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Abstract

Antimicrobial peptides (AMPs) offer a potent and effective alternative for treatment of antibiotic resistant microbes. Mas-
toparans or mastoparan like peptides are the most abundant peptides reported in vespid/social wasp venoms with potent
antimicrobial activity. Polybia MP-1 is an amphipathic tetradecapeptide isolated from the venom of the vespid wasp Polybia
paulista with potent antimicrobial activity and high selectivity for bacterial membranes. In the present study, the antimi-
crobial activity of Polybia MP-1 was evaluated against antibiotic resistant Pseudomonas aeruginosa isolated from mastitic
cow milk samples. The isolates (n=20) were obtained from mastitic milk samples and screened for sensitivity to antibiotics
(Amikacin, Ciprofloxacin, Gentamycin, Imipenem, Ceftazidime, Colistin, Ceftriaxone and Aztreonam) by disc diffusion
assay. The isolates were also characterized for the presence of different genes (n=27) by polymerase chain reaction (PCR).
These genes encoded for virulence factors, biofilm formation and antibiotic resistance. A correlation study was carried out
to establish the significance of presence of antibiotic resistant genes i.e. blayg,, blacry_yp blagyy, and bla,y, and resist-
ance against different antibiotics for the bacterial isolates. Out of twenty, 7 isolates were found to be multiple drug resistant
(MDR). We determined the minimum inhibitory concentration (MIC) of synthetic peptide, Polybia MP-1 against P. aer-
uginosa (ATCC 27853) and it was found to be 75 uM (124 ng/mL) whereas its minimum bactericidal concentration (MBC)
was found to be 150 uM (2 X MIC). The Polybia MP-1 was able to effectively inhibit the growth of 5 out of 7 (71 %) MDR
isolates at 6 X MIC (450 uM). The Polybia MP-1 was highly membrane selective and hence showed very low to moderate
haemolytic activity against cattle, buffalo and goat red blood cells (RBCs). It further showed potent anti-biofilm activity
against P. aeruginosa ATCC 27853 at 8 X MIC (600 uM). Thus, synthetic Polybia MP-1 has potent antimicrobial activity
against antibiotic resistant P. aeruginosa and can be explored as an alternative to antibiotics for the management of disease
conditions like mastitis in cattle.
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Introduction

An opportunistic pathogen, Pseudomonas aeruginosa is
often responsible for many life-threatening infections in
humans and animals alike. It is a Gram negative; rod shaped,
B4 Sameer Shrivastava aerobic bacterium belonging to the family Pseudomona-

sameer.shrivastava@icar.gov.in; sameer_vet@rediffmail.com daceae and is found almost in all environments like soil,

water and sediment (Meng 2020). P. aeruginosa is often
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to a reduction of both quality and quantity of milk. Besides
the losses in production, the cost incurred on treatment,
result in great economic losses to the dairy industry (Yang
et al. 2019). Mastitis is an economic problem of dairy farms
affecting all milk-producing ruminants all over the world and
especially in India, the largest milk-producing country in
the world. In India, annual economic loss incurred by dairy
industry on account of udder infections is estimated to be Rs.
6053.21 crores and out of which loss of Rs. 4365.32 crore
(70-80 per cent) has been attributed to sub-clinical mastitis
(NAAS 2013). The P. aeruginosa can cause severe clinical
mastitis, as well as, subclinical chronic mastitis. It causes the
disease through contamination of the environment or when
the host immunity is compromised due to stress, disease, or
nutritional imbalances. In case of mastitis the bacterium has
been reported in sources such as soil and water (like hoses
used in the milking parlour, water and spray nozzles, damp
bedding, and muddy pastures). Contaminated antibiotic
solutions, teat dip and wipes, and intra-mammary treatment
tubes can also be the cause of acute and sub-acute mastitis
in dairy animals (Kelly and Wilson 2016).

The P. aeruginosa possesses a genome of 67 Mb encod-
ing around 6000 genes and many of these encode a range of
virulence factors that render it pathogenic (Cao et al. 2017).
These factors can be either extracellular or cell associated.
The extracellular factors may include exotoxin A, proteases
like elastase and biofilm related proteins. Factors associated
with cells may include lipopolysaccharide, pili, flagella, algi-
nate, type III secretion system (T3SS), effector proteins for
type III system, and pigment production (Finnan et al. 2004).

Antimicrobials are used widely for the treatment and
prevention of mastitis. Often, excessive, prolonged and
imprudent usage of antibiotics has led to the development
of antimicrobial resistance (AMR) in many mastitis caus-
ing micro-organisms like Staphylococcus aureus, Klebsiella
pneumoniae, Escherichia coli and P. aeruginosa (Saini et al.
2012; Boireau et al. 2018; Ameen et al. 2019). The AMR
in P. aeruginosa has become a challenge for both human
and animal health care professionals. The bacterium pos-
sesses intrinsic resistance because of natural low membrane
permeability, production of antibiotic inactivating enzymes
and expression of efflux pumps to expel antibiotics. Being a
potent biofilm former, it has adaptive resistance against anti-
biotics whereby biofilm formation results in difficult acces-
sibility of antibiotics to the bacterial cells. The P. aeruginosa
can also acquire resistance through horizontal gene transfer
or mutations (Pang 2019).

Antimicrobial peptides (AMPs) offer a viable alter-
native to overcome the menace of AMR. These are short
cationic peptides ubiquitously found in various organisms
as an important part of the innate immune system. They
possess antimicrobial activity through diverse mechanisms
which basically involve direct interaction with the bacterial
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membrane but can act indirectly through interaction with
DNA, RNA or protein and modulating the host defense sys-
tem as well. As a result of diverse mechanisms of action and
multiple targets, AMPs can evade development of resistance
by bacteria (Mahlapuu et al. 2016). As a result of their high
antimicrobial efficacy AMPs can be used for the treatment of
multiple drug resistant (MDR) microbes (Gupta et al. 2021).
AMPs are obtained both from natural sequences as well as
recent advances in computer aided design and advanced
Artificial Intelligence (AI) based algorithms have made it
easier to develop newer synthetic sequences of immense
antimicrobial potential. Al based Deep ABPpred classifier
has recently been developed to identify novel AMPs in pro-
tein sequences (Sharma et al. 2021a). In another study, an
Al based model AniAMPpred has been developed to search
for novel AMPs in the genome of animals (Sharma et al.
2021b). The antimicrobial activity of linear peptides can be
further enhanced by multimerization (Gogoi et al. 2021), or
glycosylation and lipidation (Li et al. 2021).

Wasp venoms have been rigorously searched for the pres-
ence of bioactive peptides especially AMPs. Mastoparans
or mastoparan like peptides are the most abundant pep-
tides reported in vespid/social wasp venoms with mast cell
degranulating and histamine releasing principles (Palma
2013). First Mastoparan was obtained from the venom of the
vespid wasp P. lewisii (Hirai et al. 1979). The mastoparans
are generally tetradecapeptides i.e. 14 amino acids long with
abundant hydrophobic residues such as leucine, isoleucine,
valine and alanine. They mostly attain random coiled struc-
ture in water but assume «- helical structure on interaction
with appropriate environments such as lipids and methanol.
The abundance of hydrophobic and basic residues render
them amphipathic and is thus responsible for their various
biological activities like mast cell degranulation and hista-
mine release, interactions with the plasma membrane and
hemolysis (Konno et al. 2019).

The mastoparan peptide, Polybia MP-1
(NH,-IDWKKLLDAAKQIL-CONH,) obtained from the
venom of the vespid wasp Polybia paulista is a potent AMP
and intensively studied for its broad antimicrobial activity
and low hemolytic activity (Souza et al. 2005; Dos Santos
Cabrera 2008; Luong et al. 2017). In the present study, the
isolates were assessed for antibiotic sensitivity and presence
of different virulence factors. The antibacterial activity of
Polybia MP-1 was evaluated against MDR P. aeruginosa
isolated from mastitic milk samples. For any molecule to
be effective as an intra-mammary infusion, the stability of
active agent in the presence of milk is of utmost importance
(Schmelcher et al. 2015; Li et al. 2017). The stability of the
peptide was evaluated in different body fluids like serum
and urine and also evaluated in milk. Further, the ability of
synthetic Polybia MP-1 to disrupt P. aeruginosa biofilms
and hemolysis of RBCs was also assessed.
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Materials and Methods
Chemicals and Bacterial Strains

The chemicals for peptide synthesis viz. Rink amide MBHA
resin (4-(2',4'-Dimethoxyphenyl-Fmoc-aminomethyl)-
phenoxyacetamido-norleucyl-Methylbenzhydrylamine
hydrochloride resin, loading efficiency 0.8 mmol/gm), N,
N'-Diisopropylcarbodiimide/ Hydroxybenzotriazole (DIPC/
HOBt), and Fmoc protected aminoacid derivatives were pur-
chased from NovaBiochem. The solvents like piperidine,
Trifluoracetic acid (TFA), Triisopropylsilane (TIPS), Thio-
anisole, 1,2-Ethanedithiol (EDT), Phenol and HPLC grade
water were from Merck, Germany.

Bacterial culture media like Mueller-Hinton Agar
(MHA), Mueller-Hinton Broth (MHB), Brain Heart Infu-
sion broth (BHI), Pseudomonas selective agar medium,
Tryptone Soy Broth (TSB), standard antibiotic discs and
standard isolate of P. aeruginosa (ATCC 27853) were pur-
chased form HiMedia, India. Further, P. aeruginosa isolates
were obtained from mastitic cow milk samples and used
after phenotypic and genotypic characterization with regards
to antibiotic sensitivity.

Synthesis and Purification of Peptide

Polybia MP-1 (NH,-IDWKKLLDAAKQIL-CONH,) was
synthesized by solid phase peptide synthesis methodol-
ogy on Rink amide MBHA resin (loading efficiency 0.8
mmol/gm) using the standard 9-fluorenyl-methoxycarbonyl
(Fmoc) coupling chemistry (Merrifield1963). The DIPC/
HOBt method was used for activation of each aminoacid
derivative and 20 % piperidine was used for removal of the
Fmoc protecting group from the growing peptide chain.
After completion of amino acid sequence, the peptide was
cleaved by K reagent (85 % TFA, 1% TIPS, 5% Thioanisole,
2.5% EDT, 1.5 % Phenol and 5 % HPLC grade water). The
cleaved peptide was precipitated and washed several times
with chilled diethyl ether and dried under vacuum. The pep-
tide was reconstituted in HPLC grade water and desalted
on ODS silica column to remove the salt impurities. The
peptide was further purified by reverse phase high pressure
liquid chromatography (RP-HPLC) (Shimadzu, Japan) on
a C18 column (Shim-pack GIST C18 5 pm, 250 % 14 mm)
using a linear acetonitrile: water gradient (95 to 5 %) in pres-
ence of 0.05 % TFA at a flow rate of 1.5 ml per minute.

Physicochemical Analysis and Structure Prediction

In silico physicochemical analysis (molecular weight, net
charge, hydrophobic ratio, theoretical PI) and structure

prediction (two-dimensional (2-D) structure and heli-
cal wheel projection) of Polybia MP-1 was carried out by
online available software PepCalc (https://pepcalc.com/
(Innovagen)-Peptide property calculator), PepFold3 (https://
bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD3/)
and Heliquest (http://heliquest.ipmc.cnrs.fr.).

Determination of Minimum Inhibitory
Concentration (MIC) and Minimum Bactericidal
Concentration (MBC)

MIC for Polybia MP-1 against P. aeruginosa ATCC 27853
was determined by the standard broth microdilution assay
performed in a 96 well microtiter plate as per the method
of Wiegand et al. 2008. The bacterial culture was grown
overnight at 37 °C in MHB till mid log phase (ODg, 0.3
approximately equivalent to 2 x 10® cells/mL) and used for
the assay. These cells were further diluted to a final concen-
tration of 10%ells/mL in fresh MHB for seeding in wells.
Two-fold serial dilutions of the peptide ranging from 25 uM
to 300 pM were prepared in 50 L of sterile water. To these
dilutions 50 pL of 10° cells/mL in MHB were added. The
final concentration of cells was 5 x 10°cells/mL in total 100
UL of final mixture. Ciprofloxacin at the breakpoint of 1 pg/
mL was used as the positive control and cells with no treat-
ment were used as the normal control. This plate was incu-
bated at 37 °C for 24 h in a humidified chamber and ODgy,
was taken in a microplate reader (Multiskan Go, Thermo
Fischer Scientific, USA). MIC was defined as the minimum
concentration of the peptide which inhibited more than 99 %
visible growth of bacterial cells after incubation of 24 h at
37 °C.

For determining MBC, a microdilution assay plate was
set up with predetermined concentrations i.e. half of MIC,
MIC, 2X MIC, 4X MIC, 8X MIC and 16X MIC of the pep-
tide similar to the method mentioned for MIC determination.
After incubating the plate for 24 h at 37 °C, 10 uLL was taken
from each well and diluted 10,000 times in sterile PBS. This
dilution was then spread plated on MHA plates and plates
were incubated overnight at 37 °C. MBC was defined as
the minimum concentration of the peptide which completely
(>99.9 %) eliminated bacterial growth on MHA plates.

Time Dependent Determination of Complete
Elimination Concentration (CE Values) by Drop Plate
Method

CE values were determined for Polybia MP-1 against P. aer-
uginosa ATCC 27853 based on the method described by Far-
kas et al. (2018) with some modifications. The bacterial cul-
ture was grown overnight at 37°C in MHB till mid log phase
(0D, 0.3 approximately equivalent to 2 x 108 cells/mL) and
it was further diluted to 10° cells /mL in fresh MHB. To 50 uL
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of this culture, 50 pL of different two-fold peptide dilutions
(0.5, 1, 2, 4 times of MIC), MIC of Amikacin (8 ug/mL) and
MIC of Ciprofloxacin (1 ug/mL) made in sterile water, were
added. The final concentration of cells in 100 pL corresponded
to 5x 10° cells/mL. These mixtures were incubated at 37 °C
and 2 pL drops from them were placed on MHA plates after 0,
15, 30, 45, 60, 120 and 180 min of incubation. The drops were
allowed to dry and the plates were incubated in an inverted
position at 37 °C overnight. This experiment was carried out
in triplicate.

Stability of Peptide in Serum, Urine and Milk

Antimicrobial activity of Polybia MP-1 at MIC and 5 x MIC
was assessed in presence of different amounts (i.e. 6.25 %, 12.5
and 25 %) of bovine serum, urine and defatted raw cow milk by
broth microdilution assay as stated in MIC determination sec-
tion, against P. aeruginosa ATCC 27853. These concentrations
of different fluids were selected to evaluate if the molecule is
active in presence of different body fluids.

Haemolytic Activity

Haemolytic activity of Polybia MP-1 was assessed as the
amount of haemoglobin released by the lysis of red blood cells
(RBCs). Polybia MP-1 was assessed for haemolytic activity
against erythrocytes from different species viz., cattle, buffalo
and goat, as per the procedure described by Bhagavathula et al.
(2017) and Tan et al. (2017) with minor modifications. Blood
from healthy animals was collected in EDTA vials and RBCs
were collected by centrifugation at 1000 g for 5 min at 4 °C.
The collected RBCs were washed in Alsever’s solution (pH
6.1) and stored overnight at 4 °C for ageing. Overnight-aged
RBCs were washed with fresh sterile Alsever’s solution (pH
6.1), then resuspended to 4 % in the same buffer. 80 uL of 4 %
RBC solution was incubated with 20 uL buffer containing vari-
ous amounts of Polybia MP-1 i.e. 2.5, 5, 10, 25, 50, 75, 100,
150 and 200 uM in 0.6mL micro-centrifuge tubes. After incu-
bation at 37 °C for 1 h, the mixtures were centrifuged (1000 g,
5 min, 4 °C) and the supernatants were transferred to a 96-well
plate. The amount of haemoglobin released was assessed by
measuring absorbance at 570 nm using a microplate reader.
4% RBC suspension with buffer alone (A, and 20 pL of
0.1 % Triton X-100 (A;,) Were used as control samples for O
and 100 % hemolysis respectively. Hemolysis was calculated
as per the equation:

% Haemolysis = [(ASample - ABlank)/(ATriton - ABlank)] x 100
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Isolation, Identification and Characterization of P.
aeruginosa isolates from mastitic cow milk samples

The P. aeruginosa isolates were obtained from mastitic
cow milk samples collected from different dairy farms.
1 ml of the collected milk samples were added to 9 ml
of sterile BHI broth for enrichment and incubated over-
night at 37 °C. These overnight grown cultures were then
streaked on Pseudomonas selective agar medium and the
plates were further incubated in an inverted position at
37 °C. Single colonies were picked and transferred to BHI
broth and mid log phase cultures (ODg, 0.3 approximately
equivalent to 2 x 10® cells/mL) were utilized for isolation
of DNA by CTAB method as described by Minas et al.
(2011). The isolates were further identified genotypically
by setting up a multiplex polymerase chain reaction (PCR)
for the genes 16SrDNA, oprL and gyrB at an annealing
temperature of 60°C. The confirmed isolates were assessed
further for the presence and absence of virulence, bio-
film formation and antibiotic resistance genes by PCR
(Table 1). Primer sequences used were previously men-
tioned by Finnan et al. (2004), Dhanawade et al. (2010),
Salman et al. (2013) and Fazeli and Momtaz (2014).

Antibiogram of P. aeruginosa Isolates From Mastitic
Milk

Susceptibility of the isolates to different antibiotics was
assessed by Kirby- Bauer disc diffusion assay (Bauer,
1966) for eight antibiotics namely Amikacin 30 pg (AK
30), Ciprofloxacin 5 pg (CIP 5), Gentamycin 10 ug (GEN
10), Imipenem 10 pug (IPM 10), Ceftazidime 30 pug (CAZ
30), Colistin (CL 10), Ceftriaxone 30 ug (CTR 30) and
Aztreonam 30 pg (AT 30). These belonged to different
classes of antibiotics such as aminoglycosides (AK 30
and GEN 10), fluoroquinolone (CIP 5), carbapenem (IMP
10), cephalosporin (CAZ 30 and CTR 30), Polymyxin E
(CL 10) and new generation B-lactam (AT 30). An isolate
resistant to three or more than three antimicrobial classes
is defined as Multiple Drug Resistant (MDR) (Magiorakos
etal. 2012).

Antimicrobial Activity of Polybia MP-1 Against P.
aeruginosa lIsolates From Mastitic Milk

The antimicrobial activity of Polybia MP-1 was assessed
against P. aeruginosa isolates (n =20) by broth micro-
dilution assay as mentioned for MIC determination at a
concentration of MIC, 2 x MIC, 4 x MIC and 6 x MIC
i.e. 75, 150, 300 and 450 uM, respectively.
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Table 1 Details of genes for identification, virulence, biofilm formation and antibiotic resistance, their products, primers and amplicon size
S.No. Gene Encodes For Primer Amplicon
Size (bp)
Genes for identification
1 16SrDNA  Small subunit ribosomal RNA F: GGGGGATCTTCGGACCTCA 956
R: TCCTTAGAGTGCCCACCCG
2 oprL Peptidoglycan-associated lipoprotein OprL F: ATGGAAATGCTGAAATTCGGC 504
R: CTTCTTCAGCTCGACGCGACG
3 gyrB Subunit B of DNA gyrase F: CCTGACCATCCGTCGCCACAAC 222
R: CGCAGCAGGATGCCGACGCC
Genes for virulence
4 exoS Exoenzyme S F: CGTCGTGTTCAAGCAGATGGTGCTG 444
R: CCGAACCGCTTCACCAGGC
5 exoY Adenylate cyclase secreted by the type III secretion system F: TATCGACGGTCATCGTCAGGT 1035
R: TTGATGCACTCGACCAGCAAG
6 toxA Exotoxin A F: CTGCGCGGGTCTATGTGCC 270
R: GATGCTGGACGGGTCGAG
7 plcH Haemolytic phospholipase C F: GCACGTGGTCATCCTGATGC 608
R: TCCGTAGGCGTCGACGTAC
8 pleN Non-haemolytic phospholipase C F: TCCGTTATCGCAACCAGCCCTACG 481
R: TCGCTGTCGAGCAGGTCGAAC
9 PA431C  O- antigen acetylase F:CTGGGTCGAAAGGTGGTTGTTATC 232
R: GCGGCTGGTGCGGCTGAGTC
10 pvdA Ornithine Hydroxylase F: GACTCAGGCAACTGCAAC 1281
R: TTCAGGTGCTGGTACAGG
11 phzH Phenazine-modifying enzyme F: GGGTTGGGTGGATTACAC 1752
R: CTCACCTGGGTGTTGAAG
12 phzS Phenazine-modifying enzyme, Flavin-containing monooxygenase F: TCGCCATGACCGATACGCTC 1752
R: ACAACCTGAGCCAGCCTTCC
13 phzM Putative phenazine-specific methyltransferase F: ATGGAGAGCGGGATCGACAG 875
R: ATGCGGGTTTCCATCGGCAG
14 phd Phenazine biosynthesis operon I F: CATCAGCTTAGCAATCCC 392
R: CGGAGAAACTTTTCCCTC
15 phzl Phenazine biosynthesis operon 11 F: GCCAAGGTTTGTTGTCGG 1036
R: CGCATTGACGATATGGAAC
16  pilA Type 1V pilus (T4P) protein PilA F: ACAGCATCCAACTGAGCG 1675
R: TTGACTTCCTCCAGGCTG
17 apr Alkaline protease F: TGTCCAGCAATTCTCTTGC 1017
R: CGTTTTCCACGGTGACC
Genes for antibiotic resistance
18  bla ;5,  Extended Spectrum p- Lactamase (ESBL) in Class A F: ATGAGTATTCAACATTTCCG 867
R: GGACTCTGCAACAAATACGC
19  bla orx_y Extended Spectrum B- Lactamase (ESBL) in Class A F: ATGTGCAGYACCAGTAARGT 593
R: TGGGTRAARTARGTSACCAGA
20 bla gy,  Extended Spectrum p- Lactamase (ESBL) in Class A F: GGTTATGCGTTATATTCGCC 867
R: TTAGCGTTGCCAGTGCTC
21 bla oy,  Extended Spectrum p- Lactamase (ESBL) in Class D F: ACACAATACATATCAACTTCGC 814
R: AGTGTGTTTAGAATGGTGATC
Genes for biofilm formation
22 algy Role in genotype switching and codes for sigma factor a2 F: CGCGAACCGCACCATCGCTC 1547
R: GCCGCACGTCACGAGC
23 algD GDP-mannose dehydrogenase F: AAGGCGGAAATGCCATCTCC 299
R: AGGGAAGTTCCGGGCGTTTG
24 icaD Controls the expression of N-acetylglucosaminyl transferase F: AAACGTAAGAGAGGTGG 381
involved in the synthesis of polysaccharide intercellular adhe- R: GGCAATATGATCAAGATAC

sion (PIA)
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Table 1 (continued)

S. No. Gene Encodes For Primer Amplicon
Size (bp)
25  csgA Curli subunit protein CsgA F: GCGGTAATGGTGCAGATGTTG 68
R: GAAGCCACGTTGGGTCAGA
26  csgB Curli subunit protein CsgB F: CATAATTGGTCAACGTGGGACTAA 75
R: GCAACAACCGCCAAAAGTTT
27 csgD Activator and transcription regulator of the csgBAC gene operon ~ F: TGAAARYTGGCCGCATATCAATG 355

R: ACGCCTGAGGTTATCGTTTGCC

Crystal Violet Biofilm Reduction Assay

To examine the ability of Polybia MP-1 to disrupt Pseu-
domonas biofilms crystal violet biofilm reduction assay
was performed in 96 well cell culture microtiter plate as
described by Shukla and Rao (2017). For the formation
of biofilms of P. aeruginosa ATCC 27853, 10 ul of bacte-
rial cell suspension having an ODyj, of 0.5 (approximately
2% 10° cells/mL) was inoculated in 190 ul of TSB medium
with 1 % glucose in each well of a 96 well flat bottom tis-
sue culture plate and the plate was incubated at 37 °C for
24 h. Next day after aspiration of planktonic cells, different
concentrations of Polybia MP-1 (1, 2, 4, 8 times of MIC)
and Tetracycline (1 (16 pg/mL), 2, 4, 8 times of MIC) were
added to wells in fresh TSB in triplicates. The plate was
further incubated for 24 h at 37 °C and planktonic/detached
cells were removed by flicking the plate. The biofilm was
then fixed with 99 % methanol for 15 min. After fixing, the
biofilms were washed twice with phosphate buffer saline
(PBS) and air-dried. 200 pl of 0.2 % solution of crystal violet
was added to all the wells and after an incubation of 15 min,
the excess crystal violet was removed. Two washes with PBS
were given and the plate was air dried. In the end, the crystal
violet taken up by the cells was dissolved in 33 % acetic acid
and biofilm mass was monitored in terms of ODs,, using a
microplate reader.

Statistical Analysis

All the results are reported as mean + SEM and total varia-
tion present in between groups was determined by analysis

Table 2 Physicochemical properties of peptide Polybia MP-1

of variance (ANOVA, one way or two way). Tukey’s mul-
tiple comparison test was used for post-test. Correlation
between presence of antibiotic resistant genes viz., bla TEM,
bla CTX-M, bla SHV, bla OXA and antibiotic resistance for
AK 30, CIP 5, GEN 10, IPM 10, CAZ 30, CL 10, CTR 30
and AT 30 was determined by Pearson’s method and the
correlation coefficients (r) and significance (P) were given,
and the significant levels were defined at p<0.05 (*) and
p<0.01 (¥%).

Results

Synthesis and Physicochemical Properties of Polybia
MP-1

Polybia MP-1 was obtained with a free N terminal and a
C terminal amide group after cleavage from Rink amide
MBHA resin. After HPLC purification, the peptide
had > 90 % purity. The physicochemical properties viz.,
molecular weight, net charge, isoelectric point, hydrophobic
moment, hydrophobic residue %, GRAVY score and solu-
bility of Polybia MP-1 are mentioned in Table 2. Helical
wheel projection and three-dimensional (3D) structure of
the peptide are mentioned in Fig. 1a and b.

Determination of MIC and MBC

On screening against a range of concentrations of Polybia
MP-1 viz., 25 to 300 uM, the MIC was found to be 75 uM
i.e. 124 pg/mL (Fig. 2). There was no increase at ODg,

Sequence No of amino Molecular ~ Net Charge Isoelectric =~ Hydropho-  Hydropho- GRAVY Solubility % Purity after
acid residues weight (g/ Point bic Moment bic Residues score HPLC
mol) (uH) (%)
NH,-IDWK- 14 1654.01 +2 10.45 0.511 57 0.064 Good water  >90 % purity
KLL- solubility
DAAK-
QIL-
CONH,
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Fig. 1 a Helical wheel pro-
jection of Polybia MP-1 as
predicted by HeliQuest, b 3D
structure of peptide predicted by
PepFold3
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Fig.2 Determination of Minimum Inhibitory Concentration (MIC)
for Polybia MP-1 against P. aeruginosa ATCC 27853. Cip (1) cor-
responds to Ciprofloxacin at a concentration of 1pg/mL. One-way
ANOVA wasapplied and P value vs control (without any treatment)
*#%<(0.0001, **< 0.001, *<0.05. All values represent mean + SEM
(n=2)

after incubation at 37 °C for 24 h at a concentration of 75
UM and above. 100 % inhibition of growth was observed
for Ciprofloxacin, as positive control at a concentration of
1 pg/mL. The MBC for Polybia MP-1 was found to be twice
of MIC i.e. 150 uM. At 2 x MIC of peptide, P. aeruginosa
ATCC 27853 was completely eliminated and no growth was
observed on MHA plates after overnight incubation at 37 °C.

Time Dependent Determination of CE Values

CE study was carried out by drop plate method whereby
the time dependent complete elimination of P. aeruginosa
ATCC 27853 growth was monitored at half MIC, MIC, 2 X
MIC and 4 x MIC of Polybia MP-1 after incubation with
the peptide for 0,15,30,45,60,120 and 180 min. Results of

(b)

the experiment are given in Table 3. The peptide at a higher
concentration of 4 X MIC was able to completely eliminate
bacterial growth after 60 min of incubation whereas half
of MIC was unable to inhibit growth even after 180 min
of incubation. The peptide at MIC (75 uM) was unable to
eliminate the bacterial growth even after 180 min. 2 X MIC
was effective after 120 min of incubation (Fig. 3).

Stability of Polybia MP-1 in Serum, Urine and Milk

Polybia MP-1 was found to inhibit the growth of P. aer-
uginosa ATCC 27853 effectively at a higher concentra-
tion of 5 X MIC (375 uM) without any significant effect of
6.25%,12.5 and 25 % of serum and urine added whereas a
slight decrease in activity was observed for all three percent-
ages of milk added with a maximum decrease at 25 % i.e.
39.82 % reduction in activity in comparison to the untreated
peptide. On the other hand, at a lower concentration of 1
MIC (75 uM) a significant (p <0.001) decrease in anti-
bacterial activity of the peptide was observed for all three
concentrations viz. 6.25 %, 12.5 and 25 % of milk i.e. 82.3,
74.2 and 100 % decrease in activity respectively. Similarly, a
decrease in antibacterial activity of 1 MIC of the peptide was
observed at 12.5 and 25 % of both urine and serum (Fig. 4).
Overall the peptide showed more stability at a higher con-
centration of 5 MIC when compared with 1 MIC.

Haemolytic Activity

The percent haemolysis was calculated in comparison to
haemoglobin leakage from untreated erythrocytes and that
from erythrocytes treated with 0.1 % Triton X-100 (Table 4).
Polybia MP-1 was found to cause the lowest haemolysis of
2.8 % in buffalo erythrocytes whereas higher percent hae-
molysis of 19.5 and 16.7 % were observed in goat and cattle
erythrocytes respectively, at a concentration of 200 uM.
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(b)

(e) ®

Fig.3 Complete Elimination study for Polybia MP-1 on P. aerugi-
nosa (ATCC 27853) using drop plate method. Different figures cor-
respond to different incubation times i.e. a 0 min b 15 min ¢ 30 min
d 45 min e 60 min f 120 min g 180 min. 1 A and 1B represent 0.5
MIC (37.5 uM); 2 A and 2B represent MIC (75 uM); 3 A and 3B

(© (d)

(@

represent 2 X MIC (150 uM); 4 A and 4B represent 4X MIC (300
uM) for Polybia MP-1; 1 C and 1D represent Amikacin at MIC (8 pg/
mL); 2 C and 2D represent Ciprofloxacin at MIC (1 pg/mL); 3 C and
3D represent untreated cells and 4 C and 4D represent blank (plain
media)

Table 3 Complete Elimination

N Time Points (In
study for Polybia MP-1 on P.

Concentration of AMP Polybia MP-1 (as multiples of MIC) and Standard Antibiot-

aeruginosa (ATCC 27853) minutes) fes (at 1 MIO)

using drop plate method 0.5 1 2 4 AK CIP
0 +++ +++ +++ +++ +++ ot
15 +++ +++ +++ + s A
30 +++ +++ +++ + s A
45 +++ +++ ++ + A ot
60 +++ ++ ++ - A +++
120 +++ + + - +++ ++
180 ++ + - - ++ +

The bacterial cells were incubated with 0.5, 1, 2, 4 times of MIC for Polybia MP-1, 1 MIC of Amikacin
(AK) i.e. 8 ug/mL and 1 MIC of Ciprofloxacin (CIP) i.e. 1 pg/mL for 0, 15, 30, 45, 60, 120 and 180 min
and spotted on MHA plates. The plates were incubated at 37 °C overnight and growth was monitored
where +denotes less growth, ++ moderate growth, ++4+ intense growth and — corresponds to no growth at

all

Identification of P. aeruginosa Isolated From Milk

A total of 38 isolates were obtained for P. aeruginosa on
Pseudomonas selective agar medium from 50 milk samples
and were subjected to PCR based identification based on the
presence and absence of three genes viz. /16SrDNA, oprL
and gyrB (Fig. 5). 20 isolates showing the presence of all
the three genes were confirmed as P. aeruginosa isolates and
selected for the study.

@ Springer

Genotypic Characterization of P.
aeruginosa lsolates

PCR based genotypic characterization for genes responsible
for virulence, antibiotic resistance and biofilm formation was
carried out for the 20 isolates (Fig. 6). The bla g, gene was
found present only in 5% (n=1) of the isolates whereas bla
oxas bla gy, csgD and icaD genes were found present in
15 % of isolates. The genes plcH, plcN, phzl, pilA and algD
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Fig.4 Antibacterial activity of 125- . .
Polybia MP-1 against P. aerugi- -8~ 1 MIC with Milk
nosa ATCC 27853 at different . .
concentrations viz. 6.25 %, 1004 =& 5 MIC with Milk
12.5 and 25 % of milk, serum .
and urine. All values represent g — 1 MIC with Serum
mean + SEM (n=2). Two- £ 757 .
way ANOVA was applied in E ¥ 5 MIC with Serum
between groups where P value = . .
vs. control: *<0.03, *#<0.01, o 99 REIEEL S
% 20,001 ° - .
-@- 5 MIC with Urine
254
0 T T T
0 % 6.25 % 12.5 % 25 %
Treatments

Table 4 Haemolytic activity of Polybia MP-1 on erythrocytes of dif-
ferent species. All values represent % hemolysis at different concen-
trations of Polybia MP-1 as mean + SEM (n=2)

Concentration of % Haemolysis of erythrocytes of different

Polybia MP-1 (uM)  species
Cattle Buffalo Goat

0 0.00+0.00 0.00+0.00 0.00+0.00
10 0.50+0.00 0.00+0.00 6.80+0.23
25 1.07+0.26 0.00+0.00 10.13+0.14
50 3.39+0.51 0.65+0.01 13.75+0.46
75 6.49+0.68 1.08+0.29 15.45+0.19
100 6.98+0.39 1.86+0.14 17.59+0.60
150 11.14+0.11 2.15+0.08 18.77+0.21
200 16.86+0.10 2.80+0.42 19.52+0.27
Triton-X 100 97.54+245 98.69+1.82  9557+2.67

were found present in 100 % (n=20) isolates. The exo S and
toxA genes were found in 95% (n=19) and 90 % (n=18)
of the isolates respectively. The apr gene was present in
70 % (n=14) of the isolates. In antibiotic resistant genes,
blacx_y Was most prevalent and present in 60 % isolates
(n=12).

Antibiogram of P. aeruginosa Isolates From Mastitic
Milk

Antibiotic sensitivity pattern determination for the 20 iso-
lates was carried out against standard 8 antibiotics (Fig. 7).
A maximum of 55 % isolates (n=11) were found resistant
against CIP 5 and CTR 30 followed by 45 % (n=9) of iso-
lates resistant against AK 30 and GEN 10. 40 % (n=38) of
the isolates were found resistant against CAZ 30 whereas
25% (n=15) isolates were resistant against AT 30. Least
resistance was found against the antibiotics CL 10 and IPM

¢——— 165 rRNA
(956)

— <+——— oprl (504)

- 0

Fig.5 PCR based identification of P. aeruginosa isolates form mas-
titic milk: Lane 1- DNA ladder (5 Kb), Lane 2- gyrB (222 bp), Lane
3 oprL (504 bp), Lane 4- 16SrDNA (956 bp), Lane 5 shows result
of multiplex PCR for these three genes with P. aeruginosa (ATCC
27853)

10i.e. 15% (n=3) and 10 % (n=2) respectively. Overall,
7 isolates (Isolate number 2, 3, 4, 15, 16, 17, and 18) were
found to be resistant to one antibiotic from >3 classes of
antibiotics and were categorised as multiple drug resistant
(MDR) isolates (Fig. 8).

Correlation Between Antibiotic Resistant Genes
and Antibiotic Resistance

Correlation between the presence of antibiotic resistant
genes and antibiogram for the P. aeruginosa isolates was
carried out by Pearson’s method (Table 5). Resistance to
Amikacin (AK 30) showed a moderate positive correlation
(p <0.05) with presence of bla ), and bla ,y, having
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Fig.6 Heat map depicting the
presence and absence of genes
for identification i.e. /16SrDNA,
oprL and gyrB; virulence i.e.
exoS, exoY, toxA, plcH, plcN,
PA431C, pvdA, phzH, phzS,
phzM, phzl, phzll, pilA, apr;
antibiotic resistance i.e. bla 1z,
bla crx_yp bla gy, bla x4 and
biofilm formation i.e. algU,
algD, icaD, csgA, csgB, csgD of
P. aeruginosa isolates (n=20)
from milk samples

Isolates

16SrDNA
oprL
gyrB
exoS

a Pearson coefficient of 0.514. Resistance to Imipenem
(IPM 10) showed a strong positive correlation (p<0.01)
with the presence of bla ;p), and bla ,x, having a Pear-
son coefficient of 0.793. Antibiotic resistance to Colistin
(CL 10) showed a positive correlation (p <0.01) with the
presence of bla rpy, bla c7x_, and bla ,x, with Pearson’s
coefficients as 0.608, 0.572 and 0.608, respectively. No
significant negative correlation was found in between any
of the variables. Similarly, resistance to Ceftriaxone (CTR
30) showed a significant (p <0.01) positive correlation
with the presence of bla ~rx_;; With a Pearson coefficient
of 0.596.

Antimicrobial Activity of Polybia MP-1 Against P.
aeruginosa lIsolates From Mastitic Milk

Polybia MP-1 at 1 MIC (75 uM) for P. aeruginosa ATCC
27853 was unable to inhibit the growth of the isolates from
mastitic milk. Maximum antibacterial activity for Poly-
bia MP-1 against the isolates was observed at 6 X MIC
(450 uM). At this concentration, Polybia MP-1 was able
to inhibit 90 % (18/20) of the isolates. Isolate 2 and 4 were
highly resistant to the activity of the peptide as well as
the different antibiotics (Fig. 9). Polybia MP-1 was able
to inhibit the growth of 5 MDR isolates out of the total 7
MDR isolates (71 % inhibition).

@ Springer
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Disruption of P. aeruginosa Biofilm by Polybia MP-1

Treatment of P. aeruginosa ATCC 27853 biofilms, showed
a steady decrease in biomass after treatment with increasing
concentrations of Polybia MP-1 and Tetracycline (Fig. 10).
The peptide showed significant decrease in the biofilm mass
percent with increasing MIC with a maximum decrease at
8 X MIC. Similar decrease in biofilm mass percent was
observed for tetracycline treatment as well. The peptide
showed more potent activity at 2 X MIC and 4 X MIC when
compared with tetracycline at the same concentrations.

Discussion

Mastoparans are amphipathic tetradecapeptides obtained
from the venom of vespid wasps (hornets and paper wasps)
and have been reported to possess an extensive range of
therapeutically important properties such as anticancerous
and antimicrobial activities (Wang et al. 2009; Dos San-
tos Cabrera, 2011; Konno et al. 2019). Polybia MP-1 is a
mastoparan peptide with 14 amino acids which assumes
an o-helical structure on interacting with membranes with
the long helical surface parallel to the membrane bilayer.
The hydrophobic residues assemble on one face of the helix
whereas hydrophilic ones on the other. This formation of
helical structure is a major requirement for the antibacterial
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activity of the peptide by inducing membrane disruption by
pore formation through ionic interactions among cationic
residues of the peptide and anionic bacterial surface as well
as hydrophobic interactions in between hydrophobic helix
residues and membrane’s interior portion (Alvares et al.
2016; Luong et al. 2017).

Souza et al. 2005, reported the antimicrobial activity of
Polybia MP-1 against B. subtilis (CCT 2576), E. coli (ATCC
25922), S. aureus (ATCC 6538), and P. aeruginosa (ATCC
15422) with MIC 8, 8, 4 and 15 pg/mL, respectively. In
another study by Luong et al. 2017, the MIC of Polybia
MP-1 against P. aeruginosa was found to be greater than
100 pug/mL. In our study, the MIC against P. aeruginosa
(ATCC 27853) was 75 uM i.e.124 pg/mL (Fig. 2). This
higher MIC in P. aeruginosa ATCC 27853 may be due its
enhanced biofilm forming activity of the strain. This was
proven by transcriptomic analysis whereby P. aeruginosa
ATCC 27853 expresses higher levels of exopolysaccharide
synthesis genes like psl and pel that play a defining role
in forming the external polysaccharide matrix for bacterial
adhesion. Pyocyanin (PYO) a redox active phenazine is also
expressed in higher amounts along with remarkable higher
expression of type III secretion system genes like n psc, pcr
and exs gene clusters in P. aeruginosa ATCC 27853 (Cao
et al. 2017).

Polybia MP-1 is highly selective for bacterial membranes
and this selectivity is attributed to its differential interaction
with different concentrations of lipid. The peptide and lipid
concentration must reach a certain level to start the coopera-
tive leakage process. In the case of bacteria, this is highly
governed by the bilayer composition and as such follow dif-
ferent rates of leakage depending on peptide and lipid con-
centration (Dos Santos Cabrera et al. 2008). In the present
study, CE value determination experiment proves that with
increasing concentration of peptide the particular threshold
required for interaction with the bacterial bilayer and cause
intense leakage, is reached at an earlier time point i.e. 4 X
MIC of the peptide was able to act and eliminate bacteria the
earliest after 60 min of incubation (Table 3; Fig. 3).

Serum, plasma, saliva, sweat, urine and other bodily
secretions can impair the activity of antibiotics and AMPs
either through proteolytic degradation because of the pres-
ence of different proteases, or by binding to protein and
lipid fractions (Mohamed et al. 2017). Similarly, a variety
of components present in milk may impair the activity of
antibiotics and AMPs. Having a high activity in milk is a
foremost requirement for drugs administered through the
intramammary route for treatment of mastitis (Schmelcher
et al. 2015; Li et al. 2017). Hence, the activity of the pep-
tide was assessed in the presence of various concentrations
of milk, serum and urine. Activity of the peptide was most
affected by the addition of milk in both MIC and 5 x MIC
concentrations (Fig. 4). This maybe as a result of the fact

Percent of Isolates
N w s o @ N ® w0
s 8 &8 &8 &8 3 8 8
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Fig.7 Antimicrobial susceptibility patterns of P. aeruginosa isolates
(n=20) from milk against eight antibiotics- Amikacin 30 pg (AK 30),
Ciprofloxacin 5 pg (CIP 5), Gentamycin 10 pg (GEN 10), Imipenem
10 pg (IPM 10), Ceftazidime 30 pg (CAZ 30), Colistin (CL 10), Cet-
triaxone 30 pg (CTR 30) and Aztreonam 30 pg (AT 30). The percent-
age of isolates resistant, intermediate and sensitive to different antibi-
otics is depicted on the bars

- Sensitive
- Resistant

O 01NN R WN -

Fig.8 Heat map depicting antibiogram for the 20 P. aeruginosa iso-
lates against Amikacin 30 pg (AK 30), Ciprofloxacin 5 pg (CIP 5),
Gentamycin 10 pg (GEN 10), Imipenem 10 pg IPM 10), Ceftazidime
30 pg (CAZ 30), Colistin (CL 10), Ceftriaxone 30 pg (CTR 30) and
Aztreonam 30 pg (AT 30). Isolate number 2, 3, 4, 15, 16, 17, and 18
showed resistance for antimicrobial agents from >3 antibiotic classes,
hence are considered MDR strains

that milk is rich in various intricate and interconnected pro-
teolytic systems which include zymogens such as plasmino-
gen, trypsinogen; active proteases like cathepsins, protease
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Fig.9 Heat map depicting the antimicrobial activity of Polybia MP-1
at different concentrations i.e. 75, 150, 300 and 450 uM (MIC, 2 x
MIC, 4 x MIC, 6 x MIC) against P. aeruginosa isolates from milk
(n=20). All experiments were performed in duplicates and values
here represent mean (n=2)

inhibitors like ol anti-trypsin and activators like thrombin
(Dallas et al. 2015).

Polybia MP-1 is a highly selective AMP with little to
nil haemolytic activity. Results of the present study are in
agreement with Souza et al., (2005) which stated no signifi-
cant effect of different concentrations of Polybia MP-1on
rat RBCs up to 100 uM concentration. Similar, low haemo-
Iytic activity was observed with buffalo RBCs in the present
study (Table 4). High haemolytic activity observed with goat
and cattle RBCs may be a result of selective interaction of
the peptide due to differences in lipid composition of the
membranes.

The presence of various virulence factors renders P. aer-
uginosa pathogenic. These factors include factors associated
with cells like flagellum, pilus, alginate, lipopolysaccharide
(LPS) and other adhesins along with exoenzymes or may
be factors of secretory nature like phospholipase, protease,
elastase, exotoxins, exoenzymes, pyocyanin, rhamnolipids
and siderophores (Mittal et al. 2009). Screening for genes
encoding these virulence factors thus helps us determine the
different aspects of pathogenicity in the isolates. Apart from
these, abundance of biofilm forming genes and antibiotic
resistant genes gives an overall picture of the pathogenic-
ity of the isolates. It was found that isolate number 2, 4, 11

@ Springer

and 12 which were highly resistant to different antibiotics as
well as the peptide, had many of the virulence factor genes,
antibiotic resistant genes and biofilm forming genes present
(Fig. 7).

B-lactamas are the most widely used class of antibiot-
ics because of their low toxicity, with 50 % of the present
systemic antibiotics belonging to this class (Jena et al.
2017). Acquired antibiotic resistance in P. aeruginosa can
be attributed to acquiring genes for Extended-Spectrum
B-Lactamases (ESBLs) and Metallo-p-Lactamases (MBLs).
As these enzymes are encoded by plasmids they can be eas-
ily acquired and spread through horizontal gene transfer
(Hosu et al. 2021). ESBLs provide resistance to third gen-
eration cephalosporins, oxyimino-f-lactams, carbapenems
and monobactams. As per the Ambler classification, ESBLs
are categorized into two, class A and class D. Enzymes
in class A include blargy,, blacry_y and blagyy, and have
been found to be most prevalent in resistant P. aeruginosa
strains (Laudy et al. 2017). Class D p-Lactamases, are also
referred to oxacillinases (OXAs) blay,, and are responsi-
ble for resistance against carbapenems (Zong et al. 2020).
In the present study 3 isolates i.e. 2, 3, and 4 showed the
presence of both bla;y,, and bla,y,. Seven isolates showed
the presence of bla;y_,, and one isolate was found positive
for blagy, (Fig. 7). Strains producing ESBL are often found
resistant not only to the general f-lactams but also to other
antimicrobial agents such as tetracycline, fluoroquinolones
like Ciprofloxacin, aminoglycosides like Amikacin and Gen-
tamycin, and trimethoprim/sulfamethoxazole (Ojdana et al.
2014; Rezai et al. 2015).

Correlation data (Table 5) represent a strong positive
correlation between the presence of blayg,, and bla,y, and
resistance against Imipenem. This was in agreement with
the reports that bla,y, _,; provides resistance againstcar-
bapenems like imipenem, meropenem and ertapenem in
Acinetobacter johnsonii M19 (Zong et al. 2020). Similar,
positive correlation was found between the presence of
bla,y, and resistance against the aminoglycoside, Ami-
kacin. Previous reports have mentioned the coexistence of
carbapenem and aminoglycoside resistant genes in clinical
strains of Acinetobacter baumannii. The genes, blagy,_y
like and aac(3)- la/aph(3')-VI were the most coexistent for
acquiring carbapenem and aminoglycoside resistance in A.
baumannii (Nowak et al. 2014). bla 7gy, bla -rx_y and bla
oxa presence was positively correlated with (polymyxin E)
Colistin resistance in this study. Previous work has reported
that carbapenem resistant isolates of P. aeruginosa (CRPA)
having the blay,_;, gene were all resistant to colistin as
well (Farajzadeh Sheikh et al. 2019). In the present study
Ceftriaxone (cephalosporin) resistance showed a significant
positive correlation with the presence of bla .y_,, Wong
et al. (2016) have shown that dissemination of the Incl1
plasmids carrying various bla ~ry_,; genes contributes to
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Table5 Correlation between presence of antibiotic resistant genes
viz., bla TEM, bla CTX-M, bla SHV, bla OXA and antibiotic resist-
ance for Amikacin 30 pg (AK 30), Ciprofloxacin 5 ug (CIP 5), Gen-

tamycin 10 pg (GEN 10), Imipenem 10 pg (IPM 10), Ceftazidime
30 pg (CAZ 30), Colistin (CL 10), Ceftriaxone 30 pg (CTR 30) and
Aztreonam 30 pg (AT 30)

bla gy bla crx_y  blagyy,  blagy,  AK30 CIPS GEN10 IPM10 CAZ30 CL10 CTR30 AT30
blapgy 1
bla crx_y  0.279 1
bla gy -0.096 -0.168 1
bla oxa 1.000**  0.279 -0.09% 1
AK 30 0.514*  0.043 0.281 0.514%* 1
CIP5 0.380 —-0.179 -0.254 0.380 0.123 1
GEN10  0.183 0.179 -0.208 0.183 0.287  0.212 1
IPM 10 0.793**  0.105 -0.076  0.793** 0.408  0.302 0.034 1
CAZ 30 0.229 —-0.171 0.281 0.229 0.167  0.123 0.082 0.408 1
CL 10 0.608**  (0.572%* -0.096 0.608** 0.514*  0.099 0.464* 0.327 0.229 1
CTR 30 0.099 0.596%* 0.208 0.099 0328  —-0.010 0414 -0.034 0.328 0380 1
AT 30 0.140 —-0.105 —0.115 0.140 0.102  —0.050 0.050 0.250 0.612%* 0.140 -0.050 1

Values represent Pearson’s correlation coefficient with ** significant difference at p<0.01 and * significant difference at p<0.05
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Fig. 10 Efficacy of Polybia MP-1 on established biofilms of P. aer-
uginosa (ATCC 27853). The biofilms established after 24 h of
growth were treated with different concentrations of Polybia MP-1
and Tetracycline for another 24 h at 37°C. The reduction in biofilm
mass was assessed by crystal violet staining. Each value represents
mean=+SEM (n=3). Two-way ANOVA was applied where P value
versus control: ¥ <0.05, ¥**¥<0.01, ¥**<0.001, ns not significant

Ceftriaxone resistance in Salmonella enterica. Significant
amplification of bla ~;y_,, genes on exposure to Ceftriaxone
was reported in the gut flora of patients treated with it by
Meletiadis et al. (2017).

Polybia MP-1 was able to effectively inhibit the growth
of 18 of the isolates of the total 20. The peptide inhibited the
growth of 5 MDR isolates out of 7 except for isolates 2 and
4. This high efficiency (71 %) of the peptide to inhibit MDR
isolates proves its immense antimicrobial potential for the
treatment of resistant P. aeruginosa.

P. aeruginosa is a potent biofilm former and when organ-
ized into biofilms it becomes more resistant to antibiotics
due to increase in the complexity of the microbial commu-
nity, expression of different biofilm forming genes, and the
increase in the amounts of the extracellular matrix material,
including DNA and carbohydrate polymers (Hirt and Gorr,
2013). When biofilm disruptive activity of Polybia MP-1
was evaluated against P. aeruginosa ATCC 27853 biofilms it
was found to be equally effective to Tetracycline. Previously
done work has established the effectivity of several cationic
antimicrobial peptides against P. aeruginosa biofilms and
proved their potential as valuable alternatives to antibiotics
for treatment of resistant biofilm forming bacteria (Hirt and
Gorr, 2013; Mohamed et al. 2017; Beaudoin et al. 2018;
Park et al. 2019; Yin et al. 2020).

Conclusion

Mastitis causes major economic losses to the dairy indus-
try and its prevention and treatment also adds to the eco-
nomic burden. A wide range of antibiotics are used for
treatment of mastitis, both as parenteral and also as intra-
mammary infusions. Increasing use and misuse of antibi-
otics in dairy industry has led to tremendous rise in antimi-
crobial resistant bacteria and also the menace of antibiotic
residues in the milk and milk products. The AMR issue not
only risks human life through transfer of resistant bacteria
to humans but also makes the treatment of mastitis diffi-
cult and is therefore economically not a viable option. The
AMPs offer a valuable alternative to antibiotics to over-
come the increasing threat of AMR. The Polybia MP-1 is
a potent antimicrobial peptide with effective antimicrobial
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activity against antibiotic resistant P. aeruginosa isolates
obtained from mastitic milk samples. It showed low hemo-
lytic activity against RBCs and effectively inhibited the
growth of 71 % (5/7) of resistant isolates. It showed potent
biofilm disruptive activity against P. aeruginosa ATCC
27853 biofilms. The isolates showed the presence of
numerous genes encoding different virulence factors, bio-
film formation and antibiotic resistance. Correlation stud-
ies established the relationship between presence of the
antibiotic resistant genes and antibiotic resistance. Overall
study emphasised the ever-increasing problem of AMR in
P. aeruginosa and how AMPs like Polybia MP-1 provide
an effective alternative for the treatment of MDR isolates.
Future prospects include detailed study of the combination
of this peptide along with different antibiotics to achieve a
synergistic action on MDR bacteria.
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