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Abstract Entomopathogenic nematodes (EPN) are well-
known as biological control agents and are found to have
associated bacteria which can produce a wide range of bio-
active secondary metabolites. We report herewith isolation
of six proline containing cyclic dipeptides cyclo(p-Pro-L-
Leu), cyclo(L-Pro-L-Met), cyclo(p-Pro-L-Phe), cyclo(L-Pro-
L-Phe), cyclo(L-Pro-L-Tyr) and cyclo(L-Pro-p-Tyr) from
ethyl acetate extract of the Luria Broth (LB) cell free culture
filtrate of Bacillus sp. strain N associated with a new EPN
Rhabditis sp. from sweet potato weevil grubs collected from
Central Tuber Crops Research Institute farm. Antimicrobial
studies of these 2,5-diketopiperazines (DKPs) against both
medicinally and agriculturally important bacterium and
fungi showed potent inhibitory values in the range of pg/mL.
Cyclic dipeptides showed significantly higher activity than
the commercial fungicide bavistin against agriculturally
important fungi, viz., Fusarium oxysporum, Rhizoctonia
solani, and Pencillium expansum. The highest activity of
2 pg/mL. by cyclo(L-Pro-L-Phe) was recorded against
P. expansum, a plant pathogen responsible for causing post
harvest decay of stored apples and oranges. To our
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knowledge, this is the first report on the isolation of these
DKPs from Rhabditis EPN bacterial strain Bacillus sp.
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Introduction

Entomopathogenic nematodes (EPN) belonging to the
family steinernematidae and heterorhabditidae are one of
the most important biocontrol agents against insects pests
(Shapiro-Ilan et al. 2006). Xenorhabdus and Photorhabdus
are Gram-negative bacteria that live in symbiosis with
nematodes (Forst et al. 1997; Burnell and Stock 2000).
Bacteria and nematode share a complex life cycle, which
includes symbiotic and pathogenic stages. During the
symbiotic stage the bacteria are carried in the gut of the
nematode, but after infection of an insect host the nema-
todes inject the bacteria into the insect hemocoel (Yang
et al. 2012). Throughout their life cycle, the bacteria and
the nematodes produce a variety of metabolites to enable
them to colonize and reproduce in the insect host (Toubarro
et al. 2009). The metabolites produced include molecules
to help evade the insect immune system, enzymes such as
proteases, lipases, and phospholipases to maintain a food
supply during reproduction (Forst et al. 1997; Thaler et al.
1998; Bowen et al. 2000), antifungal and antibacterial
agents to prevent degradation or colonization of the insect
carcass while the bacteria and nematodes reproduce
(Akhurst 1982; Gaugler and Kaya 1990; Chen et al. 1994).
It became obvious that these bacteria are in fact very
productive secondary metabolite producers that can pro-
duce several structurally diverse compounds having
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medical and agricultural interest such as antibiotic, anti-
mycotic, insecticidal, nematicidal, antiulceral, antineo-
plastical and antiviral (Wang et al. 2011). The
antimicrobial nature of metabolites produced by Xenor-
habdus and Photorhabdus spp. is known, and several of
such compounds with antibiotic activity have been isolated
and identified. These include indoles (Paul et al. 1981),
stilbenes (Hu et al. 1999), xenorhabdins (MclInerney et al.
1991a), xenocoumacin (Mclnerney et al. 1991b), nemato-
phin (Li et al. 1997), benzylineacetone (Ji et al. 2004),
xenortides and xenematide (Lang et al. 2008), and cyclo-
lipopeptide (PAX) (Gualtieri et al. 2009). On the other
hand, reports on detailed analysis of liquid cultures of the
EPN associated bacteria (Brachmann et al. 2006; Lang
et al. 2006) clearly indicate their efficiency as producers of
several structurally diverse secondary metabolites. There-
fore, entomopathogenic bacteria can be regarded as a novel
source of potential pharmaceuticals.

During this study on entomopathogenic nematodes we
isolated a new EPN Rhabditis sp. from sweet potato weevil
grubs collected from Central Tuber Crops Research Institute
(CTCRI) farm, Thiruvananthapuram. To our knowledge this
is the first time Rhabditis sp. is being studied as an
entomopathogenic nematode. A specific bacterium isolated
from third stage infective juveniles of the nematode or from
the haemolymph of nematode infested Galleria mellonella
larvae was found to be pathogenic to a number of insect pests
(unpublished results). The antimicrobial substance produc-
ing bacterium was isolated from an entomopathogenic,
Rhabditis (Oscheius) sp resembling Rhabditis isolate
Tumian 2007 at D2 and D3 expansion segments of 28S
rDNA (Deepa et al. 2010). Molecular analyses revealed
that the bacterium resembles Bacillus sp. (Accession
No.CP001407). The bacterium has been deposited in IM-
TECH (Institute of Microbial Technology, Chandigarh,
India) and the accession number is MTCC 5234.

In the present work, we describe the isolation of sec-
ondary metabolites produced from Bacillus sp. associated
with a new Rhabditid EPN. Detailed structural character-
ization of the extracted compounds, followed by their
potential as antimicrobial agents is tested against diverse
Gram-positive, Gram-negative bacteria, and against
medicinally and agriculturally important fungi.

Materials and methods

Chemicals and media

All the chemicals used for extraction and column chro-
matography were of analytical grade and High perfor-

mance liquid chromatography (HPLC) grade methanol was
purchased from Merck Limited, Mumbai, India. Silica gel
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(230-400 mesh) used for column chromatography and
precoated silica gel 60 GF,s, plates used for Thin Layer
Chromatography (TLC) were purchased from Merck
Limited, Germany. Microbiological media was purchased
from Hi-Media Laboratories Limited, Mumbai, India. All
other reagents were of analytical grade and other chemicals
used in this study were of the highest purity. The standard
antibiotics ciprofloxacin, and amphotericin B were pur-
chased from Sigma Aldrich. Bavistin fungicide was pur-
chased locally.

Test microorganisms

Gram positive bacteria: Bacillus subtilis MTCC 2756,
Staphylococcus aureus MTCC 902; Gram negative bacte-
ria: Escherichia coli MTCC 2622, and Pseudomonas
aeruginosa MTCC 2642; medically important fungi:
Aspergillus flavus MTCC 183, Candida albicans MTCC
277 and agriculturally important fungi: Fusarium oxyspo-
rum MTCC 284, Rhizoctonia solani MTCC 4634, and
Penicillium expansum MTCC 2006. All the test microor-
ganisms were obtained from Microbial Type Culture col-
lection Centre and gene bank division of IMTECH,
Chandigarh, India.

Fermentation and extraction of bioactive compounds

Bacterial fermentation was carried out using LB medium
(tryptone 10 g/L, yeast extract 5 g/L, NaCl 10 g/L. water
1,000 mL) supplemented with 1 % meat peptone. Aliquots
of the stock culture were added separately into 100 mL
sterile medium. The flasks were incubated in a gyrorotatory
shaker (150 rpm) at 30 °C in dark for 24 h. When the
optical density of the culture at 600 nm was approx 1.7, the
bacterial cultures were transferred aseptically into 400 mL
sterile medium and incubated in the gyrorotatory shaker
(150 rpm) at 30 °C in dark for 96 h. The culture media
were then centrifuged (10,000 rpm, 20 min, 4 °C) followed
by filtration through a 0.45 pM filter, to obtain cell free
culture filtrate. A 30 L filtrate was treated with ethyl acetate
which after concentration led to 9.3 g of crude extract.

Purification of bioactive compounds

The oily yellow residue (9.3 g) was subjected to column
chromatography on a silica gel column (25 x 600 mm)
previously equilibrated with hexane and eluted succes-
sively with 200 mL of 100 % hexane, 200 ml of linear
gradient hexane: dichloromethane (v/v, 75:25 to 25:75),
200 mL of 100 % dichloromethane, 200 mL of linear
gradient dichloromethane: ethyl acetate (v/v, 99:1 to 1:99),
200 mL of 100 % ethyl acetate and finally with 200 mL of
100 % methanol. Two fractions (100 mL each) were
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collected from each combination. Six fractions yielded
white crystalline compounds which were further purified
by crystallization using hexane and benzene and the pure
compounds were tested for its purity using HPLC, using
LC-10AT liquid chromatograph (LC; Shimadzu, Singa-
pore) equipped with a C-18 column (5 um, 4.6 x 250 mm)
and 100 % methanol as a mobile phase with a flow rate of
1 mL/min. Ultraviolet (UV) detection was carried out with
a diode array detector (Shimadzu). The antibacterial
activity of the compounds was determined by well diffu-
sion assay against B. subtilis, which was selected as initial
test microorganism.

Structure elucidation of bioactive compounds

The structure of the compounds were determined using
nuclear magnetic resonance (NMR) spectroscopy (Bruker
DRX 500 NMR instrument, Bruker, Rheinstetten, Ger-
many) equipped with a 2.5-mm microprobe. CDCl; was
used as solvent to measure IH, 13C and 2D NMR experi-
ments and all spectra were recorded at 23 °C. '"H NMR
spectra were recorded in CDCl; using tetramethylsilane
(TMS) as internal standard at 500 and 400 MHz, >*C NMR
spectra were recorded at 125 and 100 MHz, chemical shifts
are given in parts per million and coupling constants in Hz.
Chemical shifts are reported relative to the solvent peaks
(CDCls: 'H 6 7.24 and '*C 6 77.23). High resolution mass
spectrophotometer (HRMS) data were measured using an
electrospray ionization mode of a Thermo Scientific Ex-
active Orbitrap LC-Mass Spectrometer with ions given in
m/z. UV spectra and optical rotations were acquired on a
Systronics double beam spectrophotometer 2201 UV-VIS
spectrophotometer, India and a Rudolph Research Autopol
IIT polarimeter, respectively. The melting point of the pure
compounds were measured with a differential scanning
calorimeter (DSC) with a Mettler Toledo DSC 822¢
instrument (Mettler-Toledo, Schcoerfenbach, Switzerland),
and a temperature range of 30-300 °C were employed.

Absolute Configuration Determination of compounds
by Marfey’s Method

A solution of DKPs (1.5 mg) in 6 M HCI (1 mL) was
heated to 120 °C for 24 h. The solution was then evapo-
rated to dryness and the residue redissolved in H>O (100
pL). A 50 pL aliquot of the acid hydrolysate solution was
then treated with a 1 % (w/v) solution of FDAA (200 uL)
in acetone. After addition of 1.0 M NaHCO; (40 pL) the
reaction mixture was heated at 45 °C. After 1 h the reac-
tion mixture was cooled to room temperature, and then
acidified with 2.0 M HCI (20 pL). Similarly, pertinent
amino acids of both p and L forms were derivatized with
FDAA separately. The derivatives of the hydrolysates and

standard amino acids were then subjected to HPLC anal-
ysis using Shimadzu LC-20AD (C;g column; 5 pm,
4.6 x 250 mm; 1.0 mL/min) at 30 °C using the following
gradient program: solvent A, water + 0.2 % TFA; solvent
B, MeCN; linear gradient O min 25 % B, 40 min 60 % B,
45 min 100 % B; UV detection at 340 nm (Marfey 1984).

Antimicrobial activity
Antibacterial activity

The test compounds and antibiotics were screened for
antimicrobial activity using the macro dilution method
recommended by the Clinical and Laboratory Standards
Institute, USA (CLSI 2006). To determine the minimum
inhibitory concentrations (MICs), the compounds were
dissolved in methanol to give a stock concentration of
2,000 pg/mL while the antibiotics were dissolved in sterile
distilled water to give stock concentrations of 1,000 ng/
mL. All stock concentrations of compounds and antibiotics
were filter sterilized using 0.2 pM syringe filter. Twofold
serial dilutions of the antibiotics and compounds were
made with nutrient broth to give concentrations ranging
from 1 pg/mL to a final concentration of 1,000 pg/mL.
Colony suspensions equivalent to a 0.5 McFarland standard
were prepared and inoculated onto antibiotic-containing
medium to yield a final inoculum of 10* CFU/mL. The
tubes were incubated at 35 °C for 24 h. The control tube
did not have any antibiotics or test compounds, but con-
tained the test bacteria and the solvent used to dissolve the
antibiotics and compounds. The solvent was found to be
having no affect on the growth of the bacteria during the
experiments. Inhibition of bacterial growth was determined
by measuring the absorbance at 600 nm. The MIC was
defined as the lowest antibiotic concentration showing no
growth. Triplicate sets of tubes were maintained for each
concentration of test sample.

Antifungal activity

MIC was determined using potato dextrose agar media
against the standard fungicide bavistin by the poisoned
food technique (Rollas et al. 1993) against A. flavus,
F. oxysporum, R. solani and P. expansum. A stock solution
of 2,000 pg/mL of the test compound was prepared, which
was further diluted with methanol to give the required
concentrations 1-1,000 pg/mL. One tube was used as
solvent control. For C. albicans, the broth dilution method
(CLSI 2008) was adopted using potato dextrose broth
against the standard fungicide amphotericin B. All exper-
iments were performed in triplicate for treatment against
each fungus.
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Results
Isolation and purification of bioactive compounds

The ethyl acetate extract of the cell free culture filtrate of
the bacteria showed antibacterial activity against B. sub-
tilis. Silica gel column chromatography of this extract
yielded six crystalline compounds eluted at 2 % ethyl
acetate in DCM (DKP 1), 10 % ethyl acetate in DCM
(DKP 2), 26 % ethyl acetate in DCM (DKP 3), 41 % ethyl
acetate in DCM (DKP 4), 50 % ethyl acetate in DCM
(DKP 5) and 60 % ethyl acetate in DCM (DKP 6),
respectively. These crystalline compounds were further
purified by crystallization using hexane and benzene. Initial
bioactivities of these compounds were confirmed by testing
against the indicator test microorganism B. subtilis. Thin
layer chromatography of the purified compounds in silica
gel TLC sheet revealed single spots.

Identification of bioactive compounds

The pure compound was subjected to various analytical
methods, i.e. UV, NMR and HRMS. The structure of these
six compounds corresponded to six different cyclic
dipeptides (DKP 1-6). The cyclic dipeptides identified
were cyclo(D-Pro-L-Leu) (DKP 1), cyclo(L-Pro-L-Met)
(DKP 2), cyclo(p-Pro-L-Phe) (DKP 3), cyclo(L-Pro-L-Phe)
(DKP 4), cyclo(L-Pro-L-Tyr) (DKP §), and cyclo(L-Pro-p-
Tyr) (DKP 6) (Fig. 1). The 'H and '*C NMR spectra in all
the DKPs showed the signal at H 4.10 (t) with J value
around 9 Hz with a corresponding dC of 59.0, along with
multiplets around 6H 2.3, 2.0, and 3.5 ppm, clearly indi-
cating the presence of a proline residue. By comparison of
NMR chemical shift, splitting and coupling constant data
of standard amino acid residue, it was concluded that DKP
1 contains leucine, and DKP 5 contains tyrosine residues.
Based on the observation of a signal due to an amide
hydrogen in the NMR spectra of all DKPs, mass spectral
data and comparison with standard DKPs, all the cyclic
dipeptides presently isolated were found to have proline.
Additional spectral information such as HMQC and '"H-'H
COSY was required for DKP 2, DKP 3, DKP 4, and DKP
6. HMQC information was used to transfer assigned
numbers from carbons in '*C NMR to the protons in 'H
NMR. The key COSY cross-peaks between C9-C8, C1-C8,
and 0H 2.13 (s) in DKP 2 indicated the presence of
methionine residue; COSY cross-peaks between C1-C8
and aromatic protons between 0H 7.22-7.36 in DKP 3 and
DKP 4 indicated the presence of phenylalanine residue;
COSY cross-peaks between C1-C8, and 6H 6.8 (d, 2H) and
7.0 (d, 2H) in DKP 5 and DKP 6 indicated the presence of
tyrosine residue. HPLC analysis of the 1-fluoro-2,4-dini-
trophenyl-5-L-alanine amide (FDAA, Marfey’s reagent)
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FDAA derivatives of the acid hydrolysates of DKPs
afforded the similar retention time in HPLC as those pre-
pared from respective L and D amino acids (see supple-
mentary data for HPLC profiles).

DKP 1: cyclo(p-Pro-L-Leu): 21 mg; white powder; R,
0.50 (35 % benzene in acetone); Retention time: 2.816 min
(Fig. 2a); Melting point: 162.42 °C (Fig. 3a); [a]3 +38.4°
(c 0.11, EtOH); UV Amax : 210 nm (MeOH); NMR data
(Table 1); HRESIMS [M + H]* C;;H,9N,0, caled for m/z
211.14410, found 211.14408 (Supplementary data).

DKP 2: cyclo(L-Pro-L-Met): 25 mg; white powder; Ry
0.40 (55 % benzene in acetone); Retention time: 2.753 min
(Fig. 2b); Melting point: 148.65 °C (Fig. 3b); [«] —85.3°
(c 0.10, EtOH); UV Amax : 205 nm (MeOH); NMR data
(Table 1); HRESIMS [M + H]t C,oH;7N,0,S calcd for
m/z 229.10053, found 229.10033 (Supplementary data).

DKP 3: cyclo(p-Pro-L-Phe): 15 mg; white powder; Ry
0.48 (70 % benzene in acetone); Retention time: 2.805 min
(Fig. 2¢); Melting point: 154.88 °C (Fig. 3¢); [a]dy +70.2°
(¢ 0.11, EtOH); UV Amax : 210 nm (MeOH); NMR data
(Table 1); HRESIMS [M + H]" C4H;7N,0 calcd for m/z
245.12845, found 245.12844 (Supplementary data).

DKP 4: cyclo(L-Pro-L-Phe): 18 mg; white powder; R,
0.42 (70 % benzene in acetone); Retention time: 2.705 min
(Fig. 2d); Melting point: 165.51 °C (Fig. 3d); [«]3) —76.9°
(¢ 0.04, EtOH); UV Jmax : 208 nm (MeOH); NMR data
(Table 1); HRESIMS [M + H]* C4H,7N,0, caled for m/z
245.12845, found 245.12844 (Supplementary data).

DKP S: cyclo(L-Pro-L-Tyr): 20 mg; white powder; R
0.57 (75 % benzene in acetone); Retention time: 2.679 min
(Fig. 2¢); Melting point: 145.57 °C  (Fig. 3e); [o]Dy
—209.0° (¢ 0.11, EtOH); UV Amax: 229 nm (MeOH);
NMR data (Table 1); HRESIMS [M + H]" C4H;7N,O;
caled for m/z 261.12337, found 261.12325 (Supplementary
data).

DKP 6: cyclo(L-Pro-p-Tyr): 16 mg; white powder; R
0.32 (60 % benzene in acetone); Retention time: 2.845 min
(Fig. 2f); Melting point: 103.55 °C (Fig. 3f); [oc]fjo —118.0°
(c 0.11, EtOH); UV Amax: 278 nm (MeOH); NMR data
(Table 1); HRESIMS [M + H]" C,4H;7N,05 calcd for m/z
261.12337, found 261.12333 (Supplementary data).

Antimicrobial activity

The data of antimicrobial activity of DKPs are as shown in
Tables 2 and 3. All cyclic dipeptides recorded significantly
good activity against test organisms. DKP 4 recorded
lowest MIC against E. coli (8 ng/mL). DKP 6 was inhib-
itory only against gram positive bacteria. DKP 1, 5 and 6
was not active against P. aeruginosa. DKPs showed sig-
nificantly higher activity against agriculturally important
fungi viz. F. oxysporum, R. solani, and P. expansum. The
highest activity of 2 pg/mL by DKP 4 was recorded against
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the plant pathogen P. expansum. All six DKPs 1-6 were  resulting in biased inhibition. However, cyclo(L-Pro-L-Leu)

found to be having superior antifungal activity than
the standard fungicide bavistin against F. oxysporum,
R. solani, and P. expansum.

Discussion

2,5-Diketopiperazines or DKPs are cyclic dipeptides
derived from head-to-tail, intramolecular cyclization of a
linear dipeptide (Anteunis 1978). DKPs containing proline
residue is naturally favored as it can easily adopt a cis-
amide conformation (Tullberg et al. 2006). The proline
residue has been conservative in several DKPs isolated
from a variety of bacteria as natural products. In the present
study, we have isolated six proline containing cyclic
dipeptides (DKPs 1-6) from ethyl acetate extract of the cell
free culture filtrate of Bacillus sp. N strain associated with
a novel rhabitid entomopathogenic nematode. Cyclic
dipeptides have been investigated for their influence in
quorum sensing signaling outcomes by screening their
efficacy on LuxR-type proteins, pb-DKPs showed strong
inhibitory activity against Vibrio anguillarum, and a
LL-Cyclo(Pro-Leu) repressed transcription of the aflatoxin
production (Campbell et al. 2009; Yan et al. 2004; Fdhila
et al. 2003). They have been isolated from microorganisms,
sponges and from a variety of tissues and body fluids (Rosa
et al. 2003; Strom et al. 2002; Rudi et al. 1994).
Recently it was demonstrated that cyclo(L-Pro-L-Leu)
inhibits aflatoxin production from an agriculturally impor-
tant fungus Aspergillus parasiticus with inhibition at a range
of 0.2 mg/mL (Yan et al. 2004). We observed a greater
potency against a similar fungus A. flavus with inhibition at
16 pg/mL for cyclo(p-Pro-L-Leu) DKP 1 with an unnatural
D-proline amino acid, indicating the importance of chirality
of amino acids having an effect on the topography of the
three-dimensional structure of the molecule and thus

was shown to possess superior MIC of 16 pg/mL (Rhee
2004) over DKP 1 (320 pg/mL) against pathogenic bacteria
E. coli. cyclo(L-Pro-L-Met) DKP 2 isolated from P. aeru-
ginosa was shown to have antimicrobial activity against
B. subtilis, S. aureus, and Micrococcus luteus (Jayatilake
et al. 1996) with little information about the inhibitory
studies. We have observed that DKP 2 was potent against
B. subtilis and S. aureus with an MIC of 64 and 32 pg/mL
against E. coli. DKP 2 also exhibited strong inhibition
towards fungi R. solani, P. expansum, and F. oxysporum.
cyclo(L-Pro-L-Phe) DKP 4 is attributed with various bio-
logical activities including antimicrobial properties (Rhee
2004; Strom et al. 2002; Wang et al. 1999) and our data also
support this evidences reported. On the other hand, cyclo(p-
Pro-L-Phe) DKP 3 was less explored for its inhibitory
potential against pathogenic bacteria and fungi, fore.g., DKP
3 isolated from the symbiont of the fungus-growing ant
Cyphomyrmex minutus (Wang et al. 1999) have shown weak
antifungal activity in zone of inhibition studies against
C. albicans. Our results showed DKP 3 having good inhib-
itory potential against both bacteria and fungi with remark-
able display of activity against P. expansum (4 pg/mL).
Antimicrobial activity of cyclo(L-Pro-L-Tyr) DKP § was
reported against both Gram-positive and Gram-negative
bacteria besides fungi (Smaoui et al. 2012). Cain et al. (2003)
reported that DKP 5 exhibits MIC of > 0.5 pg/pL against
C. albicans, but interestingly we observed an MIC of 32 pg/mL
for DKP 5, which is even better than standard fungicide
amphotericin B (50 pg/mL). Isolation of cyclo(L-Pro-p-Tyr)
DKP 6 from natural source was reported by Huang et al.
(2010) from a specie of marine sponge South China Sea
Callyspongia sp. Antimicrobial studies of DKP 6 were less
explored; however, the present study recorded superior
antifungal activity than the standard fungicide bavistin. Li et al.
(2011) reported the production of two stereoisomeric cyclic
dipeptides, cyclo(L-Tyr-L-Pro) and cyclo(L-Tyr-D-Pro) from a
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Fig. 2 HPLC chromatogram of cyclic dipeptides on a reversed-phase
C18 column (LC-20AD). Samples of 15 pl were injected to a column
(250 mm x 4.6 mm x 5 mm), eluted with 100 % methanol. a Cyclo
(p-Pro-L-Leu), b cyclo (L-Pro-L-Met), ¢ cyclo (p-Pro-L-Phe), d cyclo

Lactobacillus reuteri strain where cyclo(L-Tyr-L-Pro) is more
effective against Staphylococcus aureus which causes men-
struation-associated toxic shock syndrome (TSS) in human.
Our study also reveals that stereochemistry of the cyclic
dipeptides play an important role in the biological activity.
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(L-Pro-L-Phe), e cyclo (L-Pro-L-Tyr) and f cyclo (L-Pro-p-Tyr). The
purity of the compounds reached greater than 90 % according to the
peak area

The origin of DKPs has been questioned as they were
found to be present in fermentation broths and cultures of
yeast, as well as in lichens and fungi (Prasad 1995). It is
known that DKPs can be generated via non-enzymatic
cyclization of linear dipeptides at extremes of temperature
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Fig. 3 DSC curves of diketopiperazines. Temperatures correspond-
ing to the onset of transition and midpoint of the transition region and
enthalpy (AH) were recorded by means of the built-in software.

(Holden et al. 1999). In our study, such a possibility of
formation of DKPs during the fermentation process was
ruled out by heat sterilization and incubation of the LB
medium without Bacillus sp. N strain since we did not
observe any detection of DKPs in the HPLC profiles of the
corresponding ethyl acetate extracts.

Isolation of DKPs 1-6 from Rhabditis EPN bacterial
strain Bacillus sp. is a new finding in literature with
complete structural characterization. The data presented in
this paper for antimicrobial studies encompassed Gram-

a Cyclo (p-Pro-L-Leu), b cyclo (L-Pro-L-Met), ¢ cyclo (p-Pro-L-Phe),
d cyclo (L-Pro-L-Phe), e cyclo (L-Pro-L-Tyr), and f cyclo (L-Pro-p-Tyr)

positive and Gram-negative bacteria, along with medici-
nally and agriculturally important fungi. DKPs 1, 3 and 4
exhibited MIC between 16 and 32 pg/mL against Gram-
positive bacteria B. subtilis and S. aureus. DKP 4 showed
strong inhibitory effect against Gram-negative bacteria
E. coli (8 pg/mL) and P. aeruginosa (32 pg/mL). DKP 1, 5
and 6 showed better inhibitory results than commercial
antibiotics bavistin and amphotericin B against medicinally
important fungi A. flavus and C. albicans. The plant
pathogen P. expansum which causes post harvest decay of
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Table 1 NMR data for DKPs in CDCl; (J in ppm, J in Hz)

Carbon DKP 1 DKP 2 DKP 3 DKP 4 DKP 5 DKP 6
no. lH 13C IH 13C lH 13C lH 13C IH 13C lH 13C
1 3.99 (dd, 534 421, 543  4.29 (dd, 56.2 4.28 (dd, 56.2 4.20 (dd, 56.3 4.24 (dd, 56.3
J =45, J=155) J =30, J=3, J =35, J =30,
11.0) 10.5) 9.9) 11.5) 10.0)
OH 7.59 (s) 6.88 (s)
NH 6.38 (s) 7.67 (s) 5.69 (s) 5.98 (s) 6.13 (s) 5.92 (s)
2 166.4 165.6 165.1 165.1 165.3 165.2
3 4.10 (t, 58.9 411 (t, 59.0 4.10 (t, 59.1 4.05 (t, 59.1 4.0 (t, 58.9 4.1 (¢, 59.1
J =10.0) J=1.5) J=28.0) J=1.5) J=9.0) J=1.5)
4 170.7 170.8 169.4 169.5 169.7 169.7
5 2.10, 2.31 28.0 236 28.9  2.03,2.34 28.4 1.91.2.32 28.3 1.96, 2.29 28.3 2.03,2.34 28.3
6 2.02 24.6  2.06 22.6  1.71,1.90 22.6 1.88 22.5 1.85 224 1.93 22.5
7 3.54 454 3.57 454 3.59 45.5 3.59 45.4 3.54,3.62 45.4 3.58, 3.65 45.4
8 1.86,1.92 384 2.07 28.2  2.89 (dd, 36.8 2.83 (dd, 36.8 2.78 (dd, 35.9 2.77 (dd, 35.9
J =105, J =100, J =120, J =100,
14.5), 14.5), 18.5), 14.5),
3.64 3.54 3.41 (dd, 3.49 (dd,
J=5.0, J =4.0,
18.0) 14.5)
9 1.55 (ddd, 232  2.71 (td, 29.9 126.7 126.9
J = 6.0, J =125,
11.5) 7.5)
10 0.98 (d, 227 213 15.2 7.02 (d, 128.3, 7.06 (d, 130.3
J = 8.0) J=105 1299 J =80,
H10,10%) H10,10")
11 0.95 (d, 21.3 6.76 (d, 116.1 6.79 (d, 116.1
J=85) J =105 J =85,
H11,11") H11,11")
12 155.9 155.6
Ph 7.22-7.36 127.5, 7.22-7.35 127.5,
129.1, 129.1,
135.9 136.0
Table 2 Minimum inhibitory . . .
concentration (MIC) of DKPs Organism Test compounds and standard antibiotics
against bacteria (ug/mL) DKP 1 DKP 2 DKP 3 DKP 4 DKP 5 DKP 6 Ciprofloxacin
B. subtilis 16 64 32 16 64 128
S. aureus 32 64 16 16 32 32
E. coli 320 32 32 8 32 -
No activity up to P. aeruginosa - 128 64 32 - - 10
1,000 pg mL™
stored apples and oranges, F. oxysporum that causes Conclusion

fusarium wilt, and R. solani associated with plant diseases
such as collar rot, root rot etc., were strongly inhibited by
all six DKPs 1-6 and the inhibitory activity is superior over
the standard antifungal agent bavistin. In addition, anti-
fungal activity of DKPs 1-6 against plant pathogenic fungi
F. oxysporum, R. solani and P. expansum is reported here
for the first time. The data presented in this paper clearly
indicate that our DKPs 1-6 exhibit potent inhibitory values
in the range of pg/mL.

@ Springer

The results of the present study show that DKPs exhibit
strong effects against agriculturally important fungi in eco-
nomically low concentrations. DKPs isolated from ethyl
acetate extract of Bacillus sp. associated with a novel
Rhabitidis EPN can serve as safe and biodegradable sub-
stitute over synthetic chemicals which are detrimental to the
environment and human health, to control these pathogenic
fungi. Therefore, these microbial secondary metabolites can
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Table 3 Minimum inhibitory concentration (MIC) of DKPs against fungi (pg/mL)

Organism Test compounds and standard antibiotics
DKP 1 DKP 2 DKP 3 DKP 4 DKP 5 DKP 6 Bavistin Amphotericin B
A. flavus 16 128 64 128 32 16 100 *
C. albicans 64 64 64 64 32 32 * 50
F. oxysporum 16 8 16 4 16 25 *
R. solani 8 16 32 25 *
P. expansum 4 8 4 2 8 50 *

* Not tested

be ideal agents for use as agrochemicals and as potential
antifungal agents. This is the first report on the isolation of
these DKPs from Rhabditis EPN bacterial strain Bacillus sp.
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