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Natural evolution in microbes exposed to antibiotics causes inevitable selection of
resistant mutants. This turns out to be a vicious cycle which requires the continuous
discovery of new and effective antibiotics. For the last six decades, we have been
relying on semisynthetic derivatives of natural products discovered in “Golden Era”
from microbes, especially Streptomyces sp. Low success rates of rational drug-design
sparked a resurgence in the invention of novel natural products or scaffolds from
untapped or uncommon microbial niches. Therefore, in this study, we examined the
microbial diversity inhabiting the yak milk for their ability to produce antimicrobial
compounds. We prepared the crude fermentation extracts of fifty isolates from yak
milk and screened them against indicator strains for the inhibitory activity. Later, with
the aid of gel filtration chromatography followed by reversed-phase HPLC, we isolated
one antimicrobial compound Y5-P1 from the strain Y5 (Pseudomonas koreensis) which
showed bioactivity against Gram-positive and Gram-negative bacteria. The compound
was chemically characterized using HRMS, FTIR, and NMR spectroscopy and identified
as 1-acetyl-9H-B-carboline-3-carboxylic acid. It showed minimum inhibitory activity
(MIC) in the range of 62.5-250 g /ml. The cytotoxicity results revealed that 1Csq
against two mammalian cell lines i.e., HepG2 and HEK293T was 500 and 750 pg/ml,
respectively. This is the first report on the production of this derivative of g-carboline
by the microorganism. Also, the study enlightens the importance of microbes residing
in uncommon environments or unexplored habitats in the discovery of a diverse array
of natural products which could be designed further as drug candidates against highly
resistant pathogens.
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INTRODUCTION

The growing burden of antibiotic-resistance has instigated the
researchers worldwide to search for the new antimicrobial
compounds. Especially talking about bacterial infections, they
are responsible for the loss of several thousand lives (expected
to be more than cancer or cardiac diseases by 2050) and
trillions of money across the globe (O’neill, 2016). In Europe,
antibiotic-resistant infections cost around $1.5 billion per annum
while in the U.S., the estimated cost is $55 billion as per
reported by Center for Disease Control and Prevention (Centers
for Disease Control and Prevention, 2014; Bowen, 2017).
Moreover, antibiotic-resistance challenges our modern medical
procedures such as chemotherapy, organ transplantation etc.
Hence antibiotic development against hard-to-deal-with bacteria
is a crucial arena of study for healthcare researchers (Thaker
et al,, 2013). Many pharmaceutical companies developed several
molecules using rational drug-designing but the success rate of
approval of new antibiotic has been very low and this approach
has been unable to tackle the perfect storm of antibiotic-
resistance (Andersson and Hughes, 2010; Bush et al., 2011). This
situation arises as a global challenge and therefore, we must find
an alternate solution to address this issue.

Secondary  metabolites ~ produced by  untapped
microorganisms represent a hidden treasure which includes
the new antibiotics and other bioactive molecules (Clardy
et al.,, 2006; Bowen, 2017). These natural products hold great
potential to fight pathogenic bacteria (Challinor and Bode,
2015) as is evident from the fact that majority of the antibiotics
used in our current drug regimen were originated from
microbial sources in the “Golden Antibiotic Era” (Gelband
et al., 2015; Giorgi, 2016). Owing to the failure of synthetic
chemistry approaches and re-discovery of already available
antibiotics, it is, therefore, necessary to exploit the unique
and underexplored microbial sources for new scaffolds
or chemical compounds. Very recently, few reports have
been published on the discovery of novel antibiotics from
unculturable bacteria or bacteria from unusual niches (Ling
et al., 2015; Zipperer et al, 2016; Chellat and Riedl, 2017;
Hover et al., 2018).

In the present study, we selected one of the unique sources
i.e., yak milk which is a very unfamiliar consumable form of milk
as yaks (Bos grunniens) dwell in the high altitude geographical
locations, especially in Tibetan plateau in China and Himalayan
regions in India which are situated at 3,000 m above the sea level
(An et al., 2005; Yang et al., 2010; Bao et al., 2012). The yak milk
is highly nutritious in terms of fats, proteins, and minerals when
compared with other mammal’s milk, and thus helps maintain
the health of the native people living in such harsh conditions
(Luming et al., 2008; Sangma, 2010; Liu et al., 2011). Previously,
we studied the probiotic properties of lactic acid bacteria present
in yak milk and found that most of the strains showed in vitro
health benefits including the inhibition of growth of pathogenic
bacteria (Kaur etal., 2017). These results encouraged us to further
examine its microbial diversity for antibiotic production. The
present work demonstrates the antimicrobial properties of one
isolate Y5, identified as Pseudomonas koreensis (P. koreensis).

We isolated and characterized one B-carboline derivative (Y5-
P1) from this strain. We also studied its antimicrobial activity
in drug-resistant pathogens and performed its mammalian
cytotoxicity. To the best of our knowledge, this is the first report
on the production of this derivative from a microorganism,
and also P. koreensis is not reported previously for producing
an antimicrobial compound. This study also highlights that the
microflora from rare habitats such as yak milk could be a source
to screen for antibiotic compounds.

METHODOLOGY

Isolation and Screening of Bacterial

Isolates for Antimicrobial Activity

Fresh yak milk was purchased from the local market near
Chang La (34°03'32”N77°55'51”E) in the Ladakh region,
India. The milk sample was transferred to sterile tubes
and brought to laboratory at 4°C conditions. Afterwards,
the sample was serially diluted in phosphate buffered saline
(PBS) and spread plated on different media plates to isolate
the microbial diversity present. The bacteria were isolated
and screened for antimicrobial activity. In brief, all the
isolates were grown in 50ml of tryptic soy broth at 30°C.
Post 24 or 48h incubation, the cell-free supernatant (CFS)
was taken by centrifugation. At 48h the crude extract was
prepared using activated Diaion HP-20 resins (Sigma-Aldrich).
Antimicrobial activity of CFS and extracts was measured with
agar well-diffusion assay according to the CLSI guidelines.
The activity was assayed against Candida albicans MTCC 224,
Staphylococcus aureus ATCC 25923, Escherichia coli MTCC 1610,
Klebsiella pneumoniae MTCC 618, Bacillus subtilis ATCC 6633,
Micrococcus luteus MTCC 106, Listeria monocytogenes MTCC
839, Vibrio cholera MTCC 3904 and Pseudomonas aeruginosa
MTCC 1934. Those isolates showing consistent antimicrobial
activity and previously unreported for antibiotic production
were selected.

Antimicrobial Producing Strain and Growth

Curve Analysis

All the positive strains were identified using 16S rRNA gene
sequencing. Strain Y-5, which showed better and consistent
activity against Gram-positive and Gram-negative bacteria, was
chosen for the purification of the antimicrobial compound since
this bacterium was previously unreported for its inhibitory
activity. To determine the growth pattern with respect to
inhibitory activity, the strain Y-5 was inoculated in the nutrient
broth and incubated at 30°C. One ml of culture was taken
at different time intervals, and the optical density (ODggo)
was recorded using Shimadzu UV-Visible spectrophotometer.
Bioactivity of the CFS at each time point was also tested
using agar well-diffusion assay against the indicator strain
i.e,, B. subtilis. Antimicrobial activity was noted as a zone of
inhibition in mm. A graph between time vs. optical density and
antimicrobial activity was plotted.
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Fermentation of Strain Y5 and Crude

Extract Preparation

Primary culture (inoculum) was prepared by inoculating one
colony of Y5-strain in 50 ml of NB medium in a 100 ml flask
from a fresh culture plate and keeping overnight at 30°C. Ten
milliliters of the primary culture was used to inoculate the
1L NB medium in 2L flask and fermentation was carried out
at 30°C for 48h at 180 rpm. The culture was harvested by
centrifugation (10,000 x g) for 15min, and CFS was used to
prepare crude extract using Diaion HP-20 resin and the cell
biomass was discarded. Briefly, activated resins at a concentration
of 10% (v/v) were mixed with the CFS and incubated for 2-
3h to allow the binding of the antimicrobial compounds to the
resins. Afterward, the Diaion beads were filtered and washed with
water to remove unbound media components or impurities. The
compounds adsorbed on the resins were eluted successively with
a step gradient of 70% and 100% methanol: isopropanol: acetone
(6:3:1) with 1h incubation at each step. The fractions were then
evaporated using rotary evaporator (BUCHI, R-300) at 45°C and
reconstituted in Milli-Q water to make the final volume 50-60 ml
(methanol was added in later fraction to dissolve the extract
completely). The fermentation was carried out in batches of 6-
liter (six flasks containing 1 L medium each), and after extraction,
the extracts were stored at 4°C for further purification steps.
Antimicrobial activity of the crude extract was assayed.

Purification of Antibacterial Compound

The active fractions (filtered through 0.45 um membrane filter)
of Diaion-HP 20 were loaded on Sephadex LH-20 column (GE-
Healthcare, USA). The column (50cm X 29 mm) was pre-
equilibrated with two column volume of water (column volume
~300 ml). Twenty to twenty five milliliters of sample was loaded
and sequentially eluted with step gradients of water and methanol
(0, 10, 20, and 30-100%) with 100 ml each. Absolute methanol
was run until all the compounds eluted thoroughly. Fractions
(40 ml each) were collected and concentrated using Rotavap up
to 2 to 3ml for bioactivity assay. Active fractions were pooled
based on their activity pattern and were purified on Reversed-
Phase High-Performance Liquid Chromatography (RP-HPLC)
using Agilent prep HPLC system. C4 column (Phenomenex,
10 x 250mm, 5pum) was employed with water plus 10%
acetonitrile as mobile phase A and 100% acetonitrile as mobile
phase B. During the initial HPLC methods development, all
fractions, and separable peaks were assessed for bioactivity until
the final method for purification of the single active peak was
established. Following gradient was used for the separation of
active compound from LH-20 active fraction: 2% solvent B to
23% solvent B over 13 min, and 23% B to 75% B in 8 min, and
reverse gradient of 75% to 2% in 5 min. The flow rate was kept
constant at 5.0 ml/min and 7 min time was given for equilibration
before the next injection. The active peak (RT 10.5min) was
collected and concentrated for activity assay. This compound
was named as Y5-P1, and multiple injections were performed
to generate the sufficient quantity of the compound. The purity
of peak was analyzed by the analytical HPLC (Shimadzu UFLC
with LC-20AD pump and PDA detector) using the same column

and the solvent system. The purified compound was lyophilized
further to get yellow colored powder. One batch of 6 liter broth
yielded 10-15 milligrams of the pure compound. This compound
was used for the structural and biological characterization.

Mass Spectroscopy and FTIR Analysis

Y5-P1 was subjected to LC-ESI-MS (Agilent 65501 funnel Q-
TOF) and ESI-HR-MS (Waters). The compound precursor
ions were detected in both positive and negative ion mode
with scan range m/z 50 to m/z 1,500. For the Fourier
transform infrared (FTIR) analysis, the sample was prepared by
grinding finely one milligram of the compound with ninety-five
milligrams of potassium bromide to make thin film. Overnight
desiccation was performed to remove any moisture present in
the sample. The FTIR spectrum was recorded on Perkin Elmer
spectrophotometer in the range of 4,000-400 cm .

Nucleic Magnetic Resonance (NMR)

Spectroscopy

For NMR analysis, ~12 mg of the compound was dissolved in
600 pl of deuterated dimethyl sulfoxide (DMSO-dg). All the
NMR spectra were acquired on Bruker (400MHz) spectrometer.
'"H NMR and '3C NMR spectra were referenced to the internal
standard tetramethylsilane, in a deuterated solvent. Coupling
constants (J) were reported in Hertz. All assignments were
verified using two-dimensional I'H-1H (COSY), 'H-13C (HSQC),
and HMBC experiments.

Minimum Inhibitory Concentration (MIC)

Determination

Minimum inhibitory concentration (MIC) of the purified
compound was determined against the standard strains and
clinical isolates were determined using 96-well microtiter plate
dilution method as per CLSI Guidelines. Test strains were grown
in MHB (Mueller Hinton Broth) at 37°C, 180 rpm. The culture
was grown until mid-exponential growth phase with an ODggo
of 0.4. The culture was adjusted to the final bacterial count
of ~4 x 10° CFU/ml. Hundred milliliters of sterilized media
containing the 2-fold serial dilutions of the compound were
added to each well. Then, 100 pl of prepared culture was
added and the plate was incubated at 37°C for 18 h. The lowest
concentration with no visible growth in the well was considered
as the MIC.

Time-Dependent Killing Kinetics

Staphylococcus aureus ATCC 25923 cells were adjusted to
4 x 10° CFU/ml in CA-MHB and treated with two different
concentrations of Y5-P1, ie., 0.5 x MIC and 1 x MIC.
At different time intervals, the sample was taken and spread
plated on fresh MHA plates to determine the number of
colonies appeared. The sample without antimicrobial compound
served as positive control. The experiment was performed in
triplicate and the data were plotted as number of CFU/ml
vs. time.
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Transmission Electron Microscopy
Staphylococcus aureus cells (~107 CFU/ml) were treated in one
milliliter CA-MHB with Y5-P1 at a concentration of its MIC for
2h at 37°C. Post incubation, the excess compound was removed
by centrifugation and the cells were resuspended in 100 pl of
PBS. Untreated cells were processed in similar manner. The cells
were fixed in 2.5% glutaraldehyde in PBS and placed on carbon
coated copper grids (Polysciences, cat# 24933). The cells were
negatively stained with phosphotungstic acid (PTA) to eliminate
the interference from background. The specimens were observed
under electron microscope (JEOL, JEM-2100) at 200 kV.

Mammalian Cytotoxicity

3-(4, 5-Dimethylthiazol-2-Y1)-2, 5-Diphenyltetrazolium
Bromide (MTT) assay was used to determine the cytotoxicity of
compound Y5-P1 on HEK-293T and HepG2 cell lines. HEK-

293T and HepG2 cells were seeded in triplicates in 96-well
plate and incubated for 24 h at 37°C, 5% CO,. After 24h, the
compound was added to the cells at different concentrations.
Post 24 h incubation with the compound the media was removed
and 0.5 mg/ml MTT was added to the cells. The formazon
crystals were solubilized by adding 100 pL of freshly prepared
solubilization solution (20% SDS in 50% Dimethylformamide).
The absorbance was measured at 570 nm using BioTeK Power
Wave XS2 spectrophotometer and percent toxicity was calculated
with respect to control cells with triton-X treatment.

Antibiofilm Activity

The effect of Y5-P1 on biofilm formation of S. aureus
ATCC33591 and ATCC 43300 was assessed using MTT assay
as described previously with some modifications (Tang et al.,
2011). We initially optimized the incubation time, protocol, and

TABLE 1 | List of microbial isolates showing antimicrobial activity.

S.No Strain S. aureus Bacillus Micrococcus Pseudomonas Candida Klebsiella E.coli Listeria Vibrio
subtilis luteus aerugenosa albicans pneumoniae monocytogenes Cholerae
1 Y-2 + - + - - - - - -
2 Y-5 + + + - + + + + +
3 Y-14 + + + - - + + - +
4 Y-21 + - + - - - + - +
5 Y-23 + - + - - - - - -
6 Y-25 + + - - - - - - -
7 v-27 + - - - - - - + +
8 Y-28 + + + - - - + + +
9 Y-30 + + + - - - - + +
10 Y-31 + - + - - + + - -
11 Y-33 + - + - - - + - -
12 Y-36 - + - - - - - + -
13 Y-37 - + + - - - - - -
14 Y-38 - - - - - - - - -
15 Y-45 - - + - - - + - -
16 Y-48 - + + - - - - - +
17 Y-53 + - - - - - - - -
18 Y-51 + + + + - + + - +
19 Y-1 + + + + - + + + -
20 Y-b + + - - - + + + +
21 LAN—4 + + + + - + + + +
22 Ya + + + + + + + - -
23 Milk—2 + + + + + + + - -
24 An5 - + + + - + + - -
25 Y-47 + + + + - + + - -
26 Y-44 + + + - - + - - -
27 Yibs + + + + - + + - -
28 An4 + + + + - + + - -
29 L4 + + + + - + + - -
30 Y-50 + + + + + + + - -
31 Y-52 + - + - - + - - -
32 Yes + + + + + + + - -

*The antimicrobial activities of the strains (No.18-32) has been previously discussed in report (Kaur et al., 2017).
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FIGURE 1 | Pie chart representation of the percentage of the positive yak milk isolates in antimicrobial screening.
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FIGURE 2 | Growth curve of the strain Y-5 and its antimicrobial activity against
Bacillus subtilis ATCC 6633. The antimicrobial activity started around
24 h of incubation.

media conditions to study the biofilm. The cultures were grown
overnight in BHI medium (supplemented with 1% sucrose) at
250 rpm in highly aerobic condition. The compound was added
to a final volume of 200 1 of fresh medium in a 96-well flat-
bottom polystyrene plate. Two microliters of the culture was then
transferred to this broth and plate was incubated at 37°C without

FIGURE 3 | Structure of Y5-P1 (1-acetyl-9H-B-carboline-3-carboxylic acid).

shaking for 30 h. The wells without any compound and the wells
without any culture served as positive and negative controls,
respectively. After the treatment, the planktonic bacteria were
washed with PBS three times and 100 1 of fresh PBS containing
MTT (0.5 mg/ml) was added. The plate was incubated for 1h
and 100 pl of the stopping solution (20% SDS in 50% DMF) was
added to dissolve the formazon crystals. The plate was read in
microplate reader at 570 nm. The biofilm formation in positive
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TABLE 2 | Minimum inhibitory concentration of Y5-P1 against pathogenic strains.

Strain Strain number MIC (ng/ml)
Bacillus subtillis ATCC 6051 125
S.aureus ATCC 25923 250
E. coli ATCC 25922 62.5
Klebsiella pneumoniae ATCC 700603 62.5
Psuedomonas aeruginosa ATCC 27853 62.5
Acinetobacter baumanii ATCC 19606 62.5
Klebsiella pneumoniae (MDR) GMCH 04 62.5
Klebsiella pneumoniae (MDR) GMCH 13 62.5
Psuedomonas aeruginosa (MDR) GMCH 06 62.5
Acinetobacter baumanii (MDR) GMCH 05 62.5
E. coli (MDR) 7932 62.5
E. coli (MDR) 9062 62.5
10114
1 0 104
109+
1084 -e- Control
£ 107 = 1xMIC
g _— -4 0.5xMIC

108

1044

103+

102 T T )

0 8 16 24

Time (h)

FIGURE 4 | Time-kill kinetics of Y5-P1 showing the bacteriostatic action. The
data are represented as mean + SD of three replicates.

control wells, after subtracting the background absorbance, was
considered as 100% and the antibiofilm activity of the compound
at different concentrations was calculated with respect to controls
wells. The experiment was conducted in four replicates. The
antibiofilm potential of Y5-P1 was also predicted by a software
algorithm present in aBiofilm database (Rajput et al, 2017),
which has been designed to analyze the in silico antibiofilm
potential of new chemical scaffolds.

RESULTS
Antimicrobial Activity of Yak Milk Isolates

More than 50 isolates were screened for the antimicrobial activity
against nine indicator strains. Thirty-two isolates showed positive
results, of which best producers were selected based on their
identification and literature if they were previously unreported
for the production of antimicrobial compound(s). Table 1 shows
the microbial isolates showing antimicrobial activity. Upon the
analysis of the antimicrobial activities, we found that 17% of
the total strains tested were active against Staphylococcus aureus
(S. aureus) and Micrococcus luteus, 14% of the isolates inhibited

Bacillus subtilis, 11 and 12% of the strains showed antimicrobial
activity against Klebsiella pneumonia and E. coli, respectively, 9%
of the strains were active against Pseudomonas aeruginosa and 7%
of the strains demonstrated antimicrobial activity against Vibrio
cholera and Candida albicans, 6% of the strains exhibited activity
against Listeria monocytogenes (Figure 1).

Isolation and Characterization of the

Antimicrobial Compound From Y-5 Strain
Y-5 strain displayed inhibitory activity against both Gram-
positive and Gram-negative bacteria and showed 100%
similarity with P. koreensis (Kwon et al., 2003) based on
16S rRNA gene sequence data (GenBank accession number
MK372235). Cells of the strain Y5 were Gram-negative, rod-
shaped (Supplementary Figure S1). The growth curve analysis
revealed that the strain Y-5 took 4h to complete the lag phase,
and reached late exponential phase in 16h. It was observed
that the strain started producing antimicrobial component(s)
after 24h of incubation (in the early stationary phase). The
activity increased from mid-stationary phase to late stationary
phase as shown in Figure 2. The activity was constant in late
stationary phase and thus large-scale fermentation batches were
harvested in this phase. The bioactivity-guided fractionation in
reverse-phase HPLC of LH-active fractions revealed that one
prominent peak active eluting at 10.5min was responsible for
bioactivity (Supplementary Figure S2A). This peak showed
strong absorbance in the UV detector at 220 and 290 nm.
The purity of the peak was more than 98% as determined
by analytical HPLC (Supplementary Figure S2B). The dried
compound appeared as a lemon-yellow colored powder. The
purified compound showed a molecular mass of 253.0583
[M-H]~™ in HR-ESI-MS (Supplementary Figure S2C) with
negative ion mode and 255.0769 [M+H]' in LC-ESI-MS
(Supplementary Figure S3) with positive ion mode which led
us to deduce the molecular formula as C;4H19N,O3 (calculated
monoisotopic mass 254.069 for [M]). This formula also satisfied
the nitrogen rule of chemical compounds which lack halogen
atom (even number of nitrogen for even molecular mass). FTIR
analysis showed a broad intense peak at 3,429 cm~! which
suggested the presence of hydroxyl group of either an alcohol or
a carboxylic acid (Supplementary Figure S4). The other peaks
near 1,650 cm—1 confirmed the presence of a carboxylic moiety
in the compound. But this information along with the molecular
formula was insufficient to solve the complete structure of
the compound. Therefore, one and two-dimensional NMR
spectroscopy techniques were used to assign all the atoms in
the molecule.

NMR Analysis

In the 'H NMR spectrum of Y5PI, various proton signals
appeared as follows: 8y ppm, 12.25 (s, 1H), 9.16 (s, 1H), 8.45 (d,
J = 7.8Hz, 1H), 7.85 (d, ] = 8.2Hz, 1H), 7.64 (t, ] = 7.58 Hz,
1H,),7.36 (t,] = 7.5 Hz, 1H), 2.85 (s, 3H). Two doublets appeared
at 0y 8.45 (d, ] = 7.8Hz, 1H) and 7.85 ppm (d, ] = 8.2Hz,
1H) were assigned to H-5 and H-8, respectively. Two triplet
signals appeared at 8y 7.64 (t, ] = 7.6 Hz, 1H, H-7) and 7.36
(t, ] = 7.5Hz, 1H, H-6) ppm were assigned to H-7 and H-6,
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FIGURE 5 | Transmission electron microscopy. (A) Control cells (B) Y5-P1 treated cells. Right panel shows the cell shape and morphology at higher magnification.
Upon the treatment, the cells displayed a distorted morphology, and intracellular material is aggregated. Also, the bacteria are showing the disrupted cell division.
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respectively. A singlet observed at 8y 9.16 was assigned to H-
8 proton. These assignments were further confirmed using 2D
'H-'H correlation COSY spectrum. In the >C NMR spectrum,
various carbon signals appeared as follows: ¢ ppm, 201.63,
166.86, 142.22, 137.02, 135.53, 135.44, 131.94, 129.77, 122.68,
121.49, 121.40, 120.70, 113.85, and 26.25 where 3¢ at 201.63
ppm was assigned as carbonyl of acetyl group whereas a signal
at 3¢ 166.86 ppm was due to carbonyl of carboxyl group. DEPT
135 spectrum showed that there are five CH signals, one CH3
signals whereas CH, carbon signal is absent in the molecule,
and remaining are the quaternary carbons and carbonyl carbons.
The signal observed at §y 12.25 ppm was assigned as NH(9)
as it showed coupling to B-carboline ring carbons in HMBC
spectrum and also due to intra-molecular hydrogen bonding
with carbonyl group of acetyl group assigned at C-1 of the B-
carboline ring. The NMR assignments of all the atoms present
in the compound are shown in Table S1. The NMR spectra are
given in Supplementary Figures $5-S12. The structure of this
compound characterized using mass spectroscopy, FTIR and
NMR analysis is presented in Figure 3. The chemical name of the
compound is 1-acetyl-9H-B-carboline-3-carboxylic acid.

Minimum Inhibitory Concentration (MIC)

The MIC of the compound Y5-P1 was checked against different
quality control strains and multidrug-resistant clinical isolates,
and results are listed in Table 2. This compound was less active
against Gram-positive bacteria than Gram-negative bacteria
with the MIC of 62.5-125 pg/ml against all the Gram-negative

bacteria tested. B. subtilis showed the inhibition at 125 pg/ml
while S. aureus was inhibited at 250 pg/ml. Though MIC values
were considerably higher for Gram-negative pathogens also but
the MIC was consistent among most of the MDR strain tested.
This data suggests that the compound may have a different target
than already existing class of antibiotics.

Time-Kill Assay and Effect on Bacterial
Morphology

As visible in Figure4, the viable number of bacteria at
MIC concentration remained unchanged for 24 h, suggesting
the bacteriostatic nature of this compound. At subinhibitory
concentration, the bacteria multiplied, but at a slower rate when
compared to untreated control. We next sought to study the
effect of this compound on bacterial morphology using electron
microscopy. Figure 5 shows the shape and morphology of treated
and untreated bacteria. The compound caused aggregation of
intracellular material in the cell, visible as dark irregular matter.
Also the cell shape was distorted after the treatment. The effect
on membrane or cell wall of the bacteria was not visible in
microscopy, but the compound treatment altered the overall
morphology of the cells. The cell division was also disturbed
after treatment; cleavage furrow was not clearly visible in the
treated bacteria.

Mammalian Cytotoxicity
To evaluate the mammalian toxicity of this compound, we
performed MTT assay in HEK293T and HEPG2 cell lines
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FIGURE 6 | Mammalian Toxicity of Y5-P1 compound in (A) HEK 293 cells; (B) Hep G2 cells (C) The toxicity results are represented in tabular form.
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with different concentrations. Results indicated that the ICsg
of compound Y5-P1 was ~10-folds higher than its MIC value.
The ICs5p value was ~ 750 and ~ 500pg/ml for HEK-
293T cell line and HEPG2 cell line, respectively as shown
in Figure 6.

Antibiofilm Activity

Although the compound Y5-P1 had moderate activity in S.
aureus strains, it exhibited antibiofilm properties in MRSA
strains at sublethal concentrations (Figure 7). In MRSA strain
ATCC 33591, the compound inhibited almost 50% of the
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biofilm at half of its MIC concentration and below this
concentration, no antibiofilm effect was observed. In contrast,
the compound inhibited the biofilm formation in ATCC 43300
strain by 50% even at one-eighth of its MIC. At 1/16th
of MIC concentration, the inhibition was around 45%. Such
effects of organic compounds, which are bacteriostatic in
nature, on bacterial biofilm have been recently reported for
cytochalasins family of compounds (Yuyama et al., 2018).
Also, the mechanism of action and target for antibiofilm
activity of this compound is not known and could provide
further insights into designing of better synthetic analogs
of this scaffold. This part is beyond the scope of the
present study.

DISCUSSION

This study aimed at the discovery of unexplored antimicrobial
compounds from an untapped or unique niche i.e., yak milk.
We screened fifty bacterial isolates for their ability to inhibit
the growth of test strains and sixty-five percent of the cultures
successfully inhibited at least one of the indicator strains. More
than 50% of the isolates belonged to lactic acid bacteria which
are known to produce antimicrobial peptides or other bioactive
secondary metabolites (Sawa et al., 2013; Perez et al., 2014;
Mirkovic et al., 2016). We have also shown in our previous
paper (Kaur et al., 2017) the antimicrobial activity of seventeen
lactic acid bacteria out of fifty isolates. Out of thirty-two positive
isolates having antimicrobial activity, most of them had been
reported in literature to possess inhibitory activity, whereas some
of the isolates exhibited inconsistent activity. In the present study,
we selected the strain Y5 for the purification of the antimicrobial
compound due to its consistent activity and because of the
fact that this strain was unreported for any antimicrobial
activity. Y5 was identified as P. koreensis and was active against
both Gram-positive and Gram-negative bacteria. This genus
is well-reported to synthesize a diverse array of antimicrobial
compounds such as phenazine-1-carboxylic acid, pyoluteorin,
mupirocin, promysalin, phenazine-1-carboxamide, viscosin
amide, 2,4-Diacetylphloroglucinol, Pyocyanin, Pyrrolnitrin,
and tesin (Howell and Stipanovic, 1980; Shanahan et al., 1992;
Pierson and Pierson, 1996; Chin-a-Woeng et al., 2003; Hu et al.,
2005; Huang et al., 2009; Li et al., 2011; Gao et al,, 2014). At
lower temperatures, Pseudomonas spp. are predominant in the
raw milk as reported by several researchers (Capodifoglio et al.,
2016; Meng et al., 2017, 2018). These bacteria may transfer to
milk from the surrounding but they are natural inhabitant of
raw milk at low storage conditions. They are also responsible for
the spoilage of the milk in some cases. At lower temperatures,
Pseudomonas can outgrow the other bacteria by more than 50%
of total population. The yak milk diversity was not screened
previously for antimicrobial activity. Our main objective was to
isolate the bacteria from unusual niche or untapped source and
check their antimicrobial potential. We successfully isolated and
characterized one p-carboline derivative (Y5-P1) from Y5 strain.
The compound Y5-P1 appeared as yellowish in color and had

a molecular mass of 254 Da. With the aid of HRMS, FTIR and
NMR spectroscopy, it was identified asl-acetyl-9H-f-carboline-
3-carboxylic acid. This compound contains an indole ring which
is present in many antibiotics and is responsible for antimicrobial
activity (Panchal et al., 2009; Williams et al., 2013; Lepri et al.,
2016). Another derivative of this class, ie., 1-Acetyl-9H-B-
carboline was reported from marine actinomycete Streptomyces
sp. (Shin et al., 2010). This compound showed similar activity
as reported in the present study. Also, the compound acted
in synergy with P-Lactams against methicillin-resistant S.
aureus (MRSA). They had reported the first time a B-carboline
synthesized by microorganisms. f-carboline compounds belong
to the family indole alkaloids which are pharmacologically
active natural ingredients produced by many plant species
(Cao et al,, 2007). They are reported as bioactive molecules
having bioactivities, such as cytotoxic, antiviral, antimicrobial,
anti-inflammatory, antiserotonin, and enzyme inhibition (Cao
et al., 2007; Milen and Abrényi—Balogh, 2016). Y5-P1 showed the
MIC in the range of 62.5-250 pg/ml against multidrug-resistant
bacteria. Time-kill assay revealed that Y5-P1 is bacteriostatic in
nature and caused alteration in bacterial shape and morphology
upon treatment. One example of the potent antimicrobial
agent having bacteriostatic action is tetracycline (Chopra and
Roberts, 2001). Thus, Y5-P1 represents a scaffold which could be
synthetically derivatized to improve the potency. The compound
had reduced mammalian cytotoxicity in two cell lines (500 and
750 g/ml against HEK293T and HepG2 cell lines, respectively).
This derivative i.e., 1-acetyl-9H-B-carboline-3-carboxylic acid is
different from previously reported 1-Acetyl-9H-B-carboline due
to the presence of carboxylic moiety and was first reported from
a plant Vestia lycioides, family Solanaceae in 1980 (Faini et al.,
1980). We, in this study, report the synthesis of this derivative by
a microorganism that is an inhabitant of an unusual niche. The
B-carboline scaffold could be an important structure in designing
new compounds (Trujillo et al., 2007) which would be very much
effective and less toxic to humans. One example of a marketed
drug based on indole nucleus is tadalafil.

Additionally, the compound showed antibiofilm activity in
MRSA strains at subtoxic concentrations. We also predicted
the antibiofilm propensity of Y5-P1 using aBiofilm predictor
program and found that this compound had high probability
of having antibiofilm potential (Supplementary Figure S13).
Moreover, no similar compound was found in the database.
These data suggest that Y5-P1 represents a new chemical
scaffold having antibiofilm properties that should be further
optimized through medicinal chemistry approaches to improve
the antibiofilm activity. The target of this compound is
not known in bacteria. Further investigations in the target
identification may lead to a novel target for drug development.
This study highlights the importance of natural products as
a source of antimicrobial compounds. Microbes residing in
uncommon environments or untapped sources possess a vast
repertoire of the antimicrobial substances which may represent
a promising drug candidate or new scaffold for drug designing
against highly resistant pathogens.
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