria are susceptible (inhibition), and pink indicates the
bacteria are resistant to killing (viable) by the extract.

Thin layer chromatography and bioautography

Normal phase Silica gel 60 F254 aluminum TLC plates (Merck,
India) were used to fractionate the ethyl acetate extract of the
culture ltrate of the isolate. Hexane : Acetone (1 : 1) was used
as the mobile phase. The TLC plate was allowed to develop in
a sterile, saturated closed chamber for 35 minutes. The frac-
tionated TLC plate was overlayed with Muller Hinton so agar
containing S. aureus or M. smegmatis. This was allowed to
solidify and incubated for 24 hours (S. aureus) or 36 hours (M.
smegmatis) at 37 �C. The active fraction was named AMF (anti-
mycobacterial fraction) and this was subjected to HPLC.

Purication and characterization of the active principle

General procedures. Shimadzu HPLC instrument with C18-
phenomenex reverse phase column (250 � 21.2 mm, 5 mm)
was used for purication of the extract using acetonitrile (ACN)
and water. 1H and 13C NMR spectra were recorded at 500 MHz
and 125 MHz on a Bruker DRX 500 NMR instrument (Bruker,
Rheinstetten, Germany). Deuterated acetone ((CD3)2CO) was
36338 | RSC Adv., 2017, 7, 36335–36339
used for recording the NMR spectrum, chemical shis are given
in parts per million (ppm), and coupling constants in Hz. HR-
ESI-MS analysis was performed on a Thermo Scientic Exac-
tive mass spectrometer with ions given in m/z.

Isolation and identication of the active principle. The AMF
(yellow solid) was identied as a mixture of two closely related
compounds by TLC and 1H-NMR. The compound mixture was
dissolved in acetonitrile (3 mL) and then subjected to purica-
tion by reverse-phase preparative HPLC with a gradient program
comprising of mobile phase system: solvent A (water) and
solvent B (ACN). The linear gradient started with 35% B at 0 min
to 80% B for 30 min, and 100% B up to 35 minutes at a ow rate
of 7 mL min�1, monitored at 254 nm. Three major peaks were
identied at a retention time of 26.4 minutes, 28.7 minutes, and
30.1 minutes (ESI Fig. 3†). The compound eluted at 28.7 minutes
was found to inhibit MTB H37Rv in vitro and therefore was
subjected to characterization by 1H, 13C, 2D NMR and mass
spectrometry.

Colony forming unit (CFU) count assay.McFarland standard
1 of mid-log phase MTB H37Rv culture was diluted 20 times and
treated with chrysomycin A at varying concentrations
(3.125�31.25 mg mL�1) at 37 �C for 6–48 hours. Rifampicin (1 mg
mL�1) served as positive control and 2% DMSO as negative
control. All the treated and untreated cultures were diluted
further and plated on 7H10 agar containing 0.1% casitone
(Difco). The cfus were counted aer 3 weeks.

Anti-mycobacterial activity on intracellular MTB. Twenty
thousand THP-1 cells were seeded and were induced with PMA
(20 ng mL�1) for 18–24 hours to differentiate them into
macrophages. These cells were infected with MTB H37Rv at an
MOI of 20 : 1. Four hours aer infection, the external bacteria
(which were not phagocytosed) were treated with gentamycin
(45 mg mL�1), and the cells were subsequently treated with
chrysomycin A (3.125 mgmL�1, 1.56 mg mL�1 and 0.78 mg mL�1).
Macrophages treated with rifampicin (1 mg mL�1) were taken as
positive control and untreated macrophages as negative
control. These were incubated at 37 �C for 48 hours and lysed
with distilled water. The lysate was plated on 7H10 agar con-
taining 0.1% casitone (Difco) and the colonies were counted
aer 3–4 weeks of incubation at 37 �C.

MTT assay. The assay was carried out as described by van
Meerloo et al.21 Briey, 10 000 cells were seeded per well in a 96
well plate in triplicates. They were treated with chrysomycin A at
different concentrations (1–31.25 mg mL�1) and incubated for
48 hours at 37 �C in the presence of 5% CO2. Twenty microlitre
of MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium
bromide) dye (5 mg mL�1) was added to each well and aer
4 hours, the reaction was terminated by adding 200 mL of iso-
propanol and this dissolves the formazan crystals. This was
read at 540 nm on an ELISA reader (Bio-Rad).

Hemolysis assay. The assay was carried out as described by
Evans et al.22 with minor modications. Briey, 10% (v/v) fresh
suspension of human erythrocytes in phosphate buffered saline
(PBS, pH 7.2) was incubated with various concentrations of
chrysomycin A (2–31.25 mg mL�1) at 37 �C for 1 hour. One
percent SDS (w/v) in water served as positive control and PBS
served as negative control. The suspensions were centrifuged
This journal is © The Royal Society of Chemistry 2017
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(3000 � g) for 5 minutes at room temperature and the super-
natant was read at 595 nm to measure the amount of hemo-
globin released. Hemolysis was interpreted in percentage aer
calculating it from three individual experiments.

Sequencing of 16S rRNA and polyketide synthase II alpha
subunit genes. Genomic DNA was isolated from the isolate OA161
as described by Lee et al.23 The 16S rRNA gene was amplied with
universal primers (ESI Table 2†). Fiy microlitre amplication
reaction had 1 mL template DNA (50–200 ng), 10 mL 10� PCR buffer
with MgCl2 (Sigma), 1 mL of forward and reverse primer (20 mM)
each, 2 mL dNTPmix (5mM), 1 U TaqDNA polymerase (Sigma) and
34 mL sterile MilliQ water. The reaction conditions were: initial
denaturation at 95 �C for 5 minutes, followed by 30 cycles of
denaturation at 95 �C for 30 seconds, annealing at 54 �C for
30 seconds and extension at 72 �C for 45 seconds. A nal extension
was performed at 72 �C for 7 minutes. For polyketide synthase II
alpha subunit gene, the amplication reaction conditions
remained the same except that the annealing temperature was
62 �C. The products were electrophoresed on a 1% agarose gel
containing ethidium bromide and visualized under UV light. The
PCR product was puried using GE Healthcare gel band purica-
tion kit and sequenced directly using a Taq BigDye Terminator
Cycle Sequencing Kit in ABI automated DNA sequencer (Applied
Biosystems). Both genes were sequenced with different forward
and reverse sequencing primers to cross check the sequence. The
sequences were compared with help of Ez-Taxon and BLAST
database, respectively.

Conclusion

Chrysomycin A, isolated from a new species of Streptomyces,
showed bactericidal activity against planktonic as well as
intracellular MTB at an MIC of 3.125 mg mL�1. This is the rst
report of chrysomycin A possessing anti-MTB activity.
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