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Abstract: 10

Meat products contain valuable nutrients that amgortant for human health and 11
development but are also highly susceptible tordafdion by microorganisms. This can lead12
to spoilage and serious foodborne illnesses. Nammtimicrobial peptides, produced by 13
many organisms as part of their innate immune Bydte fight microbial infections, have 14
great potential as food preservatives. In this ystude explored the effect of ternary 15
antimicrobial random peptide mixtures (RPMs) ond@poilage bacteria in minced turkey16
meat. Amendment of RPMs to meat led to signifiaaaluctions in bacterial abundance in17
experimental tests, and RPMs worked synergistioalti nitrite to reduce bacterial loads. 18
Using high-throughput 16S ribosomal RNA gene angplisequencing, we characterized thel9
effect of RPMs and nitrite on meat microbial comityrstructure before and during 20
incubation under refrigerated conditions. Our firgd reveal strong antimicrobial activity for 21
RPMs against spoilage bacteria in meat, includirsteria monocytogenes andPseudomonas 22
putida. These results demonstrate the potential of RPVis safer preservative for reducing23

spoilage in meat and other food products. 24



25

1. Introduction: 26

Meat products are part of the recommended humanade contain valuable nutrients that27
are important for health and development (Hyldgraadl. 2015). However, microorganisms 28
easily colonize and proliferate in fresh meat dwe an excess of nutrients and a29
moist environment, which leads to spoilage (Hyldgk&t al. 2015; Lamasgt al. 2016). The 30
contamination and spoilage of food products isabl@m of global concern, since the growth31
and metabolism of microorganisms can cause seffioodborne illnesses and food loss32
(Bohme,et al. 2012; Borchgt al. 1996. Therefore, maximum allowable levels of mesophilis3
aerobic and facultative anaerobic microorganismg Haeen mandated by health agencies34

worldwide (Stieglmeieret al. 2009). 35

To suppress microbial growth in meat, preservatstgsh as sodium nitrite are used (Lamas3é
et al. 2016; Serranoet al. 2012; Muller-Herbstgt al. 2016). As a food additive, sodium 37
nitrite has three key functions: (i) contributing flavor by inhibiting the development of 38
rancid off-flavors; (ii) preserving the strong pin&lor of meat via reactions with myoglobin; 39
and (iii) preventing the growth of pathogenic baetsuch as the toxin-forminglostridium 40
botulinum (Cammacket al. 1999; Crosbyet al 1976) Although the activity of sodium nitrite 41
has been extensively studied, its mode of actiatilisnot completely understood. Inhibition 42
of respiration has been proposed as one possible ned action of nitrite towardC. 43
botulinum (McMindes, et al 198§. Nitric oxide (NO), formed via nitrite reductiohas been 44
suggested as the primary bacteriostatic compoumndgrte-amended food. NO interacts with 45
the iron-sulfur proteins of bacteria.q., cytochromes), which are important for microbial46
energy metabolism (Cammaalt,al. 1999 Tompkin, et al. 1978). Nitrite may also inhibit 47

pyruvate-ferredoxin reductases, leading to badteelhdeath(McMindes,et al 1989. 48



Although the preservative function of sodium néritas been well established, there hagd
recently been a greater focus on its toxicity tomhos. Nitrites are toxic at high 50
concentrations as amg-nitroso compounds (nitrosamines) which form wheinites react 51
with secondary amines in the acidic conditions loé tstomach. Compounds such as2
N-nitrosodimethylamine have been shown to be careini@gin several animal speciess3
(Lamas,et al. 2016; Cammacket al. 1999; Honikel, 2008). Thus, there is an urgemd® 54
replace nitrite in the meat industry with safersgmatives (Rydlogt al. 2008; Andersorgt 55
al. 2004). 56
Natural antimicrobial peptides (AMPs) and host deée peptides (HDPs) are produced b7
eukaryotic innate immune systems. Their biologioale in eukaryotic organisms is to 58
eliminate Gram-positive and Gram-negative bacteag, well as fungi and viruses. In 59
bacterial infections, these compounds are a comqamfehe host immune response, and acio
primarily by disrupting bacterial cell membranes &result, these classes of peptides haw
great potential as effective and safe preservatiizegamond,et al. 2009; Malheirosgt al. 62
2010; Nakatsuji, and Gallo, 2012; Clevelasdal. 2001; Rathinakumagt al. 2009). Most 63
AMPs possess common structural features such astivposharge and moderate 64
hydrophobicity (~50%). This amphipathicity enabteem to interact with and permeabilize 65
negatively charged membranes of bacteria, resultircggll membrane disruption (Nakatsuiji, 66
and Gallo, 2012; Rathinakumast, al. 2009; Brogden, 2005; Wimley and Hristova 200157
Hancock, 2001). Previous studies have evaluated AR’ preservatives (Andersa,al. 68
2004). For example, an analogue of magainin (an Aséfated from frog skin) possessede9
strong antimicrobial activity against 13 pathogdracterial strains associated with foodborngo
illnesses (Ableret al. 1995). Elsewhere, the activity of a synthetictjkpbearing six leucine 71
and eight lysine residues was studied againstgerahfoodborne microorganisms including72

Listeria monocytogenes (Aiyegoro,2014; Appendini, and Hotchkiss, 2000) 73



Despite the promise of AMPs as safer meat preseestthere are still several challenges4
that must be addressed: (i) they must be effeetgagnst a diverse array of microorganismsys
(i) phospholipids or proteins can potentially stggs their antimicrobial activity ; (iii) AMPs 76
can be degraded rapidly by proteases (Anderaoal. 2004; Malheirosgt al. 2010); (iv) 77
rapid development of antimicrobial resistance cecuo (Mayrhoferget al. 2004; Dobsonet 78
al. 2014; Perronet al. 2006; Pranting, et al. 2008; Habetsl. 2012; Dobsonet al. 2013); 79
and (v) cost of manufacture (Wimley and Hristov@1P®). Although these challenges areso
daunting, there is already one AMP preservativah@enmarket which indicates feasibility. 81
The antimicrobial peptide-based preservative nigmmoduced by certain strains of 82
Lactococcus lactis) has been approved by the FDA (Clevelagichl. 2001) and is effective 83
against Gram-positive bacteria, including spores,dhows very low activity against Gram- 84
negative bacteria, yeasts and moidNlisin has been widely used as an exogenous edddi 85
a variety of food products around the world andalso naturally present in many dairy 86
products (Rydlo, et al. 2008; Muller-Auffermargaal. 2015). Nisin has a dual mechanism o7
action, which is facilitated by binding to the peépglycan precursor, lipid 1l. At lower 88
concentrations, nisin interferes with cell wall #yesis and at higher concentrations it forms9
pores that disrupt the proton motive force in baatenembranes (Muller-Auffermanet al. 90
2015). When examined as a meat preservative, tisjlayed strong antimicrobial activity in 91
inoculated minced beef against Gram-positivenonocytogenes, conversely, application of 92
nisin in minced sheep meat showed no antimicradivity againstSalmonella Enteritidis 93

(Solomakoset al. 2008; Govariset al. 2010). 94

The structural diversity of AMPs suggests thatrtlaetivity is not tightly linked to a specific 95
amino acid sequence (Rathinakunsgtil. 2009). This observation led to the development af6
random peptide mixtures (RPMs) as antimicrobialnég€Hayoukaet al. 2013). During 97

peptide synthesis, instead of using one amino a@cehch coupling step, a mixture of two or9s



more amino acids (at a known stoichiometry) arelu$be result is 23" (where n represents 99

the peptide chain length equal to the number opltiog steps) sequences of random peptideso
composed of hydrophobic and cationic amino acidsviath controlled chain length and 101
stereochemistry. This novel AMP synthesis strateggy overcome some difficulties 102
associated with specific sequence of AMPS (Hayoekal. 2013; Topmangt al. 2018; 103
Stern,et al. 2016; Amso and Hayouka 2019), as this approachesper and may confound 104
bacterial attempts to develop resistance. The ditheocurrent study was to investigate theL0s
antimicrobial activity of RPMs in food. We have dsainced turkey meat as a food modehoe
and have coupled cultivation approaches with cafidn-independent molecular 107

characterization of microbial community structuoegiin insights into the activity of AMPs 108

in meat. 109
2. Material and Methods: 110
2.1 Synthesis of random peptide mixtures 111

RPMs were synthesized using the traditional sahdse peptide synthesis (SPPS). Synthesiq2
of random peptide mixtures (RPMs) was carried axdoeding to Hayouka et al. (2013). 113
RPMs were synthesized using microwave irradiationRaink Amide resin (Substitution 114
0.53 mmol g-1, 2wmol) in Alltech filter tubes. Coupling reactions mgeconducted with 115
binary combinations of protected amino acids, wvétlfreshly prepared stock solution thati16
contained the protected amino acids in 1:1 molao &f L[ 'Phenylalanine, L-leucine, and L 117
-lysine (25umol) of each amino acid, which were used for eaohptng step. Upon 118
completion of the synthesis (20 cycles for 20 meptjge chain length), the RPMs were119
cleaved from the resin, resuspended in doubistilled water (DDW), frozen on dry ice and 120
lyophilized. RPMs were analyzed by MALDTOF to evaluate molecular weight and quality121

and by amino acid analysis. 122



2.2 Assessment of minimal inhibitory concentration (MIC) values: 123

To determine the antimicrobial activity of FLK [(IPhenylalanine, L-leucine, and L -lysine), 124
FK (L[Phenylalanine and L -lysine) afd°L°K (D[IPhenylalanine, D-leucine, and D - 125
lysine) RPMs, MIC values were measured Esubtilis NCIB 3610, L. monocytogenes 126
10403S,P. putida KT2440 andE. coli rp MG1655 strains (Table 1). MICs were determined27
by growth in sterile 96well plates (Corning 3650) by a broth microdilutiomethod as 128
described by Hayouka et al. (2013). Bacteria weoavg for 24 h in brain heart infusion 129
broth (BHI, HiMedia Laboratories, India) or Lysogebroth (LB; BD, USA)) at 30°C or 130
37°C depended on the bacteria type with shakin@ (@t). Then, the bacterial cultures were131
diluted in growth medium to an optical density @06nm (OD600) of 0.1 using a 132
ThermoSpectronic (Genesys 10uv) spectrophotom&®®ul aliquots were added to 1Q0 133
of growth medium containing RPMs at various coneitns in each well. The plates were134
then incubated at 30°C or 37°C for 24 h. Bactegralvth was determined by measuring thet3s
OD at 595 nm using a Tecan Infinite Pro Plate readleke MIC values were the lowest 136
concentrations of the peptide mixtures that causieithition of bacterial growth (Hayoukat 137
al. 2013. MIC values were determined as the average olatairem three independent 138
experiments. The highest concentrations tested 2@0aig/ml for RPMs, 1 mg/ml (14.49 139

mM) for sodium nitrite and 0.25 mg/ml (0.074 mMy fgisin. 140
2.3 Meat preparation: 141

Fresh minced turkey meat was purchased at a lapakrsnarket and immediately transferredi42
to the lab. The meat was ground for a second timeniethanol cleaned grinder and divided 43
into 40 gr portions. Samples were stored at -2@&Ghe beginning of each experiment, a 40144
gr portion was defrosted at 4 °C. The portion wamigd and divided into 10 gr or 1 gr meat145

balls, and each meatball was placed in a sterdettde. 15Qu of double distilled water 146



Name Growth conditions: Media/ Temperature andoawtic

(DD 147
W) 148
was 149
adde 150
d to 151
contr 152

ol sample test tubes. For treatment samplesu150 DDW containing each of the different 153
treatment compounds was added to each test tubdrdadments with sodium nitrite, final 154
concentrations of 2.17 /1.08 /0.5 mM were used. tFeatments with RPMs of FLK (L 155
Phenylalanine, L-leucine, and L -lysine) @°L°K (D[ Phenylalanine, D-leucine, and D - 156
lysine), RPMs were dissolved in doubldistilled water (DDW) to final concentration of 157
0.25, 2, 5, and 7 mg/g or (0.096, 0.76, 1.92, 2.688) except for Nisin, which had a final 158
concentration of 0.074 mM. For the combination oflism nitrite and FLK, the 15@I 159
solution added to test tubes contained FLK randeptige mixture dissolved in DDW at a 160
final concentration of 1.92 mM and 8 of sodium nitritedissolved in DDW to arrive at a 161
final concentration of 1.08 mM or 0.5 mM. Samplegr&v mixed and stored under 162
refrigerated conditions at 4 °C for the length loé texperiment. Microbiological analyses163

were performed at 0, 1, 3 and 5 days of storage. 164

Table Sl. Bacterial strains and growth conditions used in this study. All strains were 165

maintained at -80°C in glycerol stock (25% v/v)iluase. 166
167
168

169



L. monocytogenes BHI, 37°C, overnight, 100 pg/ml streptomycin 170
10403S
171
P. putida KT2440 LB, 30°C, overnight, 100 pg/ml ampicillin
172
B. subtilisNCIB 3610 BHI, 37°C, overnight
E. coli rp BHI, 37°C, overnight 173
174

The L. monocytogenes 10403S culture was a generous gift from Prof. Afetskovits from 175
Tel Aviv University. The strain (10403S) was moediby deleting the hly gene that codesl76

the listeriolysin O toxin responsible for the sm@stivirulence and has a streptomycini77

resistance. 178
179
2.4 Inoculated meat samples: 180

1 g samples of minced turkey meat were placedeinlistest tubes and inoculated with single181
strain ofL. monocytogenes or P. putida separately (ca. 10°4 CFU/g). The bacterial culturess2
were diluted in the appropriate medium to an optiemsity at 600 nm (OD600) of 0.1 using183
a ThermoSpectronic (Genesys 10uv) spectrophotom&eitures were diluted to 1075 184
CFU/ml in saline solution 0.9% for inoculation eirkey meat samples. Microbial load was185
determined by serial dilution and plating on BHaagr LB agar plates. 1Q0/g of the 10"5 186
CFU/ml bacterial stock was used to inoculate thatm®&o ensure proper distribution of the187
bacteria, the samples were properly mixed befoditiad of the treatment. Subsequently,188
sodium nitrite (1.08 mM), FLK (1.92 mM) and theiorabination were added to the 189

inoculated samples. 190

2.5 Microbiological analysis: 191



To monitor the microbial load, we evaluated the glas at different time points 0, 1, 3 and 5192
days. After the treatment, a 9 ml saline solutid®?®was added to each 1 gr minced turkey93
sample. Samples were vigorously vortexed for 6@@E at room temperature, and themno4
serially diluted 1:10 in 0.9% saline solution. 1@0rom each sample were spread plated by9s
duplicates on LB agar or BHI agar plate and hel@t°C for 24 h. Each sample was196
analyzed with at least three independent repetitidgkfter 24 h, the microbial load was 197
determined and the average number of CFU per gras aalculated by counting plates198

containing 20-200 colonies. 199

2.6 Satistical analysis 200

The results are presented as the mean = SEM. Opeawalysis ANOVA of variance 201
followed by Tukey post-hoc analysis was used fatigtical analysis. An independent T test202
analysis which compares the means of the treatmeats performed. The results were203
considered to be statistically significant if p <OB or p < 0.01 as mentioned for eactr04

experiment. 205

2.7 Cultivation-independent analysis of meat microbial communities 206

1 gr samples of minced turkey meat were divided equal portions of 500 mg. Of these207
portions, one was used for DNA extraction and tlleelowas used for cultivation-based208
approaches. Samples were amended with the folloetmgpounds: double-distilled water 209
(DDW; ‘Control’), 1.92 mM (5 mg/ml) of RPMs FLK (‘EK’), 1.08 mM sodium nitrite (75 210
ppm), and a combination of sodium nitrite (1.92 mémd FLK (1.08 mM) (‘FLK+Nitrite). 211
Samples were stored at 4°C. Samples were takesyd @orior to amendment), after 3 days212
and after 5 days. Total genomic DNA (gDNA) was agted using an Exgene™ Soil DNA 213
Prep Kit (Songpa-gu, Korea), following the manufi@et's standard protocol. Genomic DNA214

was PCR amplified with primers CS1_515Fb and CS@R&0(modified from the primer set 215



employed by the Earth Microbiome Project (EMP; GTGAGCMGCCGCGGTAA and 216
GGACTACNVGGGTWTCTAAT) targeting the V4 regions ofierobial small subunit 217
ribosomal RNA genes. Amplicons were generated usingvo-stage “targeted amplicon 218
sequencing (TAS)” protocol (Nagqikt al. 2018; Bybeegt al. 2011). The primers contained 219
5" common sequence tags (known as common sequeacd 2, CS1 and CS2) as described20
previously (Moonsamyet al. 2013; Greenet al. 2015). First stage PCR amplifications were221
performed in 10 microliter reactions in 96-well fglg, using the MyTaq HS 2X mastermix.222
PCR conditions were 95°C for 5 minutes, followed28ycycles of 95°C for 30", 55°C for 223

45" and 72°C for 60.” 224

Subsequently, a second PCR amplification was peddrin 10 microliter reactions in 96- 225
well plates. A mastermix for the entire plate wasdm using the MyTaq HS 2X mastermix.226
Each well received a separate primer pair with iguen10-base barcode, obtained from the27
Access Array Barcode Library for lllumina (Fluidigr@outh San Francisco, CA; ltem# 100-228
4876). These Access Array primers contained the &®I1CS2 linkers at the 3’ ends of the229
oligonucleotides. Cycling conditions were as follov®5°C for 5 minutes, followed by 8 230
cycles of 95°C for 30", 60°C for 30” and 72°C fd"3A final, 7-minute elongation step was 231
performed at 72°C. Samples were pooled in equalmel using an EpMotion5075 liquid 232
handling robot (Eppendorf, Hamburg, Germany). Thelgd library was purified using an 233
AMPure XP cleanup protocol (0.6X, vol/vol, AgencquBeckmann-Coulter) to remove 234
fragments smaller than 300 bp. The pooled librameth a 20% phiX spike-in, were loaded 235
onto an lllumina MiniSeq mid-output flow cell (2x35paired-end reads). Fluidigm 236
sequencing primers, targeting the CS1 and CS2 rlimkgions, were used to initiate 237
sequencing. De-multiplexing of reads was performedinstrument. Library preparation, 238
pooling, and sequencing were performed at the Usiiyeof lllinois at Chicago Sequencing 239

Core (UICSQCQC). 240



3. Results and Discussion 241

3.1 Random peptide design and synthesis 242

Our aim in this study was to examine the potentieRPMs to inhibit growth of food 243
spoilage bacteria in minced turkey meat. We preshiodescribed the antimicrobial activity 244
of different RPMs composed from a binary combinmatid hydrophobic and cationic residues245
where the most active mixtures were 20-mers coinmigib-leucine (L) and L-phenylalanine 246
(F) as their hydrophobic residue with L-lysine @9 the cationic amino acid (Hayoukhal. 247
2013). Here, we designed and synthesized for teetiime a ternary random peptide mixture248
by combining the most active cationic amino acsidee (Lysine) with the two most active 249
hydrophobic amino acids residues (Leucine and Hakmne). These ternary peptide250
mixtures FLK was composed of 25% F, 25% L, and 3Q%0 preserve the optimal 1:1 251
proportion between cationic and hydrophobic amicidlsa To verify the subunit proportion 252
after synthesis, we performed amino acid analysisdeetermined the molecular weight range2s3
of the mixture using MALDI-TOF mass spectrometryig(ife S1). In addition, we 254
synthesized a ternary enantiomer consisting ofremochiral random peptide mixture of D- 255
phenylalanine §F), D-leucine {L), and D-lysine {K) to evaluate the effect of 256

stereochemistry on bioactivity. 257

To determine the antimicrobial activity of the tampm RPMs, we performed minimal 258
inhibition concentration (MIC) assays usiBgcillus. subtilis andListeria. monocytogenesas 259
model Gram-positive bacteria, arRRseudomonas . putida and E. coli as model Gram- 260
negative bacterial@ble 1). The new FLK RPM showed broad antimicrobial atgitoward 261
all tested bacteria. The MIC values Br subtilis, L. monocytogene andP. putida were 13 262

ng/ mL; forE. coli the MIC value was 25 pg/miBoth FLK and°F°LPK possessed strong 263



bacteriostatic activity against the tested bactasacompared to FK peptide mixtures and64

similar activity to LK peptide mixtures. 265

266

267

268

269

Table 1. Minimum inhibitory concentration (MIC) val ues for LK, FK, FLK PFPL°K RPMs, nisin, and 270

sodium nitrite. Values, in the units pfi/ml, represent the median value obtained fromeasdtithree independent 271

repetitions for each bacterial strain with testdgrenedin vitro. 272
Treatment B. subtilis | L. monocytogenes | P. putida | E. coli rp
Leucine: Lysine (LK) 13 13 13 6
Phenylalanine: Lysine (FK) 50 25 25 50
Phenylalanine :Leucine:Lysine (FLK) 13 13 13 25
D-Phenylalanine : D-Leucine: D-Lysiifé&F°L K) 13 13 13 13
Nisin 3 3 >1000 >1000
Sodium nitrite >1000 >1000 >1000 >1000

273

We also compared the activity of our RPMs with mi€fable 1), and our findings confirm 274
previous results showing that Nisin has no antiob@l activity against Gram-negative 275
bacteria. Prior studies have shown that RPMs sschka20-mer and FK 20-mer can be276
active against both Gram-positive and Gram-negdiaeteria and towards mature biofilms277
(Hayouka, et al. 2013; Topmanet al. 2018; Stern,et al. 2016; Amso and Hayouka 2019), 278
and we observed that our RPMs were indeed actiamsigboth Gram-negative and -positive279
bacteria. No inhibition of bacterial growth was eb&din vitro when sodium nitrite was 280

added (14.49 mM, 1 mg/mL), despite this concemmatbeing significantly higher than 281



mandated maximum quantity allowed for these adektivn meat (2.17 mM, 150g/mL). As 282
the FLK RPM was an effective antimicrobial agenthabroad-spectrum activity toward the 283

tested bacteria, these compounds were furtheidtésee controlled food model system. 284

Measuring the efficacy of antimicrobial agents ifoad system holds several challenges. 285
decrease in antimicrobial activity is usually obsel, due to the interaction of the agent withege
other components in the food matrix such as ligiisteins, and sugars (Rydk,al. 2006). 287
To determine the effective concentration of FLKmeat, various concentrations were addedss
and the microbial load was quantified. A dose-dépen relationship was observed (Figure289
1), whereby FLK RPM concentrations of 1.92 mM an@92mM exhibited the greatest 290
antimicrobial activity. FLK at 1.92 mM concentratiovas therefore used for subsequen?91

experiments. 292

1.80
1.60
140
1.20
1.00
0.80
0.60
0.40
0.20
0.00

Log reduction (CFU/g)

Time of storage (days)

0.25mg ®m2mg HE5mg E7mg
293

Figure 1: The effect of varying FLK concentration (mg/ml) total aerobic heterotrophic bacterial abundance94
in minced turkey meat during storage at 4°C. Thexig-represents the decrease in cfu/g betweenathigot 295
and treatment samples (mean + SEM, n = 9). Samy@es diluted, plated, and counted on after O, 8, adays 296
of storage. a,b,c p < 0.01 indicates a statisticsiljnificant difference between the treatmentshatday of 297

treatment. 298

299



The antimicrobial activity of both FLK anBF°LPK (1.92 mM) were compared to nisin 300
(0.074 mM, Figure 2) and sodium nitrite (2.17 mMgufe 3) in minced turkey meat. The 301
microbial load of the minced turkey meat was asskss 1, 3 and 5 days post-inoculation302
and compared to the microbial loads at day 0 (Ed@)r FLK displayed strong antimicrobial 303
activity and stability even after 5 days of storaged there was no substantial advantage 304
using the®FPLPK (Figure S2). After 3 days of incubation the aritirobial activity of FLK 305
and nitrite was similar (~1 logcFU/g reduction) After 5 days FLK displayed strong 306
antimicrobial activity, representing an average teduction of ~1.55 CFU/g, while sodium 307
nitrite displayed stronger antimicrobial activity/-€3 log CFU/g reduction. Nisin at this level 308
showed weak antimicrobial activity toward meat bael population with a log reduction of 309
maximum 0.5 log CFU/g during the entire storageiquer(Figure S3). This poor 310
antimicrobial activity of nisin in meat has beepaged previously (Clevelandf al. 2001; 311

Solomakoset al. 2008; Govariset al. 2010). 312

1.8 169
1.6 I
1.4
1.2

1 0.89 FLK
0.8 061 . f 0* , ® Nisin
0.6 = 0.43

o . *
0.2 0.10
o -

1 3 5
Time of storage (Days) 313

Log reduction (CFU/g)

Figure 2: Comparing the antimicrobial activity of RPMs with Nisin. The antimicrobial activity of Phe-Leu- 314
Lys (FLK, 1.92 mM) and Nisin (0.074 mM) against méacterial population in minced turkey meat during315
storage at 4 °C. Samples were diluted, plated candted at different time points; 0, 1, 3 and 5ddafystorage 316
(mean £ SEM, n =17,7,8). *p < 0.01 indicates a&igtiaally significant difference between the RP&wd Nisin 317

treatments at the day of treatment. 318



3.2 The effect of combining FLK and sodium nitrite 319
Despite the health concerns regarding sodium @itngage, it remains one of the mosB20
common meat preservatives. The use of nitrite isgmily due to its strong antimicrobial 321
activity againstC. botulinum, a heat-resistant, spore-forming, toxin produdet tcauses 322
botulism (Lamas,et al. 2016; Cammack, et al. 1999). The efficacy of antimicrobial 323
compounds can sometimes be potentiated by utilitiegn in combination (Marquette and 324
Bechinger 2018). Mixtures of AMPs and conventioaatibiotics have shown synergistic 325
activity (Rank,et al. 2017; Kim,et al. 2017; Chouet al. 2016), typically due to two different 326
modes of action (Marquette and Bechinger 2018).example, AMPs that cause damage t327
bacterial cell membranes (which does not necegsegsult in cell death) will increase 328
membrane permeability, which could lead to improediicacy of sodium nitrite. For this 329
reason, the combination of sodium nitrite and RP&dsild lead to an improvement in 330
antimicrobial activity whilst reducing the amount sodium nitrite required to suppress331
bacterial growth, and hence its associated heaids.rTherefore, we monitored microbial 332
growth in turkey meat with a combination of FLK 92. mM) and sodium nitrite at 333
concentrations of 1.08 mM (half dose) and 0.5 mMafter dose, Figure 4). The treatmenB34
regimen with the half dose of sodium nitrite resdlin significantly lower microbial load 335
after both 3 and 5 days, compared to the individtedtments. By combining RPM with 336
nitrite, we were able to reduce the effective com@ion of nitrite by 50%. We further 337
reduced the nitrite concentration to a quarter @dogkstill observed a synergistic effect. After33s
5 days of storage at 4°C the antimicrobial effeetswnaintained, with a significant log 339

reduction of ~2.5 log CFU/g or greater at bothit@tconcentrations. 340
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Figure 3: Antimicrobial activity of FLK (1.92 mM) and nitrite  (2.17 mM / 150 ppm) in minced turkey 342
meat stored at 4°C.The y-axis represents the decrease in total asfradierotrophic bacterial CFU/g between 343
control and treatment samples (mean * SEM, n #M@gat samples were diluted, plated, and counted 4ft8 344
and5 days of storage. *p < 0.01 indicates a sidift significant difference between the RPMs tmeants and 345

sodium nitrite treatments at the day of treatment. 346

3.3 The effect of treatment on meat microbial community structure 347

Rapid microbial growth in meat contributes to tleelopment of an off flavor and/or color, 348
leading to meat that is unappealing and unsuitiiblauman consumption. The diversity and349
composition of meat microbial communities is deparidon the storage conditions and3s0
competition between organisms present in the mégt@aard,et al. 2015; Doulgerakigt 351
al. 2012). Therefore, the effect of treatment onrnherobial community structure in turkey 352
meat was determined, via a combination of cultoratilependent and cultivation- 353
independent analyses. Cultivation-independent apalyvere performed by DNA extraction354
and 16S rRNA gene amplicon sequencing, and thesdysms generated information 355

regarding the relative abundance of microbial taxsamples. Prior studies have shown thaise6



the diversity of microorganisms in fresh meat, fishhd environmental samples decreasexs7
during spoilage (Filippiset al. 2018); this loss of diversity was observed intomnturkey 358

meat samples analyzed after five days of incubdfagure 5). 359
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Figure 4: Antimicrobial activity of FLK (1.92 mM) and Sodium nitrite alone and in combination at 361
different concentrations in minced turkey meat stoed at 4°C. The y-axis represents the decrease in totaB62
aerobic heterotrophic bacterial CFU/g between obatnd treatment samples (mean = SEM, n = 9). @di@&n 363
nitrite concentration of 1.08 mM (75 ppm); and @ydium nitrite concentration of 0.5 mM (35 ppm)nfpdes 364
were diluted, plated, and counted at 0, 1, 3 addys (mean + SEM, n = 17, 10, 14). ***p < 0.0ligades a 365

statistically significant difference between treatts and the control at the same day. 366



Microbial communities changed in all treatmentsiniyithe five days of incubation, though 367
the magnitude of the effect differed between trestis (Figures 5 and 6). Alpha diversity368
(within-sample diversity) was calculated using Blgannon index (a measure of microbiaB69
richness and evenness) at the taxonomic level migy@-igure 5). Microbial diversity in the 370
control treatment at day 5 was significantly lowtesn the baseline diversity (Mean Shannor371
Index, 1.78 vs 2.37; Tukey’s test p=0.029). In &ddi microbial diversity (Shannon Index) 372
in the control treatment at day 5 was significamdhyer than the diversity of sodium nitrite 373
treatment and the sodium nitrite/FLK combined meait at day 5 (Tukey’s test p<0.015).374

The microbial diversity of the sodium nitrite andrite/FLK combined treatment was not 375

significantly different from that of the baselineanobial diversity. 376
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Figure 5: Shade plot of 20 most abundant microbiataxa based on genus-level annotationSample 379
grouping was retained, and the scale is the squawée of relative abundance. Bactria from the genus380
Pseudomonas were most abundant in FLK (day 5 or d5) and cdr{ti6) samples, whil&scherichia-Shigella 381
were only present substantially in the control (Bag0) samples. Bacteria from the gerféseudoalteromonas, 382
Psychromonas andPsychrobacteria were abundant in samples treated with nitrite atAd®ve the shade plotis 383
a box plot of Shannon index values (genus-levelife replicates of each group. By ANOVA, groupane 384
were significantly different at the 0.05 level. Byks test indicated that the diversity of the dayxdntrol 385
samples was significantly different than that o ttt0 control, d5 nitrite treatment, and d5 nitriteFLK 386
treatment samples, but not the d5 FLK treatmentpsesn Diversity indices were generated from datsaset387
rarefied to 17,000 sequences/sample. 388
The change, or lack thereof, in microbial alphaedsity by these treatments was consistersso
with the observed microbial community structure.s&me microbial communities were 390
largely comprised of bacteria from the gendgacherichia-Shigella, Psychromonas, 391
Pseudoalteromonas, Psychrobacter and Pseudomonas (Figure 5). Bacteria from the genera392
Escherichia-Shigella (order Enterobacteriales) were abundant in the baseline sample393
(average relative abundance of 17.6%) and were nhmwbr in all treatments at day 5 394
(average relative abundance of 1.0%). Althoughntieobial structure of each treatment was39s
significantly different from all other treatmentssimg analysis of similarity (ANOSIM 396
R>0.448; p<0.032), day 5 microbial communities ri@atments containing nitrite (Nitrite, 397
Nitrite+FLK) were the most similar to each othehel were dominated by bacteria from the3os
generaPsychromonas, Pseudoalteromonas and Psychrobacter, with low relative abundance 399
of bacteria from the genuBseudomonas (order Pseudomonadales; Figures 5 and 6300
Conversely, the relative abundance of bacteria frdtme generaPseudomonas and 401
Brochothrix was high in samples from the control treatmentat 8. At day 5, the FLK 402
treatment was intermediate between the controlteeatments with nitrite; three replicates403

were comparable to treatments with nitrite, whil® treplicates were more similar to control404

treatment samples (Figure 6). 405
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Figure 6: (Left panel) Non-metric multi-dimensional (nMDS) plot of midsial communities in meat samples. 407
Data were rarefied to 17,000 sequences per saamdeanalysis was performed at the taxonomic lefvgeous. 408
Data were square-root transformed. The 2D stretiseohMDS plot is 0.07. Analysis of similarity (ANSDM) 409
analyses demonstrated that all groups were signifig different than each other (P=0.008 to 0.(R3jalues 410
ranged from 0.448 to 1)R{ght panel) Average abundance of the ten most abundant balcbeders in the data 411
set, representing >94% of all sequences from alpées. 412
Bacteria from the ordePseudomonadales were most abundant in d5 control and d5 FLKa13
samples. Thus, we confirm in this study that spaileeads to a significant decrease in alphai4
diversity and represents a large increase in thaive abundance of bacteria from two415
genera,Pseudomonas and Brochothrix. In the presence of nitrite or nitrite/FLK, miciab 416
community composition was only modestly altereatieé to the time O control, likely due to 417
the absence of substantial microbial growth. Irsafhples, the relative abundance of bacteriais

from the gener&scherichia-Shigella decreased dramatically from time O to day 5, rdigas 419

of treatment. 420

Cultivation-based analyses demonstrated a signifieduction in the absolute abundance o#i21
bacteria in meat treated with sodium nitrite andtlsgtic RPMs. Cultivation-independent 422
analyses demonstrated that in the presence ofenimicrobial community structure was 423
similar to that of the baseline, despite a decréashe absolute abundance of viable cells424

This is consistent with broad-spectrum bactericatalvity. The FLK-only treatment, which 425



did reduce the absolute abundance of viable dedid,poor activity against bacteria from the426
genusPseudomonas, as indicated by the elevated relative abundaricBseudomonas in 427
FLK-only samples. At day 5, the observed microls@mnmunity structure in the FLK-only 428
treatment was intermediate between treatments nititite and the control and demonstrated29

greater within-treatment variability in the obsefhaicrobial community. 430

Numerous bacterial taxa have been previously desttrin meat spoilage systems, includingt31
bacteria from the phyla Firmicutes, Proteobactand Bacteroidetes. These organisms haws?2
been shown to be responsible for the effects oam&h properties (Hyldgaardt al. 2015; 433
Raimondi,et al. 2018; Thomas,et al. 2011; Bensonet al. 2011). In the control treatment, 434
the relative abundance of botRseudomonas and Brochothrix increased significantly 435
compared to the baseline and other treatmentsyad @@igure S3)Brochothrix was partially 436
inhibited by FLK RPM treatment, with significantlpwer relative abundance in the day 5437
FLK treatment relative to the day 5 control (Figugd). Brochothrix is a significant 438
contributor to the spoilage of cooked meat prodysigchas, et al. 2008) and aerobically 439
spoiled meat that has been stored under refrigeiarditions (Kilchergt al. 2010; Russo, 440
et al. 2006). We observed that the relative abundan®&radhothrix was significantly lower 441
in the presence of nitrite and moderately so witK Rlone (Figure S5). However, the shift 442
in relative abundance of bacteria from the gePsesidomonas was most strongly associated443
with spoilage i(e., control treatment, day 5) in this study and ipstudies (Nychast al. 444
2008). The growth oPseudomonas was inhibited in treatments containing nitritedamith 445
FLK alone a moderate reduction was observed cordparéhe control treatments at day 5.446
Other bacteria, such as those from the ger@aenobacterium and Lactobacillus, are 447
potential spoilers of poultry meat (Rougetral. 2017) but the relative abundance of these4s
two taxa was extremely low in this study, neveremding 0.5% of the observed microbial449

community in any sample. 450



451

3.4 Antimicrobial activity in inoculated minced turkey meat 452

Cultivation-independent microbiome analyses denratesd that one of the main contributors4s3
to meat spoilage waBseudomonas spp. Bacteria from the specid3 putida are also often 454
isolated from aerobically spoiled meat (Hyldgaatdyl. 2015; Doulgerakiet al. 2012), even 455
when stored at 4°C. Previous studies have shownetRaly-L-lysine, a cationic peptide 456
produced byStreptomyces albulus, has weak antimicrobial activity agair@t putida when 457
added to the meat alone. In our study we evaludiedantimicrobial activity of FLK (1.92 458
mM) against a representative food spoilage battstiain, P. putida KT2440, as part of a 459

combined treatment with sodium nitrite (1.08mM)giiie 7). 460
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Figure 7: Antimicrobial activity of FLK (1.92 mM) and sodium nitrite (1.08 mM ) alone and in 462
combination againstP. putida and L. monocytogenes in minced turkey meat stored at 4°C.The y-axis 463
represents the decrease in total aerobic hetetotrdyacterial CFU/g between control and treatmamdes 464
(mean = SEM, n = 9). Initial microbial loads of (R) putida (10" CFU/mL) and (B)L. monocytogenes (10° 465
CFU/mL) were used. Samples was diluted, platedcanmted at time point 0, 1 and 3 days of storageafnt 466
SEM, n =9 for both bacteria inoculation). *,**p <01 indicates a statistically significant differenbetween 467
treatments at the day of measurement. 468
Due to their ability to proliferate at low temparat, bacterial strains in the control sampleg69
increased significantly during the storage perlaitial populations of ~1YCFU/g increased 470
to approximately 1DCFU/g by the end of 3 days at 4°C in control tresits. When FLK 471
was added to the inoculated meat, an approxim8t&e§.CFU/g reduction oP. putida was 472
observed relative to the control after 3 days. Abmation of FLK and sodium nitrite (1.08 473
mM) was found to be most effective for inhibitioh lacterial growth, and compared to the474
control treatment, a combination of FLK and nitiiéel to an approximately 1.9 log CFU/g 475
reduction in cell numbers after 3 days of inculbmatiand this was significantly greater than476
for FLK or nitrite treatment alone (Figure 7A). Sian findings were observed for the 477
foodborne pathogehisteria monocytogenes, a Gram-positive pathogenic bacterium that hag7s
been associated with several outbreaks of foodbdisease over the past decade due in past9
to a wide temperature range for survival and gro@th44°C) (Solomakosst al. 2008; 480
Farber and Peterkin 1991). This non-spore formirigacellular bacteria causes listeriosis481
which can lead to septicemia, meningitis, gastrerting and fetal death. In meat incubateds2
with L. monocytogenes, FLK alone led to a significant reduction in mibial growth, by a 483
decrease of 1.85 CFU/g and was superior to nitiene (Figure 7B). However, a 484
combination of FLK and sodium nitrite improved tlamtimicrobial effect against. 485
monocytogenes even after 5 days of storage (Figure 7B). 486

487



488
4. Conclusion 489
Bacteria in food can lead to its spoilage and édfore a significant economic burden and @90
major public health concern to society. The usepiaEservatives is essential to mitigate491
spoilage but there are toxicity issues associatgd @urrent antimicrobial agents such as492
sodium nitrite. Therefore, there is a need to dgvehew bactericidal agents and foods493
preservative regimens that are less toxic to humanthis study, we evaluated the potentiakh94
of antimicrobial RPMs as effective and less toxod preservatives. Our findings reveal49s
strong antimicrobial activity for 20-mer RPMs thainsist of randomized combinations of496
the amino acids phenylalanine, leucine and lysigairnst multiple strains of spoilage 497
bacteria. We also evaluated the antimicrobial &gtief RPMs in combination with sodium 498
nitrite. By using this approach, we were able twdothe concentration of nitrite required to499
suppress the spoilage of the meat and the growskletted bacteria suchRsputida andL. 500

monocytogenes. 501

Treating food products with antimicrobial agents ¢agger microbiota shifts, as they haves02
the potential to inhibit or even eliminate certgiopulations which can create news5s03
opportunities for the growth of other spoilage origens or even pathogens. To address thizo4
concern, we performed non-targeted analysis of abhiaf community structure in meat 505
samples incubated with and without antimicrobialnpounds. We observed that microbial506
diversity in the control treatment after 5 days veagnificantly lower than the baseline 507
diversity due to the growth of bacteria from theng® Pseudomonas and Brochothrix. 508
However, the microbial diversity of the nitrite andtrite/FLK treated meat was not 509
significantly different from that of the baselinaanobial diversity. In addition, community 510
structure of nitrite and nitrite/FLK samples wasmgarable after five days of incubation, ands11

most similar to the baseline community structureltiation-based analyses determined tha$12



a significant reduction in the absolute abundanfceagteria in meat treated with sodium513
nitrite and/or RPMs had occurred. Our findings destiate the great potential of RPMs as14
safe and effective food preservatives. Ultimatehgir usage could lead to a significant515

improvement in the economics of food production betler outcomes for human health. 516
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Highlights:

* Random peptide mixtures, composed of Phenylalanine:Leucine:Lysine (FLK) showed
broad and strong antimicrobial activity.

» Addition of random antimicrobia peptide mixtures (FLK) to turkey minced meat led to
significant reductions in bacterial abundance in experimental tests.

* Random antimicrobial peptide mixtures (FLK) showed high synergistic activity when
were combined with sodium nitrite to reduce bacterial loads.

» Sodium Nitrite required concentration was dramatically reduced to prevent toxic effect.

* Using high-throughput 16S ribosomal RNA gene amplicon sequencing, we showed
strong antimicrobia activity for random antimicrobial peptide mixtures against spoilage
bacteriain meat.

* Random antimicrobia peptide mixtures have great potentia as safer preservatives for

reducing spoilage in meat and other food products.



