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Abstract

Pseudomonas aeruginosa PAO1 and Methicillin-Resistan&aphylococcus aureus (MRSA) are
amongst the most virulent pathogens, causing cbrand life-threatening human infections.
Thus, novel natural compounds able to inhibit theathogens, reduce and/or eradicate their
biofilms are in high demand. Camel milk has beemaiestrated to contain many functional and
bioactive molecules and has consequently been dmnesl in various therapeutic applications.
This study aimed to assess the antibacterial atifi@fiim activities of the camel milk whey
proteins after hydrolysis by papain, and the ola@infractions from size exclusion
chromatography (SEC) against PAO1 and MRSA. Antdréal activity of camel milk whey
against PAO1 and MRSA was enhanced by hydrolysik pépain. Size-exclusion fraction 2
(SEC-F2) had significantlyR(< 0.01) the highest antibacterial activity agairfOR and MRSA
with a minimum inhibitory concentration of 0.156 dan0.3125 mg/mL, respectively.
Additionally, SEC-F2 significantlyR < 0.01) decreased the biofilm biomass by 60.45 % and
85.48 % for PAO1 and MRSA, respectively. Moreo®EC-F2 potentially reduced the PAO1
and MRSA biofilms depending on its concentratiddsanning electron microscopy showed that
the SEC-F2 fraction caused potential morphologitelnges in both PAO1 and MRSA, mostly
represented in cell elongation and leakage of ¢gsopic content. In conclusion, this study has
demonstrated that hydrolysis of camel milk wheyhvwtpain generates robust antibacterial and

antibiofilm small-peptides against PAO1 and MRSA.

Key words: Camel milk whey; papain; antibacteriaiaty; antibiofilm

Abbreviations

MRSA, Methicillin-Resistan8&taphylococcus aureus, PAO1, Pseudomonas aeruginosa PAO1;
SEC-F1 &SEC-F2, Size-exclusion fraction 1 & 2MW, Camel milk whey; CMWH, Camel
milk whey hydrolysates; MIC, Minimum inhibitory coantration; MBC, minimum bactericidal

concentration.
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1. Introduction

Extensive use and misuse of antibiotics in both drand animal medicine has led to an
escalating challenge with circulating multidrug iséant bacterial strains. Amongst the most
virulent and problematic pathogens, causing lifedkening chronic planktonic and biofilm
related infections ar@®seudomonas aeruginosa and Staphylococcus aureus. When living in a
biofilm, these and other bacterial species proteemselves from environmental challenges,
nutritional depletion and antibiotics (Bassetti,nde Croxatto, Righi, & Guery, 2018; Tong,
Davis, Eichenberger, Holland, & Fowler, 2015), iartpdue to formation of dormant persister
cells, not affected by conventional antibiotics.wWNi&eatment strategies affecting both resistant
strains but also targeting persister cells anddvedtbiofilms are therefore in crucial demand.

Inhibition of biofilm formation and reduction of @formed biofilms by the antimicrobial
peptide have successfully been reported (Dawgulcldjlewska, Jaskiewicz, Karafova, &
Kamysz, 2014). It is known that milk proteins areg@od source of antimicrobial peptides
(Jenssen, 2005; Jenssen, & Hancock, 2009; Moharay,e2016). In parallel to more studies
human and bovine milk, camel milk also possesspstant antimicrobial capacity due to its
higher content of lactoferrin and lysozyme in pgarar (Al haj & Al Kanhal, 2010; Dheeb, Al-
Mudallal, & Salman, 2016; Farnaud & Evans, 2003gcéht work has demonstrated that
hydrolysis of camel milk proteins generates a mixtof bioactive peptides with activities
including; antioxidant, anti-hypertensive, anti{gtic and antimicrobial properties (Abdel-
Hamid, Goda, De Gobba, Jenssen, & Osman, 2016j Athal., 2018; Jrad et al., 2014; Kumar,
Chatli, Singh, Mehta, & Kumar, 2016). Hydrolysis blgymotrypsin, trypsin, proteinase K or
papain enhanced the antibacterial activity of camedy proteins against planktortischerichia
coli, S. aureus, Bacillus cereus, andSalmonella typhimurium (Abdel-Hamid et al., 2016; Salami
et al., 2010).

Bovine lactoferrin have been reported to affectdsaal biofilms ofP. aeruginosa. (Kamiya,
Ehara, & Matsumoto, 2012), while donkey lactoferaire active agains¥erratia liquefaciens
(Mahdi, Zaki, Salman, & Zwain, 2017). Antibiofilncavity againstCandida parapsilosis (Fais
et al., 2017) an&lebsiella pneumonia (Morici et al., 2017) has also been reported 1dfhr11,

a short N-terminal derived peptide from human Ieetin. Xu et al. (2010) has reported that
lactoferrin derived peptides and a lactoferricininodra could inhibitP. aeruginosa biofilm

formation. In addition, the--casein macropeptide at concentration down to Ogdnh could
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inhibit the formation of biofilm byListeria monocytogenes (Yun, Kim, Park, Kim, & Oh, 2014).
Furthermore, lactoferrin and peptide derivativegehalso been investigated for their potent
vitro andin vivo antimicrobial activities against MRSA (Yamauchpniita, Giehl, & Ellison,
1993). However, the effect of camel milk whey phoseand hydrolysed peptide fragments on
bacterial biofiilms have not been investigated, desphe fact that it has already been
demonstrated that papain hydrolysed camel wheyeprgiossess antibacterial activity against
Gram-positive and Gram-negative bacteria (Abdel-ldagh al., 2016). Therefore, the aim of this
work was to further evaluate the antibiofilm andilzexcterial mechanisms of fractionated papain
hydrolysed camel milk whey protein again§t. aeruginosa and Methicillin-resistant
Saphylococcus aureus (MRSA).

2. Material and Methods

2.1. Bacterial strainsand chemicals

Pseudomonas aeruginosa PAO1 (H103 wild type) and methicillin-resistafaphylococcus
aureus (MRSA; C623) (Cherkasov et al., 2009) were obtaifrech the Department of Science
and Environment, Roskilde University, Denmark. Aaiin (A9518) was purchased from

Sigma Aldrich (Brgndby, Denmark).
2.2. Camel milk whey hydrolysate and size exclusion fraction

Lyophilized samples of camel milk whey (CMW), canneilk whey hydrolysate (CMWH;
27 % degree of hydrolysis) and the two size exolusihromatography fractions (SEC-F1 and
SEC-F2) obtained from our previous study by Abdeltd et al. (2016) were used for this
study. In brief, the lyophilized CMW was hydrolyzby papain (E/S ratio of 1:200, w/w) for 4 h
at 37 °C and pH 6.0. The degree of hydrolysis wé& 2s previously determined (Adler-Nissen,
1986). CMWH was fractionated by size exclusion ametography (SEC) as described by
Abdel-Hamid et al. (2016).

2.3. Antibacterial activity

The antibacterial activity of CMWH and its size kston fractions was assessed against
PAO1 and MRSA using the disc diffusion assay a<nigsd by Abdel-Hamid et al. (2016).
Briefly, the overnight cultures of bacteria werdéuthd to reach 6 log CFU/mL, and spread on
Mueller Hinton agar plates, followed by depositminfiteen pl drops of CMW, CMWH, SEC-
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F1 and SEC-F2 at concentration 10 mg/mL. The plat® incubated at 37°C for 48 h before
the diameter (mm) of the clear zone was recorded.
2.4. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration

(MBC)

MIC and MBC were determined according to standaethiwds (Saporito, Vang Mouritzen,
Lgbner-Olesen, & Jenssen, 2018) in three biologiegdlicates. PAOland MRSA were
inoculated into 10 mL Mueller Hinton broth and ibated overnight at 37 °C in a shaking water
bath. For the MIC assay, the overnight culturesevagiuted 1:100 in fresh Mueller Hinton broth,
incubated at 37 °C to reach an ©00.4 at 600 nm and eventually diluted (1:500y&b a final
inoculum of ~5x10 CFU/mL. Ninety pL of the diluted cultures were giged into 96-well
round-bottom microtiter plates prefilled with 10 df two-fold serial dilutions of the tested
samples. The plates were incubated for 48 h aC37The MIC value was recorded as the lowest
concentrations of the test samples able to inlhikible bacterial growth. Content of the wells
with no visible growth were spread on agar platas iacubated for 24 h at 37 °C. Plates with

lowest concentration and no visible growth wereasd@s MBC.
2.5. Biofilm inhibition activity

Antibiofilm activity was assessed according to h®tocol adopted by Saporitet al.
(2018). Briefly, overnight cultures of PAO1 and MR®ere diluted 1:100 before inoculating 90
pL of bacterial suspension in a microtiter platefiied with 10 pl of SEC-F2 at concentrations
equal to 1 x MIC, 1/10 x MIC and 1/100 x MIC. Iretbontrol wells, 10 uL of MQ-water were
added instead of the sample. After incubation #rh2at 37 °C, the supernatdhiids were
removed and the wells were washed gently twice Wa0 pL/well of phosphate buffered saline
(PBS) to remove planktonic bacteria and celluldsride The attached biofilms were stained by
adding 125uL/well of crystal violet (0.1% w/v in water) andduabating for 10 minutes at room
temperature. The excess dye was removed by a vgastep with PBS and the stained biofilm
was dissolved by adding 2Q@./well of ethanol (96%) for 10 minutes. EventuallyQO uL of
each well was transferred to a clean flat bottororotiter plate and the absorbance at 595 nm

was recorded in a microplate reader (Synergy HoTBK).

The percent of biofilm inhibition was calculated &ymparing the optical density values for the

treated samples and the untreated control (Sap@q 2018), as per the formula:
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0D, control — 0D, sample
Biofilm Inhibition (%) = °% > X 100
ODsgq5 control

2.6. Biofilm reduction assay

Bacterial biofilm was formed as described in settib5. After 24 hours incubation the
biofilm was washed three times with PBS to remorg eesidual planktonic cells or cellular
debris from the plate wells. Next, a twofold dituts series was prepared with SEC-F2 in Muller
Hinton broth and added to the wells. Mueller Hintoroth without SEC-F2 was added as a
positive biofilm control. The microtiter plates veeincubated for 16 h at 37 °C, and then gently
washed, stained and measured at 595 nm as desaribection 2.5. Biofilm reduction in % was

calculated as following:

OD.q: control — OD.,. sample
Biofilm Reduction (%) = > > X 100
OD4qs control

2.7. Bacterial growth monitoring

The bacterial growth was monitored using a miceotitiate assay (Godballe, Mojsoska, Nielsen,
Jenssen, 2016). In short, overnight cultures of PADd MRSA were diluted with Mueller
Hinton broth to reach an optical density of 0.1680 nm. Then, 9Q.L/well of the diluted
cultures was inoculated into microtiter plates ief with 10 uL of SEC-F2 at concentrations
corresponding to 1 x MIC, 2 x MIC and 4 x MIC. Tplates were incubated for 6 h at 37 °C
with periodical 5 minutes shaking prior to eachdirg and the OBy was recorded by the

microplate reader every 30 min.
2.8. Scanning Electron Microscopy (SEM)

The ultrastructural and morphological change$?A01 and MRSA caused by SEC-F2 were
examined using the FEI Helios dual beam scanniegtr@in microscope and in accordance with
standard protocols (Mojsoska, Carretero, LarserMdeiu, 2017). Briefly, PAO1 and MRSA

were treated with 1 x or 4 x MIC concentrationsS&C-F2 for 2.5 h at 37 °C, then centrifuged
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at 10 000 x g for 5 minutes. The bacterial peNetse fixed with 2% Glutaraldehyde in PBS, pH
7.3 at 4 °C for 16 h. The pellets were washed thimes with distilled water and then post-fixed
with 1% aqueous OsQat 4 °C for 16 h. The pellets were rewashed thires with distilled
water. The samples were then dehydrated in seflashs of ethanol (30%, 50%, 70%, 80%,
90%, 96% and 100 %) followed by serial dilutionsao&tone (30%, 50% and 100%) at 25 °C for
10 minutes in each dilution. Samples were thenddwecritical point in an Automated Ciritical
Point Dryer (Leica EM CPD300, GmbH, Mannheim, GengjaFinally, samples were mounted
on aluminum stub and platinum coated in a High Resm Sputter Coater (Cressington 208HR,
Cressington Scientific Instruments, UK) and examiby SEM at 2 KV. For the size analysis,
FIJI (NIH public domain) was used (Schindelin et 2012).

2.9. Statistical analysis

Analysis of variance (ANOVA) was performed by Matif 18.1 (MINITAB Inc., Coventry,
UK), using the general linear model (GLM) procedangl Tukey's test for pairwise comparison.
All tests were performed in triplicate and the teswvere presented by the mean values +
standard deviation (SD).

3. Resultsand discussion

3.1. Antibacterial activity

The antibacterial activity of camel milk whey (CMWgamel milk whey hydrolysates
(CMWH) and size exclusion fractions (SEC-F1 and SE are presented in Table 1. No
antibacterial activity of CMW at concentration dd ing/mL was observed against PAO1 and
MRSA. Although, camel milk has showed antibacteaetivity against various pathogenic and
spoilage bacteria due to its higher content of 2ysee and lactoferrin (Alhaj et al., 2018), no
activity was observed for CMW against PA@idMRSA in current work. In this context, Alhaj
et al. (2018) reported that camel milk showed nbbanterial activity againsBacillus cereus,
Salmonella Typhimurium andS. aureus, whereas Abdel-Hamid et al. (2016) reported tlaahe
milk whey proteins exhibited antibacterial activiigainstS aureus at concentration of 10
mg/mL. Additionally, camel milk proteins, camel ostrum proteins and whey proteins at
concentration of 40, 20, 40 mg/mL, respectivelyhibited antibacterial activity againgt coli
and Listeria innocua as reported by Jrad et al. (2014). These findidgsonstrate that the

antibacterial activity of camel milk is protein c@ntration and bacterial type dependent. As it
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can be seen in Table 1, the hydrolysis of camét miiley by papain for 4 h has shown a highly
significant @ < 0.01) impact on the antibacterial activity agaiR&tO1 andMRSA, while no
inhibition zone was noticed for camel milk wheyatment (CMW). It is worth noting that the
antibacterial activity of CMWH against PAQtas significantly (P < 0.01) highetthan that for
MRSA. This may be attributed to the different meam® composition of PAOdAnd MRSA. In
this context, it should be noted that the antib@tecompounds must diffuse across the
peptidoglycan and then act with the cytoplasmic imame in order to inhibit the growth of
Gram-positive rod shaped bacteria. Whereas, tdhellGram-negative bacteria, the antibacterial
peptides need to permeabilize the outer membrdnest @l., 2017). The peptide resulted from
camel milk whey hydrolysed by papain was able tongabilize or disrupt the outer membrane
of PAO1 (see SEM section 3.@his may indicate that camel whey protein containtsbacterial
peptide fragments which are released upon protisoly#is is corroborated by the fact that
camel milk whey mainly containsLactalbumin, immunoglobulins, and lactoferrin (#dj & Al
Kanhal, 2010), the latter being a source of antiali@l peptides like; LF1-11, lactoferrampin
and lactoferricin (Sinha, Kaushik, Kaur, SharmaSigh, 2013). Our results are in agreement
with those of Jrad et al. (2015) who reported thatantibacterial activity of camel milk casein
increases via hydrolysis with pepsin or pancredturthermore, camel milk casein hydrolysed
with Alcalase, a-chymotrypsin or papain exhibited antibacterialivatt against E. coli, B.
cereus, S. aureus andListeria monocytogenes with inhibitory zone diameters ranged from 12.5 to
19.1 mm (Kumar et al., 2016). Compared with othalk niypes, buffalo whey proteins
hydrolysed with papain at a concentration of 2 nighowed antibacterial activity agairist
coli and S aureus, with an inhibition zone diameter of 14.5 and 1%Mn, respectively
(Meignanalakshmi & Vinoth Kumar, 2013). Tomita dt €991) found that low molecular
weight peptides liberated during the hydrolysis baivine lactoferrin by pepsin completely
inhibited the growth ofE. coli 0111. Goat whey hydrolysed with Alcalase demonstrated
antibacterial activity again&. coli, B. cereus, S. typhimurium, andS. aureus with an inhibitory
zones of 18.0, 13.3, 22.3 and 15.0 mm, respectif@man, Goda, Abdel-Hamid, Badran, &
Otte, 2016). Overall, these results indicate that antibacterial activity depends on the milk

protein type, the enzyme type and the bacterialrstr

Size exclusion chromatography (SEC) fractionated @MWH into fractions of proteins or

peptides according to their molecular weight. SEIGeéntains non-hydrolysed proteins and high

8
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molecular weight peptides, whereas, SEC-F2 contlms molecular weight peptides. The
largest proteins/peptides in SEC-F1 exhibited rtdbaoterial activity against PACANdMRSA.

In contrast, SEC-F1 in our previous study showetbaaterial activity agains$ aureus and had
no activity againstB. cereus, E. coli and S typhimurium (Abdel-Hamid et al., 2016).
Nevertheless, SEC-F2 demonstrated a significar®ly<(0.01) higher antibacterial activity
against PAOlandMRSA compared to CMWH and positive (ampicillin) ¢aol. These results
indicating that through the SEC technique, the micdé antibacterial peptides were eluted and
concentrated in SEC-F2. In agreement with thisifigdSalami et al. (2010) reported that the
fraction< 3 kDa of camel whey protein hydrolysates showedhighest inhibition of growth of
E. coli compared to the total hydrolysates and their iibast of <5 kDa and<10 kDa.
Furthermore, size SEC-2 of camel milk whey hydretydy papain exhibited the highest
antibacterial activity againgt. coli, B. cereus, S. aureus and S typhimurium (Abdel-Hamid et
al., 2016). Additionally, Cheng, Tang, Wang, & M@®13) reported that the second fraction of
yak x-casein hydrolysates fractionated by sephdex G-@hunm exhibited the highest

antibacterial activity againgt. coli.

Considering the obtained highest antibacterialvagtiof SEC-2 among all experimental
treatments, it has been selected for further arsalgsluding minimum inhibitory concentration,
minimum bactericidal concentration, monitoring aicterial growth rate, the antibiofilm activity

and mode of action using scanning electron micq@gco

3.2. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC)

MIC and MBC of SEC-F2 was evaluated using micradthin method and results are given
in Table 2. The concentration of SEC-F2 (mg/mL)uiegd to inhibit the visual growth of
MRSA was almost twice the concentration needechkibit PAO1 growth Furthermore, the
MBC values of each microbe were twice the MIC val(Eable 2). This finding goes in parallel
with the antibacterial activity of SEC-F2 (Tabledhd confirming that MRSA is less sensitive to
SEC-F2 peptides than PAORimilar results were observed by Dosler & Karaas{@014) who
reported MIC around 0.128 mg/mL of cationic antirakbal peptides (LL-37, CAMA, Melittin,
Defensin, Magainin 1l) againd®. aeruginosa ATCC 27853. Furthermore, the same authors
found that the MBC value was twice the MIC valuesiworth noting that Abdel-Hamid et al.
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(2016) reported lower MIC values for SEC-F2 of papeamel whey hydrolysate agairidt
cereus, S aureus andS. Typhimurium (0.09, 0.09 and 0.01 mg/mL, respectively) compaoetie
MIC values obtained here. Nevertheless, a highe€ Malue (62.5 mg/mL) of bovine milk
casein hydrolysed by lateJacaratia corumbensis protease was recorded agaiRsteruginosa
ATCC 27853 (Arruda et al., 2012). Additionally, e lactoferrin hydrolysed with pepsin
showed antibacterial activity againBt aeruginosa MMI-603 with an MIC value of 0.63
mg/mL (Tomita et al., 1991).

3.3. Bacterial growth rate of PAO1 and MRSA exposed to SEC-F2.

PAO1 andMRSA were treated with SEC-F2 at different concatins (1 x, 2 x and 4 x
MIC) for 5 h at 37 °C. The optical density (&9 nm) was recorded in order to evaluate the
bacteriostatic and bactericidal mode of action BCS2. SEC-F2 at 1 x MIC concentration
delayed the growth of PAO1, while at 2 x MIC and MIC concentrations growth was almost
completely inhibited for PAOl1 (Fig. 1A)These results indicate that SEC-F2 exhibited
bactericidal effect against PAO1 and the peptidesSEC-F2 able to disrupt the outer and
cytoplasmic membranes. With respect to MRSA, 1 & arxk MIC of SEC-F2 showed lower
growth inhibition activity compared to the contIRSA treatment. However, at 4 x MIC
concentration of SEC-F2 the growth of MRSA was alempletely inhibited (Fig. 1B), which
evidences the bacteriostatic effect of SEC-F2 agdRSA at this concentration (4 x MIC). It
should be noted that SEC-F2 showed a lower anghateffect in the growth curve experiment
than in the MIC assay, which is most probably lattieéd to the higher initial bacterial count in
the growth assay (~I10CFU/mL) compared to the initial bacterial count MIC test (~16
CFU/mL) (Godballe et al., 2016).

3.4. Antibiofilm activity of SEC-F2

The ability of SEC-F2 to prevent biofilm formatioh PAO1 and MRSA was evaluated, and
results are given in Tables 3. SEC-F2 significafflyc 0.01) inhibited the biofilm formation of
both PAO1 and MRSA in a concentration-dependent m@anlit is worth noting that the
inhibitory effect was more pronounced in MRSA than PAO1, whereas at sub-MIC
concentrations (1/10 x MIC) the effect was similar both strains (Table 3). The potential
antibiofilm activity of SEC-F2 most probably attuited to the peptide derived from camel milk

a-lactalbumin and lactoferrin by papain, resultsraborated by Kamiya et al. (2012) reporting

10



282
283
284
285
286
287

288
289
290
291
292

293

294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311

inhibition of P. aeruginosa biofilm formation by bovine lactoferrin. A similarend of results
was reported for lactoferrin derived peptides asfaiofilm formation ofC. parapsilosis, K.
pneumonia and P. aeruginosa (Fais et al., 2017; Morici et al., 2017; Xu et &010). In contrast
to the previous results on the ability of hydrotysd enhance the antibiofilm activity, Rogan et
al. (2004) demonstrated that the hydrolysis of dfeetin by cathepsin resulted in loss of

antibiofilm activity againsP. aeruginosa.

It has been reported that the minimum bactericidalcentration for bacteria in the biofilm
state are 4 to 10x higher than those reportechioplanktonic cells (Marques et al., 2015; Wang,
Wu, Ciofu, Song, & Hgibya, 2012). Accordingly, oioiag a noticeable reduction in biofilm
biomass at the lowest concentration of MIC (1/100/KC), reflects the potential activity of

SEC-F2 as an antibiofilm and/or antibacterial agent
3.5. Biofilm reduction by SEC-F2

The activities of two-fold serial dilutions of SEe2 (10 to 0.31 mg/mL concentrations) on
biofilm reduction of PAO1 and MRSA were tested @hi2mature biofilms. For both PAO1 and
MRSA strains, the highest tested concentrationnidmL) exhibited the highest significar® (
< 0.01) reduction in the amount of biofilm biomg3&ble 4). The biofilm reduction activity
showed a significant( < 0.01) peptide concentration-dependence in bo#ins, with a more
pronounced impact in PAOL. By decreasing the canagon of SEC-F2 the reduction activity
was progressively reduced to be eventually losvwaest concentration tested (0.31 mg/mL) in
PAOL1 (Table 4). Whereas, the MRSA biofilm was digantly (P < 0.01) reduced by all the
applied SEC-F2 concentrations even at the lowe&-BE concentration, which resulted in more
than 60% reduction of the biofilm. As discussed\abdor the MIC data (section 3.2), the
significant < 0.01) difference in biofilm reduction obtaineetlveen PAO1 and MRSA could
be imputed to the different nature of their baetermnembranes. MoreoveP. aeruginosa is
considered as a potent biofilm former compared A (Yadav, Chae, Go, Im, & Song,
2017). Additionally, the biofilm composition, artécture, and quorum sensing mechanisms may
explain and/or contribute to these differencesidiilm reduction between PAO1 and MRSA. In
this context, Lebeaux, Ghigo and Beloin (2014) ssted that the iron chelating properties of
lactoferrin is the key function that explains trectbferrin antibiofilm activity, which may
contribute to explain our obtained differences lestw PAO1 and MRSA. It has been reported
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that iron is required for normal biofilm developrmbeim P. aeruginosa (Banin, Vasil, &
Greenberg, 2005), whereas iron deprivation prombiafeim production inS. aureus (Johnson,
Cockayne, Williams, & Morrissey, 2005). It is wortioting that further work is needed to
elucidate the nature and chemical features of SE@Rddress its mode of action on PAO1 and

MRSA more thoroughly
3.6 Changesin bacterial membrane morphology

The impacts of the size exclusion chromatographgtion 2 (SEC-F2) of camel milk
whey protein hydrolysates on the ultrastructural amorphological changes in PAO1 and MRSA
are shown in Fig. 2 and 3, respectively. It hasnbegported that small cationic peptides with
balanced charge and hydrophobicity as key strucaleanents of bovine lactoferrin, exhibited
the ability to interact with bacterial membranesl @aused membrane damage through various
forms of pore formation (Jenssen & Hancock, 200%jddska & Jenssen, 2015). The key
structural elements aid initial electrostatic iatgion, followed by hydrophobic interactions and
other bio-events that govern the fate of the b&act@he manifested ultrastructure clearly reveals
a higher degree of damaged bacteria in presen8&GfF2 (Fig. 2 Al-VI, 3B and 3C) compared
to both control samples PAO1 and MRSA (Fig. 2A d &A). We have previously investigated
the mode of action of SEC-F2 using several badteriadels and transmission electron
microscopy (Abdel-Hamid et al., 2016). These awgttmncluded that 2 x MIC concentrations of
SEC-F2 caused substantial cell distortion andlgsi in both Gram-negative and Gram-positive
bacteria. In corroboration to this, the current SHEMcrograph clearly show that the cell
membrane damage of PAO1 and MRSA is more pronouaicéee highest tested concentration 4
x MIC of SEC-F2 (Fig. 2A IV-VI and 3C).

A closer observation of the PAO1 micrograph detagsealed that a noticeable
filamentation occurred in the bacterial cells résailfrom SEC-F2 treatments (Fig. 2A II).
Furthermore, an obvious leakage of cytoplasmiceamrthat further intensified by increasing the
MIC concentration (Fig. 2A 1lI-VI). These findingsere confirmed by images analysis and size
measurements, which showed that the PAO1 bactalial at both tested concentrations (1 x and
4 x MIC) (Fig. 2B) were noticeably longer than tiehttontrol PAO1 (Fig. 2A 1). In this context,
Vega, Martinez, Chald, Vargas, & Rosas, (2018) liBarmonstrated the antimicrobial activities
of the peptides of bovine lactoferrin and bovinetdéerricin fractions in a similar trend of SEC-
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F2 results. These authors reported that small grhpiu peptides of bovine lactoferricin caused
morphological alteration irP. aeruginosa such as surface shrinkage, wrinkling formation of

protrusions and leakage of cellular contents.

With alteration of size in respect to MRSA, it dam seen from Fig. 3A that the MRSA
control sample was abundant in cells that adheeebig cluster. Whereas, MRSA treated with
both 1 x and 4 x MIC concentrations showed diffedenels of bacterial membrane damage
(Fig. 3B and 3C). In this context, Hartmann et @Q10) have demonstrat&laureus bacterial
cell membrane damage and lysis caused by shoridpspat supra-MIC concentrations. It is
worth noting that we have demonstrated in our revistudy using a transmission electron
microscopy (TEM) technique that SEC-F2 exhibitedtéaostatic action of. aureus, however,
no significant damage on the bacterial cell membraas observed (Abdel-Hamid et al., 2016).
Minor morphological changes on MRSA surface rougsrend impaired cell division at 1 x and
4 x MIC concentrations were observed, respectiyEly. 3B and 3C), which is in agreement
with the TEM findings reported by Abdel-Hamid et €2016). The size measurement analysis
showed that in presence of SEC-F2 the bacteriebgxdme directional elongation at 1 x MIC
(Fig. 3D), whereas at 4 x MIC the cell size expanss smaller than 1 x MIC, but it happens in
both directions (Fig. 3A-D). Overall, the PAO1 alkRSA ultrastructure micrographs findings
are in support of the results of antibacteriahdigti MIC and growth rate assay (sections 3.1, 3.2
and 3.3).

4. Conclusion

In the present study camel milk whey protein wasl@ated as a source for potential bioactive
peptides. The antibacterial and antibiofilm aciestof the camel milk whey protein hydrolysate
(CMWH) and its obtained fractions from size exatuschromatography (SEC-F1 and SEC-F2)
were assessed againBt aeruginosa PAO1 and Methicillin-Resistant. aureus (MRSA).
CMWH showed significant antibacterial activity agsti PAO1 and MRSA. It is worth noting
that SEC-F2 exhibited higher antibacterial activitgainst PAO1 and MRSA compared to
control and CMWH treatments. Moreover, SEC-F2 hamificantly inhibited the biofilm
formation, as well as leading to a reduction offgmaed biofilms of both pathogen strains in a
peptide concentration-dependent manner. In additiba growth rate profile and scanning

electron microscopy analyses revealed that SECxRibied bacteriostatic effect toward MRSA
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and PAOLl. The obtained data clearly demonstratesrabust antibacterial and antibiofilm
activities of SEC-F2 against the both tested Gragative and Gram-positive species, which
may provide a basis for the dairy industry to depeinnovative products and to optimize the
processing conditions. Nevertheless, further studi@a SEC-F2 isolation, purification and
structural identification, along with synthesis oppinitiesin vitro will expand our knowledge
and understandings of the relationship betweerchieeical structure and the bioactivity profile

of this crucial fraction.
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Figure captions
Figure 1. Bacterial growth curve under exposuré ®fMIC, 2 x MIC and 4 x MIC of SEC-F2
against (A)P. aeruginosa PAO1 and (B) Methicillin-Resistai@ aureus (MRSA).

Figure 2. Scanning electron micrographs of A) (ireated (control) and treated P. aeruginosa
PAO1 with 1 x (lI-1l1) and 4 x MIC (IV-VI) of sizeexclusion chromatography fraction 2
(SEC-F2). B) Cell length of untreated and SEC-E2ted PAO1 is shown. Scale bars are 1
and 2 pm.

Figure 3. Scanning electron micrographs of A) (ireated (control) and B-C) (lI-1ll) treated
Methicillin-resistant S. aureus (MRSA) with 1x atc MIC, respectively, of size
exclusion chromatography fraction 2 (SEC-F2), DeSneasurements for untreated and

treated bacteria. Scale bars are 1 and 500 pum.

20



Table 1. Antibacterial activity of camel milk whegamel milk whey hydrolysate and
size exclusion chromatography fractions 1 and Z0SEL and SEC-F2)

Inhibition zone diameter (mm)

Samples
PAO1 MRSA
Positive control 18.3 +2.* 12.3 +0.6°
Camel milk whey Ni NI
Camel milk whey hydrolysate 223+ 19 + °
SEC -F1 NI NI
SEC -F2 27.9 + 07 22.3+1.5°

Data are mean of triplicate measurements + SD.

* Positive control was ampicillin 10 mg/ml.

** Capital letters indicate the pairwise comparigmiween whey treatments (same
column); lower case letters indicate the pairwismparison between microbes (same
row).

NI= No inhibition zone was observed.

PAQOL,P. aeruginosa PAO1- MRSA, Methicillin-Resistar. aureus

Table 2. Minimum inhibitory concentration (MIC) andnimum bactericidal
concentration (MBC) of size exclusion chromatogsafsaction 2 (SEC-F2)

) mg/mL
Strains
MIC MBC
PAO1 0.16 0.31
MRSA 0.31 0.63

The MIC and MBC values are mean of three biologieplicates.
PAQOL,P. aeruginosa PAO1- MRSA, Methicillin-Resistar. aureus



Table 3. Antibiofilm activity of size exclusion a@matography fraction 2 (SEC-F2)

Biofilm Inhibition %

Concentration

PAO1 MRSA
MIC 60.5+ 1.5 85.5+ 1.0
1/10 MIC 435+ 1.8 41.0+2.8
1/100 MIC 209+1.8 36.2+0.8

Data are mean of triplicate measurements + SD.

Values in the same column with different supersagpital letters are significantly
different P < 0.01).

PAQOL,P. aeruginosa PAO1- MRSA, Methicillin-Resistar. aureus

Table 4. Minimum biofilm reduction concentrationsitze exclusion chromatography
fraction 2 (SEC-F2)

SEC-F2 Biofilm reduction (%)
?rﬁg/(ﬁﬁf)trat'on PAO1L MRSA
10 89.0 + 1.6 92.6 + 0.5°
5 80.4 +4.8° 85.7+ 1.252
2.5 64.9+ 1.6 80.7 +1.82
1.25 51.0 +4.% 71.1+3.5°
0.62 202+2% 65.5 +4.6°
0.31 77419 61.5 +2.12

Data are mean of triplicate measurements + SD.

A-F Different uppercase letters within a columnigade significant difference$(<
0.01) in the pairwise comparison between peptideentrations

a-b different lowercase letters within a row indéaignificant differenced(< 0.01) in
the pairwise comparison between bacteria.

PAQOL,P. aeruginosa PAO1- MRSA, Methicillin-Resistar. aureus
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Figure 1. Bacterial growth curve under exposur#g ®fMIC, 2 x MIC and 4 x MIC of
SEC-F2 against (Ap. aeruginosa PAO1 and (B) Methicillin-Resista& aureus
(MRSA).
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Figure 2. Scanning electron micrographs of A) (ireated (control) and treatéd
aeruginosa PAO1 with 1 x (II-11) and 4 x MIC (IV-VI) of sizexclusion
chromatography fraction 2 (SEC-F2). B) Cell lengtluntreated and SEC-F2
treated PAO1 is shown. Scale bars are 1 and 2 um.



JA¥l Control

D Sample Diameter (um) x-axis Diameter (pm) y-axis
Control 0.8+0.1 0.7+0.1
MRSA 1x MIC 1.1+0.2 09+0.2
MRSA 4 x MIC 09+0.1 09+0.1

Figure 3. Scanning electron micrographs of A) (reated (control) and B-C) (lI-III)
treated Methicillin-resistars. aureus (MRSA) with 1x and 4 x MIC,
respectively, of size exclusion chromatographytioac2 (SEC-F2), D) Size
measurements for untreated and treated bacteate Bars are 1 and 500 pm.




Highlights

» Hydrolysis of camel milk whey by papain enhanced the
antibacterial activity against PAO1 and MRSA

» Size exclusion chromatography fraction 2 (SEC-F2) exhibited the
highest antibacterial activity.

» SEC-F2 inhibited the formation of the biofilm by PAO1 and
MRSA.

» SEC-F2 eradicated the biofilm formed by PAO1 and MRSA.
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