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Abstract
Exploration of microbial dynamics of Streptomyces lavendulae ACR-DA1, a psychrotrophic isolate from the North-Western
Himalayan cold desert, was carried out using matrix-assisted laser desorbtion ionisation-time of flight mass spectrometer.
Valinomycin was found as a major produce and cyclic depsipeptide montanastatin as a minor produce. The yield of the
valinomycin was found to be 0.3 mg l−1 in submerged growth condition at the batch scale. Miniaturization of optimization
experiments was adept to maximize the production using the expeditious and efficient technique of intact cell mass
spectrometry. The present study showed that using optimized conditions and growing the culture in synthetic mineral base
starch medium at 10 °C enhanced the production to 19.4 mg l−1. Our results demonstrated 64-fold increase in yield from the
wild-type S. lavendulae ACR-DA1 strain using a simple and economical downstream process.

Introduction

Microorganisms, blessed with enormous diversity encap-
sulating plethora of secondary metabolites possess the
potential for drug discovery either as therapeutic agents, or
for agricultural applications and industrial use. Secondary
metabolites comprising of peptide natural products get
assembled distinctly either by ribosomal or by non-
ribosomal route occurring in a wide range of microorgan-
isms including fungi and bacteria with unique metabolic
capabilities [1]. Being geographically located closely to the
North-Western Himalayan Region (NWHR) endowed with
microbial biodiversity, we carried out the bio-prospection of
microorganisms from every possible resource of this unique
niche including extreme environments such as cold deserts
and habitats [2].

The strain Streptomyces lavendulae ACR-DA1, an iso-
late of poorly explored Drass, Kargil, the region in India of
Himalayan cold deserts with temperatures ranging from (−)
45 °C to 15 °C at 10,760 feet above the sea level, was
explored for its microbial dynamics. Observation by mass
studies using rapid and efficient intact cell mass spectro-
metry (ICMS) technique by MS, showed its rich valine
content. The complete characterization using chromato-
graphic and spectrometric techniques confirmed it as vali-
nomycin [3–5]. The cyclododecadepsipeptide has been
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reported for its antimicrobial [6], antifungal [7], antiviral
[8], anticancer [9], and antineoplastic activities [9] with
three repeating units of D-hydroxyisovaleryl (D-Hiv), -D-
Valyl (D-Val), -L-Lactyl (L-Lac) and -L-Valyl (L-Val).
Another cyclic depsipeptide montanastatin [9, 10], with two
repeating units of the same monomer, has also been found
to be produced from this psychotropic strain (Fig. 1).

Majority of microbial producers of non-ribosomal pep-
tides are either not cultivable or low in production yields
paving difficulties in carrying out studies for isolation of
secondary metabolites. Optimization of growth conditions
becomes impecunious for enhanced production of desirable
metabolites from microbes [11, 12]. To the best of our
knowledge, no optimization study has been reported on the
wild-type strain for the isolation of valinomycin. However,
scale-up of non-ribosomal antibiotic peptide valinomycin
from Streptomyces tsusimaensis had been recombinantly
done in Escherichia coli, improving its titer from 0.5 to
3.3 mg l−1 and increasing it to 13 mg l−1 with repetitive
feeding of a glucose polymer during cultivation. Yield of
valinomycin has also been significantly improved from
0.3 to 2.4 mg l−1 by switching from batch to enzyme based
fed batch mode in the shake flask condition and the repe-
titive glucose polymer feed to enzyme based fed batch
mode which further increased its titer to 10 mg l−1 [13, 14].
In our previous work, we have shown in dichloromethane
extract that agitation under low temperature conditions in
MBS medium resulted in overproduction of valinomycin
synthetase genes vlm1 and vlm2 [15] as observed by its
titers using LC-MS/MS. The studies were further carried out
for isolation and optimization of culture conditions for
production of bioactive valinomycin for its enhanced
production.

Results and discussion

Microorganism, culture, and growth conditions

The psychrotrophic actinomycete strain ACR-DA1 used in
the present study was isolated from the cold deserts of
NWHR as described previously [15]. The culture grows
well over the entire temperature range from 4 °C to 37 °C
covering psychrophilic to mesophilic range (Fig. S1, Sup-
plementary Information) and established itself as a psy-
chrotrophic actinobacterium with the potential to survive
and sustain at a wide temperature range.

Identification of depsipeptides

The preliminary examination conducted through mass
spectroscopic analysis showed mass with m/z 741.4277
(ESI-QTOF MS) (Fig. 2a) and m/z 1133.7, 1149.6

(MALDI-TOF MS) (Fig. 2b). The observation by MS/MS
studies of m/z 741.4277 showed fragment ion as m/z
642.3608, 542.3406, 443.2332, 343.2226 and revealed the
cyclic structure as montanastatin (Fig. S2, Supplementary
Information). The fragmentation studies carried out for m/z
1133.7 [M+Na]+ revealed high content of valine with
close resemblance to a cyclic structure (Fig. S3, Supple-
mentary Information). The characterization done using
chromatographic and spectrometric studies by NMR and
MS established the structure as valinomycin (Fig. 3a–c). A
comparison was made with the standard valinomycin pro-
cured from Sigma Aldrich and we found that spectra and
chromatograms were in complete corroboration with the
assignment of isolated compound as valinomycin (Figs.
S4–S8, Supplementary Information). The biological activity
of potassium ionophoric non-ribosomal cyclododecadepsi-
peptide valinomycin was evaluated against Mycobacterium
tuberculosis H37Rv and cytotoxic activity against a panel of
cancer cell lines along with a comparative study done with
procured Sigma–Aldrich standard (Tables S1 and S2,
Supporting Information).

The symmetric 36-membered ring valinomycin was
found to be the major produce of psychrotrophic actino-
mycete strain S. lavenduale isolated from NHWR and
showed production of 0.3 mg l−1 in a shake flask using
dextrin peptone broth (DPB) medium. Because of its bio-
logical significance, studies for optimization of growth
conditions were taken up for its enhanced production.

Effect of growth conditions on valinomycin
production

Studies on varied temperature range supported selective
production of valinomycin at 4 °C, but it was found to be
less compared to the production obtained at 10 °C as shown
in Fig. S9, Supplementary Information. At higher tem-
peratures, production of other metabolites was observed but
as our focus lied on selective and maximized production of
valinomycin, so 10 °C was chosen as more preferred tem-
perature (Table 1, Fig. S9, Supplementary Information).
Inference of spectral data carried out on varied pH range
indicated optimum production in neutral to slightly basic
condition (Table 1, Fig. S10, Supplementary Information).
No significant light effect was observed on the growth
conditions of actinomycete strain (Table 1, Fig. S11, Sup-
plementary Information). Herein, in all the experiments the
culture was incubated for a period of 15 days and evaluated
for valinomycin production.

In submerged phase, studies were conducted using the
optimized conditions obtained under solid phase experi-
ments viz. 10 °C temperature and 7.0 pH in both static and
shaking conditions. Production of valinomycin almost gets
doubled in a shake flask when compared to that in static
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Montanastatin

a

b

Valinomycin

Fig. 2 a HRMS of F14 (montanastatin); b ICMS-MALDI MS obtained from strain ACR-DA1

Fig. 1 Structures of valinomycin
and montanastatin
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a

b

c

Fig. 3 a LCMS of valinomycin isolated; b 1H NMR of valinomycin isolated; c 13C NMR of valinomycin isolated
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Table 1 Mass studies on the effect of conditions for production of valinomycin

Conditions Valinomycin Ion intensity per 1000
count (m/z 1133.8 or 1149.8)a

[S.D.]

Other metabolites (m/z)

Variable Constant

Solid phase Temperature in °C 4 pH 7.0, 15 days 9.7 [0.094] n.d

10 17.0 [0.816] n.d

20 11.0 [0.471] 893.0

30 9.4 [0.170] 875.5, 963.5, 1051.6

37 0.29 [0.012] 855.0, 871.0, 877.0 892.9

45 n.d 971.7

pH 6.0 13.0 [0.943] 2251.6, 2253.6

6.5 12.0 [0.471] 2251.5 (very low intensity)

8.0 Temp. 10 °C,
15 days

20.0 [1.247] 876.8, 2134.5,
2251.5, 2253.5

9.0 5.15 [0.131] 892.8, 2150.5, 2235.5,
2251.5, 2253.5, 2257.5

Light Light pH 7.0, Temp.
10 °C, 15 days

12.0 [1.08] 802.3, 893.2

Dark 11.0 [0.850] 804.4, 886.2

Submerged
phase

Shaking Shaking pH 7.0,
Temp. 10 °C
15 days

24.0 [1.633] 821.4, 865.4

Static 13.0 [0.471] 1227.8

Temperature in °C 10 pH 7.0, 15 days 21.0 [1.247] 1152.7

20 11.0 [0.525] 1051.9, 1163.9, 1177.9

30 1.342 [0.042] 1051.9, 1163.8, 1177.8

37 0.418 [0.081] 910.5, 1120.7

pH 5.0 Temp. 10 °C,
15 days

0.169 [0.011] 1151.8, 1165.9

6.0 8.236 [0.209] 968.6, 1152.8, 1167.8

7.0 14.0 [0.943] 968.6, 1152.8, 1167.8

8.0 11.0 [0.698] 968.6, 1152.8, 1167.8

9.0 1.111 [0.051] 968.6, 1152.8, 1167.8

Fermenter Fermenter type Bubble Column pH 7.0,
Temp. 10 °C

12.0 [1.02] n.d

Stirred tank 14.0 [1.732] 1152.7

Air lift 0.797 [0.038] 1180.6

Medium DPB Cell mass pH 7.0,
Temp. 10 °C

0.073 [0.006] n.d

DPB Broth 13.0 [1.461] 1152.8, 1167.8

MBS Cell mass 15.0 [1.414] 1152.8

MBS Broth 2.545 [0.26] 1152.8

Days 4 pH 7.0,
Temp. 10 °C

4.933 [0.34] 996.8

6 9.2 [0.257] 1152.7

8 18.0 [1.247] 1152.7

10 15.0 [1.67] 1152.7, 1163.7

SD standard deviation
aBest of the three values obtained
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conditions (Table 1, Figs. S12 and S13, Supplementary
Information). Based on the observation from above
experiments, further studies were then carried out only in
the shake flask submerged growth condition. Variable
temperature and pH studies were carried out in a shake flask
in submerged phase and results were found to be in corro-
boration. The maximum production of valinomycin in
submerged phase was obtained at pH of 7.0 and temperature
of 10 °C giving the isolated yield of 0.3 mg l−1 (Figs. S14
and S15, Supplementary Information). Other varied opti-
mization experiments like volume to air ratio, % of inocu-
lums, rpm, and culture media were also carried out in shake
flask submerged conditions. It was inferred that 1:9 volume
to air ratio, 1.5% of inoculum using 200 rpm was found to
be optimal for the growth of valinomycin as shown in
supporting information (Figs. S16–S20, and Table S3 Sup-
plementary Information). On the basis of above optimiza-
tion experiments, fermentation studies were then further
carried out for large scale production at the fermenter level.

Fermentation studies in varied type of fermenters used
for study showed bubble column and stirred tank supporting
appreciable quantity of valinomycin production (Table 1).
The fermentation conditions used for this study were based
on finding of our previous study, which showed that the
encoded components of heterodimer valinomycin synthe-
tase genes vlm1 and vlm2 get over expressed at low tem-
peratures and in mineral base starch (MBS) medium [15].
The experiments were analyzed by using RT-PCR and
reported titers in dichloromethane extract using LC-MS/
MS. Experiments were carried out in a stirred tank fer-
menter at 5 l scale using optimized condition at 10 °C,
0.5 vvm air having agitation speed of 200 rpm in DPB
(control) and in MBS (synthetic) medium (Table 1, Figs.
S21–S23, Supplementary Information).

A study was done on extract obtained from cell mass and
broth of DPB and MBS medium using high performance
thin layer chromatography (HPTLC) using solvent system
30% ethyl acetate in hexane with 1% formic acid. Deriva-
tization reagent used was anisaldehyde sulfuric acid. It was
found that growing the valinomycin in MBS medium, the
production was mainly obtained from cell mass, whereas in
DPB medium it was mainly obtained from broth as shown
in Fig. 4. In DPB the yield was 2.3 mg l−1 as 10.2 mg of
valinomycin was obtained from 4.5 l of fermented broth.
Whereas using synthetic MBS medium with polymeric
starch as the sole carbon source, 87.5 mg of valinomycin
was obtained from 4.5 l of fermented broth giving the yield
of 19.4 mg l−1. These studies directed us that the MBS
medium was a preferable medium for production and found
to be the more economical both from production and
downstream perspective. Valinomycin production increased
during the first 4–8 days of incubation and attained sta-
tionary phase with the highest production at eighth day

(Table 1, Fig. S23, Supplementary Information). Hereby, in
present study we report the enhanced yield of valinomycin
with 64-fold increase having 99.8% purity (Fig. S4, Sup-
plementary Information). Confirmation of valinomycin was
done by LC-MS (Fig. S6, Supplementary Information).

Purification of depsipeptides

Valinomycin obtained at retention time ranging between
55.6 and 61.1 min as fraction F16 (Fig. S24, Supplementary
Information). The isolated yield was found to have 99.8%
purity. The minor fraction F14 was obtained at retention
time tR at 41.6 min (Fig. S24, Supplementary Information).
The mass studies showed m/z 741.4277 [M+H]+ as
observed using HR-ESIQ-TOFMS calculated for
C36H41N4O12. The fragmentation study of m/z 741.4277
[M+H]+ confirmed the structure as montanastatin shown
in Fig. 2a, which was found as minor produce from this
actinomycete isolate of NWHR.

Isolation and optimization studies were conducted for the
enhanced production of valinomycin from wild-type
S. lavendulae, ACR-DA1 from the North-Western Hima-
layas. Valinomycin was isolated as major product (87.5 mg)
and montanastatin as minor product (0.4 mg). Our studies
emphasize optimization as crucial for selective and max-
imized production of desirable secondary metabolites.
Several research studies have revealed that different growth
fermentation factors and environmental conditions play
good tricks with the microbial dynamics indicating opti-
mization as crucial necessity for enhanced production of
secondary metabolites, which many times gets bottlenecked
due to trace levels of production [16, 17]. Our studies have
shown that production of valinomycin in isolation media
(DPB medium) was only 0.3 mg l−1. After the strategic
optimization from batch scale to fermenter level, the pro-
duction was enhanced up to 19.4 mg l−1. Factors found

DPB Broth      DPB Cell mass  MBS Cell Mass MBS Broth Valinomycin 
Standard

Valinomycin

Fig. 4 HPTLC of crude extract from a PDB cell mass, b PDB broth,
c MBS cell mass, d MBS broth, and e valinomycin standard
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crucial for enhanced production of valinomycin were pH,
temperature and culture media. Using the synthetic MBS
medium at 10 °C enhanced the selective production by 64-
fold from the wild-type S. Lavendulae ACR-DA1. Thus, the
optimized conditions led to increased production from
0.3 mg l−1 to 19.4 mg l−1. Isolation of valinomycin from the
psychrotrophic isolate S. lavendulae of North-Western
Himalayas provided an easy and cost-effective downstream
process in comparison to the bulk requirements of organic
solvents, which largely remains a rate-limiting factor and
major bottlenecks both from resource and time scale per-
spectives. Enhanced yield of 19.4 mg l−1 was achieved as
final outcome of present optimization study and was found
comparable with mesophiles viz. Streptomyces exfoliatus
(32.8 mg l−1), Streptomyces anulatus (25.22mg l−1), Strep-
tomyces griseus (22.08 mg l−1), and Streptomyces sp.
PRL1642 (23.19 mg l−1) [18] which reported their titers but
not isolated yields.

Experimental

General experimental procedures

All the chemicals, medium components, and reagents were
bought from Himedia, Sigma, Merck and Fischer scientific,
respectively. Valinomycin was procured from Sigma
Aldrich. Analytical HPLC was carried out on Shimadzu
HPLC system and semi-preparative HPLC purification was
carried out on ThermoFinnigan HPLC system connected
with quaternary pump and photodiode array detector using
reversed-phase (Merck, LiChrospher) RP18e, 125 × 4mm,
5 µm column for analytical and (Dr. Maisch GmbH, Reprosil
Gold) C18, 10 × 250mm, 5 µm column for semi-preparative
separation. Mass analysis was carried out on an ABSciex
4800 MALDI-TOF/TOF instrument. LC-MS was carried out
on WATERS Quattro Premier Micromass with Alliance
system and HRMS was carried on Agilent 6540 UHD Q-
TOF coupled with Aglient 1290 infinity series HPLC.

Production medium

Cultivation medium used to isolate and maintain S. laven-
dulae ACR-DA1 was dextrin peptone agar with con-
stituents: Dextrin 1.5%, peptone 0.5%, yeast extract 0.5%,
K2HPO4 0.5%, NaH2PO4 0.06%, MgSO4 0.05% and agar
2.0%, with pH adjusted to 7.0. The seed medium was
prepared by inoculating loop full of culture from a freshly
cultured slant to 100 ml DPB medium in 250-ml Erlen-
meyer flask. Incubation was carried out for 3 days at 28 °C
in an orbital shaker at 200 rpm. There were two stages of
preparation, the first stage was from a slant to the flask
where 1% v/v of the seed medium was used, and in the

second stage 1.5% v/v of the seed medium was used from
the flask for the optimization at fermenter level. The com-
position of MBS medium is as follows: Starch 1.0%,
CaCO3 0.3%, K2HPO4 0.1%, (NH4)2SO4 0.2%, MgSO4

0.1% and NaCl 0.1% with pH adjusted to 7.0 [15].

ICMS procedure using MALDI-TOF MS

To get insight into secondary metabolite production from
the actinomycete strain cell mass was carefully harvested
from a petri plate and macerated using methanol and sub-
jected to (ICMS) intact-cell mass spectrometric study using
MALDI-TOF mass spectrometer. The matrix used was
CHCA (α-cyano-4-hydroxy cinnamic acid) in the con-
centration of 10 mg ml−1 in acetonitrile: water in the ratio of
70:30 by volume. Preparation of homogenous sample was
ensured by vertexing for 10 min followed by centrifugation
at 5000 rpm for 10 min. Supernatant was collected and
mixed with the matrix in varied ratio of 1:1, 2:1, 5:1 or 25:1.
One microlitre of well homogenized solution was spotted
onto target wells of a 96 or 364 well sample plate and air
dried prior to analysis.

Optimization study

Studies were conducted at both solid phase (petri plate
level) and submerged phase. Different experiments were
carried out with minimum of three-time repeatability. Solid
phase studies were conducted with varying temperature,
pH, and light effects. To monitor temperature effect, a study
was conducted at 4 °C, 10 °C, 20 °C, 30 °C, 37 °C, and 45 °C
keeping the pH at 7.0 and pH study was carried out at the
variable range from 6.0 to 9.0. Light effect was monitored
by growing the culture simultaneously in light and dark
conditions (Figs. S9–S11, Supplementary Information). In
submerged phase, studies were conducted in static and
shaking conditions under optimized conditions as obtained
in solid state studies (Figs. S12 and S13, Supplementary
Information). Since better production was observed in
submerged shaking condition therefore various optimization
experiments were conducted at submerged shaking condi-
tion, which were in concurrence with the solid phase studies
(Figs. S14–S20, Supplementary Information). Further scale-
up studies were conducted in different bioreactors using
optimized fermentation conditions (Figs. S21–S23, Sup-
plementary Information).

Bioreactors used

For the optimal production of valinomycin, three different
bioreactors were employed for batch fermentation by
inoculating with 1.5% of 3 days old seed culture of ACR-
DA1 at 30 °C and then reducing the temperature gradually
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to 10 °C. Fermentation was carried out for a period of
8 days at 10 °C with the help of chiller/circulator (Haake K
10, Thermo electron Corporation). Stirred tank fermenter
(7 l, Bioflow) with working volume of 5 l was operated at
agitation of 200 rpm and with 0.5 vvm air. Bubble Column
fermenter (3 l, Bioengineering) was sparged with 0.5vvm
air. No additional source of agitation was employed. Air
Lift fermenter (5 l, Bioengineering) was sparged with
0.5 vvm air with same air pressure as for Bubble Column.

Purification of depsipeptides

For purification the crude organic extract was dissolved in
methanol and centrifuged. Supernatant was loaded on
Sephadex LH 20 resin and eluted with methanol. Fractions
collected were evaporated and examined for valinomycin
production. Pooled fractions were evaporated to dryness
under vacuum to obtain semi-purified peptide mixture. The
resulting extracts were further purified through RP-HPLC
using 10 × 250mm, C18 column (Dr. MaischGmbH, Reprosil
Gold, 5 µm) with water/methanol as eluent under gradient
condition with gradual increase from 30 to 95% methanol in
15 min, then keeping 95% methanol for next 45min followed
by decrease in concentration from 95 to 30% in 5min, at the
flow rate of 1.5 ml min−1 and detection at 214 nm.
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