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9oL 9bEGHM™dOL FBsmO 3H9bgbiEos. MmMo smgMwo erol ob 35830mdsd@gMombols
1593MObswmE [o®BsBgdom s 0bFGHIBLOMMIE 2odmoynbgdms  F03OHMBEMJLsE0bO,
01935 0859dBH9gMool dogh  459M3 53900 MYHBoLEIBEHMIOL Asdm gl sbEGHodoMmEGH030
505505 56 5oL ©93MI96E0MJIIO. HBYIM00JdW0EIL Fod8mIobstg, Msbsdgmmay
AbmBEomb OHMYMOE 395630000900, SB939 396305609ds©0 J3946900L §obsdg 339390
oL LoMgowobsgom Josmdol bm®Edo Campylobacter spp. ©om©abmdol 3m33wgdum®o
0mbolidogdgdol  Lsdwmsggdom 999306900l  bogombo.  Foddmygboro  653GMIoL
0@ OGOl dodmbogols bsfodo ymemo®gds 453sb30gdmwos LfmMgo sbgom
300339Jbwy6 Mbolidogdgdby. 53 9356513690l ogoomls Ho@dmogbs Campylobacter
spp. 390m3wgbs x39gMHIoL 30MMdgdd0  oBOOE Fofforgddo s Yzgws 0bogzools
506830300900 053056  SLIMOPIIWOHE ToMO OYMBS  35830-OWPJBIOM S 35930~
SMYMBOM X AYRJ0SQ. 58 Mbold0gdsmoysb «3bodzbgerm3zsbglios 335300 Lobo@s® o
Bm®3dg00, LRMms fgowo (sd0bdMEMIdMo gswo FoMdmowyqbls Campylobacter spp.
393639 gd0l gem-9Mo 3509369 m356 FodBHMOL) s sgBHoWEmo 1533900 @IBITsBYdO.
LoEOLYOESE30M 330930l BoMygddo MJT553505dBHgM0s L. fermnentum-95 459Mm53¢0bs
Campylobacter-ols 3505¢0 989dGHMOMB00 06300060905, M5Ts3 5T 3MIMBOMEH03Z0L 5dEHOME
153390 9653535 499mygbgdol 3m@Egbzoswo sBg9bs. sB939, L. fermnentum-85 dcmobObs
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5Q580560L Bofigrogols g3omgwromdols CaCo-2 »x©9gdol 3Om@gdaos Campylobacter spp.-
00 060303060930Lysb in vitro 306HMdddo. gl 05603693l 035Bg, GMI 06300069ds OO
5Qd5mMd0m (o6BoEgdoom 49b63gmEMEIds in Vivo 306Md90T0s.

0@ 9MsGHMMoL dodmborgsdo, 5939, pobbowrmmos dg3bogMms bbgoolbgs xamnqgdol
9096 Lactobacillus spp. @5 b3 30MMd0Mm3H03900L 2459mygbgdoom Bo@sMgdmwo 33w93990.
B396 9dU396M0d96@3 9000 godm3zGmoabgm pH god@meo b3ggoswmMo  3m3doboMmgdmeo
1533990 5MOL 250MmYygbgdom. Tgbsdsdobs, C. jeuni s C. coli-ob sNGYMB3s Jmbo
05JAH9M0m3Eobol 259 MTog9d0L d94sboBdom, Moz MBOM B3930803MM0 s 9BIJBHVIOO
999960B80s Abgoglo 3MHMEgLYdOL AoBLEBMM(309WgdwsE in vivo. s0bodbrmo doymds
9600369035605 00@9bs, M589bsoE Wo@gMsGHIOIo dmbs3zgdgdol msbsbds, in
vitro 94b396®0d96GHJOd0 MdgTx535 B59dEBIM0JOOL MIMSZGLMIL 5d3L MBIMO MR
Campylobacter spp. s 1bgs 3650-m5MHYMBOMO 3500MY)b9d0, Mo 250mIobsmgmdl 53
054390900l 0gH MmMYsbmo 8553900L-0dgd:530L5 s AF>MTg>30L-3MMOYY30MO0Sb.
153399 90900 250MYMBOWO MMYSBMEo T553900, 539995300l J5TM s sdswo pH-ol
§o60mddboll 9999, MAbs396 Lbbgosolibgs dsmmygbgdl. Ebmdowos, ®md in vivo
300009330 pH  693MmoM©gds memysboBdol 3mdgmbGsbom. Josmdob bsfersgol pH
9950099bL 5.5-b, Mo3 96 8o gbl 5089 3O:Mdwgdsls Campylobacter spp.-obm30lL. X6~
X9IOMB00 ©PIBOE0 5O 5M0OL, G3dIbs© 9BIJGHMOO0 0db9gds Campylobacter spp.-bg
dbmemo pH-©dm30090990 d94s60Ddol 99939mdom dmgdgo Hd9dz035 d59EHgM0gd0L
3990yg9bgds. 50LsB0TBs305, MM QoM SBEH03s00MYbMEO Bgdmddggdols, Lactobacillus
spp. 91939 93w 9bgb Lbgs LoliasGygderm ™M30Lgd9dL, MMAMMOES, FoPIWOMs©, 3bMz9wol
09m6mEM0o Lol gdol dmEIEsEOs.

3322030l 890mgdo
33w930L  doMOMO©O  Md09JBHo:  JoMmIo  LaMgowobsgom  Jomdol  bmeiosb

3WwE030090 o  Campylobacter spp. ©d> Arcobacter spp. ULbgoolbgs  d@sdo.
33w930L5m30L  5)(30egdgo  ©dGT553505dBHgM00l 37  Lbgoolibgs  Lobgmodol  JEsdo
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9mfim©gder 0dbs 3. 905358 LB MOOL  BoJBHIMOMAPOYOL, T0IOMBOMEWMYPO0LS O
3060MmEMmaool  0bLbGHoEGMGHOL Bog®. L. plantarum-ob 10 9GS0 0my35hHms  Lod.
360500 MbogzgMLboGgBHol L. ©@Mdododol bsb. domdodools s dom@Hgdbmemyool
0bLEGHOEMAHOL 3OMISOOMEIOOLS S BOBMNZOHGOOL ESBMOSBHMG05D. B39BL JogM Lbgzoolibgs
0956mb (35y. Y60 gd0sb-L. plantarum-o, b53m©sb L. caser s 5. 0.) 359mymazow odbos
3995535054 BHgMool 5 Ubgoolbgs  Lobgmds, dsom  dmGol L. fermentum-o.
9939608963 gd0lomgz0l dg350Bogo C. jejuni-b, C. coli-b s A. tbilisiensis-ols 8¢59900.
Jomdol  bmeEol  60dMdgdosb  Campylobacter spp.-obs o Arcobacter spp.-ob
390 E03060905 gobbmM309t©s BEIBIOEMwo dgommom CCDA 5356M0b 25dmyqbgdoms
5 35130 96EH0d0MZH03900L oG Jd0m. bdoM Fgdmbggzsdo byFomm oym bod,dgdol 36g-
0637905305 d@EHMbob B3390 S69do.

63905535059 3H9M0900L 311303060905 45bbMGM309 s MRS 59560l 208mygbgdoom.

d90553505dBH9M09d0Ls ©s Campylobacter spp.-ob 3m0b3mdsE0s Tgbodwrgdgero  gobs
B30bL  dogH  F93m8s3900)c0  0bm3zs30MHo  doamdom, OMIgwoE  3MEPolbIMIS
303d0boMgdMms M17 s MH 1533900 9609900L 450mygbadsls (25%/75%) 153390 s09do
Bgo@®ocrm®o pH-ob 99Lsbs@hmbgdemsc.

Campylobacter-ols s Arcobacter-ols Lsbgmdgdol LYY A5TMYgbgde» 0dbs MALDI-
TOF 35960 B39dGHO™BgG®00.

3BGH0B0MEGH03MYM53d 2939 899ga0  9bGH000ME039d0L  godmygbgdom  (Oxoid):
kanamycin (30), penicillin G (10), ciprofloxacine (5), erythromycin (15), gentamicin (30),

chloramphenicol (30), ampicillin (10), streptomycin (25).

Campylobacter-ob ©s Arcobacter-ols ULbgosbbgs  9@EHodol  496mdgdol  bgd3z9bomgds
BoGo®9dme 0465 Illumina MiSeq-ol o Oxford Nanopore 3eno@am®dqdoom.
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GOAMGHMJL0IMOMDBOL QoBLEBEOZMOLIMZOL 25dmYyqbgdr)em 0dbs Roche/Sigma Aldrich WST1
©959H030, OMdgewog oAMO®JL0gzOMBOL 9BIIAOL 93IBL YYXOIEIETo HIOGI oD
95000l gobagBgzom, ol Jggyoos  HoMdmoddbgds  dmfomsm-8mys3oLasem
3992396000mdol  503m0gMgds.  BgBOsBMmEomdol  aobgB3zol  Mbso  sd3m  dbmerme
99H90MM5©  SJBHOMO  MXMHIIOL, TgLodsdoLo  SBYMO  9JBHOIOMDdS 9O  9gbgdom
©sH0sbgdmw  MxMggdl.  0639ds3ool  89dpamd,  803MM3WsbdgBH DY,  Loss
dmmo3Lgdos X Mgd0  Campylobacter/ Arcobacter-msb gms@ ©@s dob  go®9dy,
50396905 WST1 Gg5d@030 10 83¢-0b m@gbmdom. 30 f9000@sb-2 Lssmsdg 0bdsEools
090pmad  ©95Jgos  0BMIGos  139dBHOMBMEMIGGHMOL  Lodmomgdom @  bgds
GOAMGH™M3LO3MNOMBOL  MmEIbMdOL 3535305 BIRdBHOMOO  3MbGOMMOL s Bmbol
(background) 90560 gJd1MH0 006N gdd0L gomgzseolfjobgdoom.

9Jb39603g6G Mo bsfjoemo
99639608960 bsfforo 8moEs3s 4 9Eo3dl. 39Mdm:

1. 30639wo g@s30 Campylobacter spp. 3790035309 5yowo Jomdol beM3osb. 59 9@s3bY
96039369c™m3560 0ym Bodmdol 3619-0630105305, JgLodsdolo BmGIobs s F9zgHoMdOL
9Jmbg 3membogdol ©gBgJ30s s 89mqdgs Campylobacter spp.-m30L FIHILOSMYdJO
IMORMEMY00L abdYIb.

2. 99mO9  9B930-3wEH030090 o  Campylobacter spp.  93s3900L 300639905309
639951535054 3H9M09dmb s dx5535053HJM09d0L 00 FEHodgdol 2obloHw3Ms, MHMIEd03
06 bs396 Campylobacter spp. in vitro 3060HMmd)ddo. 53 9Bo3bY, 91939, 3sbgbwom
639951535054 3H9M09d0L 9Hs0 FE5Tgd0L godmygmasls.

3. 99Lodg 9B930-sdmymxgowo Campylobacter-ols s Arcobacter-ols 959930l Lobgmdgdol
53965 dsbymo  139dBHOMIYBHMOOL  LsFMSEgdom, Fo00  BFH0BOMEH039d0L  JodsOm
936dbMdYEMdOL oYgbs.

XV



4. 9gmobg 9Be30 yzgws A. tbilisiensis  9GHodol (n=19) UL9d3z9boMgds @S FMbs3zgdgdol

5099953995, 390093900L  BLEASGHOLAHOIMMO  FMT3900LOMZ0L  godmygbgdme  odbos
36maM5ds JASP (Version 0.16.3).

893900
1. 65B3969%0 0gbs5, O3 Jodolb bmME0sb 3MwE030090Mwo 93 9BHsdo  Fgo;393L

Campylobacter-ols 6 @5 Arcobacter-obs g™ LobgMBSL. 39HAM:

* C. jejuni, 39 3@sdo

* C. coli, 35 3odo

* A. thilisiensis, 19 3500
2. 56@¢000m 303900l IgMdbmdgemdol dgompom bsBzqbgdo odbs, Gmd Campylobacter spp.
g39d d¢odo 560l 39bozowobolodo (9BobE9bG Mo, bogom
303OMxmdlsgobolsdo HgbolEgbdmewos C. coli - 97% s C. jejuni-ls 79%, G5 6039
3900mb3935d0 doeoero MgHoLEBIbEHMdOL FsB396009w0s. 1939, Towseo MYHoLYEHIbEHMdS
2499M53w0bs F9BH930300b0oledo. 93 96E0d0MEH030L5©0 MgDBoLEHIBEH™Mwos C. coli -l
51%, b C. Jejuni-ly 28%.
3. 65B396900 0465, MmO A. tbilisiensis 22% G9BoLEHIBEHVI0s GYEHMS3E030bol dodsGmro,
44% 53w9bl MBoLEBHIBEGHWWMBL 5330300bols B0dsMrm, bmwm 3gbogowobols dodstron
M9DoLEBbGHWWos A. thilisiensis-ols y3gws 9Eodo.
4. Campylobacter-obs s Lactobacilli-s 30-0632995300 M17/MH 153390 50980 (C-broth)
9090b5MM3L 1533980 sGOL bgoE®oe Mo pH-ob 9b560hMbgdom.
5. 299m3wobs, OmA L. fermentum 50630006090l Campylobacter-ols mM0g3g Lobgmdsl (C.
Jejuni s C. Coli) in vitro 24 Bss00b 2960530 Md5d0 3006399953008 89909y, “995MHYMR0MO
3MBAHOME0oLs s Bb3s od@™mdo30wgdmsb 300063105300l 6039)d900Log96 45BLbgsgqdom,
d999d9dgeo bgds Campylobacter spp. sdmmgligs b3gE0R0ME s35MDg (CCDA).
6. 30OHMGHMIL03MOMdOL WST1 dgommols gsdmygbgdoom 658396980 0dbs, @I Gmames
Campylobacter-ob, 51939 Arcobacter-ols Lbgoolbgs 9Bodo (115, 99, 38,104,105 o 106)
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5MHYMB0MS© IMJdggdl 5s80560L bofarsgzol 930mgue M9 gdbHg (CaCo-2) in vitro
306Md70d0. 30GMEGHMJLo3MOMdS IgMHygmdl 52-83% dgy.

7. 303™GH™3L03NOHMdol WST1 dgomom, 5939, bsbggbgdos, ®md L. fermentum-ol
056sL(Mgd0m, Bgdmmbligbgdmo 9EHIgd0 3906 sbgebgdgb CaCo-2 M) MgqdoL
3H056gdsL.  35ToLosdg, 30AHMGHMILOZNOMBS b LogHPM® 56 500bodbgds, 96 dolLo
9563969090 36083690 ms.

900900 89092900 3b50YmRL, ®md, Campylobacter-ols mMo Lobgmds-C. coli s C. Jejuni,
95050 LOBAOMOm SMOL  PO3MEIXIONO  SPYOEMIM030 [oMBMgdol Jomdol by
bm®3do. 30m063mdsgool s 89dymdo in vivo 33e93900L 8909290D9 ©oyHbmdom,
QOEO 5WdsMMO00 Fglodegd9w0 25bYds WIJGHMdIE0EGOOLYSE 9O MLIFODHM
30JdBH9owol 89999953905,  blgbgdmo  3mdGHgoeols  Lodmegdom 30 1356 ME
dMHMOgMHgdoL  Bofiersggddo s, dgbodsdols, Gob-bmbdg Campylobacter spp.-ob
b390060mo oo 999306090s.

51336900 s M93mIbs30gdo

Pomdmygbowo  BsdMMmdo  dodmobowogl  3m33egdlydo  Bmdgdol  Lsdswrgdoom
Campylobacter spp. 3mbGH®ME0oL JgbodEgdmdsl. 50bodbmer 3mdwgdume bBmdgddo
dgool  OmymeOE  3gOdolb  30MMdgd0L  Qodxmdalgds  BMHob3zgEgdolsm3zol,  slig3y
00m3mbGHMmwo, 3ghomwo  Campylobacter spp. GuBGocgds @S  3MmbGHOMO,

1606390 gd0lom3z0L  Lgms  fymol dofimgds s s93g 3OMdOMEG0IMWo 1533900
5659530, ®MIgeros bgwls dgmhymdls Campylobacter spp. -0l Gom©9bmdOL d9d;30609d5b.

B396L 3096 Bo@oMgdmmo 9dudgmodnb@mmo 33wg3930L Logdzgubyg 899098539000
Campylobacter-ob ©s»MQM630L LEHMGJY0s in vitro. LBsdmdogwrm 3393900l JoBsbL
39500996L 5060360 LEME IR0l godm3s in vivo LoliEgdsdo.
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LoOLYMOESE30M 33930l BoMPEgddo  Jogdmeo  F9gagdo  360d3bgermgzsbo o
Lo0bEIOGUMS 565 FBMEM©  LodgEboghH M, 5MsdgE 3MIIMEOMEO  MZOEBIBOOLOMG.

396Jdm, ©oy9gadowos L. fermentum-ob o096 Campylobacter-ol sm®ab30l dglsderm
399bmema0s0 Bodmysen0dgdols 30MEGHMOHO A9bBHOMdo, 39049953900
00m39dbmmaools s  1sdgEboghHm  0YadoL  35BHIBGH0MGdS s  Lodmmem x50
50639M9L9dME0 6560B530900L8mM30L 306309@ Mo 30396300
9339605(30900L 3536 (399ds.

d00gdo 999900  360d369crmzsbo  gwowol  99d@sbo  0dbgds  333ergdueo
36OHMO0MGH03w0 3609350530l J98mT53900bmM30L, M3, 308 FBEOOZ, 3OHMOOME03VIO
0odBHoomo  9Bedgdol  doge  Campylobacter-ob  dsd@gMomaobmo  dgdobobdom
oM M635L  ©ogRmMAbgds.  s0bodbMmo  BHodol  B0M3MG35MGHJO0 96> FBMEPME
MBoBOMbMS MO39 qdoLIMZ0L, 9539 8500 F99d0sm FMIbEObMb 3MA3egdumMo

3930965 3MH0b39wol 0860 LoliEgdsby, 390mdm@ oo MbsODY 9B 9B9IEGHWM©
906 dmmb bbgsolibgs dod@gmore 3500mygbl.

©OoLYMH G300l 399amdo 39630005MHgd0LS s 259mygabgdol 3gML3gdE03zs

OoLIOGHE00L  BoMAddo  BoBIMGOIME  3300935L  9J3L  BodmdogErm  2sb30matmgdOL
396039JH035, o3 dgbodegdgos  IMo393IL  3OMdOMGH03No  FBsdol  doge
3MMEE0MJONWO  35JBHIM0oME0bol  4edmgmgBols s d0mJodomE  IbILOSMYDSL,
Campylobacter-ols 8&509d0L  g5dmyqgbgdsl in vivo 9dudgModgb@gddo. 1939, 99dama
9093y LobM3gos 03 306MHMdJOOL  oYgbs, MHMIgwdosg  BddgBHYHomE0bo
3MMEME0MEIYds  FodLoToMMHO  MoMmEIbMdOm.  49BMYMBOO @O FOLYYIO39dYO
05JAH9MomEobol, OHMYMEOE 9M30009090 3OMEMIGOL, 2odmyggbgds dglsdegdgwos
Bgwo Jomdol Gsb-bmMbyg. goglo 3GM©MIGIO0 ©339099I0s, ogowoms©, S33-l
099 gd0oby o 1533900l Losagb@mL (The US FDA) dog6H bméido bbgossbbgs dsmmagbol

(05y. Listeria, Salmonella spp.) 30bGHOMEolm3zol. 9609369m3z5605 500b0dbML, ™A
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1 Introduction

The aim of this PhD research is to assess the occurrence of Campylobacter and Arcobacter
species in raw chicken meat sold in food stores and supermarkets in Thbilisi, Georgia. Another
important goal is to generate data on phenotypic and genotypic characteristics of the
Arcobacter isolates in order to assess their antimicrobial susceptibility and, based on the
sequencing data, to evaluate the Arcobacter genomes for the presence of the genes encoding
for virulence and antibiotic resistance factors. The bacterial strains involved in the present
study were isolated over a two-year period between the fall 2018 and summer 2020.

The aforementioned goals were largely determined by the current circumstances in clinical
and veterinary diagnostics in Georgia: to this date no data exist on the prevalence of
Campylobacter spp. in raw chicken meat and other meat products in this country. Equally
nonexistent are the data on the prevalence of Campylobacter spp. in the human population.
There are two reasons for this: first, Campylobacter is not a reportable pathogen in Georgia
and second, clinical laboratories in developing countries often fail to identify this infectious
agent. This may be due to difficulties associated with isolation of Campylobacter spp. In fact,
neither Arcobacter spp. nor Campylobacter spp. are part of routine diagnostics in developing
countries. Thus, this PhD work is the first research that intends to close the gap in
knowledge about the prevalence of Campylobacter spp. in locally produced raw chicken
meat. This is especially important for bringing the Georgian public health up to the EU
standards in the wake of receiving the EU candidacy status.

Broiler meat is commonly associated with C. jejuni and C. coli worldwide and continues to
remain as the largest reservoir of Campylobacter spp., accounting for 50-80% of human
infections. It has been estimated that 20-30% of human campylobacteriosis cases may also be
due to improper handling. Research publications from Iran and Turkey indicated that
Campylobacter and Arcobacter species were frequently isolated from chicken meat in these
countries (Khoshbakht et al. 2014). Naturally, we assumed that local, Georgian, meat,
especially raw chicken meat, would be contaminated with Campylobacter spp. at somewhat

comparable rates, especially when there are no mechanisms in place in Georgia, to control



these microorganisms. Thus, the primary goal of this PhD research study became isolation
and characterization of Arcobacter spp. and Campylobacter spp. from raw chicken meat
produced and handled locally.

Before embarking on this PhD project, my interest was piqued by the mechanisms through
which lactic acid bacteria (LAB) reportedly inhibit different Gram-negative pathogens, as
highlighted in numerous publications. Scientific publications available on this topic often
relied on data resulting from methods that could not be directly compared, thus requiring
additional research and clarification. For example, most researchers implicated acidic pH
resulting from the production of organic acids by LAB, such as lactic acid and acetic acid, and
their accumlation in the surrounding medium. However, acidic pH could not always be
correlated with the fact of inhibition. In other words, the same low pH value did not always
cause inhibition of C. jejuni in two different studies. Therefore, another mechanism, which
was being masked by the acidic pH, had to exist. It is a known fact that pH value below 4.5
eventually kills Campylobacter spp. Thus, bacteriocin-mediated inhibition of Campylobacter
spp. became the second important goal of this PhD work. This naturally included isolation
and testing of local LAB strains demonstrating such inhibitory qualities. Consequently,
Lactobacillus fermentum was identified as the LAB strain that could effectively inhibit
Campylobacter spp. and Arcobacter spp. in vitro at neutral pH, as demonstrated by the co-
culture and cytotoxicity experiments. To further evaluate the efficacy of L. fermentum in
vivo experiments need to be conducted in live birds sometime in future.

Finally, another important goal of the presented research was to evaluate newly isolated
Arcobacter strains in terms of clonal relatedness, resistance to various antibiotics and

presence of virulence factors.



2 Connection of the current research with the Sustainable Development Goals

2.1. What are the SDGs and why are they important?

In 2015, 193 member states of the United Nations (UN) agreed upon adopting the 2030 UN
Agenda for Sustainable Development. The SDGs were designed to phase out Millennium
Development Goals (MDGs) adopted earlier for the period 2000-2015 and were built on
those goals. The Agenda encompasses 17 sustainable development goals associated with 169
targets (Asian Development Bank, Setboonsarng, and Gregorio 2017). These targets were
designed to serve as inspirational goals for civil society, governments, various international
organizations and private businesses, to plan and implement human development in the next
15 years. The Millennium Development Goals were not unsuccessful, but resulted in
significant achievements during the 15 years of their implementation. Notably, eradication of
extreme poverty and childhood mortality were the biggest achievements of the MDGs (Asian
Development Bank, Setboonsarng, and Gregorio 2017). However, the MDGs also had
shortcomings. For example, they were criticized for failing to address the interdependencies

between the goals and for placing the responsibility on developing countries, instead of

developing a universal approach for the entire world (Norstrom et al. 2014).

2.2. Sustainability in agriculture

In order to survive, humanity must urgently address the issues of sustainability, especially
within the sphere of agriculture. The concept of sustainability was first conceptualized by
the Brundlandt commission as the balance between the needs of the current and the future
generations (Korthals, M. 2001). Sustainable agriculture implies that current generations may
produce maximum amount of food, but without impacting negatively the ability of future
generations to do the same. This means that food must be produced without harming the
environment and upsetting the ecosystems and biodiversity. However, these goals will not be
achievable without implementing certain measures. This is precisely what sustainable

development goals are meant to address.



Sustainability and harmonization with the Sustainable Development Goals (SDG) are the
cornerstone of this PhD thesis, which, besides identifying the unmet need-prevalence and
characterization of Campylobacters in Georgian retail chicken-focuses on the challenge of
controlling Campylobacter at the primary production level as well. This goal must be
implemented with the consideration of the SDGs and it must take into consideration
environmental, as well as social challenges. The conclusions and recommendations provided
in this PhD work have a great potential of being integrated into sustainable development
goals on multiple levels and have synergistic relationship across multiple indicators.
Measures aimed at the reduction of Campylobacter in poultry farms through administration
of an effective probiotic formula in the chicken feed would have beneficial effect on the
health of farm-raised poultry, while consumers would benefit first-hand from the reduction
of Campylobacters and Arcobacters by being exposed to less risk of contracting
campylobacteriosis. Probiotic supplements could potentially decrease the use of antibiotics at
farms due to their immunomodulatory effect and this could have positive environmental
impact as well.

Achieving such ambitious goal, however, will require more activities, such as research and
development efforts for creating of probiotic formulas, as well as business activities and
marketing for the integration of the potential startup into the agricultural industry. Such

activities would spur job-creation and help the local economy improve.

2.3.SDGs and reduction of Campylobacter spp. in farm-raised poultry

Based on the review of numerous publications on Campylobacter spp., specifically C. jejuni
and C. coli- the two most clinically relevant species involved in human disease-there is an
unequivocal connection between the human campylobacteriosis and the prevalence of
Campylobacter spp. in poultry, specifically farm-raised broilers. An important factor in the
goal of elimination, or at least decreasing, of Campylobacter spp. in primary production, has
been the recognition of poultry farms as predominant reservoirs of Campylobacter spp. To
date, elimination attempts of these microorganisms using preventive biosecurity measures

and vaccinations have met with little success due to the fact that Campylobacter spp. are



ubiquitous in nature. Vaccination of broilers against C. jejuni have had limited effect,
whereas, the effect of alternative methods of reduction, such as phage therapy and the use of
probiotics have been moderate. On the other hand, accumulating evidence suggests that
successful inhibition of pathogenic bacteria depends on a particular type of the pathogen and
a particular strain of a probiotic. Additionally, when it comes to elimination of
Campylobacter spp., factors like the administered dose of probiotics and phages, and the
mode of administration make a significant difference.

Several studies reported significant (1-2 logs) reduction of C. jejuni in farm-raised poultry
following application of bacterial cocktails formulated from various probiotic strains of
lactobacilli and bifidobacteria. Probiotics given to chickens through feed, or water, help
regulate the birds’ immune response to various antigens by interacting with different subsets
of cells of their adaptive immune system and stimulating the production of cytokines
(Haghighi et al., 2005). Healthy immune systems and general wellbeing of birds should
potentially decrease the use of antibiotics in order to control bacterial pathogens in the
flocks. Decreasing the circulation of antibiotics in poultry farms is an important aspect in
integrating the primary production into sustainable farming and the implementation of

SDGs. However, we have to first revisit the SDGs and their history to clarify this point.

2.4.2030 Agenda of sustainable development

The 17 SDGs differ from the previously developed MDGs in the sense that they cover much
broader, universal issues, as they were designed to be applicable to all nations with the
consideration that resources, such as land, water, energy and food, are limited. In this
agenda, the concept of sustainability was broadened. For example, it was acknowledged that
resources are limited and that, in supporting ecosystems and to develop further,
environmental issues must be integrated into the concept of sustainability. Additionally, the
concept of universality of the SDGs was based on the integration of three indivisible
dimensions: economic, social and environmental. Thus, to achieve any goal, it must

incorporate all three dimensions with no particular aspect having priority over another, i.e.



any particular goal must produce a result that integrates development across all three
dimensions (Asian Development Bank, Setboonsarng, and Gregorio 2017).

The UN member states that adopted 2030 Agenda and Sustainable Development Goals
should, naturally, demonstrate their commitment to the latter. A fine example of such
commitment is reflected in the 2017 Foreign Policy White Paper of the government of
Australia. Australia has committed to implement water reforms and improve the efficiency
use of water resources and managing and improving freshwater ecosystems (Inquiry into the
United Nations Sustainable Development Goals (SDGs)., 2017) Australian Government.
Department of Agriculture and Water Resources, 2018). One of the goals of the government
of Australia is to better regulate the farm business to promote healthier market (Australian
Government. Department of Agriculture and Water Resources, 2018). Most importantly,
Australia has committed to “farming smarter”, i.e. base the increasing of the country’s
farming productivity on research and development and doubling both the agricultural
productivity and the income of small farm producers.

In contrast to Australian efforts, the Government of Georgia has been focusing on different,
more socially oriented priorities, such as improving social justice and economic well-being of
its citizens. Significant achievements were made in Georgian healthcare. For example, the
hepatitis C virus (HCV) elimination program cured thousands of people, achieving complete
viral clearance and dramatically improving the quality of life for the enlisted patients.
However, Georgia has been less active in addressing the issues related to sustainable farming
and the climate change: the three dimensions were hardly ever mentioned in the official
2015 report on SDGs of the office of the former Prime Minister Giorgi Kvirikashvili (Office
of the Prime Minister of Georgia 2016). Another report on SDGs produced by the
Government of Georgia discussed SDG 16 exclusively (Tutberidze, M., IDFI, 2017).



2.5. Connection of this research with SDGs

25.1 Integrated approach to sustainability

Sustainable Development Goals were designed to transform the world, so that the major
milestones, such as human wellbeing, economic prosperity and environmental protection,
are achieved in an outcome that is mutually inclusive for all the goals. This means that the
goals must be in harmony with each other, i.e. the interdependence of the goals has to be
characterized with positive correlation. The multidimensional approach to sustainability
recognizes all relevant dimensions within and across development goals and their implicit
interdependent nature. The social discourse has become one of the focal points of the
integrated approach and the latest version of the concept of sustainability takes into
consideration the complex interconnections between the environment, economy and
society. Pradhan et al. in their analysis of data on 122 indicators for a total of 227 countries
for the years 1983-2016 available through the United Nations Statistics Division,
demonstrated that there were significantly more synergies than trade-offs within each SDG.
For example, SDGs 1 (No poverty), 3 (Good health and wellbeing), 4 (Quality education), 10
(Reduced inequalities), 12 (Responsible consumption and production), and 13 (Climate
action) all demonstrated synergetic relations, i.e. the correlation values were greater than 0.6
for 80%—90% of the data pairs. The data also showed that the indicators were compatible and
progress, for example, in one indicator was in harmony with the fulfillment other indicators

within the same goal (Pradhan et al. 2017).
25.2 SDG 2: Zero hunger

Reduction of Campylobacters circulating within poultry farms could help maintain healthy
flocks and, eventually, healthier, uncontaminated meat. This is directly connected with SDG
2, Zero Hunger. Developing countries, such as Georgia, need protein for healthy nutrition.
Chicken meat and eggs are significant sources of protein and cheaper, compared to other
sources, e.g. beef and pork. In developed and developing countries alike, chicken remains a

popular food item. However, there are parts of the developing world where chicken meat



and even eggs are considered a luxury. Sub-Saharan Africa and South East Asia are
particularly vulnerable to malnutrition and undernutrition, which are connected to poverty
(Farrell, 2016). The nutritional value of chicken eggs is already high, however it is easy to
make it even more nutritional. Producing chicken meat is not difficult and requires only 1.7
kg of feed per kilogram of chicken (Farrell 2016). The situation with hunger has improved in
Georgia considerably in recent years, according to the 2016 report of Asian Development
Bank. However about 10% of children still remain malnourished. Overall, compared to the
1990s and early 2000s, when Georgia was experiencing severe food shortages following the
economic collapse, the situation has improved dramatically. Yet, there is still much to be
done. Georgia has the capacity to increase production of poultry meat, because, according to
the data produced by European Neighborhood Programme for Agriculture and Rural
Development, only 20% of the total demand on chicken meat was satisfied by locally
produced poultry (ENPARD, 2015). This means that Georgia can not only meet this demand,

but also exceed it.
25.3 SDG 3: Good health and wellbeing

When we talk about health and wellbeing, we almost exclusively imply human condition.
Animal wellbeing and environmentally responsible farming, arguably, can never be
reconciled, due to the absence of basic freedoms that animals must enjoy for compassionate
treatment (Korthals, M. 2001). Although the prevalent opinion is that C. jejun:i does not seem
to have any pathogenic effect in poultry and is a mere commensal organism in the intestinal
tract of chickens, there are studies that prove the opposite: Campylobacter infections have
been shown to be associated with chick mortality, while in laying hens Campylobacters have
been associated with liver lesions (DaMassa A. J. 1992).

Production of Campylobacter-free meat will have a direct beneficial impact on public health
and economy. For example, if in a healthy human Campylobacter infection lasts a few days
in children and the elderly it may have a more complicated form. Recurrent infections and
infections with antimicrobial resistant strains are possible in immunocompromised patients.

C. jejuni may trigger Guillain-Barre syndrome (GBS) or Reiters syndrome (Udaya



Seneviratne 2000). 40% of patients with GBS can be traced to a recent C. jejuni infection (].
E. Moore 2002), (Ronner et al., 2004). One of the most important aspects of chicken meat
production is the issue of antibiotics being used in farms, as well as emergence of resistant

strains of different bacterial species.

25.4 SDG 8: Decent work and economic growth

Innovation and Infrastructure implies that Georgian meat producers, to stay competitive,
must sooner or later introduce preventive measures to control Campylobacter spp. and
Arcobacter spp. in their produce. This means that there is an opportunity to educate farmers
and enable them to select the feed and other products for their farms based on knowledge
and best practice. On the other hand, selecting and testing of new probiotic strains to create
a probiotic formula able to inhibit Campylobacter spp. and other pathogens in the chicken
gut would require attracting investments and launching a small production. This, in turn,
would lead creating new jobs and stimulating the local economy. At this stage, however, the

priority is to identify the strains of probiotics and test their in vivo activities.
2.5.5 SDG 9: Sustainable infrastructure and innovation

Integration of new technologies, ideas and approaches into the attempts to solve existing
problems, or address the potential ones are crucial to innovation. A locally developed
probiotic formula intended to maintain the gastrointestinal health of the farm-raised poultry,
would be the first such environmentally friendly product to control pathogenic
microorganisms like Campylobacter spp. and Arcobacter spp. This would inevitably
contribute to innovation in the meat industry. This can only happen if both science and
business aspects were integrated into a single, streamlined approach. For example, testing the
effect of such product would require in vivo efficacy studies, which would in turn create the
need of seeking collaboration with the industry to conduct such experiments. Improvements
and adjustments to the composition of the formula, such as integration of new prebiotic
microorganisms and other additives able to enhance the efficacy and stability of the probiotic

cocktail, would require additional studies and financing. However, all these aspects are a



consideration for the future. The immediate goal at hand is to investigate the mechanism of
action of the current leading probiotic candidate, which is L. fermentum.

Globally, Campylobacter is associated with significant threat to public health in both the
developed and the developing worlds. This human pathogen has not been studied in Georgia
since 1970s and currently no governmental agency is monitoring Campylobacter spp.. Even
for countries with advanced economies, elimination of C. jejuni has proven to be
challenging: this effort requires complex measures, such as improved sanitation, providing
clean water and environment for the farm-raised flocks along with strict biosecurity
measures introduced in hatcheries and throughout the entire farm. Incorporation of specific
and effective probiotic cocktail in chicken feed is one way to help decrease Campylobacter
spp. in chickens. This approach is not only environmentally friendly, but may also have
many other benefits. The benefits resulting from the elimination of Campylobacter spp. in
farm-raised poultry go beyond the concepts of health and healthy food and fit very well into
2030 UN Agenda for Sustainable Development Goals. The indicators associated with such
benefits may be synergistic with multiple other indicators.

There are a few medium and many small-scale, household-managed poultry farms in Georgia
that produce retail chicken. Among the largest producers “Chirina” stands out due to its
ability to implement vertical integration. Using Israeli management and innovative
technologies in animal nutrition, this company was able to create notable synergies that
noticeably drove down the market price of chicken meat since 2013, when the company was
first established (Livni, USAID Georgia, 2014). To the best of our knowledge, however,
neither “Chirina”, nor any other manufacturer of poultry meat, monitors Campylobacter spp.
in their primary production. Unless monitoring Campylobacter spp. load is not required by
the State, companies are not going to bear the expense and support any measures involving
testing and monitoring of Campylobacter spp. in their produce. This may change, however.
Georgia and European Union signed the association agreement and the Deep and
Comprehensive Free trade Agreement (DCFTA) in 2014 and now efforts are being made,

from both sides, for a better integration of Georgia into the EU trading space (DCFTA
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European Union Legislation 2014). Signing this agreement explicitly states that the goal of
the agreement is “to promote political association and economic integration between the
parties based on common values and close links, including by increasing Georgia’s
participation in EU policies, programmes and agencies”!. The association agreement implies
transposition of EU’s legal standards into Georgia’s legislative system (Office of the Prime
Minister of Georgia 2016, First National Voluntary Review of SDGs). From January 12018,
testing for Campylobacters became compulsory for the meat producers and the limit of
detection constitutes 1000 CFU/g?. The sooner Georgia follows the lead, the better. This is

going to be a good development in Georgian public health policy.

3 Literature Review

3.1. Campylobacter jejuniand Campylobacter coli

Campylobacter spp. are short and fine, curved, motile, microaerobic Gram-negative rods
common to many different animal hosts including livestock, pets and wild animals (Battersby
et al., 2016; Corcionivoschi et al., 2015). The discovery of this bacterium is attributed to
Theodor Escherich, who was the first to identify the spiral-like rods in stained mucous
samples from children and kittens with diarrhea, under the light microscope (Kist, 1986).
The microorganism became known under various names, including Vibrio coli. Although
Escherich was not able to culture the pathogen on solid medium, in 1970s scientists managed
to isolate Campylobacter jejuni-a recognized human gastrointestinal pathogen known today
(Butzler, 2004). The most clinically important and frequently isolated Campylobacter spp.
associated with human disease are C. jejuni, C. coli, C. lari and C. upsaliensis, while C. fetus
appears to be a major veterinary pathogen (Igwaran and Okoh, 2019).

While animals, including cattle and domestic pets, may carry Campylobacter spp.
asymptomatically, humans, after exposure to this pathogen, develop mild or severe bloody
diarrhea that may or may not be accompanied by fever and cramps (Khoshbakht, et al., 2014;

Johnson et al., 2017). Although the majority of human Campylobacter infections are self-

1 https://www.eeas.europa.eu/delegations/georgia/eugeorgia-association-agreement_en
2 https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32017R1495&rid=1
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limiting, antibiotics may become necessary in severe cases, in immunocompromised
patients, or when treating prolonged infections, especially in children (Mattheus et al.,
2012).Today C. jejuni and C. coli are the most frequently encountered Campylobacter spp.
out of total 39 known described to date (M. F. Silva et al., 2020; Zenebe et al., 2020). In
humans, C. jejuni is responsible for 80-90% of infections, while 5-10% of human
Campylobacteriosis cases are caused by C. coli and other Campylobacter species (Davies et
al., 2020). The most important post infection sequelae caused by Campylobacter spp. is the
Guillain-Barré syndrome-an acute neuropathy that results in demyelination of peripheral
nerves and paralysis (Hemal et al., 2016).

According to numerous studies, Campylobacter spp. are considered harmless commensals in
chicken. However, some studies indicate that this might not be generally true. For example,
research on the prevalence of Campylobacterin laying hens identified that both C. jejuni and
C. coli might be associated with vibrionic hepatitis with characteristic lesions forming in
chicken livers (DaMassa A. J., 1992). Studies in laying hens are in fact rare due to a very low
risk of transmission of Campylobacter spp. through eggs and almost nonexistent vertical
transmission of the pathogen. Campylobacter spp. have been identified not only in the
intestines of the laying hens, but extra intestinally as well: for example, in the liver and the
spleen. At times, both C. coli and C. jejuni were isolated from one individual hen, which
agrees with our findings (DaMassa A. J.,1992).

Occurrence of Campylobacter-related enterocolitis in the world, according to various
sources, amounts to 400-500 million cases yearly (Vlieghe et al., 2008). It has also been
estimated that worldwide 50% of chicken meat is contaminated with Campylobacter spp.
(Vandeputte et al., 2019). Among all known Campylobacter species C. jejuni is considered
the leading cause of human campylobacteriosis in industrialized countries. The majority
(about 90%) of the food-borne illnesses caused by Campylobacter spp. are associated with C.
jejuni, whereas, about 5-10% of the cases are attributed to C. coli and C. /ari, however
differences in the prevalence of certain isolates vary geographically (Igwaran and Okoh,

2019). Biochemically Campylobacter spp. are relatively inert: they poorly hydrolyze sugars
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and, to distinguish between species, scientists rely on a few biochemical characteristics
(Burnett et al, 2002). To differentiate C. jejuni from other Campylobacter spp.
microbiologists use its ability to hydrolyze hippurate. However, about 10% of C. jejuni
isolates are unable to hydrolyze hippurate. Moreover, there is another, hippuricase-positive
species- C. avium-first isolated in Italy in 2006 from chicken (Miller et al., 2017). Therefore,
molecular or genomics-based methods should be used to effectively distinguish between
these two species of Campylobacter.

Clinical isolates of Campylobacter spp. are mostly of C. jejuni and C. coli of many sub-types,
as demonstrated by PFGE (Pulse Field Gel Electrophoresis) fingerprinting and serotyping
(Sheppard and Maiden, 2015). MLST (Multilocus Sequence Typing) is another extremely
useful tool for genotyping and source attribution of Campylobacter isolates. With the help of
this tool C. jejuni and C. coli can be differentiated and grouped as either clinical, or animal
isolates. For example, the population structure of C. jejuniis highly diverse and MLST results
may exceed 9000 in sequence types (STs), divided into several different clonal complexes
(CGCs). Additionally, C. jejuni CCs may consist of either host/niche-specific “specialists”, or
“generalists” that nonspecifically colonize various hosts. In contrast, the C. co/i population is
divided into three related clades. Therefore, the three clades of C. coli are linked to specific
ecological niches. Typically, isolates from clinical and farm animal samples are primarily
found in clade 1, while environmental isolates are categorized into clades 2 and/or 3

(Sheppard and Maiden, 2015).

3.2. Worldwide Distribution of Campylobacter spp. and Arcobacter spp.

3.2.1 Campylobacter spp. in the United States and Canada

Just five years ago Campylobacter spp. ranked the third among food-borne bacterial illnesses
in the United States after Salmonella spp. and Clostridium perfringens, according to scientific
publications (Marasini et al., 2018). Recently Campylobacter spp. have been cited as number
one in incidence in the US. For example, out of 22,019 infections identified in the US, the

incidence was highest for Campylobacter spp. (17.8 cases per 100,000 population) followed
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by Salmonella (14.2 cases per 100,000 population). It is important to note that this change
was not due to an increase in the Campylobacter incidence. Instead, Sa/monella incidence in
the US has decreased (Collins et al., 2022). According to USDA data for the fourth quarter of
the fiscal year 2021, the presence of Campylobacter spp. in chicken meat ranged from
22.19% to 73.33%. In the United States, the Food Network identified 6,621 cases of
Campylobacter infections in 2020, yielding an incidence of 13.82 per 100,000 people.

In Canada, campylobacteriosis was added to the list of reportable diseases in 1986. According
to the data downloadable from the Public Health Agency of Canada’s webpage, the incidence
of Campylobacter-related illness increased from 27.23 per 100,000 people in 1991 to 43.58
per 100, 000 people in 2021. As in the US, Campylobacter spp. are the leading cause of food-
borne bacterial infections in humans in Canada as well, chicken meat being one of the most

common sources of human campylobacteriosis in this country (Hodges et al., 2019).

3.2.2 Campylobacter spp. in Australia and New Zealand

Campylobacteriosis is a nationally notifiable disease in Australia and Campylobacter spp. are
the most commonly reported cause of food-borne human gastroenteritis in this country.
More than 37,000 of Campylobacter infection notifications were reported in Australia in
2021 (Australian Institute of Health and Welfare, 2022). At the inception of the Australia’s
National Notifiable Diseases Surveillance System in 1991 the incidence of campylobacteriosis
was 79.1 per 100,000 population and rose to 139.7 per 100,000 population by 2015. The
incidence of Campylobacteriosis in New Zealand is somewhat similar to that of Australia. For
example, in 2014 it was 150.3 per 100,000 population.

Campylobacter notification rates in Australia and New Zealand are higher compared to other
high-income countries. For comparison, the reporting rate in the EU is 100 per 100,000

population (Varrone et al., 2018).

3.2.3 Campylobacter spp. in the European Union

In 2020 Campylobacteriosis in the EU moved to the first position exceeding the reported

cases of salmonellosis thus making Campylobacter the most commonly reported
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gastrointestinal bacterial pathogen in humans (European Food Safety Authority and
European Centre for Disease Prevention and Control 2021). The notification rate in the EU
was 55 per 100,000 people in 2020. Poultry, including broilers, laying hens, turkeys and
ducks, account for 50% to 70% of human Campylobacter infections (Epps et al., 2013).
According to EFSA, over 246,000 cases of Campylobacteriosis occur annually in the EU,
although there are estimates that the actual number may be several fold greater (European
Food Safety Authority and European Centre for Disease Prevention and Control, 2021). The
incidence of Campylobacter-related illness varies geographically within the EU. For example,
Campylobacter enteritis was cited as the second most common bacterial food-borne
infectious disease in Slovenia, where the annual reported incidence of campylobacteriosis
increased by 1.3% from 53 to 67.3 cases per 100,000 inhabitants (Zorman et al., 2006), while
in Belgium, where campylobacteriosis became a leading zoonotic infection since 2005 with
subsequent fluctuations, the annual reported incidence jumped from 49.9 to 73.6 per 100,000
inhabitants in the same time period (Mattheus et al., 2012).

Generally, Campylobacter infections have been on the rise during the past two decades in
both the developed and developing countries in parallel with resistance of Campylobacter

species to various antibiotics (Agunos et al., 2014).

3.2.4 Campylobacter spp. in the rest of the world

Studies from China, Brazil, India, Iran, Turkey and African countries, such as South Africa,
Senegal and Ghana, all report high rates of Campylobacter isolates from chicken and other
meats, indicating worldwide distribution of this pathogen. So is its increasing resistance to
various antibiotics. For example, an Iranian study of 2019 identified high levels of resistance
among C. jejuni and C. coli isolates from children with bacterial enteritis. Resistance to
ampicillin constituted 100% and 90% among C. jejuni and C. coli isolates, respectively. At
the same time, 20% of all strains were resistant to gentamicin (Ghorbanalizadgan et al.,
2019). Painstil et al. identified C. coli and C. jejuni as the most frequently isolated enteric
pathogens both from human and animal samples in West Africa (Paintsil et al., 2022).

Brazilian researchers reported 90% prevalence of C. jejuni among chicken isolates (Wiirfel et
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al., 2019). Thai researchers identified high incidence of MDR strains among both C. jejuni

and C. coli from chicken isolates of Campylobacter (Thomrongsuwannakij et al., 2017).

3.2.5 Campylobacter spp. in broilers: the role of chickens as the host

Numerous publications implicate raw chicken meat as the primary source of Campylobacter
infections. Source attribution studies performed on multilocus sequence typing data
concluded that chicken meat is the main reservoir of Campylobacter spp. and a significant
source of human campylobacteriosis cases (Haas, Overesch, and Kuhnert, 2017). For
example, a recent Canadian study conducted in 2019 in Nova Scotia isolated Campylobacter
spp. from chicken meat and clinical samples taken from diseased humans with the aim to
evaluate any existing correlation between clinical isolates of Campylobacter spp. with those
recovered from chicken meat. Comparative Genomic Fingerprinting analysis revealed that
36 subtypes common between the subtypes isolated from chicken (n=99) and those isolated
from clinical samples (n=153) represented 48.3% of all clinical isolates. This unequivocally
confirmed retail poultry as the largest reservoir of the Campylobacter subtypes (Hodges et
al., 2019). In 2014 researchers from Tulsa University (Tulsa, OK, USA) determined that most
of the STIs isolates of C. jejuni that came from various meat sources, including chicken
gizzards and chicken livers, were the same as those isolated from diseased humans
(Noormohamed and Fakhr, 2014). A Danish research group that investigated the distribution
of serotypes of C. jejuni and C. coli among the strains isolated from chicken and beef and
humans, concluded that the prevalent Campylobacter species in chicken and beef was C.
Jejuni (83-91%), while 95% of the isolates from pork were speciated as C. coli. Among the
human isolates, the majority (95%) were reported as C. jejuni and only 6% belonged to C.
coli, while 62% of the C. jejuni isolates were serotyped as O:1, O:2 and the O:4. These same
serotypes were commonly identified in C. jejuni isolates obtained from broilers and cattle
(Nielsen, Engberg, and Madsen, 1997). A source attribution study based on MLST genotypes
from poultry (n=139), cattle (n=48), wild birds (n=101) and human C. jejun: infections

(n=132) was conducted in 2020 across the Baltic states on 420 human and animal isolates of
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C. jejuni. Follow up analysis identified poultry (88.3%) as the main source of C. jejuni in
human infections (M4&esaar et al., 2020).

Prevalence of Campylobacter in chicken meat varies considerably between different
geographic regions. For example, in some countries, such as Canada, C. jejuni dramatically
outnumbered C. coli among Campylobacter spp. among the chicken isolates: 87% vs. 12%,
according to a 2019 Canadian study (Dramé et al., 2020). A Brazilian study conducted in the
same year identified that 87% of the total Campylobacter-positive samples resulted in the
isolation of C. jejuni (Rodrigues et al., 2021). In other countries, however, C. coli was isolated
at the rates equal to, or exceeding those of C. jejuni. For example, a recent Australian study
found that the majority of Campylobacter isolates from fresh and frozen chicken carcasses
and meat belonged to C. coli (50-77%) whereas, C. jejuni isolates were more common in
beef, pork and lamb (50-88%) (Walker et al., 2019). A 2020 Chinese research determined
that among the 464 isolates positive for Campylobacter spp., C. jejuni and C. coli were
identified roughly at equal numbers-233 and 231, respectively (Tang et al., 2020). An Italian
study from 2016 identified more C. co/ithan C. jejuni among their campylobacter isolates (91
C. coli and 41 C. jejuni from a total of 140 samples that included cloacal swabs and neck
skins) (Pergola et al., 2017). A higher percentage (75.5%) of C. coli among the
Campylobacter isolates from chicken meat compared to C. jejuni (24.5%) was also identified
in a 2011-2013 Polish study (Szczepanska et al., 2015a). However, a later (2017) study, also
conducted in Poland, concluded that C jejuni, not C. coli, was the predominant
Campylobacter species in poultry meat (Szosland-Faltyn et al., 2018). Subsequent Polish
studies reported once more the predominance of C. coli over C. jejuni among chicken isolates
along with high incidence (70%) of resistance to ciprofloxacin (Wieczorek, Bocian, and
Osek, 2020). A similar 2015 study from Thailand also identified more C. coli (n=94) than C.
Jjejuni (n=36) among the isolates obtained from samples taken in and around chicken farms
and hatcheries (Thomrongsuwannakij et al, 2017). A 2011-2013 Argentinian study
investigated prevalence of Campylobacter species in abattoirs and retail chicken meat

(including kosher meat), in and around Buenos Aires. Here, C. jejuni outnumbered C. coli
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both in kosher (36% to 2%) and conventional (26% to 4%) meat. This finding agreed with
previous Argentinian studies where C. jejuni isolates significantly outnumbered those of C.
coli (Guirin et al., 2020).

The source of C. coli in chicken meat could be explained by contamination. For example,
Zorman et al. identified significant number of C. coli among retail chicken isolates and close
similarity between the isolates indicated cross-contamination during the processing of
chicken carcasses (Zorman et al., 2006). In their research Guirin et al. identified a statistically
significant difference between the killing methods used and Campylobacter spp. isolated.
Specifically, the killing method may play a role not only in the level of contamination, but
also the proportion of the contaminant Campylobacter species. This research also determined
that in individuals infected with both C. colf and C. jejuni the two species may be
differentially distributed in the chicken body. For example, C. coli tend to be localized in the
liver, while C. jejuni are mostly found in the ceca and the intestines (Guirin et al., 2020).
According to the scientific opinion that prevailed in the past, diversity within the two
species of Campylobacter-C. Coli and C. jejuni-resulted from their presence in the wild
populations of birds and animals. However, increasing evidence suggests that anthropogenic
factors could be the driving force in the evolution of these microorganisms (Sheppard and
Maiden, 2015). The unprecedented growth of human population has been accompanied with
increasing demand for food and intensification of agriculture and livestock farming.
Industrial farms, characterized by their large populations of broiler chickens, have created a
new environment for Campylobacter species. This has led to the emergence of C. jejuni
lineages that are capable of infecting multiple hosts, as well as an expansion of a specific C.
coli lineage found in both agricultural animals and diseased humans. Additionally, the
prevalence of resistant lineages of both C. jejuni and C. coli has increased, with genetic
exchange occurring between these lineages (Sheppard and Maiden, 2015). Studies have also
identified differences in Campylobacter infections in rural and urban areas: the largest

reservoir contributing to human Campylobacter infections in urban areas is poultry, whereas
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this is not necessarily true in rural settings where other modes of transmission gain

significance (Skarp et al., 2016).

3.3. Campylobacter spp. in the environment

3.3.1 Campylobacter spp. in wild birds

Numerous data suggest that consumption of inadequately cooked chicken meat and/or
unpasteurized milk, is not the only route of transmission of Campylobacter spp., there are
also accounts of campylobacteriosis outbreaks due to contaminated drinking water (Muller,
Bohland, and Methner, 2011). Water has been recognized as a significant source of
Campylobacter transmission. However, wild birds also serve as a reservoir of Campylobacter
spp- Contamination events may occur due to proximity of wells with drinking water to
sewage or as a result of leakage of animal fecal matter into drinking water reservoirs.
Additionally, sewage effluents and agricultural runoffs from farms may end up in drinking
water during heavy rainfalls (Trigui et al., 2015).

Scientists agree that colonization of animals, including chickens, is environmentally driven
and water plays the key role in spreading of Campylobacter spp. within and between flocks
of birds. For example, a Swedish research group determined that Campylobacter spp. are
found in high numbers among ground foraging wild birds and opportunistic feeder birds. In
this research, among the environmental sources, water was identified as the most important
element that may harbor Campylobacter spp. (Waldenstrom et al., 2002). Worldwide,
Campylobacter spp. are highly prevalent in both domestic and wild birds. For example,
several studies demonstrated that both C. jejuni and C. coli are prevalent among waterfowl,
such as common teal (76%). Out of 53 total isolates in this study, 75% belonged to C. jejuni,
while 25% belonged to C. coli (Gargiulo et al., 2011). A 2014 Japanese study identified a 20%
prevalence of Campylobacter spp. in different wild birds. In this case too, the majority of
isolates belonged to C. jejuni (Shyaka et al., 2015). A Danish study conducted in 2016 found a

correlation between the occurrence of Campylobacter spp. in Danish cattle and chicken
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farms and the prevalence of C. jejuni in wild birds-blackbirds and sparrows. For example,
62% and 21% of blackbirds and sparrows, respectively, sampled on a total of 12 farms, were
carriers of C. jejuni (Hald et al., 2015). A large study conducted in Korea throughout 2009
and 2010 sampled over 2000 birds, including migratory species, and identified 15%
prevalence of Campylobacter species with no signs of pathogenicity (Kwon et al., 2017).
Even captive animals, such as cynomolgus monkeys, may also carry both C. jejuni and C.
coli, including MDR strains of both species, with or without clinical symptoms (Koga et al.,
2017). Numerous research publications from across the world report isolation of
Campylobacter spp. from various species of wild birds, including birds of prey, waterfowl,
crows and pigeons, which proves the global presence of these pathogens in the environment.

Thus, wild birds are a significant and recognized environmental source of Campylobacter

(Ahmed and Gulhan, 2022).

3.3.2 Campylobacter spp. in the environmental waters

Some C. jejuni strains have been reported to survive for weeks in the environmental waters.
The length of survival of these strains may depend on the existing specifics of a particular
strain (Mughini-Gras et al., 2016). Transmission of Campylobacter spp. through water may
take place directly by ingesting contaminated water, or indirectly via recreational use of
lakes and ponds polluted with the feces of wild birds. Natural and artificial water reservoirs
where agricultural runoffs from farms with colonized livestock often end up, may serve as a
significant source of contamination (Nilsson et al., 2018). In fact, Campylobacter spp. can be
frequently isolated from surface waters and may serve as indicators of recent contamination
of the waters with animal feces and/or agricultural runoffs. The role of the environment in
the transmission of Campylobacter spp. can be exemplified by an occurrence during the 2003
avian flu epidemic in the Netherlands where a reduction in campylobacteriosis cases by 44-
50% coincided with the massive culling of infected birds in the areas where the culling
occurred, suggesting that the spread of Campylobacter spp. was largely environmentally

driven (Mughini-Gras et al., 2016).
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Several studies have demonstrated that survival of Campylobacter spp. in the environmental
waters was temperature dependent. For example, at 4'C Campylobacter spp. can survive for
several weeks in both seawater and freshwater, while survival time at temperatures closer to
25°C drops dramatically to several days, which means that the presence of Campylobacter
spp. in environmental waters is driven by seasonality (Trigui et al., 2015; Jones, 2001). Some
sources, such as US CDC, report that in the developed countries the diagnosed
campylobacteriosis cases are frequently acquired as a result of travel to the developing world.
However, there are significant reservoirs of Campylobacter species in the developed
countries found in farm-raised chickens with high prevalence of Campylobacter spp., and
even in wild birds that may serve as significant vectors of Campylobacter species

(Szczepanska et al., 2017).

3.4.  Arcobacterspp. as emerging pathogens

The genus Arcobacter belongs to the family of Campylobacteraceae of the epsilon division of
Proteobacteria (Vandamme et al,, 1991). The hypotheses about Arcobacter being an
emerging human pathogen transmitted via food chain started to appear in early 1990s (Shah
et al, 2011). Arcobacter spp. have recently been designated as emerging food-and
waterborne pathogens by the World Health Organization, due to their increasing association
with meat and meat products around the world (Son et al., 2007; Collado and Figueras, 2011).
According to some research, A. cryaerophilus is the dominating species among other
Arcobacter spp. found in wastewater and two subgroups of this species have been detected-
1A and 1B (Collado and Figueras, 2011; Pérez-Cataluiia et al., 2018)). This differentiation is
based on the 16 RNA-RFLP patterns, which some researchers do not find useful, indicating
that the taxonomy of the A. cryaerophilus is not yet completed (Pérez-Cataluiia et al., 2018).
Miller et al. suggested a reclassification based on the elements of free-living bacteria, such as
genes responsible for sulfur metabolism, found in Arcobacter's genome (Miller et al., 2007).
The subgroups of A. cryaerophilus may co-exist in one animal or food source, however
subgroup 1B is more frequently isolated than 1A (Pérez-Catalufia et al., 2018). In some

instances, both subgroups may co-dominate one niche and, in others, one subgroup’s
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domination may depend on ecological factors, such as water temperature (Pérez-Cataluiia et
al., 2018).

Both A. cryaerophilus and A. butzleri have been recognized as potential hazard to human
health by the International Commission on Microbiological Specification for Foods (Collado
and Figueras, 2011). However, the actual impact on human health is still not clear and is a
subject of scientific debate (Briickner et al., 2020). Moreover, Arcobacter spp. have been
isolated from clinically healthy humans in Switzerland (1.4% of the population tested) and
South Africa (3% of the population tested) (Collado and Figueras, 2011; Shah et al., 2011).
The significance of the members of the genus Arcobacter as potential pathogens has been
steadily growing since 1990-s when the first three species-A. butzleri, A. cryaerophilus and
A. skirowii-were first classified. Today the genus Arcobacter comprises 30 members,
including the novel species A. tbilisiensis sp. nov. identified in this study. This recent
increase in the frequency of isolation of Arcobacter spp. could be ascribed to both improved
media and isolation techniques. While acquisition of virulence factors has been proposed as
one of the reasons behind the pathogenicity of Arcobacter spp., it seems more plausible that
in the past Arcobacter infections were either misdiagnosed as Campylobacter infections, or
the bacterium could not be cultured. Even today Arcobacter spp. are not part of the routine
culture in clinical laboratories (Gonzalez et al., 2000).

The absence of standardized procedures of isolation may greatly affect Arcobacter incidence
in human infections reported from countries around the world (Briickner et al., 2020). Apart
from the impact of the methodology used, ecological differences and variations in sample
sizes most probably affected the results of the studies as well (Briickner et al., 2020).
Microscopically Arcobacter spp. are almost indistinguishable from Campylobacter spp. Not
surprisingly, these bacteria were previously classified as aerotolerant Campylobacter-like
microorganisms, until in 1991, Vandamme and De Ley reclassified them into a separate genus
within Campylobacteraceae, based on RNA and DNA hybridization and immunotyping
experiments. Arcobacter spp. are very fine, slender and short Gram-negative rods with

curvature characteristic of Campylobacter spp. This microorganism is nonsporeforming and
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motile and can be cultured microaerobically or aerobically at temperatures between 15-37°C
(Vandamme et al., 1991). Arcobacter requires 2 to 5 days for growth. Aerotolerance and the
ability to grow at low temperatures gives the members of the genus Arcobacter advantage to
thrive in the environment. Biofilm formation is another adaptive trait of Arcobacter spp.,
which helps these microorganisms grow in different environmental niches, including abiotic
surfaces, such as polyethylene, stainless steel and copper (Silha et al., 2021).

Arcobacter spp., much like Campylobacter spp., carry putative virulence genes, as
demonstrated by several studies (Douidah et al., 2012). Many of the virulence genes of
Arcobacter spp. have been reported to be similar to those found in Campylobacter spp., e.g.
cadF (adhesion factor) and czaB (invasion factor). A 2013 Iranian study identified cadF and
ciaBin all of 113 A. butzleri isolates using PCR, while in A. cryaerophilus isolates cadF and
ciaB were found at 55% and 97% frequencies, respectively (Tabatabaei et al., 2014). A more
recent study conducted in 2018 did not identify the adhesion factor cadF and hecA or hecB
(adhesion protein and a factor F or hemolysis activation, respectively) based on whole
genome sequencing of geographically and ecologically different Arcobacter isolates (Pérez-
Cataluna et al., 2018). Significant heterogeneity was observed in a Japanese study of cytotoxic
effect induced by Arcobacter, including cell elongation due to enterotoxin production, and
adherence without invasion using VERO, CHO, HEP-2 and HELA cells (Carbone et al,,
2003). Similar cytotoxic effects were shown by the retail meat isolates of Arcobacter spp.
Ciprofloxacin has been reported by some studies as effective against A. butzleri and A.
cryaerophilus, however, resistance may occur due to mutations in the gyrA gene/quinolone
resistance determining region (QRDR) (Abdelbagqi et al., 2007). Resistance to ciprofloxacine
was also observed among several isolates obtained in this study.

One major problem with the enumeration and evaluation of the prevalence of Arcobacter
spp. in water, foods and other sources, is the absence of standardized methods of isolation
and quantification of these microorganisms. Researchers who reported data on Arcobacter
spp. often used methods that could not be compared. For example, quantitative PCR and

conventional culture used for the quantification of Arcobacter spp. in various samples could
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yield completely different results. Additionally, biochemical differentiation of Arcobacter
spp- can be challenging as well, because, like in Campylobacter spp., identification of
Arcobacter spp. is based on a few biochemical tests (Neubauer and Hess, 2006). Instead, to
identify the exact species, researchers rely on DNA probes, PCR, and whole-cell protein SDS
PAGE. PCR identification is especially useful due to the fast turnaround time and ability to

avoid ambiguities of some biochemical methods (Atabay et al., 2003).

3.5. Arcobacterspp. in humans

A. cryaerophilus infections in humans result in acute enteritis with vomiting, watery or
bloody diarrhea, abdominal pain and fever (Uljanovas et al., 2021). In most cases these
infections resolve within a few days and do not require antibiotics. However, since
Arcobacter-related bacteremia and peritonitis have been reported in immunocompromised
patients, antibiotic-based therapy is recommended in this population. For example, following
isolation of A. butzleri from a neonate with bacteremia acquired in-utero, a baby was
administered antibiotic treatment consisting of intravenous penicillin and cefotaxime for 6
days (On, Stacey and Smith, 1995).

According to recent studies, Arcobacter was the second most frequently isolated
microorganism from human fecal samples in Germany and the fourth most common
bacterial isolate from human stool samples in Belgium (Shah et al., 2011) Studies from India,
Thailand, Mexico and Guatemala show that Arcobacter spp. can be associated with traveller’s
diarrhea (Shah et al., 2011). In a 2014 Chilean study that used fecal samples of various
origins, including children’s, low prevalence of Arcobacter was identified in human feces,
however higher prevalence was noted in fecal samples of bovine, porcine and chicken origin.
As of today, no standards exist for the routine isolation of Arcobacter in clinical laboratory
settings, making identification of this zoonotic pathogen challenging. For example, in a Costa
Rican case study of a severe diarrhea in a female patient, the causative agent, A.
cryaerophilus, was identified in an environmental and not a clinical, laboratory due to the
absence of routine workup procedure for Arcobacter at the latter (Barboza et al., 2017). In

2013 an outbreak of A. butzleri was described for the first time in the attendees of a wedding
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in Wisconsin as a result of consuming roasted chicken. Interestingly, all but one patients,
whose stool sample tested positive for A. cryaerophilus, were infected with A. butzleri (Lappi
et al.,, 2013). A German study identified A. butzleri, A. lanthieri and A. cryaerophilus among
human isolates. 36 strains of these bacteria were isolates from more than 4000 samples
processed. The isolates were characterized with high genetic diversity, while A.
cryaerophilus appeared to be less virulent, compared to A. butzleri and A. lanthieri

(Briickner et al., 2020).

3.6.  Arcobacterspp. in chicken meat

Association of Arcobacter spp., particularly A. butzleri and A. cryaerophilus, with chicken
meat has been well-demonstrated (Neubauer and Hess, 2006). According to some research,
chicken meat allows for isolation of Arcobacter more frequently than any other meats (Shah
et al., 2011),(Kabeya et al., 2004). Some researchers suggested that presence of Arcobacter
spp. in chicken feces is in fact low and most contamination is originated from the processing
equipment (Kjeldgaard et al., 2009).

Researchers from around the world have isolated both A. bultzeri and A. cryaerophilus from
chicken carcasses. In a 2002 study conducted in Turkey, researchers sampled 75 (44 fresh and
31 frozen) chicken carcasses obtained from different markets. 95% of the fresh chickens and
23% of frozen chickens enabled isolation of A. butzleri, while no A. cryaerophilus was
isolated (Atabay et al., 2003). Researchers from the Netherlands sampled 2 broiler and 3
chicken flocks in two chicken slaughterhouses. Samples were taken from supply water, one
group of chicken feces and the chicken carcasses and viscera. This resulted in finding that
most chicken carcasses and intestines were Arcobacter-positive, while no Arcobacter was
detected in the supply water. Thus contamination might have originated during the
slaughter (Ho et al., 2006). In another study conducted in Denmark, both A. butzleri and A.
cryaerophilus were identified as chicken meat contaminants (Atabay et al., 2006). The
Isolates from raw chicken meat in Costa Rica included A. butzleri, A. cryaerophilus, A.
thereius and A. skirowii (Bogantes et al., 2015). A study in the United States sampled chicken

carcasses in a commercial processing plant and identified high prevalence of A. butzleri and
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A. cryaerophilus on pre-scold and pre-chill carcasses (97% and 61%, respectively). Post-chill
carcasses yielded significantly less (9.6%) isolates. Out of total isolates A. butzleri (79%)
prevailed followed by A. cryaerophilus (21%). Several other studies demonstrated the
presence of Arcobacter species in poultry meat, such as chicken viscera (17.3%), chicken
breasts (56%) and minced chicken meat (48%) (Son et al., 2007). An Italian study of 2011
identified that 39% of poultry meat samples were contaminated with A. butzleri exclusively
(Amare et al., 2011). Similarly, a Malaysian study identified 39% of retail chicken meat
contaminated with exclusively A. butzleri (Amare et al., 2011).

Retail chicken often accumulate some meat exudate in its packaging. This exudate or meat
juice contains blood and electrolytes and, apparently, protects Arcobacter spp. from damage
during storage at low temperatures. High rate of survival of A. butzleriin chicken meat juice
at low temperatures was demonstrated by researchers from Denmark (Kjeldgaard et al.,
2009).

Studies from different parts of the world have been reporting Arcobacter spp. as
contaminants of chicken meat. For example, a 2011 Indian study revealed Arcobacter
contamination in a variety of samples that also included chicken (12%) (Patyal et al., 2011).
A. butzleri was isolated from 26.5% of Ghanian chickens (Paintsil et al., 2021). 45% and 14%
of Iranian chicken carcasses were positive for A. butzleri and A. cryaerophilus isolated in
2014 using enrichment protocol (Khoshbakht et al., 2014). In 2005 a then new species of
Arcobacter-A. cibarius was isolated from Belgian broilers (Houf et al., 2005). Fernandez et al.
found that prevalence of Arcobacter spp. on chicken carcasses was much greater than on any
other meat parts, which was suggestive of contamination of either the equipment, or the

facilities, or both (Fernandez et al., 2015).

3.7.  Arcobacterspp. in animals

In animals Arcobacter species have been implicated in abortive infections and enteritis
(Briickner et al., 2020). Not surprisingly, first isolates of Arcobacter spp. came from aborted
bovine and porcine fetuses (Shah et al., 2011). A. cryaerophilus has also been isolated from

raw milk sampled from cows with mastitis (Douidah et al., 2012). In non-primate monkeys
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Arcobacter spp. cause chronic diarrhea. However, scientific data suggest that representatives
of the genus Arcobacter could be commensals in some clinically healthy domestic and farm
animals, such as cats, dogs, cattle and pigs.

Because of the high body temperature of birds (40-43°C), it has been suggested that
Arcobacter spp. may only transiently colonize chickens due to the preference for lower
temperatures (26-30°C) for growth (Fernandez et al., 2015). This is debatable, because not
only Atabay et al. reported healthy domestic geese harboring these bacteria, in our
laboratory we have grown isolated A. cryaerophilus strains microaerophilically both at 37°C
and 42°C (Atabay et al., 2008).

A wide genotypic variety of Arcobacter spp. sometimes exists in animals living in the same
household, which may indicate that some genotypes could be more pathogenic than others.
Although A. bultzeri has been linked with human and animal infections, neither the exact
mechanism of pathogenicity, nor the infective dose of this microorganism are known
(Uljanovas et al., 2021). On the other hand, the pathogenicity of different Arcobacter isolates
has been confirmed by studies using human and animal cell culture-based assays: pathogenic
Arcobacter species, possess Campylobacter-like virulence factors responsible for adhesion,
invasion and cytotoxic effect, which proceeds with up-regulation of interleukin-8 (Collado
and Figueras, 2011).

Taking into consideration the wide variety of sources from which Arcobacter spp. have been
isolated, it has to be understood that these microorganisms are ubiquitous (Hamill, Neill, and
Madden, 2008). Apart from environmental and ground waters, sewage and floodwaters,
various food products, such as meats, ready-to-eat salads, and delicacy mollusks, Arcobacter
spp. have also been isolated from food-processing facilities and food-processing equipment
(Di Noto et al., 2018).

Several studies demonstrated association of A. cryaerophilus with farm-raised pigs as well as
retail pork meats (Kjeldgaard et al., 2009). The most frequent isolate from pork meat was,
again, A. butzleri followed by A. cryaerophilus. A Belgian study conducted in 2004 on

healthy pigs at four different farms identified a wide genetic heterogeneity of Arcobacter
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spp., sometimes several genotypes colonizing one individual. 16 to 85% of pigs were found
to be colonized with Arcobacter spp. (Van Driessche and Houf, 2007). An Australian study
conducted in 2006 confirmed that pig farms may, in fact, be reservoirs for Arcobacter spp. By
sampling pig effluent ponds and soil treated with effluents, researchers identified that out of
total 83 isolates 49% belonged to A. cryaerophilus and 35% were those of A. butzleri
(Chinivasagam et al., 2007).

In 2007, a Belgian study identified the presence of Arcobacter on 91% of different parts of
pork carcasses following slaughter, most probably due to fecal contamination. Although the
predominant species identified in the feces was A. butzleri, A. cryaerophilus was more
prevalent on the carcasses (Van Driessche and Houf, 2007). The study also noted that chilling
decreased, but did not eliminate contamination levels. The fact that 10 or more genotypes of
Arcobacter were isolated from the herds killed on the same day indicated cross-
contamination. Notably, samplings of water and worker’s boots in this study also yielded
Arcobacter spp., to reconfirm the importance of water in the transmission of these bacteria
(Van Driessche and Houf, 2007). Moreover, water most certainly was the primary source of
transmission in this case, therefore future studies should focus on the role of water in the
transmission of Arcobacter spp. in farms.

Arcobacter spp. have been identified and quantified at 102-104 CFU/g of feces with healthy
cattle in a different Belgian study and ranged from 5% to 15% at the three farms examined
(Van Driessche et al., 2004). A more recent Italian study focused on sampling milking cows,
milk samples, as well as farm surroundings, including other animals, such as pigeons and cats,
living on the farm. A. cryaerophilus was identified as dominant species (54.2%) in a total of
463 samples., except for raw milk, where A. butzleri was the most frequent contaminant
(Giacometti et al., 2015).

Due to formation of biofilms, which create protective matrices on various surfaces in the
slaughterhouse environment and food-processing equipment, Arcobacter spp. can effectively
survive disinfection. Biofilm formation was noted at a wide range of temperatures: from 5°C

to 37°C (Silha et al., 2021). A. bultzeri can survive refrigeration temperatures for at least 3
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weeks, as reported by Hilton et al.in 2001 (Hilton et al., 2001). Also, as demonstrated by a
Danish study, chicken juice medium enables Arcobacter spp. to survive better in the food-
processing environment showing less than 1 log reduction after 77 days at 5-10°C (Hald et al.,,
2015).

De Smet et al. found that the predominant species of Arcobacterisolated from beef carcasses,
chilled beef and raw minced beef was A. butzleri, although other species, such as A.
cryaerophilus, were frequently present. Chilling the meat for 24 hours greatly diminished
the amount of Arcobacter spp. A significant decrease of Arcobacter spp. from the initial 37%
on pre-chilled bovine carcasses down to 7% on beef was observed post chilling (De Smet et
al. 2010). In the same study 9% of minced beef was positive for Arcobacter spp. In some
countries, such as Belgium, minced meat is eaten raw and this is particularly alarming (De
Smet et al. 2010). Although there is probably no absolute single measure of eliminating
Arcobacter spp. from meat products, good hygiene practices maintained in the production

process is probably the most important aspect of meat production.

3.8.  Arcobacter spp. in domestic animals and pets

Domestic animals may also harbor Arcobacter spp.: studies of Arcobacter prevalence
conducted in Italy (2008) and Belgium (2007) examined cats and dogs as potential carriers of
Arcobacter spp. While no cats tested positive for Arcobacter spp. in the Belgian study, 79%
of cats were carriers of either A. bultzeri or A. cryaerophilus (66% and 29% of the positive
population, respectively) in the Italian study (Houf et al.,2007). Only a small percentage
(2.6%) of the Belgian dogs carried Arcobacter. These findings indicate that pet animals may
be able to contribute to the spread of Arcobacter species in the domestic habitat and that
their recovery may be affected by geographic and seasonal variations. Seasonal variations
may, in fact, play an important role in the prevalence of Arcobacter. Additionally, as
mentioned before, recovery of Arcobacter spp. from animals in different geographic regions

are greatly affected by nutritional factors and methods of isolation.
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3.9. Arcobacter spp. in the environment

Increasing evidence suggests that transmission of Arcobacter spp. is strongly associated with
contamination of environmental and ground waters with human and animal fecal matter
(Collado et al., 2008). Microorganisms of the genus Arcobacter share the ability to form
biofilms with Campylobacter spp. Additionally, their aerotolerance and the ability to grow at
temperatures below 30°C, better adapt Arcobacter spp. to different environmental conditions.
A 2004 study that tested survival of A. butzleri NCTC 12481 in chlorinated and
unchlorinated water revealed that, while chlorinated water resulted in the attenuation of
this microorganism after 5 minutes, the bacterium remained culturable for 16 days in
untreated water (Moreno et al., 2004). In comparison, A. tbilisiensis survived for 10-14 days
in river water at refrigerated temperatures (refer to the methods and result sections). These
facts explain isolation of Arcobacter spp. from environmental and drinking waters suggesting
that water plays the key role in their transmission. A 2008 study of the marine environment
conducted in Messina, Italy, which isolated Arcobacter spp. from surfaces of planktonic
copepods also supports the evidence about the special relationship of Arcobacter spp. with
aquatic environments (Gugliandolo et al., 2008). Waters from river estuaries in Southern
Italy also yielded cultures positive for A. cryaerophilus from 75% samples tested, although
100% of the samples were positive when tested by either PCR or FISH(Fera et al. 2010).

Sequences of A. butzleri genome showed high similarity to Sulfuromonas denitrificans,
Wolinella succinogenes and a deep-sea bacterium Sulfurovum nitratiruptor, thus revealing
dependence of Arcobacter spp. with environments dominated by water (Miller et al., 2007).
Environmental waters serve as significant reservoir for Arcobacter species. For example, A.
butzleri and A. cryaerophilus were isolated from 55% seawater and freshwater samples in a
Spanish study (Collado et al., 2008). Again, the dominant species was A. butzleri (94%)
followed by A. cryaerophilus (30%). Similarly, 30% of bivalve mollusks from the Adriatic sea
were carriers of A. bultzeri and A. cryaerophilus (Leoni et al., 2017). Moreover, in salty
marshes another representative of the genus Arcobacter- A. nitrofigilis- is associated with

plant roots as a nitrogen-fixing bacterium, while a few other species are free-living
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environmental bacteria (Ho et al., 2006). Sampling of lake Erie beaches in Ohio, US, revealed
significant contamination of waters by A. cryaerophilus and its density in the lake
significantly correlated with the human-specific fecal marker HuBac by Spearman’s
correlation analysis (Lee et al., 2012). These facts indicate that contaminated water and food
indeed play a very important role in the transmission of A. cryaerophilus and may in fact be
the main routs of transmission of Arcobacter spp., especially when considering that, besides
animal feces, Arcobacter spp. have been isolated from human fecal samples. For example a
German study, which analyzed 4636 fecal samplings from inpatients and outpatients,
identified A. butzleri as he most frequently isolated microbial species, followed by A.
cryaerophilus (24.7% and 10.3%, respectively). A. lanthieri was isolated to a lesser extent
and, while all three microorganisms were found in the outpatient samples, the inpatient
samples allowed for the isolation of A. butzleri alone (Shah et al., 2011; Briickner et al,,
2020). A. butzleri also predominated other Arcobacter spp. in the stools of Belgian and
French patients, as well as in patients with gastrointestinal symptoms in South Africa

(Collado et al., 2008).

3.10. Antimicrobial resistance in Arcobacter spp. and Campylobacter spp.

Macrolides, fluoroquinolones, aminoglycosides and tetracyclines have usually been effective
against Arcobacter spp., while reduced susceptibility to these antibiotics have also been
noted (Uljanovas et al., 2021). This is especially true for fluoroquinolones. Until recently,
ciprofloxacin was considered a drug of choice for treating Campylobacter infections
(Pedonese et al., 2017).

In general, about 40% of Campylobacter isolates worldwide are resistant to fluoroquinolones
(Kinana et al., 2007). The problem with the drug-resistant foodborne bacteria is that they
have a selective advantage in those patients who were already treated with antibiotics for
different reasons. These circumstances result in increased transmission of such pathogens
(Hashempour-Baltork et al., 2019). In the early 1990s several Asian (China, Thailand,

Vietnam) and European countries (Sweden, Spain and the Netherlands) introduced the
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veterinary use of quinolones. This coincided with primary resistance to fluoroquinolone
therapy in patients in the same countries (Alfredson and Korolik, 2007).

In a 2016 Belgian study the majority of A. butzleri isolates (87%) were susceptible to
ciprofloxacin, however more than half of A. cryaerophilus strains (51%) were resistant to this
drug (MIC >32 mg/L) (Van Den Abeele et al., 2016). All ciprofloxacin-resistant strains carried
the same mutation in the gyrA gene. Mutation in the QRDR region (gyrA) gene was also
found in some of the Arcobacterisolates identified in our study.

Interesting results were obtained by a research group of the University of Palermo, Italy,
who isolated Arcobacter spp. from environmental waters and tested their antibiotic
susceptibility.The majority of isolates (96%) belonged to A. butzleri, while A. cryaerophilus
isolates comprised the remaining 4%. All strains were resistant to tetracycline, nalidixic acid
and B-lactam antibiotics, such as ampicillin, cefalotin and cefotaxime. A few A. butzleri
strains isolated from seawater, seaweed, and river water were resistant to both erythromycin
and ciprofloxacin. One A. butzleriisolate was identified as resistant to ciprofloxacin alone. At
the same time, all A. cryaerophilus isolates were resistant to all tested antibiotics, except for
gentamicin. In 2020 Czech scientists identified that the 60 strains of Arcobacter spp. they
had isolated from different sources, including water, were highly susceptible to gentamicin
(98.3%), ciprofloxacin (95.0%), and erythromycin (100.0%). The majority of the Arcobacter
isolates were susceptible to ciprofloxacin in a 2020 Estonian study as well (Uljanovas et al.,
2021). On the other hand, high levels of resistance were noted to clindamycin and
tetracycline while combined resistance to both clindamycin and tetracycline was observed in
38.3% of the isolates (Silha et al., 2021). A Tunisian study of 2020 identified that among
chicken isolates of Arcobacter, where A. butzleri predominated, all 24 A. butzleri strains
were significantly resistant to erythromycin (P = 0.0015), ampicillin (P = 0.001), and
ciprofloxacin (P = 0.05). All 4 A. cryaerophilus isolates were susceptible to ampicillin,
amoxicillin-clavulanic acid and gentamicin. 83% of all Arcobacter spp. were identified as

MDR, which is a serious public health concern (Jribi et al., 2020).
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3.11. Mechanisms of antimicrobial resistance in Campylobacter spp.

Macrolides or fluoroquinolones have been the antibiotics of choice for the treatment of
Campylobacter infections, however resistance to both groups of antimicrobials has been on
the rise (Aleksi¢ et al., 2021). Even to this day, both fluoroquinolones and macrolides are
frequently used to treat campylobacteriosis (Abd El-Tawab et al., 2019).

The World Health Organization (WHO) recognizes antibiotic resistance in medicine and
agriculture as a major public health concern worldwide. With the prospect of therapeutic
failures of life-saving treatments antibiotic resistance has a potential to become a global
challenge to human and veterinary medicines (Koga et al., 2017). Increased virulence
resulting in longer duration of illness has been demonstrated in studies of infections caused
by pathogenic bacteria that are drug-resistant (Michaelis and Grohmann, 2023). Resistant
strains of Campylobacter spp. can prolong infections and make treatment ineffective,
especially in the immunocompromised patients, where the incidence of campylobacteriosis is
higher (Bungay et al, 2005).

There are two reasons why Campylobacter spp. in general, and their resistance to
antimicrobials in particular, should be of concern: first, C. jejuni and C. coli can evolve
rapidly and adapt fast due to their large populations, even though de novo mutation rates in
this microorganisms are rare. Second, horizontal gene transfer helps these pathogens acquire
a large number of polymorphisms simultaneously. Such resistant lineages of both C. jejuni
and C. coli have an advantage over their competitors and can expand locally very fast, as
both species easily adapt to multiple hosts (Sheppard and Maiden, 2015).

One of the circumstances contributing to drug resistance of bacteria is that the genes
encoding for antimicrobial resistance are frequently located on mobile genetic elements:
plasmids, transposons, and integrons, which can be horizontally transferred to other bacteria.
However, in bacteria antimicrobial resistance is mostly plasmid-mediated (Marasini et al.,
2018). Campylobacter species are characterized with genetic mechanisms conducive to
natural transformation and conjugation: once acquired, antimicrobial resistance genes are

readily transferred to new strains. Such heterologous genetic exchange with Gram-positive
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cocci, for example, led to the incorporation of tet(O) and aphA-3 genes into the
Campylobacter genome (Wieczorek and Osek, 2013).

Out of the two mechanisms of antimicrobial resistance (AMR)-intrinsic and acquired-the
latter, which results in a point mutation of the gyrA gene targeted by the drug, is involved in
the resistance to fluoroquinolones in Campylobacter spp. (Wieczorek and Osek, 2013).
Within the quinolone resistance-determining region (QRDR) of gyrA, the most frequent
mutation associated with high levels of resistance to fluoroquinolones is a C to T transition in
codon 86 resulting in Thr-86-Ile substitution (Kinana et al., 2007).

Due to their strong association with mobile genetic elements, such as plasmids and
transposons, integrons also play a major role in horizontal gene transfer (HGT), particularly
in the exchange of drug resistance genes. Integrons are thought to be involved in multi-drug
resistance due to their ability to localize and express MDR genes. Since their first discovery
in the 1980s, integrons have been identified in numerous Gram-negative and Gram-positive
bacteria (Piccirillo et al., 2013). The HGT mechanisms in C. jejuni and C. coli are not yet
completely clear, however class 1 integrons have already been identified in both human and
animal isolates of both species. Despite the evidence of class 1 integrons in Campylobacter
spp. their presence have been demonstrated only in limited number of strains. An Italian
study that analyzed sequences of 362 strains of C. jejuni and C. coli has not identified any
class 1 or 2 integrons in their strains, which were highly resistant to fluoroquinolones,
ampicillin, cephalosporins and tetracycline. Therefore, integron-mediated mechanism of
AMR may be quite rare in Campylobacter spp. (Piccirillo et al., 2013).

Besides mutations in the gyrA-encoding subunit of the DNA gyrase, other factors, such as
nodulation cell division superfamily (RND) efflux pump-contribute to both intrinsic and
acquired resistance to fluoroquinolone in Campylobacter spp. (Nikaido and Takatsuka,
2009).

Today emerging Campylobacter strains resistant to various antimicrobials is a major public
health concern in a number of countries due to the use of antibiotics in animal feed (Wagley

et al., 2014). In their 2007 publication, Alfredson and Korolik suggest that the use of
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ciprofloxacin for the treatment of Campylobacter infections is no longer advisable due to
high rates of resistance resulting from indiscriminate use of antibiotics in humans and
animals (Alfredson and Korolik, 2007). To this date, however, the use of antimicrobials in
animal and poultry farms still continues in many countries to prevent and control infections
and even to enhance growth of food animals. As a result, C. jejuni and C. coli are already
resistant to penicillins, the 1st and 2nd generation cephalosporins, trimethoprim,
sulfamethoxazole, rifampicin and vancomycin (Wieczorek, Bocian, and Osek, 2020). Even
though the sub-therapeutic use of antibiotics has been banned in European countries, the
United States still use antimicrobials for enhancing growth of food animals. Phasing out of
antimicrobials for this purpose was “recommended” by the current guidance to the industry,
however it is not legally binding (FDA, 2013). Thus, the main mechanism of antimicrobial
resistance is still due to their use as growth promoters in food animals (Alfredson and
Korolik, 2007). Studies have established a direct connection between resistance profiles
found in Campylobacter spp. isolated from broilers and the antimicrobials used in the
breeders (Tang et al., 2020). Other studies also have linked the use of antimicrobial agents, in
particular fluoroquinolones, in the agricultural industry and veterinary medicine, to the
emergence and spread of resistance among Campylobacter strains (lovine, 2013) Techniques,
such as Pulse Field Gel Electrophoresis and Random Amplified Polymorphic DNA method
were used to match resistance profiles of the broiler isolates to those of the breeders’
revealing vertical transfer of resistance (Han et al., 2016).

Resistance to tetracycline is frequently reported in Campylobacter spp. and, in most cases, it
is caused by the presence of tet(O) gene. Indeed, due to its low cost tetracycline is the most
widely used antibiotic in avian production. With years, however, its effectiveness has been
decreasing, as its microbial spectrum has been narrowing (Wieczorek and Osek, 2013).
Among the isolates of Campylobacter spp.-51% and 96% of C. jejuni and C. col,
respectively-were found to be resistant to tetracyclin in this study. The zet(O) gene seems to

have global presence and has been detected in many parts of the world. For example, a study
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from Ireland identified that 100% of the chicken isolates of thermophilic Campylobacter spp.
were harboring tet(O) (Lynch et al., 2020).

Emergence of multidrug resistant Campylobacter spp. is also worrisome. In a study
conducted in Ireland more than 24% of 290 C. jejuniisolates were resistant to more than two
drugs (Madden et al., 2011). Resistance was detected to ceftifur (58%), ampicillin (25%),
nalidixic acid (17%), streptomycin (7.9%) and chloramphenicol (8.3%). At the same time,
80% of human C. jejuni isolates were found to be resistant to the cephalosporin ceftifur
(Madden et al., 2011). In a similar study conducted in Poland, 91% of C. jejuni isolates were
resistant to ciprofloxacin (Wieczorek and Osek, 2013). An Indian study observed that the
highest rate of resistance among the C. jejuniisolates from chicken meat was to nalidixic acid
(81.25%) and ciprofloxacin (63.46%). The isolates were also resistant to tetracyclin (41.34%),
amoxicillin  (31.25%) and colistin (37.01%). Resistance to neomycin, ampicillin,
chloramphenicol, erythromycin and gentamicin was found to be 11.05%, 15.86% 6.73%,
5.76% and 3.84%, respectively (Sathiamoorthi et al., 2016). These data show that
antimicrobial resistance among Campylobacter spp. is growing, perhaps partly due to
ineffective regulation of antimicrobial use in humans and animals in developing countries.
Indiscriminate use of antimicrobials was cited as the cause of resistance of the C jejuni
isolates to chloramphenicol among the isolates obtained from the US troops in Thailand
(Bungay et al., 2005).

Prevalence of Campylobacter spp. resistant to various antimicrobial drugs varies from
country to country. For example, an Italian research group that investigated prevalence and
genotypic diversity of C. jejuni and C. coli in fresh retail chicken in Tuscany identified that
prevalence of Campylobacter spp. in the meats exceeded 60% with roughly the same
distribution of C. Jejuni and C. coli (42% and 58%, respectively) and high resistance to
tetracycline, ciprofloxacin and nalidixic acid (79.1%, 72.1% and 65.1%, respectively). 14% of
C. jejuni strains in this study were found to be resistant to both erythromycin and
ciprofloxacin. In a 2011 Polish study, ten out of the 143 Campylobacter strains (7.0%) turned

out to be resistant to 3 unrelated antimicrobials. High rates of resistance to ciprofloxacin
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were observed among the isolates of both species (63% for C. jejuni and 72% for C. coli) and
tetracycline (42% and 43%, respectively) (Andrzejewska et al., 2011). High incidence of
fluoroquinolone resistance was also seen in both species (100% and 98.9% for C. jejuni and
C. coli, respectively) in a study conducted in Thailand. Tetracyclin resistance was high as
well (98% and 56%). Additionally multi-drug resistance was observed in most isolates
(Thomrongsuwannakij et al., 2017).

The levels of resistance to quinolones among Campylobacter spp. may vary geographically.
For example, a study conducted by the Prince Leopold Institute of Tropical Medicine in 2007
identified that the resistance rates to ciprofloxacin among the samples taken between 1994
and 2006 increased significantly among travelers returning from Asia, Latin America and
Africa. The highest rates of resistance were identified in travelers from Asia (71%), followed
by Latin America (61%) and Africa (31%) (Vlieghe et al., 2008).

Antibiotic resistance finds its way to wild bird populations. For example, a 2015 Polish study
sampled 398 of white storks chicks, out of which 5.3% and 2.3% of samples were positive for
C. jejuni and C. coli with 52.4% and 44.4% resistance, respectively, to ciprofloxacine.
Additionally, 19% of C. jejuni and 77.8% of C. coli were resistant to tetracycline

(Szczepanska et al., 2015).

3.12. Control and risk management of Campylobacterspp. in poultry

Due to ubiquitous presence of Campylobacter spp. and Arcobacter spp. in the environment,
strict farm biosecurity measures are perhaps the most significant factor in decreasing their
prevalence in farm-raised poultry, followed by informing consumers about the risks
associated with these infections (Skarp et al., 2016).

Scientific data suggest that Campylobacter colonization in hen occurs without presenting any
clinical signs and as early as 14-21 days. Infection starts with low percentage and increases to
a high contamination level by the time chicks have grown (Guyard-Nicodéme et al., 2016;
Tang et al., 2020). Presumably, maternal IgG antibodies that are transferred from the
mother’s serum to the egg yolk protect the chicks from infections during the first weeks

before their own immune systems kick in. From two weeks of life onward, anti-
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Campylobacter antibody concentrations drops significantly in the chicks’ blood coinciding
with susceptibility of the chickens to Campylobacter colonization. While vertical (from
parents to chicks) transmission events of Campylobacter are rare, horizontal transmissions
are widespread: flocks in farms with intensive production often vary between 10,000-30,000
birds, which facilitates rapid spread of Campylobacter spp. horizontally. Reports regarding
vertical transmission of Campylobacter infections are contradictory: the fact that
Campylobacter spp. have been found in 2-day old chicks makes vertical transmission
plausible, however a study that tracked 60 thousand chicks hatched from the eggs of
colonized mothers did not identify any evidence of such transmission (Silva et al., 2011).
Campylobacter infections within a flock take place amazingly fast: a single chicken that has
been infected can further infect almost 100% of the flock in one week (Vandeputte et al.,
2019). Once a Campylobacter infection has been established after an instance of a rapid
horizontal transmission, eradication of the infection becomes impossible (Silva et al., 2011).

The slaughter process is one of the important stages in primary production. Cross-
contamination of chicken carcasses with Campylobacter spp. usually occurs during this stage
(Tang et al., 2020). After chickens are killed, the broiler carcass will inevitably get
contaminated with the intestinal content. Equipment used in this process will further
introduce Campylobacter spp. into chicken meat (Tang et al., 2020). One of the ways to
decrease the spread of Campylobacter between the infected and uninfected individuals, is to
perform testing and separate chickens into Campylobacter-positive and Campylobacter-
negative flocks. The contamination level may be determined by testing a flock twice: at 4
weeks and a day or two before the slaughter. Since there is no adequate convenient method
of Campylobacter quantification in broiler chickens antemortem, this testing method would
allow for a fast and simple determination of presence of Campylobacter spp. in a particular
flock and take appropriate measures to control this pathogen (Tang et al., 2020). Instead of
taking cloacal swabs, a German study suggested using qPCR sampling of boot socks in order
to detect Campylobacter spp., which is a usual practice for Sa/monella screening in chicken

industry in Europe. Additionally, testing prior to killing allows the producer to determine
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highly positive flocks, which can be frozen and, thus, neutralized. This model was
successfully used in Iceland leading to a significant drop in campylobacteriosis cases in the
country (Haas, Overesch, and Kuhnert, 2017). Denmark also successfully used a similar
model, which resulted in the production of certified Campylobacter-free chicken meat in the
country (Silva et al., 2011).

To prevent transmission of Campylobacter spp. to consumers, poultry farms need to
introduce strict hygienic measures. The probability of contamination of meat during
processing is very high: from the carcasses of the colonized birds Campylobacter spp. will
inevitably end up on the processing equipment, thus contaminating Campylobacter-free
carcasses. To prevent this, thorough decontamination of equipment is mandatory in
processing facilities. Good Hygienic Practices introduced along the processing line and at the
farms in general have been effective in reducing campylobacter (Silva et al., 2011). Some
processing plants revert to treating chicken meat with lactic and/or acetic acids achieving
some reduction of Campylobacter spp. It is recommended not to wash a store-bought
chicken when cooking at home, while in catering kitchens washing the processing areas and
utensils with hot water and hypochlorite has been shown as effective (Silva et al.,, 2011). In
farms, a variety of hygienic measures and feeding practices should be taken to effectively
decrease colonization of birds with Campylobacter spp. For example, installing hygienic
barriers and restricting farm access to limited personnel, monitoring drinking water and feed
for farm chickens, eliminating animal protein in chicken feed etc. All these measures have
been shown to be effective for preventing Campylobacter colonization of farm poultry,

although without its complete elimination (Silva et al., 2011).

3.13. Control of Campylobacter spp. in primary production

The fact that Campylobacter spp. are found in the environment and, as symbionts, in both
domestic and wild animals, makes it especially challenging to control these bacteria in farm-
raised chickens. Antimicrobials use is not advisable, partly because of the inherent resistance
of Campylobacter spp. to some antimicrobial drugs and partly because of the acquired

resistance to others. Another problem is that residual antimicrobials, for example
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sulfonamides, aminoglycosides and macrolides, have been found in meats and fish. Liquid
chromatography and mass spectrometry can both be applied to detect residual antimicrobials
of veterinary use (Ikai et al., 1991). The veterinary antimicrobial drugs widely used to treat
infections in animals can be detected in meat products and European Union has introduced
minimum residue limits in order to protect consumers (Berrada et al., 2010). This leaves the
manufacturers and veterinarians with limited choices, one of these being to combine
available measures in order to decrease Campylobacter infections in farm-raised chickens. In
conjunction with improving the sanitation conditions and introducing strict biocontrol
measures at farm facilities, either phage therapy or probiotic cocktails, or the combination of

the two, may be used.

3.14. Use of LAB supplements in biocontrol of Campylobacter spp.

To decrease the number of Campylobacter spp. circulating within poultry farms without the
use of antimicrobials, prebiotics (fructo-and galacto-oligosacharides) and probiotics
(bifidobacteria and lactobacilli) may be added to chicken feed separately, or as a combination
formula. In vivo experiments using such products have already been conducted with certain
success (Guyard-Nicodéme et al., 2016). For example, PoultryStar® reduced Campylobacter
by 1.88 logl0 CFU/g in chickens in vivo (Guyard-Nicodéme et al., 2016). One of the
mechanisms of action of probiotic bacteria in fighting various pathogens is their ability to
generate antimicrobial compounds. These compounds may be divided into two major
categories: the first category consists of organic acids of low molecular mass, usually below
1,000 Da, while the second group is represented by larger molecules of peptide or protein
nature, known as bacteriocins (Neal-McKinney et al., 2012),(Yang et al., 2014).

While reviewing the literature on the probiotic bacteria inhibiting pathogenic bacterial
species in vitro, it became evident that most authors believed that the antimicrobial activity
of probiotics resulted from the production of organic acids by the latter, due to
oligosaccharide fermentation. In recent years, however, another category of antimicrobial
compounds-bacteriocins-have been gaining prominence in research. It has been

demonstrated that probiotics successfully inhibited Sa/monella, Shigella, Listeria,
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Helicobacter, Escherichia and other species in a manner that could not be attributed
exclusively to organic acids and the resulting low pH of the co-incubation media (Ahmad
and Aqil, 2008).

When bacteriocins were first identified, the predominant opinion was that they were
effective only against the species closely related to the producer bacteria. For example, a
1984 publication that identified and described Lactacin B-a low molecular weight bacteriocin
of about 6,500 Da produced by Lactobacillus acidophilus-demonstrated its activity against
the representatives of the same family-Z. leichmannii, L. bulgaricus, L. helveticus, and L.
lactis. Lactacin B was sensitive to proteinase K, indicating its protein nature and insensitive
to chlorophorm, which showed that it did not contain any lipid (Barefoot and Klaenhammer,
1984).

Today there is growing evidence that bacteriocins can affect a wider spectrum of organisms
and even act as signaling molecules (Klijn, Mercenier, and Arigoni, 2005) An excellent
example is Plantaricin MG-a 2180 Da bacteriocin produced by Lactobacillus plantarum
KLDS1.0391 isolated from traditional Chinese fermented cream. Plantaricin MG
demonstrated a broad inhibitory activity against both Gram-positive and Gram-negative
bacteria, including Listeria monocytogenes and Salmonella typhimurium. Another LAB,
Bifidobacterium bifidum, produces a broad-spectrum bacteriocin Bifidocin B and the genome
sequence of B. Jongum DJO10A revealed two coding sequences (CDS) that potentially
produce lantibiotics-small bacteriocins that consist of lanthionine and beta-methyl-
lanthionine (Klijn, Mercenier, and Arigoni, 2005). Screening for probiotic properties requires
characterization of both the probiotic strain and the pathogenic strain, followed by selection
of the most effective probiotic strain that can be used for therapeutic purposes (Varankovich,
Nickerson, and Korber, 2015). A French research group did just that having isolated 45 LAB
isolates from chicken feces. Characterization of these isolates using molecular methods and
API panels resulted in the identification of L. reuters active against C. jejuni NCTC 11168

(Nazef et al., 2008).
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Many studies have demonstrated some level of Inhibition of Campylobacter species by LAB
in vitro. Most attributed such inhibition to the ability of Bifidobacteria and Lactobacilli to
produce organic acids thus decreasing the pH of the surrounding media (Meremée et al.,
2010). These are mostly lactic and acetic acids that accumulate in in-vitro systems thus
making the system pH drop below what Campylobacter can normally tolerate. Quite similar
results were obtained by Bratz et al. in a study that used a well-diffusion agar assay to assess
the ability of probiotics to inhibit C. jejuniin vitro. The authors concluded that the observed
inhibition was due to the low pH of the cell-free supernatant: whenever the pH was
neutralized, inhibition was no longer observed (Bratz et al., 2014). However, the relationship
between the pH of the cell free medium and the observed inhibition does not always appear
to be straightforward. For example, in the instance of co-incubation of Campylobacter spp.
with L. reuteri (pH 4.3), C. coli and one of the two C. jejuni isolates used in the study were
not inhibited, while the cell free preparations of other lactobacilli inhibited Campylobacter
spp. at the pH close to 4.3 (pH 4.0 and pH 4.1, respectively) (Bratz et al., 2014). In a study
conducted in 2002, Fooks and Gibson observed that cell free preparations of Lactobacillus
plantarum and Bifidobacterium bifidum supplied with oligofructose (FOS) and xylo-
oligosaccharide (XOS), or the combination of the two, effectively inhibited enteric
pathogens, such as C. jejuni ATCC 11351 and £ coli NCIMB 9517 (Fooks and Gibson, 2002).
Interestingly, in disc diffusion assays the cell free media were more effective compared to the
cell fraction. In some cases the pH was lowered as soon as 3 hours, however, inhibition did
not take effect until after 9-24 h. Some studies have put forward a hypothesis that the
inhibitory activity observed during co-incubation of probiotics with Campylobacter spp.
could, besides low pH, result from the synthesis of antibacterial peptides by lactic acid
bacteria (Bratz et al., 2014). Meremde et al. noted in a study conducted in 2010 an increase in
the concentrations of organic acids in co-incubation media (Meremde et al., 2010). The
inhibitory effect was observed against all C. jejuni strains tested and while the authors stated
that the inhibition was due to acidic pH, they noted that the inhibition could also be

resulting from unknown antimicrobial factors (Meremie et al., 2010).
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The intestinal pH in living birds is approximately 5.5. When conducting in vitro
experiments, one must take into consideration that in vivo systems are infinitely more
complex as in living systems many different factors determine gene regulation (Ravindran
2013). As demonstrated in a study conducted by Kral et al. in the experimental and control
groups of chickens, a 30 min incubation of C. jejuni NCTC 11168 at pH 3.75 did not affect
bacterial viability (Kral M. et. al 2012). On the contrary, there have been reports that short-
term exposure to acid causes up-regulated expression of certain invasion factors, e.g. FlaA, in
Campylobacter spp. by driving these pathogens into survival mode (Le et al. 2012). Thus,
exposure of Campylobacter spp. to low pH results in its increased invasiveness. During fecal-
oral route of infection Campylobacter spp. must pass through the environment of extremely
low pH (pH 1.5-2) of the stomach and still be able to infect the host. Scientists think hat the
acidic environment of the stomach primes these bacteria for increased invasiveness (Le et al.,
2012).

Some probiotics affect the ability of Campylobacter spp. to invade intestinal epithelial cells in
vitro. For example, invasion of T84 human colon cancer epithelial cells and human
embryonic intestine 407 cells by C. jejuni NCTC 11168 and C. jejuni ATCC 81-176 was
inhibited by 41% and 35%, respectively, after pretreatment of these cells with L. helveticus
for 1 hour (Wine et al., 2009). In contrast, heat-killed L. helveticus reduced the inhibition
by 24 + 8% and 27 + 9%, respectively, indicating that |competitive exclusion was not the
only mechanism taking place, although L. Aelveticus did successfully adhere to both
intestinal cell lines (Wine et al., 2009). Another finding of the same study suggested the
strain-specific nature of such inhibition. For example, L. rhamnosus did not inhibit C. jejuni
NCTC 11168. At the same time, this probiotic reduced the invasiveness of C. jejuni ATCC
81-176 by 37%, compared to the unprotected control sample. This suggests that the
protective effect of probiotics depended on both the probiotic and the pathogen strains
(Wine et al, 2009). Several research groups demonstrated in clinical studies that some
lactobacilli can modulate the immune response of the host organism. For example, L.

johnsonii Lal enhanced the phagocytic activity towards £. coli in healthy volunteers that
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ingested fermented milk. Lal also increased secretory IgA levels against Sa/monella typhi
Ty21la-an oral vaccine designed to mimic an enteric infection (Dicks and Botes, 2010).

More research is needed to ascertain the mechanisms of inhibition of enteric pathogens, such
as Campylobacter spp., by LAB. Although the pH-dependent mechanism is an obvious and
easier explanation of such inhibition, a more specific, bacteriocin-mediated mechanism may
also be taking place. LAB may directly affect Campylobacter spp., for example by producing
peptides or proteins similar to the mechanism identified by Fujiwara et al. against £. coli

strain Pb176 (Fujiwara et al., 1999).

4 Materials and Equipment

4.1. Equipment

4.2, Cell Culture, Reagents and Supplements

DMEM supplemented with 2% of fetal calf serum Karlsruhe, Germany

Trypsin 0.05% Karlsruhe, Germany

Gibco Phosphate buffer solution, sterile Karlsruhe, Germany

CACO-2 cells-Human Colon carcinoma cell line Institute of Medical Mjcrobiology
cell bank

Roche Sigma Aldrich WST1 Cell Proliferation Reagent Taufkirchen, Germany

Gibco Penicillin Streptomycin Supplement Karlsruhe, Germany

43.  Media and Reagents for Microbiology

BioLife Campylobacter Blood Free Medium |Milan, [taly

Base

Oxoid Columbia blood agar Wesel, Germany
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Deltalab Gram’s Staining Kit Barcelona, Spain

Deltalab Carbol fuchsin stain Barcelona, Spain

GMP Cefoperazone 1 g Thilisi, Georgia

BioLife Bolton broth supplemented with laked | Milan, Italy

horse blood

BioLife Mueller Hinton Broth Milan, Italy
BioLife M17 broth Milan, Italy
C-broth (MH/M17 (75%/25% W/W)) Made in-house
BioLife Mann Rogosa Sharpe (MRS) Agar Milan, Italy

Liophilchem Latex Agglutination Test for C.|Roseto degli Arbuzzi, Italy

Jejuni

BioLife MRS broth Milan, Italy

5 Methods

5.1. Sample collection and Isolation of Arcobacter spp. and Campylobacter spp.

The majority of samples (n=200) were collected over the two-year period from fall 2018 to
fall 2020. Some samples (n=46) were added later, during the summer 2021. Whole chicken
carcasses, chicken breasts, thighs and livers were purchased in supermarkets or direct sales
points of four different producers around Thbilisi.

The purchased whole chicken carcasses were washed with sterile PBS. The wash was
collected into sterile 50 mL tubes, after which the tubes were centrifuged at 3200 RPM for 10
min. Pellets were resuspended in 2 mL sterile peptone water and incubated at 37°C for 2 h.
After incubation 100 pL of each sample was plated using the four quadrant method on 4
different CCDA agar plates containing Campy supplement (cefoperazone and amphotericin
B). The plates were then incubated at 37°C for 48 hours. After incubation, colonies

resembling those of Campylobacter were stained using Gram Staining Kit. Positively
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identified colonies were inoculated on a new CCDA agar several times until monoculture
was obtained. Other samples, were processed in a similar manner.

In other instances, chicken livers were minced in sterile peptone water in a 50 mL tubes,
incubated for 2 hours, after which the solids were separated and 100 pL of the liquid was
plated on four different CCDA plates using the four quadrant method.

Chicken breasts were sampled using sterile cotton swabs, which were pre-incubated in
Bolton broth for 2 hours prior to inoculation of CCDA agar plates. In parallel, 100 puL of
chicken juice samples found in the packages were inoculated on a CCDA plate directly

without pre-incubation.

5.2. Conventional light microscopy

CCDA agar was used for isolating both Arcobacter spp. and Campylobacter spp. For this
reason, agar plates were prepared once or twice a week, according to the manufacturer’s
instructions, to avoid spoilage. A resuspended Campy antibiotic supplement was added to the
agar and mixed in after cooling to 50°C. Plates were then poured and stored at 4'C until
needed. We compared incubation at 37°C with incubation at 42°C and discovered that at 37°C
we had a better rate of isolation.

Microscopy of the cultures were at first performed using Gram’s staining kit. However, later
we relied solely on fast staining of suspected colonies with carbol fuchsin and observation of
curved, S-shaped and/or comma-shaped bacteria. Speciation of C. co/i and C. jejuni can not
be reliably done with the use of conventional methods, such as microscopy and colony
characteristics. In some cases, colonies of C. jejuniand C. coli could be differentiated by color
and shape. However, this information alone is not reliable. Liophilchem’s C. Jejuni latex
agglutination test also gave variable performance, often producing a positive result with both
C. jejuniand C. coli and thus was deemed as unreliable.

In many instances both C. jejuniand C. coli could be isolated from the same chicken carcass.
C. jejuni colonies differed from those of C. coli by the colony shape and color: off white and

spreading droplet-like colonies of C. jejuni versus smaller, discreet, gray-brownish bead-like
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colonies of C. coli However, we noticed that after repeated inoculation colonies could
change morphology on CCDA agar and this need to be observed and investigated further.
5.3. Culturing Lactobacilli

LAB strains were cultured on MRS agar under microaerobic conditions. LAB Colonies
generally appeared after 48 hours of incubation. Gram’s staining kit (Deltalab, Barcelona,
Spain) was used to identify gram positive rods of various sizes. 37 various LAB strains isolated
from Matsoni-traditional Georgian yogurt obtained from different regions of the country
were kindly provided by Dr. Nina Chanishvili of the Eliava Institute of Microbiology,
Bacteriophages and Virology. Additionally, many strains were isolated in our laboratory
from different fermented products, such as pickled cabbages, cucumbers, sour milk and
buffalo yogurt. 14 strains of Lactobacillus plantarum isolated from local sustainably produced
apples were provided by Dr. Nino Gagelidze.

All cultures were frozen either in MRS (Zactobacilliy or MH (Campylobacter spp. and
Arcobacter spp.) broth containing 15% glycerol: in a clean biosafety cabinet a few bacterial
colonies were transferred into the culture broth in a sterile 1.5 mL microfuge tube directly
from a monoculture plate. Bacteria were then resuspended with a 200 uL pipette set at 100
ML and using a sterile filtered pipette tip. The tubes then were stored at -70°C freezer until

needed.

5.4.Identification of the isolates by MALDI-TOF MS

All Arcobacter, Campylobacter, and Lactobacilli isolates were subject to Matrix Assisted
Laser Desorption lonization Time of Flight Mass Spectrometry performed on a Vitek-MS
mass spectrometer, (Biomérieux, Niirtingen, Germany) at the Institute for Medical
Microbiology and Hospital Hygiene of the University Hospital Magdeburg.

Briefly, bacterial cultures were plated on Columbia sheep blood agar (Oxoid, Wesel,
Germany) and incubated under microaerophilic conditions. After 48 hours, a single bacterial
colony from a monoculture was used for identification. For this purpose a colony was
touched very lightly with the tip of a sterile toothpick and spread upon predefined spot on a

barcoded slide with 48 spots, which were first pre-treated with 5 pL of the a-Cyano-4-
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hydroxycinnamic acid (HCCP)-matrix solution. After all samples were transferred on the

slide, it was run on the Mass-Spectrometer.

5.5. Co-culture of L. fermentum with Campylobacter spp.

C-broth was used for co-culture of Campylobacter and Arcobacter isolates with L.
fermentum. This medium was useful in maintaining the pH of the co-incubation medium at
neutral, while allowing for successful growth of both Campylobacter and Lactobacillus
species. Briefly, colonies of Campylobacter and L. fermentum were resuspended, separately,
in 1 mL of the C-broth in a sterile microfuge tube. The OD, of the suspensions were
measured and adjusted to OD 600 0.1 and 1, respectively. 100 pL of the OD,=0.1 of C. jejuni
and 50 pL of the OD¢y=1 of L. fermentum were combined in total of 1 mL of the sterile C-
broth and incubated at 37°C overnight. After incubation the contents of the microfuge tube
was mixed several times and 10 pL of the broth was plated on CCDA in triplicate. The plates
were incubated at 37°C for 48 hours under microaerobic conditions, after which growth of

the spotted cultures was observed.

5.6. Antibiotic Susceptibility Testing of the CampylobacterIsolates

Kirby Bauer disk diffusion method was used to determine antibiotic susceptibility. Testing
was performed on all confirmed Campylobacter and Arcobacter isolates and interpreted
according to the guidelines provided by 2022 European Committee on Antimicrobial
Susceptibility (EUCAST V13.0).

Antibiotic disks (Oxoid, Wesel, Germany) were placed on Columbia Blood Agar plates
inoculated with 0.5 McFarland standard of each respective bacterial strain monoculture. The
susceptibility plates were incubated for 48 h at 37°C under microaerophilic conditions, after
which the inhibition zones were measured. The zone diameters were interpreted as
susceptible (S), or resistant (R) after the EUCAST guidelines (Table 2) (Paintsil et al. 2021).
Because antibiotic susceptibility data is still scarce for Arcobacter spp. for the antibiotics
tested that did not have EUCAST clinical breakpoint for Arcobacter spp., epidemiological

cut-off values (Ecoff) established using the frequency distribution of inhibition zone
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diameters were used (Table 1). For example, cutoff values for tetracycline, ciprofloxacin and

erythromycin were taken from Zautner et. al (Zautner et al. 2023). Developing

epidemiological cut-off has been described previously by Bénéjat et al., 2018 (Bénéjat et al.

2018).

Isolates resistant to at least one antimicrobial from each of the following antimicrobial

groups- tetracyclines, macrolides, and quinolones-were considered multidrug resistant

(MDR), which is defined as resistance to three or more antimicrobials of any substance

group.

Table 1: Antimicrobials used in susceptibility testing of Arcobacter spp.

Group Antibiotic Cutoff
Penicillins Penicillin G > 15 mm
Ampicillin > 13 mm
Aminoglycosides Streptomycin > 11 mm
Kanamycin > 13 mm
Gentamicin > 19 mm
Macrolides Chloramphenicol > 18 mm
Erythromycin > 9 mm
Fluoroquinolones Ciprofloxacin >13 mm
Tetracyclines Tetracycline > 11 mm
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Table 2. Breakpoints for determination of antibiotic resistance of Campylobacter isolates -C.

coli and C. jejuni
Antibiotic (disk concentration) Zone Diameter (mm)
S> R<
Tetracycline (30pg) 30 30
Ciprofloxacin (5 pg) 50 26
Erythromycin (15 pg) C. coli 20 20
Erythromycin (15 pg) C. jejuni 24 24
Ampicillin (10 pg) 13* 7%
Chloramphenicol (30 pg) 18* 18*
Kanamycin (30 pg) 15* 7%
Streptomycin (25 pg) 22% 13*

5.7. Cytotoxicity effect of C. jejuni, C. coli and the Arcobacterisolates on CaCo-2 Cells

To evaluate cytotoxicity of the C. coli, C. jejuni and A. cryaerophilus isolates WSTI cell
proliferation reagent (Sigma Aldrich, Taufkirchen, Germany), CaCo-2 cells, all Arcobacter
isolates and some of the Campylobacter spp. were used. The WST-1 assay is based on a
simple method, while being an accurate and ready-to-use testing system that enables
researchers to measure mammalian cell proliferation, cell viability and cytotoxicity.
Specifically, the WST-1 assay protocol is based on the cleavage of the tetrazolium salt WST-1
to formazan by cellular mitochondrial dehydrogenases. This means that the larger the
number of viable cells, the higher the activity of the mitochondrial dehydrogenases will be,

and the greater the amount of formazan dye is formed corresponding to greater OD.

Prior to setting up the experiments, we determined the optimal number of cells to be

between 5,000-10,000/well. Additionally, incubation times of 24 and 48 hours were tested
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based on the knowledge that Campylobacter spp. are slow growers, their doubling time
being 48 hours. However, the assay did not show any significant difference between 24 and

48 hours of incubation periods.

5.8. Determination of cytotoxic effect of Campylobacter spp. and Arcobacter spp. on

Caco-2 cells.

CaCo-2s were maintained in DMEM-based cell culture supplemented with 2% FBS. Six
locally isolated strains-C. coli (n=3), C. jejuni (n=2) and Arcobacter (n=1)-were used in a
cytotoxicity experiment. Prior to the day of experiment, each bacterial strain was re-
inoculated on Columbia Blood Agar supplemented with sheep blood (Oxoid, Wessel,
Germany). After 24 hours, a medium-sized colony was resuspended from each plate into 1
mL of DMEM in a sterile microfuge tube and then diluted to OD,, 0.01. CaCo-2 cells grown
to 80% confluency were harvested, washed in PBS and diluted 50,000 cells/mL in a total
volume of 10 mL. The dilutions were set up in a 24 mL cell culture plate. 500 uL of the cells
were added to one of the wells, after that 500 pL of the bacterial suspension was added to
each well, mixed and transferred, in triplicate, onto a 96 well plate. The plate was then
incubated for 24 hours in cell culture humidified incubator at 37°C with 5% CO,. After
incubation, 5 pL of the cell proliferation reagent was transferred into each well. The plate
was then placed on a shaker for 2 min and after 30 min incubation in the cell culture
humidified chamber at 37°C the plate was read at 450 nm on a microplate reader. %
cytotoxicity was calculated using the readings of samples, normal controls and the

background: % Cytotoxicity = (NC-Sample OD)/NC x 100

Controls:

NC (Negative Control): CaCo-2 cells alone

BC (Background control): DMEM alone

Calculation: 100 x (OD NC-OD sample)/OD NC

51



5.9. Protection of CaCo-2 cells from cytotoxicity by L. fermetum

Previously we saw that L. fermentum effectively inhibited C. jejuniand C. coli in co-culture
experiments. We, therefore, were very interested in how this probiotic would behave in the
infection assay. Thus we set up two experiments in parallel: in one set up we used CaCo-2
cells challenging them, in separate reactions, with C. jejuni, C. coli and A. cryaerophilus. In
another, parallel, setup everything was identical, except that in each reaction L. fermentum
was inoculated immediately (10 pL of ODg,, 0.01/well) after the infection with Arcobacter
spp. and Campylobacter. Following 24 H incubation and calculation of the results of each
assay, we saw that the cytotoxicity effect, which ranged from 50 to 70%, in the
cyctotoxicity/infection setup did not take place in the setup where L. fermentum was co-

incubated with the Campylobacterisolates.

5.10. Survival of the Arcobacter isolates in river water

The 18 strains of Arcobacter were tested for their ability to survive in the river water, under
refrigeration. Water was collected from the Elbe river in Magdeburg, Germany. After
autoclaving and cooling the water down to room temperature, each of the 18 isolates of
Arcobacter were first diluted to OD,,, 0.001 in the autoclaved river water in triplicate, the
dilutions corresponding to approximately 2x10® CFU/mL (determined separately). Then, after
mixing the prepared bacterial suspensions, 10 pL of each sample was transferred, in
triplicate, into 4 new sterile microfuge tubes containing 990 pL of the autoclaved river water
to be plated on the same day and on days 7, 10 and 14, also in triplicate. The total count of
the tubes was thus 216. After the microfuge tubes containing diluted bacterial samples were
prepared and labeled, those intended for the plating on the same day (Day 1) were set aside
on the bench, while the others were put away in the fridge at 4'C until needed.

For establishing the reference colony forming units (CFU) for each strain, each dilution from
the triplicate was diluted further 1:10,000 in the autoclaved water, thus giving a total of
1:100,000 dilution. Then 100 pL of each sample from the triplicate diluted in this manner

was plated onto a Columbia blood agar plate supplemented with sheep blood using a spreader
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and plate rotation device. The plates were incubated at 37°C for 48 h. After incubation the
colonies were counted on each plate from the triplicate and the average was taken. The
remaining samples were diluted and plated in the same manner on days 7, 10 and 14 with
averaging the CFU counts from each triplicate. Results were then graphed using Libre Office

calc version 7.4.3.2 MC OS X 12.4 (Figure 1).

5.11. Purification of bacterial genomic DNA from the Arcobacter and Campylobacter

isolates

Bacterial genomic DNA was isolated by modified salting out method using 10% SDS, 5 M
NaCl, proteinase K and lysozyme. Briefly, two loopfulls of bacterial colonies obtained from
monoculture were resuspended in 250 pL of TES (Tris, EDTA, Sucrose) buffer using a sterile
plastic inoculation loop. 50 pL of 0.01 mg/mL of lysozyme solution was added to the
suspension. Following incubation at 37°C for 30 min, 250 pL of 10% SDS was transferred into
the mixture, after which 20 pL of 1 mg/mL solution of proteinase K was added. The tubes
were inverted gently 3 times and then incubated at 55°C for 30 min. After incubation,
proteins and SDS were precipitated with 200 uL of 5 M NaCl. In the next step, 100 pL of
preheated CTAB solution was added to the mixture, followed by a 10 min incubation at 65°C.
The tubes were then cooled off to room temperature. After adding 900 uL of chloroform-
isoamyl alcohol (24:1) to the tubes, they were inverted several times and centrifuged at
15,000 RPM for 5 min. 400-500 pL of the aqueous phase was removed carefully post
centrifugation and transferred to a new 2 mL microfuge tube containing 900 pL of
chloroform-isoamyl alcohol mixture. The tubes were inverted again several times and
centrifuged at the maximum speed of 15,000 RPM. The aqueous phase was removed without
disturbing the interphase and mixed into 700 pL molecular biology grade isopropanol. DNA
was precipitated by spinning the tubes at 10,000 rpm for 15 min on a benchtop refrigerated
centrifuge. Pelleted DNAs were then washed with 1 mL of 70% ethanol and left to dry in a
clean biosafety hood for 15 min. After 15 min 50 pL of TE buffer was added to each tube.

The tubes were closed and transferred to the fridge for re-hydration overnight.
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DNA concentrations were measured with Nanodrop C 100. Prior to sequencing the samples
were measured once more using QUBIT kit (data not shown). The quality of purified DNA

samples were checked with Agilent’s Tape Station 4150.

5.12. Whole genome sequencing of the Arcobacterisolates

All Arcobacterisolates were sequenced at the Institute of Medical Microbiology and Hygiene
of the OVG University of Magdeburg’s School of Medicine. Illumina and Nanopore Minion
platforms were used for sequencing.

Library preparation for Illumina paired-end sequencing was performed using the NEBNext®
UltraTM II FS DNA Library Prep Kit for Illumina #E6177 (New England Biolabs GmbH,
Frankfurt am Main, Germany).

Libraries were barcoded using the NEBNext® Multiplex Oligos for Illumina® 96 Unique
Dual Index Primer Pairs #E6440S/L (New England Biolabs GmbH, Frankfurt am Main,
Germany) and sequenced using the MiSeq Reagent Kit v2 (500-cycles, Illumina) as described
by the manufacturer. Barcoded libraries for Nanopore long-read sequencing were prepared
using the Rapid Barcoding Kit 96 (SQK-RBK110.96) according to the manufacturer’s
instructions and sequenced on aR9.4.1 flow cell (FLO-MIN106) on the MinION platform
(Oxford Nanopore technologies 1td., Oxford, United Kingdom). Illumina paired-end reads
were preprocessed using fastp (https://github.com/OpenGene/fastp, v0.23.2), and filtlong
(parameters:--min_length1000--keep_percent 95, https://github.com/rrwick/Filtlong, v0.2.1)
was used for long reads. Genomes were assembled unicycler v0.5.0. The assembly quality was
assessed using QUAST v5.2.0. The assemblies were annotated using the NCBI Prokaryotic
Genome Annotation Pipeline (PGAP) stand-alone software version 2022-12-13.build6494. A
taxonomy check was performed using mash v2.3. The full-length 16S rDNA sequences were

aligned against 16S sequences of Arcobacter reference genomes using clustalW v2.1.

54



5.13. Phylogenetic analysis of the Arcobacterisolates

Phylogenetic analysis was carried out by the bioinformatics group at the Institute of Medical
Microbiology and Hospital Hygiene, Otto von Guericke University School of Medicine.
Phylogenetic trees were generated using IQ-TREE v2.2.2.7 or FastME v2.1.6.1, rooted at the
midpoint, and visualized using Figtree v1.4.4 (https://github.com/ rambaut/figtree). Core
genome analysis of respective genomes was performed using Panaroo v1.3.3. The obtained
genomes were also phylogenetically analyzed using the Type (Strain) Genome Server (TYGS,
accessed on 29th July 2023), which indicated the presence of a new microbial species, and in
silico DNA-DNA hybridization (isDDH) was performed using the Genome-to-Genome
Distance Calculator 3.0 (GGDC, http://ggdc.dsmz.de).

5.14. RAST Analysis and identification of virulence genes in the A. tbilisiensis genomes

RAST (Rapid Annotations using Subsystems Technology) is an automated service for
annotating bacterial and archaeal genomes, which is able to identify protein-encoding, rRNA
and tRNA genes. RAST assigns functions to these genes and can predict which subsystems
are present in the genome. It also uses information to reconstruct the metabolic network and
creates the output that is user friendly, easily accessible and downloadable. We used the
following search keywords to identify virulence proteins, such as “Campylobacter”,

» o« » o« » o«

“Virulence”, “Factor”, “Resistance”, “Drug”, and “Metabolism”.

RAST easily identified some of the virulence genes. For example, ciaB (invasion antigen) and
pVIR were found in every Arcobacter isolate. RAST also identified a hypothetical
fibronecting binding protein, the sequence of which blasted 100% to A. cryaerophilus strain
ATCC 43158 (CP032823.1) and A. tropharium LMG 2534 (CP031367.1). Most of the
virulence factors, however, were identified by blasting the sequences of these genes from A.
butzleri and A. lanthieri reference genomes to the genomic DNA sequences of the

Arcobacterisolates.
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5.15. Determination of cytotoxicity of C. jejuni, C. coli and A. tbilisiensis strains on CaCo-

2 cells

To evaluate cytotoxicity of the C. coli, C. jejuni and A. thilisiensis isolates, Roche/Sigma
Aldrich WSTT cell proliferation reagent (Sigma Aldrich, Taufkirchen, Germany) and CaCo-2
cells were used. For this purpose, CaCo-2 cells were maintained in cell culture in DMEM
supplemented with 2% FBS. All Arcobacter isolates and some C. coli and C. jejuni isolates
were used in a cytotoxicity study (Tables 6 and 7). Prior to the day of the experiment, each
bacterial strain was re-inoculated on Columbia blood agar (Oxoid, Wessel, Germany). After
24 hours, a medium-sized colony was resuspended from each plate into 1 mL of DMEM in a
sterile microfuge tube and then diluted further to OD, 0.01. CaCo-2 cells grown to 80%
confluency were harvested, washed in PBS and diluted 50,000 cells/mL in a total volume of
10 mL. The dilutions were set up in a 24 mL cell culture plate. 500 pL of the cells were added
to one of the wells, after that 500 pL of the bacterial suspension was added to each well,
mixed and transferred, in triplicate, onto a 96 well plate. The plate was then incubated for 24
hours in cell culture humidified incubator at 37°C with 5% CO,. After incubation, 10 pL of
the cell proliferation reagent/well was used. After 2 hour incubation of the plate in the cell
culture humidified chamber at 37°C the plate was read at 450 nm on a microplate reader.
Then percent cytotoxicity was calculated using the readings of samples, normal controls and

the background.

6 Results

6.1.  Sample collection

6.1.1 Isolation of Arcobacter spp. and Campylobacter spp. from retail chicken meat

18 isolates of Arcobacter, 39 isolates of C. jejuni and 35 isolates of C. coli were cultured from
various chicken meats bought in supermarkets in Thilisi. The species identification of the

isolates was performed using MALDI TOF mass spectrometry (Biomérieux, Niirtingen,
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Germany) at the Institute of Medical Microbiology and Hospital Hygiene, Medical Faculty,
Otto-von-Guericke University Magdeburg, Magdeburg, Germany.

6.1.2 Species identification of the Campylobacter and Arcobacter isolates by MALDI-
TOF MS

Out of 107 total isolates 93 were confirmed as either Campylobacter or Arcobacter as follows:

ID-ed Species N of Isolates
C. jejuni 39 isolates
C. coli 35 isolates
A. cryaerophilus 19 isolates

One of the LAB isolates that demonstrated activity against Campylobacter spp. and
Arcobacter spp. was also ID-ed by Mass Spectrometry as L. fermentum.

Notably, Arcobacter isolates were first identified as A. cryaerophilus based on MALDI TOF
Mass Spectrometry. However, whole genome sequencing analysis later showed significant
divergence from A. cryaerophilus and other existing Arcobacter reference strains, e.g. A.
butzleri, A. lanthieri, A. tropharium etc. Thus, based on genome and proteome analysis, we
encountered enough evidence of a novel species of Arcobacter: Arcobacter thbilisiensis. sp.
nov. This will be discussed further in the sequencing and phlylogenetic analysis sections.
MALDI-TOF MS analyses of A. cryaerophilus ATCC 43158 and A. tbilisiensis sp. nov. strain
51/LEO 51 (as well as the rest of 18 isolates included in the study) were conducted. All
isolates were cultured on Mueller Hinton Agar supplemented with horse blood (MHF,
because A. cryaerophilus ATCC 43158 grows only on MHF-Agar and not on Columbia sheep
blood agar) under microaerophilic conditions in the same jar prior to mass spectrometry. For
analysis, 600 spectra from 2-20 kDa were gathered in 100-shots steps and added. The
MALDI-Biotyper identification for both microbial species was determined to be A.
cryaerophilus, with the crucial difference being that repeated measurements of A.

cryaerophilus ATCC 43158 Biotyper identification score values reached 2.1 to 2.2, while the
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Biotyper identification score values of the A. tbilisiensis sp. nov. isolates ranged from 1.8 to
1.9. Typically, Biotyper identification score values >2.000 are considered reliable for
microbial species identification. Therefore, the identification of the A. tbilisiensis sp. nov.
isolates as A. cryaerophilus based on the score values is not reliable. In an exploratory
assessment of the overlaid intact cell MALDI-TOF mass spectrometry (ICMS) generated
representative spectra (Fig. 5) of the designated type strain A. tbhilisiensis sp. nov. LEO 51
(DSM 115960) and A. cryaerophilus type strain ATCC 43158 (DSM 7289), in addition to
allelic isoform-related mass shifts of biomarker ions present in both microbial species,
species-specific biomarker ions were also observed. As shown in Fig. 1, several biomarker
ions specific for A. tbilisiensis sp. nov. were detected e.g. at m/z values of 7,562.48; 8,011.02;
11,463.53; 12,688.00; 13,253.18; 15,113.40; 16,019.56; and 16,608.02. In contrast an A.
cryaerophilus specific biomarker ion was observable at m/z = 13,541.49. Due to the
significant number of species-specific biomarker ions, the unambiguous identification of this
microbial species by MALDI-TOF MS should be possible after depositing the main spectrum
peaks (MSPs) in the reference database.

Overlay of intact cell MALDI-TOF mass spectrometry (ICMS) generated representative
spectra of A. tbilisiensis LEO 51 (DSM 115960, red) and A. cryaerophilus type strain ATCC
43158 (DSM 7289, blue). Biomarker ions that are specific to A. tbilisiensis sp. nov. and thus
distinguish it from the most closely related microbial species, A. cryaerophilus, have been

highlighted with red arrows.
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Figure 1: Overlay of ICMS of A. tbilisiensis and A. cryaerophilus



6.2.  Conventional light microscopy

6.2.1 Campylobacter spp.

Staining of Campylobacter spp. revealed Gram-negative curved rods. The bacteria were
pleomorphic, most having “S”, “corkscrew” and “comma” shapes. Occasionally “serpent”

shape was also noted, but we never observed the classical “seagull” shape.

Figure 2: C. jejuni stained w. carbol fuchsin
Figure 3: C. jejuni on CCDA Agar Plate
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6.2.2 Identification of a Novel Arcobacter spp. A. thilisiensis sp. nov.

We observed Arcobacter spp. as much finer and thinner pleomorphic rods in gram stains,
compared to Campylobacter spp. Originally we assumed these were also some

Campylobacter species, until Mass Spectrometry and Next Generation Sequencing

determined them to be Arcobacter spp.

Figure 4: A. tbilisiensis sp. nov. on COS Figure 5: A. tbilisiensivs sp. nov. Gram

agar stain
Arcobacter spp. were isolated by the same method as Campylobacter spp. At the beginning of
the research project little phenotypic differences were noted between the different isolates of
Campylobacter spp. and Arcobacter spp. For example, we observed that C. jejuni tends to
produce larger, elongated and off-white colonies resembling water droplets, while C. coli
colonies were smaller and grayish-tan. Arcobacter colonies, on the other hand, were very
small, more flat than concave and looked translucent against the black background. Strains
were obtained from the samples intended for Campylobacter isolation, therefore culture

plates were incubated at 37°C under microaerophilic conditions.
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6.3. Sequencing of genomic DNAs of the Arcobacterisolates by NGS

All 19 Arcobacter DNAs were sequenced using Illumina (San Diego, CA, USA) and Minion
(Oxford Nanopore, Oxford, Great Britain) technologies and sequences were uploaded as text
files on a compact disc, which is supplemented to this PhD thesis. Each Arcobacter isolate
consists of one contig, except for the three strains (51, 62 and 65) that harbor plasmids.
Strains 103 and 107 harbor 2 plasmids. The genomic DNA size of the isolates is over 2 million
base pairs (e.g. for isolate 46 it is 2,136,238 bp).

Figure 6. Doughnut-Blot of the percentage distribution of the COG categories to which
individual CDSs in the genome of Arcobacter tbilisiensis LEO 51 (DSM 115960) was
assigned. The 20 most abundant categories level identified by EggNOG 5.0 are represented by

a specific color.
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Figure 6: Dougnut-Blot of percent distribution of the COG categories
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6.4. Phylogenetic analysis of Arcobacter genome
Phlylogenetic analyses are based on 16S RNA and whole genome DNA sequences. As a result
of this analysis, the Arcobacter isolates identified in this study showed significant divergence
from the existing reference genomes in the NCBI database.
Figure 7. Root phylogenetic tree inferred from Genome Blast Distance Phylogeny (GBDP)
distances calculated from 16S rRNA gene sequences. The branch lengths are scaled in terms

of GBDP distance formula d5. The numbers above branches are GBDP pseudo-bootstrap

support values > 60 % from 100.

‘Arcobacter tbilisiensis sp. nov. LEO 109"
--- 'Arcobacter tbilisiensis sp. nov. LEO 108"
- - "Arcobacter tbilisiensis sp. nov. LEO 101
- -+ 'Arcobacter tbilisiensis sp. nov. LEO 99'
‘Arcobacter tbilisiensis sp. nov. LEO 79"
‘Arcobacter tbilisiensis sp. nov. LEO 74'
- -~ 'Arcobacter tbllisiensis sp. nov. LEO 70
- -~ 'Arcobacter tbilisiensis sp. nov. LEQ 53’
- -~ 'Arcobacter tbilisiensis sp. nov. LEO 50"
- - 'Arcobacter tbilisiensis sp. nov. LEO 49"
- -- 'Arcobacter tbilisiensls sp. nov. LEO 48"
‘Arcobacter tbilisiensis sp. nov. LEQ 47*

‘Arcobacter tbilisiensis sp. nov. LEO 46

--- 'Arcobacter tbilisiensis sp. nov. LEO 65"
--- 'Arcobacter tbilisiensis sp. nov. LEO 62"
--- 'Arcobacter tbilisiensis sp. nov. LEO 51"
-- 'Arcobacter tbilisiensis sp. nov. LEO 52'
‘Arcobacter tbilisiensis sp. nov. LEO 107*

81
‘Arcobacter tbilisiensis sp. nov. LEO 103

--- Arcobacter cryaerophilus LMG 24291

‘Arcobacter porcinus CCUG 56899 T'
Arcobacter thereius LMG 24486
Arcobacter trophiarum LMG25534

Arcobacter skirrowil NCTC 12713

Arcobacter faecis AF1078
Arcobacter lanthieri AF1440
Arcobacter vitoriensls CECT 9230T
- -+ Arcobacter butzleri JCM 31724

--- Arcobacter butzleri RM4018

- Arcobacter lacus RW43-9
--- Arcobacter vandammel R-73987T

Arcobacter cibarius LMG 21996

Figure 7: Root phylogenetic tree
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Figure 8. Midpoint rooted phylogenetic tree inferred from Genome Blast Distance Phylogeny
(GBDP) distances calculated from genome sequences. The branch lengths are scaled in terms
of GBDP distance formula d5. The numbers above branches are GBDP pseudo-bootstrap

support values > 60% from 100 replications, with an average branch support of 46.9%.

‘Arcobacter tbilisiensis sp. nov. LEO 109"
- - - 'Arcobacter thilisiensis sp. nov. LEO 74'
‘Arcobacter thilisiensis sp. nov. LEO 99'
‘Arcobacter tbilisiensis sp. nov. LEO 46'
-~ 'Arcobacter tbilisiensis sp. nov. LEO 70'

-~ 'Arcobacter tbilisiensis sp. nov. LEO 108'
-- 'Arcobacter tbilisiensis sp. nov. LEO 79'
-- 'Arcobacter tbilisiensis sp. nov. LEO 101"
-- 'Arcobacter tbilisiensis sp. nov. LEO 53'
-~ 'Arcobacter tbilisiensis sp. nov. LEO 50'
-~ 'Arcobacter tbilisiensis sp. nov. LEO 48'

‘Arcobacter tbilisiensis sp. nov. LEO 49

‘Arcobacter tbilisiensis sp. nov. LEO 47'

- -- '"Arcobacter tbilisiensis sp. nov. LEO 65'

- -~ 'Arcobacter thilisiensis sp. nov. LEO 51
‘Arcobacter tbilisiensis sp. nov. LEO 62

'Arcobacter tbilisiensis sp. nov. LEO 52'

700
-- 'Arcobacter tbilisiensis sp. nov. LEO 107"

-- 'Arcobacter thilisiensis sp. nov. LEO 103'

"""""""""""""""""""" Arcobacter cryaerophilus LMG 24291

............. Arcobacter trophiarum LMG25534

_| --- 'Arcobacter porcinus CCUG 56899 T
o thereius LMG 24486

Arcobacter skirrowii NCTC 12713

- -+ Arcobacter faecis AF1078
-- Arcobacter vandammei R-73987T
Arcobacter cibarius LMG 21996

r Arcobacter butzleri JCM 31724
L

- Arcobacter butzleri RM4018

Arcobacter lacus RW43-9

————————————— Arcobacter lanthieri AF1440

ﬁ' """"""""""""" Arcobacter vitoriensis CECT 9230T

Figure 8 Midpoint root phylogenetic tree
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Figure 9. Midpoint-rooted maximum-likelihood tree from (A, left) ClustalW alignments of

BLASTn results for Arcobacter thilisiensis LEO103 (DSM 115972), LEO51 (DSM 115960),

and LEO46 (DSM 115954) full length 16S rDNA against NCBI 16S ribosomal RNA sequence

database and from (B, right) Mafft alignments of 66 core-genes as determined by Panaroo. In

both dendrograms the representatives are referred to as genomovars of A. cryaerophilus. “A.

cryaerophilus gv. pseudocryaerophilus’ (LMG 10229), “A. cryaerophilus gv. crypticus’ (LMG

9065), “A. cryaerophilus gv. cryaerophilus’ (LMG 24291) and “A. cryaerophilus gv. occultus’

(LMG 29976).

(A) A cryarophius ATCC43156 im  (B)
A. cryaerophilus LMG24291

A. cryaerophilus gv. crypticus LMGI065
A. cryaerophilus gv.occultus LMG29976

A. thilisiensis sp. nov. LEQ103
A. thilisiensis sp. nov. LEOS1

A. thilisiensis sp. nov. LEQ46
A. thereius LMG24436
— A trophiarum LMG25534
—— A. skirrowii CCUG10374
— A. cibarius LMG2199%

— A. lanthieri AF1581
—— A vitoriensis CECT9230
—— A. faecis CCUG66484

— A butzler ED-1
Figure 9 Midpoint rooted maximum likelihood tree
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A. cryaerophilus LMG24291
A. cryaerophilus ATCC43158
————A. trophiarum LMG25534
A. butzleri ED-1
——A. lanthieri AF1581

——A. vitoriensis CECT9230
—A. faecis CCUG66484
A cibarius LMG21996
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6.5. API testing of A. tbilisiensis sp. nov.
API®CAMPY test was performed on the three A. thilisiensis isolates (46, 51 and 103) as part
of biochemical testing of the novel species.
Table 3. Results of the API®RCAMPY test strips for the three Arcobacter tbilisiensis sp. nov.
isolates LEO 46 (DSM 115954), LEO 51 (DSM 115960), and LEO 103 (DSM 115972)

representing three different phylogenetic clades.

Characteristic LEO 46 LEO 51 LEO 103
DSM 115954 DSM 115960 DSM
115972

Gram staining - Z Z

Motility ¥ n "
Urease - - _
Reduction of nitrates + + T

to nitrites

Esterase + + T

Hippurate hydrolysis - - Z

Gamma-glutamyl- - - Z
transferase

Reduction of + + (+)
triphenyltetrazoliumc
hloride

Pyrrolidonyl- - - Z
arylamidase

L-arginin-arylamidase - - =

L-aspartate- - - Z
arylamidase

Alkaline phosphatase + + ¥

H,S production - - Z

Catalase + n T

Oxidase + n n

Glucose assimilation - Z Z
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Succinate assimilation - Z Z

Nalidixic acid (growth susceptible susceptible susceptib
inhibition) le
Cefazolin (growth susceptible susceptible susceptib
inhibition) le
Acetate assimilation + + +
Proprionate - - -
assimilation

Malate assimilation - Z -

Citrate assimilation - Z Z

Erythromycin (growth susceptible susceptible Suscepti
inhibition) ble

6.6. Identification of virulence genes of A. thilisiensis sp. nov. isolates
Some virulence-associated factors encoding genes such as ciaB, as well as various other
virulence factors, such as proteins involved in oxidative stress, were identified by RAST.
However the virulence factors listed in the table below were identified by blasting the
sequences of the specific genes of A. butzleri and A. lanthieri reference strains available on

NCBLI
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Table 3. Virulence factors identified in all A. tbilisiensis solates

Gene Definition Quiery ID | Species Quiery Start|Query End[Subject Start Subject [% Coverage] %
End Identity|
cadF  [Campylobacter Adhesion|[MG434461 A. 1 1017 | 674221 | 675240 100 77.9
Factor/fibronecting 1 lanthieri
binding protein LMG:2851
6
cdtA  [Cytolethal distending  [MG434467] A. 1 1825 [ 1845741 [ 1863920 99 83.01
toxin A 1 lanthieri
LMG:2851
6
cdtB  [Cytolethal distending  [MG434468 A. 1 1290 | 387975 | 389267 100 80.4
toxin B 1 lanthieri
LMG:2851
6
cdtC  [Cytolethal distending  [MG434469| A. 76 1632 [ 46216 44666 92 82.98
toxin C 1 lanthieri
LMG:2851
6
ciaB  |Campylobacter Invasion [LC581320. A. 1 969 | 755022 | 756000 9% [82.03
IAntigen B 1 butzleri
BON-Jun-
27
CJ 1349jfibrinogen/fibronectin ~ [HF935058. A. 10 537 | 974130 | 974656 98 71.83
binding protein 1 butzleri,
strain F1
irgA  [lron reguLated outer LLKQO100] A. 1478596 [1479376] 205293 | 206070 45 72.14
membrane protein 0001.1 | thereius
LMG
24486
AA347
mviN  [Murein virulence NREOO10[ A. suis | 23002 [302231 (2106026 | 2113172 80 74.59
00016.1 |CECT7833
pldA  [Phospholipase MG434465 A. 9 936 | 205136 | 20630 99 74.57
1 lanthieri
LMG
25816
tlyA  [Mycobacterial hemolysis [CP053833.[A. cloacad 2133610 [2134319| 1648364 | 1647646 99 75.69
factor 1 LMG
26153
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6.7.  Antibiotic susceptibility testing results of A. tbilisiensis isolates

Table 4. Summary of antimicrobial resistance of the Arcobacter isolates

Class Antibiotic Cutoff Resistant Strains

Penicillins Penicillin G >15 mm All

Ampicillin >13 mm 44.4%

Streptomycin None
Aminoglycosides Kanamycin >13 mm None

Gentamicin >19 mm 11%
Macrolides Chloramphenicol >18 None

Erythromycin >13 None
Fluoroquinolones Ciprofloxacin >17 mm 22%
Tetracyclines Tetracycline >17 mm None

We thus identified that some A. tbilisiensis sp. nov. strains as resistant to 4 different groups

of antibiotics: penicillins, fluoroquinolones, macrolides and aminoglycosides.
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6.8.  Antibiotic susceptibility testing results of C. jejuniand C. coli

Table 5. Summary of antimicrobial resistance of C. jejuniand C. coliisolates

Class Antibiotic Cutoff Campylobacter Species |Resistant Isolates
Penicillins Penicillin G >15 mm C. coli All
C. jejuni All
Ampicillin >13 mm C. coli 51.43%
C. jejuni 28.21%
Streptomycin >11 mm C. coli 2.86%
Aminoglycosides C. jejuni 2.56%
Kanamycin >13 mm C. coli None
C. jejuni None
Gentamicin >19 mm C. coli None
C. jejuni None
Macrolides Chloramphenicol |>18 mm C. coli 2.86%
C. jejuni None
Erythromycin >20-<20 C. coli None
C. jejuni None
Fluoroquinolones | Ciprofloxacin >50-<26 mm |C. coli 97.14%
C. jejuni 79.49%
Tetracyclines Tetracycline >30 -<30 mm | C. coli 51.43%
C. jejuni 28.21%

The highest resistance observed among the isolates of C. jejuni and C. coli were to ciprofloxacin
(79.49% and 97.14%, respectively), tetracycline (28.21% and 51.43%, respectively) and
ampicillin (28.21% and 51.43%, respectively).
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6.9. Activity of L. fermentum against Campylobacter spp. in co-incubation assay
Several strains of LAB were isolated in our laboratory from various products, such as
fermented cabbage, fermented milk, and fermented cucumbers. In this manner we isolated
several strains of L. plantarum, one strain of L. paracasei and a strain of L. fermentum. The
identities of these isolates were determined using MALDI-TOF mass spectrometer in
Magdeburg, Germany. Out of all tested LAB species, we identified one strain of Lactobacillus

fermentum that demonstrated inhibitory activity against Campylobacter spp. Co-incubation
experiments of L. fermentum with C. jejuni and C. coli isolates resulted in the effective inhibition
of C. jejuni 003 and C. coli 002. While in all other setups with different lactobacilli
Campylobacter spp. grew well in places where they were spotted on a CCDA plate in triplicate,
co-incubation with L. fermentum resulted in a complete absence of growth.

Because Campylobacter spp. are known to form biofilms and because 0.9 OD,, contains
billions of CFU, we reasoned that 0.2 OD,, would be a good number, based on the data that
0.2 ODy,, corresponds to 10° bacterial counts/mL (Stingl et al., 2021). Refer to the figures

below for the results.
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Position

Setup

Row 1: |NC (C. jejuni 003)

Row 2: | L. rhamnosus 51152 + C. jejuni 003

Row 3: | L. fermentum + C. jejuni 003

Row 4: | L. delbrueckii 510060 + C. jejuni
003

Position | Setup

Row 1: [NC (C. coli 002)

Row 2: | L. rhamnosus 51152 + C. coli 002

Row 3: | L. fermentum + C. coli 002

Row 4: | L. delbrueckii 510060 + C. coli 002

Figure 10: Inhibitory Effect of L.
fermentum on C. jejuni

i

h

Figure 11: Inhibitory Effect of L. fermentum
on C. coli
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6.10. Determination of cytotoxicity of C. jejuni, C. coliand A. thilisiensis sp. nov. strains

Cytotoxicity results revealed that all A. tbilisiensis sp. nov. isolates are characterized with
significant cytotoxicity ranging from 52% to 87% (refer to Table 6). A very encouraging
observation was that infection of CaCo-2 cells with Arcobacter isolates in the presence of L.

fermentum resulted in complete amelioration of cytotoxicity (refer to Table 7).

Table 6. Cytotoxic effect of Arcobacterisolates on CaCo-2 Cells

A. tbilisiensis Isolate Average Final OD % Cytotoxicity
NC average=2.81
46 0.45 83
47 0.51 82
48 0.61 78
49 0.55 64
50 0.59 79
51 0.5 79
52 0.48 83
53 0.49 82
62 0.54 80
65 0.62 78
70 0.65 52
79 0.47 83
99 0.55 78
101 0.6 79
103 0.37 87
107 0.39 86
108 0.63 78
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Table 7. Cytotoxic effect of C. jejuni, C. coli and A. tbilisiensis isolates on CaCo-2 cells with

and without the presence of L. fermentum

Without L. fermentum

Isolate OD StDev CV % Cytotox. |Control Average
115 (C. coli) 0.47 0.21 14.69 83 2.72
99 (A. thilisiensis)| 0.52 0.17 13.39 81
38 (C. jejuni) 0.45 0.11 6.17 83
104 (C. jejuni) 0.38 0.06 493 86
105 (C. coli) 0.4 0.1 5.46 85
106 (C. coli) 0.53 0.2 10.09 81
Isolate With L. fermentum % Cytotox. | Control Average
115 (C. coli) 2.7 0.01 3.27 -0.7 2.72
99 (A. thilisiensis)| 2.67 0.01 2.55 1.8
38 (C. jejuni) 3.11 0.05 11.4 -14.3
104 (C. jejuni) 2.82 0.02 6.38 -3.6
105 (C. coli) 2.75 0.03 6.19 -1.1

3.24 0.02 5.07 -19.11

6.11. Survival of A. tbilisiensisin river water under refrigeration

The 18 isolates of Arcobacter, generally, had the same survival rate with all of the strains
showing little to no difference in the number of CFUs between days 1 and 7 the medians are
very close for both days (202 for day 1 and 198 for day 7). The median count is the lowest on
day 10 equalling 17. Only one strain out of 18 produced colonies after day 14. These data

imply that A. tbilisiensis can survive refrigeration for at least 10 days. However, taking into
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consideration of the fact that chicken juice present in the packaging contains nutrients, this

pathogen can in fact survive for longer periods, as contaminant.

Table 8. Survival of the Arcobacter tbilisiensis isolates in river water under refrigeration

CFU count Results from Days 1, 7, 10 and 14.

A. tbilisiensis Strain |Day 1 | Day 7 | Day 10| Day 14
“101” 373 351 |271 0
«5(” 362 315 |57 0
«5g” 332 |301 |56 0
«g1” 318 |298 |48 0
“46” 318 |297 |37 0
747 305 |29 |32 0
«5o» 296 |291 |32 0
“” 275 (213 |31 0
7 271 205 |26 0
«53» 256 201 |21 0
«49” 202 ({198 17 0
«103” 180 |182 15 0
«g5” 156 |111 8 0
«4g” 155 |105 6 0
«gg» 142 |97 5 0
g7 120 |82 3 0
«65” 114 |0 2 0
«107” 105 |0 0 0
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Figure 12: Survival of Arcobacter isolates in river water
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While practically the same CFUs were isolated on days 1 and 7, day 10 resulted in a dramatic

decline of the CFU counts. By day 14 only one isolate remained culturable.

400 - 400
350 -
300
300 —
— N~
250 & 200~
200 — 100 -
150 —
100 - 0-
Total Total
Figure 13: Water Survival, Day 1, Median Figure 14: Water Survival, Day 7, Median
5+ 0
300
250 - 4-
200 — < 3-
o ~
= >
> 150 — 8 5
(|
100 —
1 ]
50 ‘
0 - 0- -
| |
Total Total
Figure 15: Water Survival, Day 10, Median Figure 16: Water Survival, day 14, Median
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7 Discussion

This is the first example of isolation and characterization of Arcobacter and Campylobacter
spp- from any meat source produced in Georgia. These significant findings warrant more,

larger-scale studies in the future.

7.1.  Isolation of Arcobacter spp. and Campylobacter spp.

Generally, methods of isolating of Campylobacter spp. and Arcobacter spp. often require
expensive reagents, such as microaerobic gas pouches, enriched media etc. Because our
budget was limited as to what reagents and equipment we could purchase, we decided to
focus on previous studies using relatively affordable protocols. Therefore, in this regard the
isolation method described by Oyarzabal et al. was convenient (Oyarzabal et al., 2013). To
create microaerobic atmosphere we used short candles, sometimes two, per jar. CCDA
seemed like the best choice for Campylobacter isolation, since in the previous attempt using
Preston agar proved to be ineffective in our hands. Once isolated, both Arcobacter and
Campylobacter spp. can easily be cultured on Columbia Blood Agar or Mueller Hinton agar
supplemented with sheep blood. The second important factor was the choice of antibiotic
supplements. From our experience, the problem with isolation with either Campylobacter or
Arcobacter from chicken meats is that a lot of other contaminant species-such as
Pseudomonas spp., Orthobacter spp. and others can overgrow the plate because
Campylobacter is a slow grower. Thus we purchased Campylobacter antibiotic supplement
with cefoperazone and amphotericin B, which worked very well. Generally, pre-incubation
of meat samples in peptone water or bolton broth for 1-2 hours prior to inoculating plates
was effective. However, we did not find much difference between the two options. Another
effective finding was to inoculate multiple CCDA plates, rather than one or two. This, as well
as incubating plates at 37°C post inoculation rather than at 42°C dramatically improved

isolation.

We suspect that Arcobacter prevalence would be higher in Georgian raw chicken meat if we

used Arcobacter-specific enrichment.
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7.2.  Purification and sequencing of bacterial genomic DNAs

We did not encounter any problems in isolating good quality DNA, as the DNA purification
procedure was based on classical salting out method with some modifications. All DNA
concentrations and 260/280 and 260/230 ratios (data not shown) were satisfactory for NGS

(Next Generation Sequencing).

7.3. MALDI-TOF Mass Spectrometry

Campylobacter isolates were identified as either C. jejuni or C. coli. Arcobacter isolates were
first identified as A. cryaerophilus by the same method of matrix laser desorption. However,
phylogenetic analysis later showed that the isolates belonged to a new Arcobacter species: A.

tbilisiensis sp. nov.

Identification of bacteria by MALDI-TOF MS relies on existing spectral databases. For
example, to properly identify a bacterial species, the database must contain information
about specific genes, such as the 16S rRNA gene, gyrB, rpoB, or hsp60 of strains/species of a
particular genus. For certain taxa, such as Streptococcus or Staphylococcus geographical
variations often lead to differences in the genotype and phenotype. Therefore, for such taxa

locally prepared databases should be used (Singhal et al. 2015; Rychert, 2019).

7.4. Phylogenetic analysis of the Arcobacterisolates

Phylogenetic analysis placed A. tbilisiensis sp. nov. as a species diverging from A.
cryaerophilus, and forming 5 different clades. We did not find any clade-specific antibiotic
susceptibility patterns. Naturally, differentiation of the A. tbilisiensis isolates into different
clades must be due to differences in the genomes of these closely related members of the
novel species. Similarly, differences between 1A and 1B types of A. cryaerophilus could also
be detected by MALDI-TOF MS (Pérez-Cataluiia et al., 2018). The phylogenetic analysis of
A. thilisiensis strains was also based on the 165 rRNA gene sequence, which, along with 23S
rRNA gene sequence, served as the basis for the division of A. cryaerophilusinto 1A and 1B

subgroups represented by strains LMG 24291 and LMG 10829 (Vandamme et al., 1991).
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7.5. Antibiotic susceptibility among the isolates of A. tbilisiensis, sp. nov. C. jejuni and C.

coli

Antibiotic susceptibility testing results of the A. thilisiensis sp. nov. isolates agree with those
identified by various research groups all over the world. Even though sub-therapeutic use of
antibiotics in the EU has been banned, antimicrobials are till being used in the United States
and many developing countries. Thus, ciprofloxacin and tetracycline resistance among the
Georgian Campylobacter isolates is high and comparable to the reports from studies

conducted many other developing countries.

From the 19 isolates of A. tbilisiensis all were susceptible to erythromycin, streptomycin,
chloramphenicol, kanamycin and tetracycline. Susceptibility to the latter is surprising,
because we found high resistance levels to tetracycline among the Campylobacter isolates.
Susceptibility of Arcobacter spp., e.g. A. skirowii, to tetracycline, have been reported by
other studies as well (Hénel et al. 2021). An earlier, 2011 Turkish study of 70 A. butzleri
strains isolated from various meats and symptomatic humans identified that 2.85% of the
isolates as resistant to tetracyclin, thus recommending this drug for treating animals and
humans (Abay et al. 2012). However, Oliveira et al., and other researchers have reported
resistance to tetracycline in Arcobacter spp. isolated from chicken meat (S. Yesilmen et al.
2017; Oliveira et al., 2023). All A. tbilisiensis isolates were resistant to penicillin G, 44% of
the isolates were resistant to ampicillin, while 22% and 11% tested as resistant to
ciprofloxacin and gentamicin, respectively, which is in agreement with other studies
(Chaiyasaen al. 2023; Rahimi, 2014). Resistance to gentamicin is quite rare, although there
are a few studies that have reported it. None of the Arcobacter isolates were resistant to
erythromycin, contrary to studies conducted in Europe and Asia that have reported
erythromycin-resistant isolates of Arcobacter spp. (Oliveira et al., 2023). None of A.

tbilisiensis sp. nov. isolates appear to be MDR strains.

The antibiotic susceptibility profiles of C. jejuni and C. coli were somewhat different. All

isolates of both species were resistant to penicillin G. Resistance to ciprofloxacin was high
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among both C. jejuni and C. coli isolates (79% and 97%, respectively). None of the C. jejuni
or C. coli isolates were resistant to erythromycin, while 28% and 51%, respectively,
demonstrated resistance to ampicillin. Resistance of C. jejuni and C. coli to tetracycline was
also high (28% and 51%), which in fact is quite common and agrees with other studies. For
example, a recent study by Poudel et. al found that 23.7% of C. jejuniisolates that came from
chickens raised at NAE (no antibiotic ever) farms in the state of Mississippi were resistant to

tetracycline(Poudel et al. 2022).

A few isolates of both C. jejuni and C. coli demonstrated resistance to streptomycin, while a
single isolate (3%) of C. coli tested resistant to chloramphenicol. 19 C. jejuniisolates showed
resistance to three different groups of antibiotics (penicillins, fluoroquinolones and
aminoglycosides) and one isolate (CJ 9) was identified as an MDR strain, as it was

additionally resistant to erythromycin and chloramphenicol.

It is important to note that local practices of antibiotic use in meat production industries of
specific geographical locales play the decisive role in the antibiotic resistance profiles among
the local isolates of Arcobacter spp. and Campylobacter spp. For example, while many studies
report resistance to ampicillin among Arcobacter strains isolated from chicken meat, the
isolates obtained by Jribi et al. were not resistant to this drug (Jribi et al., 2020). A Turkish
study identified some cases of resistance to chloramphenicol (3%) and streptomycin (1%)
among the chicken isolates of A. cryaerophilus (Yesilmen et al., 2022), which we observed

among A. thilisiensis sp. nov. isolates too.

Based on the findings of multiple research groups, it is evident that resistance to
ciprofloxacin is going to continue to rise in Arcobacter spp. due to widespread antibiotic use

in local human and veterinary medicine.

7.6.  Survival of Arcobacter tbilisiensis sp. nov. in river water under refrigeration

Many studies have reported the special relationship of Arcobacter spp. with water and that

water is the main factor in transmission of Arcobacter spp. (Silha et al., 2021; Lee et al.,
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2012). Data on water survival of the Arcobacter isolates in the present study are close to
those of Moreno et al. who determined the survival time of A. butzleri NCTC 12481 in non-
chlorinated drinking water to be 16 days (Moreno et al., 2004). Most A. tbilisiensis sp. nov.
isolates survived and could be cultured after 10 days under refrigeration in the water
obtained from the River Elbe, while only one isolate could be cultured on day 14. Previously
Pérez-Catalufia et al. established the fact that temperature played a significant role in the
length of survival of Arcobacter spp. in the environmental waters and sewage. For example,
temperature played a determinant role in which A. cryaerophilus type could be isolated-1A

or 1B-from sewage waters (Pérez-Cataluiia et al., 2018).

An important finding is that, as observed with Campylobacter spp., Arcobacter spp. are also
able to survive inside the crevices on chicken skin and inside the chicken carcass, thus

potentially serving as a source of infection.

7.7. Cytotoxic effect of Arcobacter spp. on CaCo-2 cells

The WST1 assay, which we used to determine the cytotoxic effect of the Arcobacter isolates
on CaCo-2 cells is based on the ability of mitochondrial dehydrogenases produced by /Zive
cells to cleave WST1 transforming it into formazan. This is a quantitative colorimetric
reaction and, after reaching the endpoint, it may be “read” on a spectrometer. We found that
the cytotoxic effect of A. tbilisiensis isolates ranged between 52-87%, meaning that after
exposure to Arcobacter spp., 52 to 87% cells were damaged, compared to the negative
control. The NC was not exposed to Arcobacter spp., thus its OD reading corresponded to
100%. After a simple calculation, the cytotoxicity effect could be determined from the OD
readings. First, we were surprised by the results, because previously Briickner et al. reported
lower cytotoxicity (10%) of A. cryaerophilus isolates using HT-29/B6 cells in WST1 assay
(Briickner et al., 2020). Generally, A. butzleri demonstrates higher cytotoxicity than A.
cryaerophilus (Briickner et al., 2020). Compared to A. cryaerophilus, A. tbilisiensis sp. nov.,
also appears to be more virulent due to the presence of many Campylobacter— like virulence

factors that are discussed below.

81



7.8.  Virulence factors identified in A. tbilisiensis sp. nov.

The genera Arcobacter and Campylobacter are closely related and share many virulence
factors, such as CiaB, which we identified in all A. tbilisiensis sp. nov. isolates. Douidah et al.
examined different reference species of Arcobacter, such as A. cryaerophilus, A. butzleri and
A. skirowii isolated from animals and humans, for the presence of the known virulence
factors. The ciaB gene was present in all the reference strains. It has been suggested that in
C. jejuni ciaB is involved in promoting internalization of this pathogen during host invasion-
a complex process that requires different factors, e.g. a full-length flagellar filament, among
others (Fanelli et al. 2019). Douidah et al. determined that out of 34 A. cryaerophilus strains
isolated from the Belgian chicken meats, 33 contained the ciaB gene. At the same time, the
cadF gene coding for a calcium-dependent Campylobacter adhesion factor was present only
in 5 out of total 34 (15%) chicken isolates. In contrast, all 36 A. butzleri strains isolated from
chicken meat carried this gene (100%) (Douidah et al. 2012). Interestingly, all A. tbilisiensis
sp. nov. isolates in this study also carry the cadF gene. Additionally, similarly to the Belgian
isolates of A. butzleri, A. tbilisiensis sp. nov. isolates carry other virulence genes at higher
frequencies (Table 3) compared to A. cryaerophilusisolates cultured from chicken meat. This
supports the experimental evidence from the cytotoxicity study conducted in this study
suggesting that A. tbilisiensis sp. nov. may be as virulent as A. butzleri. On the other hand,
we did not see hecA and hecB hemaglutinins in any of the A. tbilisiensis sp. nov. strains,
possibly be due to the fact that these virulence factors have been poorly characterized in
Arcobacter spp. and the NCBI database does not contain complete annotated sequences of
these genes. Interestingly, the p/dA gene, coding for a phospholipase, was present only in 3%
of the chicken isolates of A. cryaerophilus, whereas 100% of A. butzleri isolates carried it
(Douidah et al. 2012). Using PCR, Sekhar et al. identified all virulence genes, also seen in A.
tbilisiensis isolates of this study (Table 3), among the A. butzleri and A. cryaerophilus strains
of human and animal origin. However, while all A. butzleri isolates carried the p/dA gene,

few of the A. cryaerophilus isolates contained them, which pinpoints cadF and p/dA as very
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important virulence determinants in Arcobacter species (Sekhar et al. 2017). Of note, all of

A. tbilisiensis sp. nov. isolates also carry the p/dA gene.

Our findings are comparable to those of a 2021 Estonian study, which identified ciaB and
mviN in all Arcobacter strains consisting of A. cryaerophilus and A. butzleri isolated from
human, environmental and food samples. In this study ¢j/349and t/yA were detected only in
a few A. cryaerophilus isolates. Additionally, none of the A. cryaerophilus and all of the A.
butzleri strains carried the cadF gene. The rest of the genes, such as irgA, iroE, hecA and
hecB were infrequently present in the A. butzleriisolates (Uljanovas et al., 2021). Again, the
fact that cadF'was present in all of A. butzleriisolates underlines the importance of this gene
as a virulence determinant. Alternatively, since cziaB and mvi/NV genes were found in all A.
cryaerophilus isolates in a 2020 German study, it is possible that these genes are associated
with less virulence and were responsible for the low cytotoxicity of the strains used by
Briickner et al. (Briickner et al., 2020). The importance of cadF was also confirmed by a
Turkish study, which identified this gene in all (100%) of A. butzleri isolates, while only 55%
of A. cryaerophilusisolates carried it. A significant number of the A. cryaerophilus strains in

the same study contained ciaBand mviN (Tabatabaei et al., 2014).

Due to the use of different detection methods (e.g. PCR vs NGS), the presence of various
virulence factors in Arcobacter spp. may differ from study to study. The high frequency of
similarities between various genomic regions makes designing specific primers essential for
the detection of virulence genes. Incorrectly designed primers could lead to false positive
results. However, false negative results are also possible due to DNA quality and other

technical challenges.

Proteins involved in the process of orchestration of chemotaxis, motility, and signal
transduction are crucial to the survival of microorganisms. These proteins/factors determine
the ability of microbes to colonize different ecological niches. Thus all these proteins,
including the adherence factors, which help a microbe to affix to different kinds-often even

abiotic-surfaces are frequently involved in pathogenesis and antibiotic resistance. From this
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point of view, various proteins involved in iron metabolism and resistance to heavy metals,
are also qualified as virulence factors. Regions coding for such genes were found in all A.
tbilisiensis sp. nov. isolates. For example, RAST identified several mycobacterial virulence
operons possibly involved in quinolinate and protein syntheses, as well as DNA
transcription. Other virulence factors identified in A. tbilisiensis sp. nov. isolates were the
genes coding for proteins involved in flagellar rotation and movement (#gB, figC and #iE),
iron metabolism and oxidative stress (e.g. ferric iron transporter and ferric ion binding
proteins and proteins involved in ferric uptake and peroxide stress regulation), which

Arcobacter spp. and Campylobacter spp. have in common.

A. tbilisiensis sp. nov. isolates discussed in this dissertation do not contain pVIR-a plasmid

previously identified both in Campylobacter spp. and A. butzleri (Zautner et al., 2023).

7.9. Identification of antimicrobial resistance genes in A. tbilisiensis sp. nov. isolates

RAST (Rapid Annotation using Subsystems Technology, https://rast.nmpdr.org/) and the

NCBI’s Prokaryotic Genome Annotation Pipeline (PGAP,
https://www.ncbi.nlm.nih.gov/genome/annotation prok/) were used to identify antibiotic
resistance genes in A. tbilisiensis sp. nov. isolates. PGAP, based on protein homology,
suggested protein sequences for various resistance genes, which were reverse-translated,
blasted to the reference genomes of Arcobacter spp. and consequently mapped back to the A.

tbilisiensis sp. nov. genomes.

Before delving into the specific resistance genes identified in A. tbilisiensis sp. nov. isolates,
the mechanisms of resistance need to be mentioned. Among the different resistance
mechanisms that exist, enzymatic inactivation of the drug, active efflux of the antibiotic
drug and the drug target site mutations are the mechanisms that we detected in the A.

tbilisiensis sp. nov. isolates.

Among all isolates of A. thilisiensis sp. nov., type D beta-lactamase and SMR (Small
Multidrug Resistance) protein were detected both by RAST and PGAP. For example,
blaOXA, a class D beta-lactamase found in isolate 51 (QT384_02110: 399612..400373)
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mapped to the genomes of A. thilisiensis sp. nov. isolates with various degrees of percent
coverage and percent identity after having been reverse-translated and blasted to the
reference Arcobacter genome (OM617734.1). More than 1,000 different B-lactamases which,

of note, are capable of destroying 3rd generation cephalosporins, have been identified to date

(www.lahey.org/studies) (Munita and Arias, 2016). The presence of related class D (-

lactamases was identified in Arcobacter spp by Iranian and French researchers as well. They
found blaOXA-61 and blaOXA-15/464-like family proteins, respectively, in A. cryaerophilus
and A. butzleri isolates originating from milk samples and the genomes of 30 resistant A.
butzleri isolates that were purposefully analyzed for determining cutoff values for various

antibiotics, including ampicillin (Jehanne et al. 2022; Lameei et al. 2022). Evidently, beta-

lactamase family incorporates a large number of related proteins. Not all A. tbilisiensis sp.
nov. isolates, however, displayed resistance to ampicillin phenotypically. From the strains
that did show resistance to ampicillin, isolate 46’s genome almost fully mapped to
OM617734.1 while isolate 47’s genome, mapped to the latter only partially (23%). This
indicates that resistance to ampicillin does not depend on solely the presence of blaOXA
family of genes, especially when the genomes of the isolates 79 and 99 were not resistant to

ampicillin despite high similarity with the blasted reference gene.

Another enzyme identified in the A. cryaerophilus genomes by PGAP was CatB-related O-
acetyltransferase/Chloramphenicol Acetyltransferase referenced in the A. tbilisiensis sp. nov.
isolates 51 (QT384_06745: 1311915..1312487) and 46 (QUR77_02155: 413946..415091)
although without the phenotypically demonstrated resistance to chloramphenicol. Blasting
the protein sequence using NCBI’s delta blast function yielded various hits, such as catB-
Related O-acetyltransferase of Alphaproteobacteria bacterium (GenBank: MBQ7413357.1)
with 84% coverage and 46% identity, as well as a related gene in Clostridium spp. (Sequence
ID: CDC18198.1) with 84% coverage and 51% identity. However, after reverse-translating
the protein sequence and blasting it using the NCBI’s nucleotide blast function we identified

hits that were closer to the isolate 51: A. cryaerophilus D2610 (GenBank CP032825.1) with
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53% coverage and 74% identity. We then blasted CP032825.1 back to our isolates one by one

and found that this gene was present in all A. tbilisiensis isolates.

The presence of the catB gene-also a Chloramphenicol Acetyltransferase-was previously
reported by Fanelli and colleagues. According to their research, A. butzlerr LMG10828
demonstrated “intermediate” resistance to chloramphenicol (Fanelli et al. 2019). However,
resistance of Arcobacter spp. to various antibiotics has not been clearly defined to date. This
is also true for resistance of Arcobacter spp. to chloramphenicol, which involves enzymatic
inactivation of the drug by mostly acetyltransferases. Additionally, the presence of efflux
pumps, phosphotransferase enzymes coupled with other drug resistance mechanisms, such as
modifications of the drug target site via point mutations and decreased outer membrane

permeability, may also contribute to chloramphenicol resistance.

Another enzyme identified by PGAP pipeline in isolate 51 was Cephalosporin Hydroxylase
family protein (QT384_06750: 1312526..1313314), however, even though blasting the given
protein sequence using delta blast did identify Cephalosporin Hydroxylase in various
bacteria, reverse-translating the protein sequence followed by nucleotide blast did not yield

any relevant sequence associated with this enzyme in any of A. tbilisiensis sp. nov. isolates.

The mechanism of active efflux of antibiotic drugs is a major player in antibiotic resistance.
Over-expression of drug efflux pumps is an important and sufficiently well-studied multidrug
resistance mechanism in Gram-negative bacteria. These efflux systems have evolved to
export various antibiotics from cytosol keeping their concentration below what is sufficient
to act on corresponding cellular targets. Additionally, efflux pumps serve as channels
extruding molecule implicated in bacterial toxicity, quorum sensing and biofilm formation
thus contributing to the pathogenicity of gram-negative bacterial species (Webber et al.
2022). Resistance Nodulation Division (RND) and ABC (ATP-binding cassette) transporter
families, identified in all A. tbilisiensis sp. nov. strains, are often found in Gram-negative
bacteria and are clinically relevant due to the ability to effectively remove a wide range of

antibiotics from the bacterial cell (Nishino et al., 2021; Vargiu et al. 2022). Cryogenic
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electron tomography (cryo-ET) of whole bacterial cells revealed that RND and ABC-type
efflux systems consist of tripartite assemblies, which include an inner membrane component,
an adaptor membrane fusion protein (MFP)/periplasmic adaptor protein (PAP) of the
periplasm, and an outer membrane factor (OMF). The PAP is serving as the connector
between the RND transporter and OMF. RND family transporters are engaged in the
catalysis of active efflux of many chemotherapeutic drugs, dyes and a wide range of
antibiotics thus contributing to bacterial multidrug resistance (MDR) and making
development of new antibiotic compounds extremely challenging (Webber et al. 2022;
Nishino et al., 2021). RND pumps are usually encoded by chromosomal DNA, however one
worrying example is that such system was found to be carried on an IncH1 plasmid of
Citrobacter freundii strain along with the gene NDM1 coding for the enzyme New Delhi

metallo-B-lactamase 1(Blair et al. 2015).

Resistance to erythromycin among Arcobacter spp. has been reported by several research
groups. For example, Sciortino et al. found that 7.4% of A. butzleri strains isolated from
various water sources in Italy were resistant to this drug (Sciortino et al. 2021). Van Den
Abeele and colleagues, on the other hand, determined that 19% of the Arcobacter spp. used
in their study were resistant to erythromycin. Such high rate of resistance observed in this
particular study was probably due to human origin of the isolates and the use of gradient
diffusion method in susceptibility testing, as opposed to more frequently used disc diffusion
method (Van Den Abeele et al. 2016). Resistance to macrolide drugs mainly occurs due to
point mutations within domain V of the 23S rRNA gene and/or amino-acid substitutions in
the ribosomal proteins (Uljanovas et al. 2023). Such mutations in the 23 rRNA were
identified by Chinese researchers investigating Campylobacter spp. in central China with
many isolates were shown to be resistant to erythromycin (Cheng et al. 2020). Another
mechanism of resistance relies on active efflux of the drug using the macABC efflux pumps.

The macAB efflux system consisting of macB type I secretion system permease/ATPase
(QT384_10165: 1991339..1993504), MacC HlyD family type I secretion periplasmic adaptor
subunit (QT384_1017: 1993501..1994919) and a tolC Type I secretion outer membrane
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protein (QT384_10160: 1988747..1991320) that represents ABC superfamily was identified in
all A. tbilisiensis sp. nov. isolates by blasting the reverse-translated protein sequences
suggested by PGAP. Pérez-Cataluiia et al. identified MacAB-TolC system in all 52 isolates of
A. cryaerophilus originating from a wide-range of samples sourced from various countries
(Pérez-Catalufia, Collado, et al. 2018). MacAB has been implicated in macrolide and

aminoglycoside resistance in £ coli and S. enterica serovar typhimurium as well

(Shirshikova et al. 2021).

Despite the presence of the macAB efflux system, none of the A. thilisiensis sp. nov. isolates
were resistant to erythromycin, which may indicates that, at least in vitro, its presence alone
is insufficient for resistance to macrolides. A similar circumstance was observed in the study
of 40 Lithuanian A. butzleri isolates conducted by Uljanovas et al. in 2020: while all isolates
contained the macAB efflux system, not all (55 %) were resistant to macrolides. It was
suggested that either the genes were not expressed, or their coding sequence could contain
amino acid substitutions (Uljanovas et al. 2023). Similarly, DNA gyrase subunit type II
resistant to fluoroquinolones was identified in all A. tbilisiensis sp. nov. sequences, however
only 4 out of 18 sequences were phenotypically resistant to ciprofloxacin, which implies that

this gene acts in conjunction with other mechanisms/genes.

Resistance to quinolones and bile acids in bacterial species may be conferred by cmeABC
efflux pumps. The sequence of proteins that make up these tripartite channels were
suggested by PGAP. The sequences were reverse-translated to search for similar sequences
using NCBI’s nucleotide blast. The closest match was then selected and blasted to the
genomic sequences of the A. thilisiensis sp. nov. isolates. Thus, cmeB: (QT384_09555
1865926..1869078) multidrug efflux RND transporter permease subunit, inner membrane
proton/drug antiporter (RND type), cmeA (QT384_09560 1869081..1870118) efflux RND
transporter periplasmic adaptor subunit, membrane fusion component and cmeC
(QT384_09565 1870115..1871347) TolC family protein, outer membrane factor lipoprotein,
were identified in all isolates of A. tbilisiensis sp. nov., after having been blasted to various

Arcobacter spp. (Table 9). Perez-Cataluna et al. detected cmeABC multidrug efflux pump,
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macAB-tolC system for macrolide resistance and the oxqB for quinolone resistance in all

sequenced Arcobacter genomes in their research (Pérez-Cataluiia et al., 2018).

Table 9. Antibiotic resistance genes mapped to the A. tbilisiensis genomes

Query ID Organism Gene Isolate Query Identity
Coverage (%)
(%)
CP032825.1 A. cryaerophilus  catB-related o- All isolates 100 97.4-97.86
D2610 acetyltransferase
CP053839.1 A. lanthieriLMG  cmeB All isolates 100 82
28516
CP031367.1 A. trophiarum LMGcmeA efflux RND All isolates 100 86
25534 transporter
periplasmic adaptor
subunit
CP060264.1 A. cryaerophilus  cmeC, tolC family All isolates 100 97
strain 16CS0369-1- protein, outer
AR-4 membrane factor
lipoprotein
CP053839.1 A. LanthieriLMG macB type I secretion All isolates 100 85 -88
28516 system
permease/ATPase
LT906455.1 tolC family outer Allisolates 70-72 81-82
A. butzleristrain  membrane protein
NCTC12481
CP034309.1 A. skirrowiistrain macC HlyD family All isolates 77-81 86
A2S6 type I  secretion
periplasmic  adaptor
subunit
OM617734. A. butzleristrain  blaOXA 46, 51, 62, 65, 98 75.8
1 2015-0489 70,79, 99

47,48,49,53, 21-23 95.8
101,103,
107,108
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ABC transporters other than macABC were also present in A. tbilisiensis sp. nov. isolates.
Notably, metal (Zn, Fe?* and Mb) and peptide ABC transporters, all of which are associated
with virulence due to the ability to actively expunge various drugs outside the bacterial cell
by using the free energy obtained from ATP hydrolysis and thus facilitating the transport of
various substrates across the lipid membrane (Nishino et al., 2021). SMR (Small Multidrug
Resistance) protein-another group of proteins that belong to SMR family of efflux pumps was
also identified in all A. tbilisiensis sp. nov. isolates. These efflux systems are composed of
small proteins with four very hydrophobic transmembrane domains that have o-helical
structure (Bay, Rommens, and Turner, 2008). SMRs are integral inner membrane proteins of
around 12 kDa in size and range from 100 to 140 amino acids in length. The SMR protein
family members have been found on various plasmids and transposable elements and provide
resistance to a wide range of antibiotics, such as [-lactams, cephalosporins and
aminoglycosides. SMR proteins frequently occur in combination with other drug resistance
genes indicating a tight association between antibiotic and SMR resistance (Bay, Rommens,

and Turner, 2008).

Several mechanisms regulate resistance to tetracycline in bacterial cells: efflux, modification
and protection from binding to the ribosome and modification of 16S rRNA at the
tetracycline binding site. Various proteins regulate these mechanisms: for example Tet(O)
and Tet(M), which are translational GTPase EF (Elongation Factor)-G paralogs able to
remove tetracycline from the inhibitory site on the ribosome via a GTP-dependent
hydrolysis. Tet(O) and Tet(M) belong to ribosomal protection proteins (RPPs) along with
other proteins of similar function, such as Tet(Q), Tet(S), Tet(T), Tet(W), and OtrA (Fanelli
et al., 2019). Despite the presence of the Translation Elongation Factor G in all A. tbilisiensis
sp. nov. strains, none were resistant to this antibiotic. At the same time, many strains
resistant to tetracycline were seen among the Campylobacter spp. isolated from the same

material.
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7.10. Effect of L. fermentum on Campylobacter spp. and Arcobacter spp.

Having demonstrated the inhibitory effect of L. fermentum on Campylobacter spp. we
searched for available publications involving this bacterium. L. fermentum turned out to be a
known probiotic that has been used in conjunction with Zn (II) propionate to significantly
decrease Sa/monella enterica serovar Diisseldorf fecal shedding in mice (Mudromova et al.,
2006). The combination of L. fermentum and Zn also promoted weight gain in chicks,
compared to the NC group. Another study conducted in a mouse model, achieved eradication
of S. typhimurium using L. fermentum ME-3 in combination with ofloxacin. This treatment
eliminated S. ¢yphimurium in the animals’ blood, ileum and liver, while decreasing the
number of animals with liver and spleen granulomas. The absence of liver granulomas was
associated with higher counts of intestinal lactobacilli in all experimental groups (Truusalu et
al., 2008).

There are numerous publications providing many examples of inhibition of various
pathogenic bacteria by different LZLactobacilli, but oftentimes with results that either
contradict each other, or can not be compared to each other due to the use of different
assays, media and/or experimental conditions. In a solid study the process of characterization
and selection for a LAB strain able to inhibit a certain pathogen must be based on a validated
assay with clearly defined parameters, while each assay run must be evaluated for
consistency of the results. Only in this manner one can determine the mechanism by which

a given probiotic inhibits a certain pathogen.

8 Conclusions, outlook and recommendations

Based on the presented research, it can be concluded that Georgian retail chicken is
contaminated with Arcobacter spp. and Campylobacter spp. and a great way to move
forward from here would be to determine the frequency of these pathogens in meat of other
animals, for example pork and beef. Additionally, we think that A. butzlers and A.

cryaerophilus can also be found in local retail chicken meats. This would make another
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excellent research project, as well as investigating the prevalence of Arcobacter spp. and

Campylobacter spp. in the environmental waters and other types of meat.

Based on our findings the following conclusions can be made:

1.

Prevalence of Campylobacter spp. in Georgian retail chicken meat could be ranging
from 50% to 70% or more, based on the ratio of the number of isolates (n=92) and the
total number of samples screened (n=200). We assume that the actual numbers are
much higher than what we have obtained.

The ratio of C. jejuni and C. coli among the isolates is roughly 50%:50%. However,
additional studies are needed to confirm this finding. This ratio could vary in other
parts of the country, or from farm to farm.

The presence of Arcobacter tbilisiensis sp. nov. in Georgian chicken is not surprising,
however, we do not know whether the ratio of the number of isolates (n=19) and the
samples screened (n=200) is true. Because the isolates did not include either A.
butzleri or A. cryaerophilus, we think that this ratio is in reality much higher.
According to the susceptibility resistance testing, the three major groups of
antimicrobials that the Campylobacter isolates are resistant to are beta-lactams,
cephalosporines (ciprofloxacine) and tetracyclines. All C. jejuni and C. coli isolates
(n=74) were resistant to penicillin G, 79% of C. jejuni and 97% of C. coli were
resistant to ciprofloxacine while 28% of C. jejuni and 51% of C. coli were found to be
resistant to tetracycline.

All isolates of A. thilisiensis sp. nov. were resistant to penicillin G. and 22% of the
isolates were resistant to ciprofloxacin.

L. fermentum is able to inhibit all three pathogens in vitro overnight in the co-
incubation assay, while such inhibition was not observed in well diffusion and disk
diffusion assays, which indicates that cell to cell contact is needed to trigger such

inhibition.
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7. Cytotoxicity of the local isolates of C. jejuni and C. coli. and A. tbilisiensis sp. nov.,
based on Roche’s WST1 cell proliferation assay, ranges from 52% to 87%, which
means that the isolates exhibit significant virulence.

8. The same WST1-based cytotoxicity assay demonstrated that L. fermentum protects
CaCo-2 (human colon carcinoma cell line) cells from cytotoxic effect of local isolates

of C. jejuni, C. coli and A. tbilisiensis sp. nov., completely eliminating cytotoxicity.

The most important finding of this research has been that the locally produced chicken meat
is contaminated with Campylobacter spp. and A. tbilisiensis sp. nov. This requires meat
producers to address the contamination issue. Based on our findings, the following measures

are recommended to decrease Campylobacter spp. and Arcobacter spp. in raw chicken meat:

1. Improving the sanitation and biosecurity of the farm facilities, such as hatcheries and
abattoirs

2. Sampling of worker boots periodically and performing qPCR testing for
Campylobacter spp. should provide information on the prevalence of these pathogens
in farms

3. Water facilitates transmission of Campylobacter spp., therefore clean drinking water
is absolutely necessary for the poultry.

4. Testing flocks for Campylobacter spp. at 2-3 weeks of age and separation of the flocks
based on the positivity and the negativity of the Campylobacter testing.

5. Provide a balanced diet for birds.

6. Administer a probiotic formula to the chicks via food and/or water. This would
require prior testing of the efficacy of such formula. This can be done at the age of
three weeks and then a few days before killing, so that the Campylobacterload in the
chicken guts diminishes.

7. Utilize available Campylobacter phages isolated locally by administering them in

drinking water for birds.
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8. Any equipment, production line, surfaces that come in contact with chicken carcasses
must be properly cleaned and disinfected prior and after handling raw chicken meat.

9. qPCR testing of carcasses for Campylobacter to sort the meats into campy-positive
and campy-negative carcasses. Freezing positive carcasses will eliminate

Campylobacter spp.

94



References:

Abay, Secil, Kayman, Tuba, Aydin, Fuat, and Hizlisov, Harun. 2012. “In Vitro Antibacterial
Susceptibility of Arcobacter Butzleri Isolated from Different Sources.” Journal of
Veterinary Medical Science 74 (5): 613-16. https://doi.org/10.1292/jvms.11-0487.

Abd El-Tawab, et al. 2019. “Efflux Pump Inhibitors, Alpha-Tocopherol and Aspirin: Role in
Campylobacter Jejuni and Campylobacter Coli Fluoroquinolone Resistance.”
Microbial Drug Resistance 25 (2): 203-11. https://doi.org/10.1089/mdr.2018.0086.

Abdelbagqi, et al. 2007. “Nucleotide Sequence of the gyrA Gene of Arcobacter Species and
Characterization of Human Ciprofloxacin-Resistant Clinical Isolates.” FEMS
Immunology & Medical Microbiology 49 (3): 337—45. https://doi.org/10.1111/j.1574-
695X.2006.00208.x.

Agunos, et al. 2014. “A Systematic Review Characterizing On-Farm Sources of
Campylobacter Spp. for Broiler Chickens.” PLoS ONE'9 (8): 104905.
https://doi.org/10.1371/journal.pone.0104905.

Ahmad, Igbal, and Farrukh Aqil, eds. 2008. New Strategies Combating Bacterial Infection.
Ist ed. Wiley. https://doi.org/10.1002/9783527622931.

Ahmed, Nejash A., and Timur Gulhan. 2022. “Campylobacter in Wild Birds: Is It an Animal
and Public Health Concern?” Frontiers in Microbiology 12 (February): 812591.
https://doi.org/10.3389/fmicb.2021.812591.

Aleksi¢, Ema, Biljana Miljkovi¢-Selimovi¢, Zoran Tambur, Nikola Aleksi¢, Vladimir
Bioc¢anin, and Stevan Avramov. 2021. “Resistance to Antibiotics in Thermophilic
Campylobacters.” Frontiers in Medicine 8 (November): 763434.
https://doi.org/10.3389/fmed.2021.763434.

Alfredson, David A., and Victoria Korolik. 2007. “Antibiotic Resistance and Resistance
Mechanisms in Campylobacter Jejuni and Campylobacter Coli.” FEMS Microbiology
Letters 277 (2): 123-32. https://doi.org/10.1111/j.1574-6968.2007.00935 ..

Alice Alma C. Bungay”, Calvin S. de los Reyes, and Methusyla J. Estacio. n.d. “The Zoonotic
Potential of Campylobacteriosis and Its Implications to Human Health.” Philippine
Journal of Science, no. 2005.

Amare, L.B., A.A. Saleha, Z. Zunita, A. Jalila, and L. Hassan. 2011. “Prevalence of Arcobacter
Spp. on Chicken Meat at Retail Markets and in Farm Chickens in Selangor, Malaysia.”
Food Control 22 (5): 732-36. https://doi.org/10.1016/j.foodcont.2010.11.004.

Andrzejewska, M., J. Klawe, B. Szczepanska, and D. Spica. 2011. “Occurrence of Virulence
Genes among Campylobacter Jejuni and Campylobacter Coli Isolates from Domestic
Animals and Children.” Polish Journal of Veterinary Sciences 14 (2).
https://doi.org/10.2478/v10181-011-0031-x.

95



Appleby, Livni. 2014. “COMPETITIVENESS OF GEORGIAN AGRICULTURE:
INVESTMENT CASE STUDIES.”, USAID, Georgia.

Asian Development Bank, Sununtar Setboonsarng, and Elsbeth Gregorio. 2017. “Achieving
Sustainable Development Goals through Organic Agriculture: Empowering Poor
Women to Build the Future.” 15th ed. Asian Development Bank.
https://doi.org/10.22617/WPS179123-2.

Atabay, H. Ibrahim, Ahmet Unver, Mitat Sahin, Salih Otlu, Mehmet Elmali, and Hilmi
Yaman. 2008. “Isolation of Various Arcobacter Species from Domestic Geese (Anser
Anser).” Veterinary Microbiology 128 (3—4): 400—405.
https://doi.org/10.1016/j.vetmic.2007.10.010.

Atabay, H, M Waino, and M Madsen. 2006. “Detection and Diversity of Various Arcobacter
Species in Danish Poultry.” International Journal of Food Microbiology 109 (1-2):
139-45. https://doi.org/10.1016/j.ijfoodmicro.2006.01.020.

Atabay, H.Ibrahim, Fuat Aydin, Kurt Houf, Mitat Sahin, and Peter Vandamme. 2003. “The
Prevalence of Arcobacter Spp. on Chicken Carcasses Sold in Retail Markets in Turkey,
and Identification of the Isolates Using SDS-PAGE.” International Journal of Food
Microbiology 81 (1): 21-28. https://doi.org/10.1016/50168-1605(02)00163-0.

Australian Government. Department of Agriculture and Water Resources. 2018. “Inquiry
into the United Nations Sustainable Development Goals (SDGs).” In United Nations
Sustainable Development Goals (SDG) Submission 86.

Australian Institute of Health and Welfare. 2022. “Australia’s Health 2022: Data Insights.”
https://doi.org/10.25816/GGVZ-VRS80.

Barboza, Karol, Zaida Cubillo, Eduardo Castro, Mauricio Redondo-Solano, Heriberto
Fernandez-Jaramillo, and Maria Laura Arias Echandi. 2017. “First Isolation Report of
Arcobacter Cryaerophilus from a Human Diarrhea Sample in Costa Rica.” Revista Do
Instituto de Medicina Tropical de Sio Paulo 59 (0). https://doi.org/10.1590/s1678-
9946201759072.

Barefoot, S F, and T R Klaenhammer. 1984. “Purification and Characterization of the
Lactobacillus Acidophilus Bacteriocin Lactacin B.” Antimicrobial Agents and
Chemotherapy 26 (3): 328-34. https://doi.org/10.1128/AAC.26.3.328.

Battersby, Tara, Desmond Walsh, Paul Whyte, and Declan ]. Bolton. 2016. “Campylobacter
Growth Rates in Four Different Matrices: Broiler Caecal Material, Live Birds, Bolton
Broth, and Brain Heart Infusion Broth.” Infection Ecology & Epidemiology 6 (1):
31217. https://doi.org/10.3402/iee.v6.31217.

Bay, Denice C., Kenton L. Rommens, and Raymond J. Turner. 2008. “Small Multidrug
Resistance Proteins: A Multidrug Transporter Family That Continues to Grow.”
Biochimica et Biophysica Acta (BBA) - Biomembranes 1778 (9): 1814-38.
https://doi.org/10.1016/j.bbamem.2007.08.015.

Bénéjat, L., E. Sifré, C. Domingues Martins, A. Ducournau, A. Buissonniere, E. Bessede, F.
Mégraud, and P. Lehours. 2018. “Epidemiologic Cutoff Values to Separate Wild-Type
from Non-Wild-Type Campylobacter Fetus to Ciprofloxacin.” Diagnostic

96



Microbiology and Infectious Disease 92 (2): 164-67.
https://doi.org/10.1016/j.diagmicrobio.2018.05.012.

Berrada, Houda, Juan C. Moltd, Jordi Maries, and Guillermina Font. 2010. “Determination of
Aminoglycoside and Macrolide Antibiotics in Meat by Pressurized Liquid Extraction
and LC-ESI-MS: Liquid Chromatography.” Journal of Separation Science 33 (4-5):
522-29. https://doi.org/10.1002/jssc.200900682.

Blair, Jessica M. A., Mark A. Webber, Alison J. Baylay, David O. Ogbolu, and Laura J. V.
Piddock. 2015. “Molecular Mechanisms of Antibiotic Resistance.” Nature Reviews
Microbiology 13 (1): 42-51. https://doi.org/10.1038/nrmicro3380.

Bogantes, Esteban Valverde, Karolina L. Fallas-Padilla, Carlos E. Rodriguez-Rodriguez,
Heriberto Ferndandez Jaramillo, and Maria Laura Arias Echandi. 2015. “Zoonotic
Species of the Genus Arcobacter in Poultry from Different Regions of Costa Rica.”
Journal of Food Protection 78 (4): 808-11. https://doi.org/10.4315/0362-028X.JFP-14-
494.

Bratz K,Golz G, Janczyk P, Nockler K, Alter T. 2014. “BMTW_OA_Caro_Bratz.” Ber/ Miinch
Tierdrzt] Wochenschr, no. Berl Miinch Tierdrztl Wochenschr 128, 155-162
(December): 155-62. https://doi.org/10.2376/0005-9366-128-155.

Briickner, Vanessa, Ulrike Fiebiger, Ralf Ignatius, Johannes Friesen, Martin Eisenblitter,
Marlies Hock, Thomas Alter, Stefan Bereswill, Markus M. Heimesaat, and Greta Golz.
2020. “Characterization of Arcobacter Strains Isolated from Human Stool Samples:
Results from the Prospective German Prevalence Study Arcopath.” Gut Pathogens12
(1): 3. https://doi.org/10.1186/s13099-019-0344-3.

Burnett, Tracey A, Michael A. Hornitzky, Peter Kuhnert, and Steven P Djordjevic. 2002.
“Speciating Campylobacter Jejuni and Campylobacter Coli Isolates from Poultry and
Humans Using Six PCR-Based Assays.” FEMS Microbiology Letters 216 (2): 201-9.
https://doi.org/10.1111/j.1574-6968.2002.tb11436.x.

Butzler, J.-P. 2004. “Campylobacter, from Obscurity to Celebrity.” Clinical Microbiology and
Infection 10 (10): 868-76. https://doi.org/10.1111/j.1469-0691.2004.00983 .x.

Carbone, M., T.L. Maugeri, M. Giannone, C. Gugliandolo, A. Midiri, and M.T. Fera. 2003.
“Adherence of Environmental Arcobacter Butzleri and Vibrio Spp. Isolates to
Epithelial Cells in Vitro.” Food Microbiology 20 (5): 611-16.
https://doi.org/10.1016/S0740-0020(02)00172-7.

Chaiyasaen, Natthakorn, Kochakorn Direksin, Nutravong Thitima, and Suttisak
Nopwinyoowong. 2023. “Prevalence, Antibiograms, Antibiotic Resistance Genes, and
Virulence Genes of Arcobacter Butzleri Isolated from Healthy Pigs in Mid-
Northeastern Thailand.” Veterinary Integrative Sciences 21 (2): 309-31.
https://doi.org/10.12982/V1S.2023.024.

Cheng, Yiluo, Wenting Zhang, Qin Lu, Guoyuan Wen, Zhongzheng Zhao, Qingping Luo,
Huabin Shao, and Tengfei Zhang. 2020. “Point Deletion or Insertion in CmeR-Box,
A2075G Substitution in 23S rRNA, and Presence of Erm(B) Are Key Factors of
Erythromycin Resistance in Campylobacter Jejuni and Campylobacter Coli Isolated

97



From Central China.” Frontiers in Microbiology 11 (March): 203.
https://doi.org/10.3389/fmicb.2020.00203.

Chinivasagam, H.N., B.G. Corney, L.L. Wright, 1.S. Diallo, and P.]. Blackall. 2007. “Detection
of Arcobacter Spp. in Piggery Effluent and Effluent-Irrigated Soils in Southeast
Queensland.” Journal of Applied Microbiology 103 (2): 418-26.
https://doi.org/10.1111/j.1365-2672.2007.03275 x.

Collado, Luis, and Maria José Figueras. 2011. “Taxonomy, Epidemiology, and Clinical
Relevance of the Genus Arcobacter.” Clinical Microbiology Reviews 24 (1): 174-92.
https://doi.org/10.1128/CMR.00034-10.

Collado, Luis, Isabel Inza, Josep Guarro, and Maria Jose Figueras. 2008. “Presence of
Arcobacter Spp. in Environmental Waters Correlates with High Levels of Fecal
Pollution: Correlation of Arcobacter with Fecal Pollution.” Environmental
Microbiology 10 (6): 1635—40. https://doi.org/10.1111/j.1462-2920.2007.01555.x.

Collins, Jennifer P., Hazel J. Shah, Daniel Lowell Weller, Logan C. Ray, Kirk Smith, Suzanne
McGuire, Rosalie T. Trevejo, et al. 2022. “Preliminary Incidence and Trends of
Infections Caused by Pathogens Transmitted Commonly Through Food — Foodborne
Diseases Active Surveillance Network, 10 U.S. Sites, 2016-2021.” MMWR. Morbidity
and Mortality Weekly Report 71 (40): 1260-64.
https://doi.org/10.15585/mmwr.mm?7140a2.

Corcionivoschi, Nicolae, Ozan Gundogdu, Lynn Moran, Carmel Kelly, Pam Scates, Lavinia
Stef, Ada Cean, Brendan Wren, Nick Dorrell, and Robert H Madden. 2015.
“Virulence Characteristics of Hcp + Campylobacter Jejuni and Campylobacter Coli
Isolates from Retail Chicken.” Gut Pathogens7 (1): 20.
https://doi.org/10.1186/s13099-015-0067-z.

DaMassa A. J. 1992. “Pathogenicity of Campylobacter Jejuni for Turkeys and Chickens.”
Avian Diseases 36: 359-63.

Davies, Emma, Marit Ebbesen, Cecilia Johansson, René Kaden, and Hilpi Rautelin. 2020.
“Genomic and Phenotypic Characterisation of Campylobacter Jejuni Isolates From a
Waterborne Outbreak.” Frontiers in Cellular and Infection Microbiology 10
(October): 594856. https://doi.org/10.3389/fcimb.2020.594856.

DCFTA European Union Legislation. 2014. Official Journal of the European Uinion L261.

Di Noto, Anna Maria, Sonia Sciortino, Cinzia Cardamone, Cosimo Ciravolo, Concetta Napoli,
Vincenzina Alio, Pietro Arculeo, Giuseppa Oliveri, and Antonella Costa. 2018.
“Detection of Arcobacter Spp. in Food Products Collected from Sicilia Region: A
Preliminary Study.” /talian Journal of Food Safety7 (2).
https://doi.org/10.4081/ijfs.2018.7171.

Dicks, L., and M. Botes. 2010. “Probiotic Lactic Acid Bacteria in the Gastro-Intestinal Tract:
Health Benefits, Safety and Mode of Action.” Beneficial Microbes1 (1): 11-29.
https://doi.org/10.3920/BM2009.0012.

Douidah, Laid, Lieven De Zutter, Julie Baré, Paul De Vos, Peter Vandamme, Olivier
Vandenberg, Anne-Marie Van Den Abeele, and Kurt Houf. 2012. “Occurrence of
Putative Virulence Genes in Arcobacter Species Isolated from Humans and Animals.”

98



Journal of Clinical Microbiology 50 (3): 735—41. https://doi.org/10.1128/JCM.05872-
11.

Dramé, Ousmane, Daniel Leclair, E. Jane Parmley, Anne Deckert, Blaise Ouattara, Danielle
Daignault, and André Ravel. 2020. “Antimicrobial Resistance of Campylobacterin
Broiler Chicken Along the Food Chain in Canada.” Foodborne Pathogens and Disease
17 (8): 512-20. https://doi.org/10.1089/fpd.2019.2752.

ENPARD. 2015. “Poultry and Egg Production,” 1-21.

Epps, Sharon, Roger Harvey, Michael Hume, Timothy Phillips, Robin Anderson, and David
Nisbet. 2013. “Foodborne Campylobacter: Infections, Metabolism, Pathogenesis and
Reservoirs.” International Journal of Environmental Research and Public Health 10
(12): 6292-6304. https://doi.org/10.3390/ijerph10126292.

European Food Safety Authority and European Centre for Disease Prevention and Control.
2021. “The European Union One Health 2020 Zoonoses Report.” EFSA Journal 19
(12). https://doi.org/10.2903/j.efsa.2021.6971.

Fanelli, Francesca, Angela Di Pinto, Anna Mottola, Giuseppina Mule, Daniele Chieffi,
Federico Baruzzi, Giuseppina Tantillo, and Vincenzina Fusco. 2019. “Genomic
Characterization of Arcobacter Butzleri Isolated From Shellfish: Novel Insight Into
Antibiotic Resistance and Virulence Determinants.” Frontiers in Microbiology 10
(April): 670. https://doi.org/10.3389/fmicb.2019.00670.

Farrell. 2016. “The Role of Poultry in Human Nutrition.” Food and Agriculture Organization
of the United Nations.

Fernandez, Heriberto, Maria Paz Villanueva, Ingrid Mansilla, Mario Gonzalez, and Fadua
Latif. 2015a. “Arcobacter Butzleri and A. Cryaerophilus in Human, Animals and Food
Sources, in Southern Chile.” Brazilian Journal of Microbiology 46 (1): 145-47.
https://doi.org/10.1590/51517-838246120140095.

2015, “Arcobacter Butzleri and A. Cryaerophilus in Human, Animals and Food
Sources, in Southern Chile.” Brazilian Journal of Microbiology 46 (1): 145—47.
https://doi.org/10.1590/S1517-838246120140095.

Fooks, Laura J., and Glenn R. Gibson. 2002. “In Vitro Investigations of the Effect of
Probiotics and Prebiotics on Selected Human Intestinal Pathogens.” FEMS
Microbiology Ecology 39 (1): 67-75. https://doi.org/10.1111/j.1574-
6941.2002.tb00907 .x.

Francesca Pedonese, Roberta Nuvoloni, Barbara Turchi, Beatrice Torracca, Elisabetta Di
Giannatale, Francesca Marotta and Domenico Cerri. 2017. “Prevalence, Phenotypic
and Genetic Diversity of Campylobacter in Poultry Fresh Meat and Poultry Products
on Retail Sale in Tuscany (Italy)” 53 (1): 29-37.

Fujiwara, S., H. Hashiba, T. Hirota, and J. F. Forstner. 1999. “Purification and
Characterization of a Novel Protein Produced by Bifidobacterium Longum SBT2928
That Inhibits the Binding of Enterotoxigenic Escherichia Coli Pb176 (CFA/II) to
Gangliotetraosylceramide.” Journal of Applied Microbiology 86 (4): 615-21.
https://doi.org/10.1046/j.1365-2672.1999.00705 x.

99



Gargiulo, Antonio, Mariangela Sensale, Laura Marzocco, Alessandro Fioretti, Lucia F.
Menna, and Ludovico Dipineto. 2011. “Campylobacter Jejuni, Campylobacter Coli,
and Cytolethal Distending Toxin (CDT) Genes in Common Teals (Anas Crecca).”
Veterinary Microbiology 150 (3—4): 401-4.
https://doi.org/10.1016/j.vetmic.2011.03.002.

Ghorbanalizadgan, Mahdi, Bita Bakhshi, Saeed Shams, and Shahin Najar-Peerayeh. 2019.
“Pulsed-Field Gel Electrophoresis Fingerprinting of Campylobacter Jejuni and
Campylobacter Coli Strains Isolated from Clinical Specimens, Iran.” International
Microbiology 22 (3): 391-98. https://doi.org/10.1007/s10123-019-00062-8.

Giacometti, Federica, Alex Lucchi, Antonietta Di Francesco, Mauro Delogu, Ester Grilli,
Ilaria Guarniero, Laura Stancampiano, Gerardo Manfreda, Giuseppe Merialdi, and
Andrea Serraino. 2015. “Arcobacter Butzleri, Arcobacter Cryaerophilus, and
Arcobacter Skirrowii Circulation in a Dairy Farm and Sources of Milk
Contamination.” Edited by J. Bjorkroth. Applied and Environmental Microbiology 81
(15): 5055-63. https://doi.org/10.1128/AEM.01035-15.

Gonzalez, I., T. Garcia, A. Antolin, P.E. Hernandez, and R. Martin. 2000. “Development of a
Combined PCR-Culture Technique for the Rapid Detection of Arcobacter Spp. in
Chicken Meat.” Letters in Applied Microbiology 30 (3): 207-12.
https://doi.org/10.1046/j.1472-765x.2000.00696.x.

Gugliandolo, C., G.P. Irrera, V. Lentini, and T.L. Maugeri. 2008. “Pathogenic Vibrio,
Aeromonas and Arcobacter Spp. Associated with Copepods in the Straits of Messina
(Italy).” Marine Pollution Bulletin 56 (3): 600-606.
https://doi.org/10.1016/j.marpolbul.2007.12.001.

Guirin, Guillermo F., Victoria Brusa, Cristian D. Adriani, and Gerardo A. Leotta. 2020.
“Prevalence of Campylobacter Jejuni and Campylobacter Coli from Broilers at
Conventional and Kosher Abattoirs and Retail Stores.” Revista Argentina de
Microbiologia 52 (3): 217-20. https://doi.org/10.1016/j.ram.2019.07.002.

Guyard-Nicodeme, M., A. Keita, S. Quesne, M. Amelot, T. Poezevara, B. Le Berre, J. Sanchez,
et al. 2016. “Efficacy of Feed Additives against Campylobacter in Live Broilers during
the Entire Rearing Period.” Poultry Science 95 (2): 298-305.
https://doi.org/10.3382/ps/pev303.

Haas, Katrin, Gudrun Overesch, and Peter Kuhnert. 2017. “A Quantitative Real-Time PCR
Approach for Assessing Campylobacter Jejuni and Campylobacter Coli Colonization
in Broiler Herds.” Journal of Food Protection 80 (4): 604—8.
https://doi.org/10.4315/0362-028X.JFP-16-395.

Haghighi, Hamid R., Jianhua Gong, Carlton L. Gyles, M. Anthony Hayes, Babak Sanei,
Payvand Parvizi, Haris Gisavi, James R. Chambers, and Shayan Sharif. 2005.
“Modulation of Antibody-Mediated Immune Response by Probiotics in Chickens.”
Clinical and Vaccine Immunology 12 (12): 1387-92.
https://doi.org/10.1128/CDLI.12.12.1387-1392.2005.

Hald, Birthe, Marianne Nielsine Skov, Eva Meller Nielsen, Carsten Rahbek, Jesper Johannes
Madsen, Michael Waing, Mariann Chriél, Steen Nordentoft, Dorte Lau Baggesen, and

100



Mogens Madsen. 2015. “Campylobacter Jejuni and Campylobacter Coli in Wild Birds
on Danish Livestock Farms.” Acta Veterinaria Scandinavica 58 (1): 11.
https://doi.org/10.1186/s13028-016-0192-9.

Hamill, S., S.D. Neill, and R.H. Madden. 2008. “Use of Hugh and Leifson’s Medium as a
Simple Screening Test to Aid in the Differentiation of Arcobacter Spp. from
Background Flora during Their Isolation from Foodstuffs.” Letters in Applied
Microbiology 47 (3): 187-91. https://doi.org/10.1111/j.1472-765X.2008.02399.x.

Han, Xinfeng, Dongmei Zhu, Haimei Lai, Hang Zeng, Kang Zhou, Likou Zou, Congming
Wu, Guoquan Han, and Shuliang Liu. 2016. “Prevalence, Antimicrobial Resistance
Profiling and Genetic Diversity of Campylobacter Jejuni and Campylobacter Coli
Isolated from Broilers at Slaughter in China.” Food Control 69 (November): 160-70.
https://doi.org/10.1016/j.foodcont.2016.04.051.

Hénel, Ingrid, Eva Miiller, Belén Gonzalez Santamarina, Herbert Tomaso, Helmut Hotzel,
and Anne Busch. 2021. “Antimicrobial Susceptibility and Genomic Analysis of
Aliarcobacter Cibarius and Aliarcobacter Thereius, Two Rarely Detected
Aliarcobacter Species.” Frontiers in Cellular and Infection Microbiology 11 (March):
532989. https://doi.org/10.3389/fcimb.2021.532989.

Hashempour-Baltork, Fataneh, Hedayat Hosseini, Saeedeh Shojaee-Aliabadi, Mohammadali
Torbati, Adel Mirza Alizadeh, and Matin Alizadeh. 2019. “Drug Resistance and the
Prevention Strategies in Food Borne Bacteria: An Update Review.” Advanced
Pharmaceutical Bulletin 9 (3): 335—47. https://doi.org/10.15171/apb.2019.041.

Hemal Tandel, Jigar Vanza, Nilima Pandya, and Parva Jani. 2016. “GUILLAIN-BARRE
SYNDROME (GBS): A REVIEW.” European Journal of Pharmaceutical and Medical
Research 2 (3): 366-71.

Hilton, C.L., B.M. Mackey, A.]. Hargreaves, and S.]. Forsythe. 2001. “The Recovery of
Arcobacter Butzleri NCTC 12481 from Various Temperature Treatments.” Journal of
Applied Microbiology 91 (5): 929-32. https://doi.org/10.1046/j.1365-
2672.2001.01457 .x.

Ho, H, L Lipman, and W Gaastra. 2006. “Arcobacter, What Is Known and Unknown about a
Potential Foodborne Zoonotic Agent!” Veterinary Microbiology 115 (1-3): 1-13.
https://doi.org/10.1016/j.vetmic.2006.03.004.

Hodges, Lisa M., Catherine D. Carrillo, Jacqueline P. Upham, Antonela Borza, Mikaela
Eisebraun, Robyn Kenwell, Steven K. Mutschall, David Haldane, Emily Schleihauf,
and Eduardo N. Taboada. 2019. “A Strain Comparison of Campylobacter Isolated from
Retail Poultry and Human Clinical Cases in Atlantic Canada.” Edited by Yung-Fu
Chang. PLOS ONE 14 (5): e0215928. https://doi.org/10.1371/journal.pone.0215928.

Houf, K., De Smet, S. 2007. “Occurrence of Emerging Arcobacter in Dogs and Cats and Its
Public Health Implications: A Review.” ZOONOSES AND PUBLIC HEALTH 54: 83—
83.

Houf, Kurt, Stephen L. W. On, Tom Coenye, Jan Mast, Jan Van Hoof, and Peter Vandamme.
2005. “Arcobacter Cibarius Sp. Nov., Isolated from Broiler Carcasses.” International

101



Journal of Systematic and Evolutionary Microbiology 55 (2): 713-17.
https://doi.org/10.1099/ijs.0.63103-0.

Igwaran, Aboi, and Anthony Ifeanyi Okoh. 2019. “Human Campylobacteriosis: A Public
Health Concern of Global Importance.” Heliyon5 (11): e02814.
https://doi.org/10.1016/j.heliyon.2019.e02814.

Ikai, Yoshitomo, Hisao Oka, Norihisa Kawamura, Junko Hayakawa, Masuo Yamada, Ken-ichi
Harada, Makoto Suzuki, and Hiroyuki Nakazawa. 1991. “Improvement of Chemical
Analysis of Antibiotics.” Journal of Chromatography A 541 (January): 393—400.
https://doi.org/10.1016/50021-9673(01)96011-X.

Iovine, Nicole M. 2013. “Resistance Mechanisms in Campylobacter Jejuni.” Virulence 4 (3):
230—-40. https://doi.org/10.4161/viru.23753.

J. E. Moore. 2002. “Molecular Diversity of Campylobacter Coli and C. Jejuni Isolated from
Pigs at Slaughter by flaA-RFLP Analysis and Ribotyping.” /. Vet. Med.

Jehanne, Quentin, Lucie Bénéjat, Astrid Ducournau, Emilie Besséde, and Philippe Lehours.
2022. “Molecular Cut-off Values for Aliarcobacter Butzleri Susceptibility Testing.”
Edited by Cheryl P. Andam. Microbiology Spectrum 10 (4): e01003-22.
https://doi.org/10.1128/spectrum.01003-22.

Johnson, Tylor J., Janette M. Shank, and Jeremiah G. Johnson. 2017. “Current and Potential
Treatments for Reducing Campylobacter Colonization in Animal Hosts and Disease in
Humans.” Frontiers in Microbiology 8 (March).
https://doi.org/10.3389/fmicb.2017.00487.

Jones, K. 2001. “Campylobacters in Water, Sewage and the Environment.” Journal of Applied
Microbiology 90 (S6): 685-79S. https://doi.org/10.1046/j.1365-2672.2001.01355.x.

Jose M. Munita and Cesar A. Arias. 2016. “Mechanisms of Antibiotic Resistance.”
Microbiology Spectrum 4 (2).

Jribi, Hela, Hanen Sellami, Salha B. Amor, Astrid Ducournau, Elodie Sifré, Lucie Benejat,
Francis Mégraud, and Radhouane Gdoura. 2020. “Occurrence and Antibiotic
Resistance of Arcobacter Species Isolates from Poultry in Tunisia.” Journal of Food
Protection 83 (12): 2080-86. https://doi.org/10.4315/JFP-20-056.

Kabeya, Hidenori, Soichi Maruyama, Yukio Morita, Tomoko Ohsuga, Saori Ozawa, Yoko
Kobayashi, Maiko Abe, Yasuji Katsube, and Takeshi Mikami. 2004. “Prevalence of
Arcobacter Species in Retail Meats and Antimicrobial Susceptibility of the Isolates in
Japan.” International Journal of Food Microbiology 90 (3): 303-8.
https://doi.org/10.1016/S0168-1605(03)00322-2.

Khoshbakht et al. 2014. “Occurrence of Virulence Genes and Strain Diversity of
Thermophilic Campylobacters Isolated from Cattle and Sheep Faecal Samples.”
Iranian Journal of Veterinary Research 15 (2): 138—44.

Kinana, Alfred Dieudonné, Eric Cardinale, Ibrahim Bahsoun, Fatou Tall, Jean-Marie Sire,
Sebastien Breurec, Benoit Garin, Cheikh Saad-Bouh Boye, and Jean-David Perrier-
Gros-Claude. 2007. “Campylobacter Coli Isolates Derived from Chickens in Senegal:
Diversity, Genetic Exchange with Campylobacter Jejuni and Quinolone Resistance.”

102



Research in Microbiology 158 (2): 138-42.
https://doi.org/10.1016/j.resmic.2006.11.009.

Kist, M. 1986. “{Who discovered Campylobacter jejuni/coli? A review of hitherto disregarded
literature].” Zentralblatt Fur Bakteriologie, Mikrobiologie, Und Hygiene. Series A,
Medical Microbiology, Infectious Diseases, Virology, Parasitology 261 (2): 177-86.

Kjeldgaard, Jette, Kirsten Jorgensen, and Hanne Ingmer. 2009. “Growth and Survival at
Chiller Temperatures of Arcobacter Butzleri.” International Journal of Food
Microbiology 131 (2-3): 256-59. https://doi.org/10.1016/j.ijfoodmicro.2009.02.017.

Klijn, Adrianne, Annick Mercenier, and Fabrizio Arigoni. 2005. “Lessons from the Genomes
of Bifidobacteria.” FEMS Microbiology Reviews 29 (3): 491-5009.
https://doi.org/10.1016/j.fmrre.2005.04.010.

Koga, Tetsufumi, Wataru Aoki, Takashi Mizuno, Kuniko Wakazono, Junki Ohno, Tsunehiro
Nakai, Takao Nomiya, et al. 2017. “Antimicrobial Resistance in Campylobacter Coli
and Campylobacter Jejuni in Cynomolgus Monkeys ( Macaca Fascicularis ) and
Eradication Regimens.” Journal of Microbiology, Immunology and Infection 50 (1):
75-82. https://doi.org/10.1016/j.jmii.2014.12.006.

Korthals, M. 2001. “Ethical Dilemmas in Sustainable Agriculture.” International Journal of
Food Science and Technology, no. 36: 813-20.

Kral M. et. al. 2012. “Application of Probiotics in Poultry Production.” Animal Science and
Biotechnologies 45 (1).

Kwon, Yong-Kuk, Jae-Young Oh, Ok-Mi Jeong, Oun-Kyoung Moon, Min-Su Kang, Byeong-
Yeal Jung, Byung-Ki An, et al. 2017. “Prevalence of Campylobacter Species in Wild
Birds of South Korea.” Avian Pathology 46 (5): 474-80.
https://doi.org/10.1080/03079457.2017.1315048.

Lameei, Abazar, Ebrahim Rahimi, Amir Shakerian, and Hassan Momtaz. 2022. “Genotyping,
Antibiotic Resistance and Prevalence of Arcobacter Species in Milk and Dairy
Products.” Veterinary Medicine and Science 8 (4): 1841-49.
https://doi.org/10.1002/vms3.800.

Lappi, Victoria, John R. Archer, Elizabeth Cebelinski, Fe Leano, John M. Besser, Rachel F.
Klos, Carlota Medus, Kirk E. Smith, Collette Fitzgerald, and Jeffrey P. Davis. 2013.
“An Outbreak of Foodborne Illness Among Attendees of a Wedding Reception in
Wisconsin Likely Caused by Arcobacter Butzleri” Foodborne Pathogens and Disease
10 (3): 250-55. https://doi.org/10.1089/fpd.2012.1307.

Le, M. T., I. Porcelli, C. M. Weight, D. ]. H. Gaskin, S. R. Carding, and A. H. M. Van Vliet.
2012. “Acid-Shock of Campylobacter Jejuni Induces Flagellar Gene Expression and
Host Cell Invasion.” European Journal of Microbiology and Immunology 2 (1): 12-19.
https://doi.org/10.1556/EuJMI1.2.2012.1.3.

Lee, Cheonghoon, Senyo Agidi, Jason W. Marion, and Jiyoung Lee. 2012. “Arcobacter in
Lake Erie Beach Waters: An Emerging Gastrointestinal Pathogen Linked with
Human-Associated Fecal Contamination.” Applied and Environmental Microbiology
78 (16): 5511-19. https://doi.org/10.1128/AEM.08009-11.

103



Leoni, Francesca, Serena Chierichetti, Sabrina Santarelli, Giulia Talevi, Laura Masini, Chiara
Bartolini, Elena Rocchegiani, M. Naceur Haouet, and Donatella Ottaviani. 2017.
“Occurrence of Arcobacter Spp. and Correlation with the Bacterial Indicator of Faecal
Contamination Escherichia Coli in Bivalve Molluscs from the Central Adriatic, Italy.”
International Journal of Food Microbiology 245 (March): 6-12.
https://doi.org/10.1016/j.ijfoodmicro.2017.01.006.

Lynch, Caoimhe T., Helen Lynch, Sarah Burke, Kayleigh Hawkins, Colin Buttimer, Conor
Mc Carthy, John Egan, et al. 2020. “Antimicrobial Resistance Determinants
Circulating among Thermophilic Campylobacter Isolates Recovered from Broilers in
Ireland Over a One-Year Period.” Antibiotics 9 (6): 308.
https://doi.org/10.3390/antibiotics9060308.

Madden, Robert H., Lynn Moran, Pam Scates, Jane Mcbride, and Carmel Kelly. 2011.
“Prevalence of Campylobacter and Salmonella in Raw Chicken on Retail Sale in the
Republic of Ireland.” Journal of Food Protection 74 (11): 1922-26.
https://doi.org/10.4315/0362-028X.JFP-11-104.

Maiesaar, Mihkel, Triin Tedersoo, Kadrin Meremaie, and Mati Roasto. 2020. “The Source
Attribution Analysis Revealed the Prevalent Role of Poultry over Cattle and Wild
Birds in Human Campylobacteriosis Cases in the Baltic States.” Edited by James E.
Wells. PLOS ONE'15 (7): e0235841. https://doi.org/10.1371/journal.pone.0235841.

Marasini, Daya, Anand B. Karki, Mark A. Buchheim, and Mohamed K. Fakhr. 2018.
“Phylogenetic Relatedness Among Plasmids Harbored by Campylobacter Jejuni and
Campylobacter Coli Isolated From Retail Meats.” Frontiers in Microbiology 9
(September): 2167. https://doi.org/10.3389/fmicb.2018.02167.

Mariam Tutberidze. 2017. “The Sustainable Development Goals — Monitoring and
Coordination of SDG 16.” IDFI.

Mattheus, Wesley, Nadine Botteldoorn, Kim Heylen, Brigitte Pochet, and Katelijne Dierick.
2012. “Trend Analysis of Antimicrobial Resistance in Campylobacter Jejuni and
Campylobacter Coli Isolated from Belgian Pork and Poultry Meat Products Using
Surveillance Data of 2004-2009.” Foodborne Pathogens and Disease 9 (5): 465-72.
https://doi.org/10.1089/fpd.2011.1042.

Meremaie K, Roasto M, Tamme T, Ivanova M, Hanninen ML, Elias P. 2010. “In Vitro Study
of the Antimicrobial Effect of Selected Probiotics Combined with Prebiotics on
Campylobacter Jejuni In-Vitro-Studie Uber Die Antimikrobielle Wirkung von
Ausgewihlten Probiotika Kombiniert Mit Prabiotika Auf Campylobacter Jejuni.”
Archiv Fiir Lebensmittelhygiene, no. Archiv fiir Lebensmittelhygiene 61: 4, 132-138
(2010) (August): 132-38. https://doi.org/10.2376/0003-925X-61-132.

Michaelis, Claudia, and Elisabeth Grohmann. 2023. “Horizontal Gene Transfer of Antibiotic
Resistance Genes in Biofilms.” Antibiotics 12 (2): 328.
https://doi.org/10.3390/antibiotics12020328.

Miller, William G., Mary H. Chapman, Emma Yee, Joana Revez, James L. Bono, and Mirko
Rossi. 2017. “Complete Genome Sequence of the Hippuricase-Positive Campylobacter

104



Avium Type Strain LMG 24591.” Genome Announcements5 (43): e01221-17.
https://doi.org/10.1128/genomeA.01221-17.

Miller, William G., Craig T. Parker, Marc Rubenfield, George L. Mendz, Marc M. S. M.
Wésten, David W. Ussery, John F. Stolz, et al. 2007. “The Complete Genome
Sequence and Analysis of the Epsilonproteobacterium Arcobacter Butzleri.” Edited by
Cecile Fairhead. PLoS ONE2 (12): e1358.
https://doi.org/10.1371/journal.pone.0001358.

Mpoller Nielsen, Eva, Jorgen Engberg, and Mogens Madsen. 1997. “Distribution of Serotypes
of Campylobacter Jejuni and C. Coli from Danish Patients, Poultry, Cattle and Swine.”
FEMS Immunology & Medical Microbiology 19 (1): 47-56.
https://doi.org/10.1111/j.1574-695X.1997.tb01071 ..

Moreno, Yolanda, José Luis Alonso, Salut Botella, M.Antonia Ferrus, and Javier Herndndez.
2004. “Survival and Injury of Arcobacter after Artificial Inoculation into Drinking
Water.” Research in Microbiology 155 (9): 726-30.
https://doi.org/10.1016/j.resmic.2004.05.011.

Mudroniovd, Dagmar, Radomira Nemcova, Andrea Laukovd, Jana Ko$¢ova, Viola Strompfova,
Katarina Gyoryova, Erika Szunyogova, and Gabriel Lazar. 2006. “Effect of
Lactobacillus Fermentum Alone, and in Combination with Zinc(II) Propionate on
Salmonella Enterica Serovar Diisseldorf in Japanese Quails.” Biologia 61 (6): 797-801.
https://doi.org/10.2478/s11756-006-0160-3.

Mughini-Gras, Lapo, Christian Penny, Catherine Ragimbeau, Franciska M. Schets, Hetty
Blaak, Birgitta Duim, Jaap A. Wagenaar, et al. 2016. “Quantifying Potential Sources of
Surface Water Contamination with Campylobacter Jejuni and Campylobacter Coli.”
Water Research 101 (September): 36-45. https://doi.org/10.1016/j.watres.2016.05.069.

Miiller, Wolfgang, Corinna Bohland, and Ulrich Methner. 2011. “Detection and Genotypic
Differentiation of Campylobacter Jejuni and Campylobacter Coli Strains from Laying
Hens by Multiplex PCR and Fla-Typing.” Research in Veterinary Science 91 (3): e48—
52. https://doi.org/10.1016/j.rvsc.2011.01.028.

Nazef, L., Y. Belguesmia, A. Tani, H. Prévost, and D. Drider. 2008. “Identification of Lactic
Acid Bacteria from Poultry Feces: Evidence on Anti-Campylobacter and Anti-Listeria
Activities.” Poultry Science 87 (2): 329-34. https://doi.org/10.3382/ps.2007-00282.

Neal-McKinney, Jason M., Xiaonan Lu, Tri Duong, Charles L. Larson, Douglas R. Call,
Devendra H. Shah, and Michael E. Konkel. 2012. “Production of Organic Acids by
Probiotic Lactobacilli Can Be Used to Reduce Pathogen Load in Poultry.” Edited by
Jose Luis Balcazar. PLoS ONE7 (9): e43928.
https://doi.org/10.1371/journal.pone.0043928.

Neubauer, C., and M. Hess. 2006. “Detection and Identification of Food-Borne Pathogens of
the Genera Campylobacter, Arcobacter and Helicobacter by Multiplex PCR in
Poultry and Poultry Products.” Journal of Veterinary Medicine Series B53 (8): 376—
81. https://doi.org/10.1111/j.1439-0450.2006.00991 .x.

105



Nikaido, Hiroshi, and Yumiko Takatsuka. 2009. “Mechanisms of RND Multidrug Efflux
Pumps.” Biochimica et Biophysica Acta (BBA) - Proteins and Proteomics 1794 (5):
769-81. https://doi.org/10.1016/j.bbapap.2008.10.004.

Nilsson, Anna, Cecilia Johansson, Astrid Skarp, René Kaden, Stefan Bertilsson, and Hilpi
Rautelin. 2018. “Survival of Campylobacter Jejuni and Campylobacter Coli Water
Isolates in Lake and Well Water.” APMIS 126 (9): 762-70.
https://doi.org/10.1111/apm.12879.

Nishino, Kunihiko, Seiji Yamasaki, Ryosuke Nakashima, Martijn Zwama, and Mitsuko
Hayashi-Nishino. 2021. “Function and Inhibitory Mechanisms of Multidrug Efflux
Pumps.” Frontiers in Microbiology 12 (December): 737288.
https://doi.org/10.3389/fmicb.2021.737288.

Noormohamed, Aneesa, and Mohamed Fakhr. 2014. “Molecular Typing of Campylobacter
Jejuni and Campylobacter Coli Isolated from Various Retail Meats by MLST and
PFGE.” Foods 3 (1): 82-93. https://doi.org/10.3390/foods3010082.

Norstrom, Albert V., Astrid Dannenberg, Geoff McCarney, Manjana Milkoreit, Florian
Diekert, Gustav Engstrom, Ram Fishman, et al. 2014. “Three Necessary Conditions for
Establishing Effective Sustainable Development Goals in the Anthropocene.” Ecology
and Society 19 (3): art8. https://doi.org/10.5751/ES-06602-190308.

Office of the Prime Minister of Georgia. 2016. FIRST VOLUNTARY NATIONAL REVIEW
ON IMPLEMENTATION OF THE SUSTAINABLE DEVELOPMENT GOALS.

Oliveira, Maria Gabriela Xavier De, Marcos Paulo Vieira Cunha, Luisa Zanolli Moreno,
André Becker Simdes Saidenberg, Monica Aparecida Midolli Vieira, Tania Aparecida
Tardelli Gomes, Andrea Micke Moreno, and Terezinha Knobl. 2023. “Antimicrobial
Resistance and Pathogenicity of Aliarcobacter Butzleri Isolated from Poultry Meat.”
Antibiotics 12 (2): 282. https://doi.org/10.3390/antibiotics12020282.

Oyarzabal, Omar A., Aretha Williams, Ping Zhou, and Mansour Samadpour. 2013.
“Improved Protocol for Isolation of Campylobacter Spp. from Retail Broiler Meat and
Use of Pulsed Field Gel Electrophoresis for the Typing of Isolates.” Journal of
Microbiological Methods 95 (1): 76-83. https://doi.org/10.1016/j.mimet.2013.03.008.

Paintsil, Ellis Kobina, Linda Aurelia Ofori, Sarah Adobea, Charity Wiafe Akenten, Richard
Odame Phillips, Oumou Maiga-Ascofare, Maike Lamshoft, et al. 2022. “Prevalence
and Antibiotic Resistance in Campylobacter Spp. Isolated from Humans and Food-
Producing Animals in West Africa: A Systematic Review and Meta-Analysis.”
Pathogens 11 (2): 140. https://doi.org/10.3390/pathogens11020140.

Paintsil, Ellis Kobina, Linda Aurelia Ofori, Charity Wiafe Akenten, Dennis Fosu, Seth Ofori,
Maike Lamshoft, Jiirgen May, Kwasi Obiri Danso, Ralf Krumkamp, and Denise
Dekker. 2021. “Antimicrobial Usage in Commercial and Domestic Poultry Farming in
Two Communities in the Ashanti Region of Ghana.” Antibiotics 10 (7): 800.
https://doi.org/10.3390/antibiotics10070800.

Patyal, A., R. S. Rathore, H. V. Mohan, K. Dhama, and A. Kumar. 2011. “Prevalence of
Arcobacter Spp. in Humans, Animals and Foods of Animal Origin Including Sea Food

106



from India: Prevalence of Arcobacter Spp. in India.” 7ransboundary and Emerging
Diseases 58 (5): 402-10. https://doi.org/10.1111/j.1865-1682.2011.01221 .x.

Pérez-Cataluiia, Alba, Luis Collado, Oscar Salgado, Violeta Lefifianco, and Maria J. Figueras.
2018. “A Polyphasic and Taxogenomic Evaluation Uncovers Arcobacter
Cryaerophilus as a Species Complex That Embraces Four Genomovars.” Frontiers in
Microbiology 9 (April): 805. https://doi.org/10.3389/fmicb.2018.00805.

Pérez-Cataluna, Alba, Nuria Salas-Mass6, Ana L. Diéguez, Sabela Balboa, Alberto Lema, Jesus
L. Romalde, and Maria J. Figueras. 2018. “Revisiting the Taxonomy of the Genus
Arcobacter: Getting Order From the Chaos.” Frontiers in Microbiology 9 (September):
2077. https://doi.org/10.3389/fmicb.2018.02077.

Pergola, S., M.P. Franciosini, F. Comitini, M. Ciani, S. De Luca, S. Bellucci, L. Menchetti, and
P. Casagrande Proietti. 2017. “Genetic Diversity and Antimicrobial Resistance Profiles
of Campylobacter Coli and Campylobacter Jejunilsolated from Broiler Chicken in
Farms and at Time of Slaughter in Central Italy.” Journal of Applied Microbiology 122
(5): 1348-56. https://doi.org/10.1111/jam.13419.

Piccirillo, A., G. Dotto, C. Salata, and M. Giacomelli. 2013. “Absence of Class 1 and Class 2
Integrons among Campylobacter Jejuni and Campylobacter Coli Isolated from Poultry
in Italy.” Journal of Antimicrobial Chemotherapy 68 (11): 2683—-85.
https://doi.org/10.1093/jac/dkt242.

Poudel, Sabin, Tianmin Li, Saijuan Chen, Xue Zhang, Wen-Hsing Cheng, Anuraj T.
Sukumaran, Aaron S. Kiess, and Li Zhang. 2022. “Prevalence, Antimicrobial
Resistance, and Molecular Characterization of CampylobacterIsolated from Broilers
and Broiler Meat Raised without Antibiotics.” Edited by Kapil Chousalkar.
Microbiology Spectrum 10 (3): e00251-22. https://doi.org/10.1128/spectrum.00251-22.

Pradhan, Prajal, Luis Costa, Diego Rybski, Wolfgang Lucht, and Jiirgen P. Kropp. 2017. “A
Systematic Study of Sustainable Development Goal (SDG) Interactions: A
SYSTEMATIC STUDY OF SDG INTERACTIONS.” Earth’s Future5 (11): 1169-79.
https://doi.org/10.1002/2017EF000632.

Rahimi, Ebrahim. 2014. “Prevalence and Antimicrobial Resistance of Arcobacter Species
Isolated from Poultry Meat in Iran.” British Poultry Science 55 (2): 174-80.
https://doi.org/10.1080/00071668.2013.878783.

Ravindran, V. 2013. “Feed Enzymes: The Science, Practice, and Metabolic Realities.” Journal
of Applied Poultry Research 22 (3): 628-36. https://doi.org/10.3382/japr.2013-00739.

Rodrigues, Carla Susana, Paulo Marcel Armendaris, Claudia Valéria Gongalves Cordeiro De
S4, Jodo Paulo Amaral Haddad, and Cristiano Barros De Melo. 2021. “Prevalence of
Campylobacter Spp. in Chicken Carcasses in Slaughterhouses from South of Brazil.”
Current Microbiology 78 (6): 2242-50. https://doi.org/10.1007/s00284-021-02478-w.

Ronner Anna Clara. 2004. “Species Identification by Genotyping and Determination of
Antibiotic Resistance in Campylobacter Jejuni and Campylobacter Coli from Humans
and Chickens in Sweden.” International Journal of Food Microbiology.

107



Rychert, Jenna. 2019. “Benefits and Limitations of MALDI-TOF Mass Spectrometry for the
Identification of Microorganisms.” Journal of Infectiology 2 (4): 1-5.
https://doi.org/10.29245/2689-9981/2019/4.1142.

Sathiamoorthi, T., Joseph Sahayarayan, J. and Arivoli, A. 2016. “PREVALENCE OF MULTI
DRUG RESISTANCE CAMPYLOBACTER JEJUNI FROM RAW CHICKENMEAT IN
ERODE RETAIL SHOP.” International Journal of Current Research 8 (9): 38612-14.

Sciortino, Sonia, Pietro Arculeo, Vincenzina Alio, Cinzia Cardamone, Luisa Nicastro, Marco
Arculeo, Rosa Alduina, and Antonella Costa. 2021. “Occurrence and Antimicrobial
Resistance of Arcobacter Spp. Recovered from Aquatic Environments.” Antibiotics 10
(3): 288. https://doi.org/10.3390/antibiotics10030288.

Sekhar, M. Soma, S. R. Tumati, B. K. Chinnam, V. S. Kothapalli, and N. Mohammad Sharif.
2017. “Virulence Gene Profiles of Arcobacter Species Isolated from Animals, Foods of
Animal Origin, and Humans in Andhra Pradesh, India.” Veterinary World 10 (6):
716-20. https://doi.org/10.14202/vetworld.2017.716-720.

Shah, A.H., A.A. Saleha, Z. Zunita, and M. Murugaiyah. 2011. “Arcobacter — An Emerging
Threat to Animals and Animal Origin Food Products?” Trends in Food Science &
Technology 22 (5): 225-36. https://doi.org/10.1016/j.tifs.2011.01.010.

Sheppard, Samuel K., and Martin C.J. Maiden. 2015. “The Evolution of Campylobacter Jejuni
and Campylobacter Coli.” Cold Spring Harbor Perspectives in Biology 7 (8): a018119.
https://doi.org/10.1101/cshperspect.a018119.

Shirshikova, Tatiana V., Cecilia G. Sierra-Bakhshi, Leisan K. Kamaletdinova, Lilia E.
Matrosova, Nailya N. Khabipova, Vladimir G. Evtugyn, Irina V. Khilyas, et al. 2021.
“The ABC-Type Efflux Pump MacAB Is Involved in Protection of Serratia Marcescens
against Aminoglycoside Antibiotics, Polymyxins, and Oxidative Stress.” Edited by
Ana Cristina Gales. mSphere 6 (2): e00033-21.
https://doi.org/10.1128/mSphere.00033-21.

Shyaka, Anselme, Akiko Kusumoto, Warangkhana Chaisowwong, Yoshiki Okouchi, Shinya
Fukumoto, Aya Yoshimura, and Keiko Kawamoto. 2015. “Virulence Characterization
of Campylobacter JejuniIsolated from Resident Wild Birds in Tokachi Area, Japan.”
Journal of Veterinary Medical Science 77 (8): 967-72. https://doi.org/10.1292/jvms.15-
0090.

Silha, David, Sabina Sirotkova, Karolina Svarcové4, Leona Hofmeisterova, Kvéta Kory¢anova,
and Lucie Silhové. 2021. “Biofilm Formation Ability of Arcobacter-like and
Campylobacter Strains under Different Conditions and on Food Processing Materials.”
Microorganisms 9 (10): 2017. https://doi.org/10.3390/microorganisms9102017.

Silva, Joana, Daniela Leite, Mariana Fernandes, Cristina Mena, Paul Anthony Gibbs, and
Paula Teixeira. 2011. “Campylobacter Spp. as a Foodborne Pathogen: A Review.”
Frontiers in Microbiology 2. https://doi.org/10.3389/fmicb.2011.00200.

Silva, Marta Filipa, Gongalo Pereira, Carla Carneiro, Andrew Hemphill, Luisa Mateus, Luis
Lopes-da-Costa, and Elisabete Silva. 2020. “Campylobacter Portucalensis Sp. Nov., a
New Species of Campylobacter Isolated from the Preputial Mucosa of Bulls.” Edited

108



by Paula V. Morais. PLOS ONE'15 (1): e0227500.
https://doi.org/10.1371/journal.pone.0227500.

Singhal, Neelja, Manish Kumar, Pawan K. Kanaujia, and Jugsharan S. Virdi. 2015. “MALDI-
TOF Mass Spectrometry: An Emerging Technology for Microbial Identification and
Diagnosis.” Frontiers in Microbiology 6 (August).
https://doi.org/10.3389/fmicb.2015.00791.

Skarp, C.P.A., M.-L. Hénninen, and H.L.K. Rautelin. 2016. “Campylobacteriosis: The Role of
Poultry Meat.” Clinical Microbiology and Infection 22 (2): 103-9.
https://doi.org/10.1016/j.cmi.2015.11.019.

S.L.W. On, A. Stacey, J. Smith. 1995. “Isolation of Arcobacter Butzleri from a Neonate with
Bacteraemia.” Journal of Infection, no. 31: 225-27.

Son, Insook, Mark D. Englen, Mark E. Berrang, Paula ]. Fedorka-Cray, and Mark A.
Harrison. 2007. “Prevalence of Arcobacter and Campylobacter on Broiler Carcasses
during Processing.” International Journal of Food Microbiology 113 (1): 16-22.
https://doi.org/10.1016/j.ijfoodmicro.2006.06.033.

Stingl, Kerstin, Janine Heise, Maja Thieck, Imke F. Wulsten, Ewa Pacholewicz, Azuka N.
Iwobi, Janani Govindaswamy, et al. 2021. “Challenging the ‘Gold Standard’ of
Colony-Forming Units - Validation of a Multiplex Real-Time PCR for Quantification
of Viable Campylobacter Spp. in Meat Rinses.” International Journal of Food
Microbiology 359 (December): 109417.
https://doi.org/10.1016/j.ijfoodmicro.2021.109417.

Szczepanska, Bernadeta, Matgorzata Andrzejewska, Dorota Spica, and Jacek J. Klawe. 2017.
“Prevalence and Antimicrobial Resistance of Campylobacter Jejuni and
Campylobacter Coli Isolated from Children and Environmental Sources in Urban and
Suburban Areas.” BMC Microbiology 17 (1): 80. https://doi.org/10.1186/s12866-017-
0991-9.

Szczepanska, Bernadeta, Piotr Kaminski, Matgorzata Andrzejewska, Dorota Spica, Edmund
Kartanas, Werner Ulrich, Leszek Jerzak, Mariusz Kasprzak, Marcin Bochenski, and
Jacek J. Klawe. 2015. “Prevalence, Virulence, and Antimicrobial Resistance of
Campylobacter Jejuni and Campylobacter Coli in White Stork Ciconia Ciconiain
Poland.” Foodborne Pathogens and Disease 12 (1): 24-31.
https://doi.org/10.1089/fpd.2014.1793.

Szosland-Fattyn, Anna, Beata Bartodziejska, Joanna Kroélasik, Beata Paziak-Domariska,
Dorota Korsak, and Magdalena Chmiela. 2018. “The Prevalence of Campylobacter
Spp. in Polish Poultry Meat.” Polish Journal of Microbiology 67 (1): 117-20.
https://doi.org/10.5604/01.3001.0011.6152.

Tabatabaei, Mohammad, Hesamaddin Shirzad Aski, Hossein Shayegh, and Rahem
Khoshbakht. 2014. “Occurrence of Six Virulence-Associated Genes in Arcobacter
Species Isolated from Various Sources in Shiraz, Southern Iran.” Microbial
Pathogenesis 66 (January): 1-4. https://doi.org/10.1016/j.micpath.2013.10.003.

Tang, Mengjun, Qian Zhou, Xiaoyan Zhang, Sheng Zhou, Jing Zhang, Xiujun Tang, Junxian
Lu, and Yushi Gao. 2020. “Antibiotic Resistance Profiles and Molecular Mechanisms

109



of Campylobacter From Chicken and Pig in China.” Frontiers in Microbiology 11
(October): 592496. https://doi.org/10.3389/fmicb.2020.592496.
Tang, Yuanyue, Qidong Jiang, Haiyan Tang, Zhenyu Wang, Yi Yin, Fangzhe Ren, Linghua
Kong, Xinan Jiao, and Jinlin Huang. 2020a. “Characterization and Prevalence of
Campylobacter Spp. From Broiler Chicken Rearing Period to the Slaughtering Process
in Eastern China.” Frontiers in Veterinary Science 7 (April): 227.
https://doi.org/10.3389/fvets.2020.00227.
. 2020b. “Characterization and Prevalence of Campylobacter Spp. From Broiler

Chicken Rearing Period to the Slaughtering Process in Eastern China.” Frontiers in
Veterinary Science 7 (April): 227. https://doi.org/10.3389/fvets.2020.00227.

Thomrongsuwannakij. 2017a. “A Study on Campylobacter Jejuni and Campylobacter Coli
through Commercial Broiler Production Chains in Thailand: Antimicrobial
Resistance, the Characterization of DNA Gyrase Subunit A Mutation, and Genetic
Diversity by Flagellin A Gene Restriction Fragment Length Polymorphism.” Avian
Diseases 61 (2): 186-97. https://doi.org/10.1637/11546-120116-Reg.1.

Thomrongsuwannakij, Thotsapol. 2017b. “A Study on Campylobacter Jejuni and
Campylobacter Coli through Commercial Broiler Production Chains in Thailand:
Antimicrobial Resistance, the Characterization of DNA Gyrase Subunit A Mutation,
and Genetic Diversity by Flagellin A Gene Restriction Fragment Length
Polymorphism.” Avian Diseases 61 (2): 186-97. https://doi.org/10.1637/11546-120116-
Reg.1.

Trigui, Hana, Alexandre Thibodeau, Philippe Fravalo, Ann Letellier, and Sebastien P.
Faucher. 2015. “Survival in Water of Campylobacter Jejuni Strains Isolated from the
Slaughterhouse.” SpringerPlus 4 (1): 799. https://doi.org/10.1186/s40064-015-1595-1.

Truusalu, Kai, Raik-Hiio Mikelsaar, Paul Naaber, Tonis Karki, Tiiu Kullisaar, Mihkel Zilmer,
and Marika Mikelsaar. 2008. “Eradication of Salmonella Typhimurium Infection in a
Murine Model of Typhoid Fever with the Combination of Probiotic Lactobacillus
Fermentum ME-3 and Ofloxacin.” BMC Microbiology 8 (1): 132.
https://doi.org/10.1186/1471-2180-8-132.

Udaya Seneviratne. 2000. “Guillain-Barré Syndrome.” Postgrad Medical Journal, no. 76: 774—
82.

Uljanovas, Dainius, Greta Golz, Vanessa Briickner, Audrone Grineviciene, Egle
Tamuleviciene, Thomas Alter, and Mindaugas Malakauskas. 2021. “Prevalence,
Antimicrobial Susceptibility and Virulence Gene Profiles of Arcobacter Species
Isolated from Human Stool Samples, Foods of Animal Origin, Ready-to-Eat Salad
Mixes and Environmental Water.” Gut Pathogens 13 (1): 76.
https://doi.org/10.1186/513099-021-00472-y.

Uljanovas, Dainius, Greta Golz, Susanne Fleischmann, Egle Kudirkiene, Neringa Kasetiene,
Audrone Grineviciene, Egle Tamuleviciene, Jurgita Aksomaitiene, Thomas Alter, and
Mindaugas Malakauskas. 2023. “Genomic Characterization of Arcobacter Butzleri
Strains Isolated from Various Sources in Lithuania.” Microorganisms 11 (6): 1425.
https://doi.org/10.3390/microorganisms11061425.

110



Van Den Abeele, Anne-Marie, Dirk Vogelaers, Elke Vanlaere, and Kurt Houf. 2016a.
“Antimicrobial Susceptibility Testing of Arcobacter Butzleri and Arcobacter
Cryaerophilus Strains Isolated from Belgian Patients.” Journal of Antimicrobial
Chemotherapy 71 (5): 1241-44. https://doi.org/10.1093/jac/dkv483.

. 2016b. “Antimicrobial Susceptibility Testing of Arcobacter Butzleri and Arcobacter

Cryaerophilus Strains Isolated from Belgian Patients.” Journal of Antimicrobial
Chemotherapy 71 (5): 1241-44. https://doi.org/10.1093/jac/dkv483.

Van Driessche, Ellen, and Kurt Houf. 2007a. “Characterization of the Arcobacter
Contamination on Belgian Pork Carcasses and Raw Retail Pork.” /nternational
Journal of Food Microbiology 118 (1): 20-26.

https://doi.org/10.1016/j.ijfoodmicro.2007.05.006.

. 2007b. “Characterization of the Arcobacter Contamination on Belgian Pork

Carcasses and Raw Retail Pork.” International Journal of Food Microbiology 118 (1):

20-26. https://doi.org/10.1016/j.ijfoodmicro.2007.05.006.

Van Driessche, Ellen, Kurt Houf, Frédéric Vangroenweghe, Nathalie Nollet, Lieven De
Zutter, Peter Vandamme, and Jan Van Hoof. 2004. “Occurrence and Strain Diversity
of Arcobacter Species Isolated from Healthy Belgian Pigs.” Research in Microbiology
155 (8): 662—66. https://doi.org/10.1016/j.resmic.2004.04.011.

Vandamme, P, E. Falsen, R. Rossau, B. Hoste, P. Segers, R. Tytgat, and J. De Ley. 1991.
“Revision of Campylobacter, Helicobacter, and Wolinella Taxonomy: Emendation of

Generic Descriptions and Proposal of Arcobacter Gen. Nov.” International Journal of
Systematic Bacteriology 41 (1): 88-103. https://doi.org/10.1099/00207713-41-1-88.

Vandeputte, Jasmien, An Martel, Stefano Canessa, Nathalie Van Rysselberghe, Lieven De
Zutter, Marc Heyndrickx, Freddy Haesebrouck, Frank Pasmans, and An Garmyn.
2019. “Reducing Campylobacter Jejuni Colonization in Broiler Chickens by In-Feed
Supplementation with Hyperimmune Egg Yolk Antibodies.” Scientific Reports 9 (1):
8931. https://doi.org/10.1038/s41598-019-45380-z.

Varankovich, Natallia V., Michael T. Nickerson, and Darren R. Korber. 2015. “Probiotic-
Based Strategies for Therapeutic and Prophylactic Use against Multiple
Gastrointestinal Diseases.” Frontiers in Microbiology 6 (July).
https://doi.org/10.3389/fmicb.2015.00685.

Vargiu, Attilio Vittorio, Gilles Phan, Henrietta Venter, and Isabelle Broutin. 2022. “The
Structural and Functional Study of Efflux Pumps Belonging to the RND Transporters
Family from Gram-Negative Bacteria.” Antibiotics 11 (4): 429.
https://doi.org/10.3390/antibiotics11040429.

Varrone, Liana, Russell ] Stafford, Kim Lilly, Linda Selvey, Kathryn Glass, Laura Ford, Dieter
Bulach, and Martyn D Kirk. 2018. “Investigating Locally Relevant Risk Factors for
Campylobacter Infection in Australia: Protocol for a Case—Control Study and
Genomic Analysis.” BMJ Open 8 (12): e026630. https://doi.org/10.1136/bmjopen-
2018-026630.

Vlieghe, Erika R., Jan A. Jacobs, Marjan Van Esbroeck, Olivier Koole, and Alfons Van
Gompel. 2008. “Trends of Norfloxacin and Erythromycin Resistance of

111



Campylobacter Jejuni/Campylobacter Coli Isolates Recovered From International
Travelers, 1994 to 2006.” Journal of Travel Medicine 15 (6): 419-25.
https://doi.org/10.1111/j.1708-8305.2008.00236.x.

Wagley, Sariqa, Jane Newcombe, Emma Laing, Emmanuel Yusuf, Christine M Sambles,
David ] Studholme, Roberto M La Ragione, Richard W Titball, and Olivia L
Champion. 2014. “Differences in Carbon Source Utilisation Distinguish
Campylobacter Jejuni from Campylobacter Coli.” BMC Microbiology 14 (1): 262.
https://doi.org/10.1186/s12866-014-0262-y.

Waldenstrom, Jonas, Tina Broman, Inger Carlsson, Dennis Hasselquist, René P. Achterberg,
Jaap A. Wagenaar, and Bjorn Olsen. 2002. “Prevalence of Campylobacter Jejuni ,
Campylobacter Lari , and Campylobacter Coli in Different Ecological Guilds and Taxa
of Migrating Birds.” Applied and Environmental Microbiology 68 (12): 5911-17.
https://doi.org/10.1128/AEM.68.12.5911-5917.2002.

Walker, Liz J., Rhiannon L. Wallace, James J. Smith, Trudy Graham, Themy Saputra, Sally
Symes, Anastasia Stylianopoulos, Benjamin G. Polkinghorne, Martyn D. Kirk, and
Kathryn Glass. 2019. “Prevalence of Campylobacter Coli and Campylobacter Jejuni in
Retail Chicken, Beef, Lamb, and Pork Products in Three Australian States.” Journal of
Food Protection 82 (12): 2126-34. https://doi.org/10.4315/0362-028X.JFP-19-146.

Webber, Anya, Malitha Ratnaweera, Andrzej Harris, Ben F. Luisi, and Véronique Yvette
Ntsogo Enguéné. 2022. “A Model for Allosteric Communication in Drug Transport by
the AcrAB-TolC Tripartite Efflux Pump.” Antibiotics 11 (1): 52.
https://doi.org/10.3390/antibiotics11010052.

Wieczorek, Kinga, fukasz Bocian, and Jacek Osek. 2020. “Prevalence and Antimicrobial
Resistance of Campylobacter Isolated from Carcasses of Chickens Slaughtered in
Poland — a Retrospective Study.” Food Contro/112 (June): 107159.
https://doi.org/10.1016/j.foodcont.2020.107159.

Wieczorek, Kinga, and Jacek Osek. 2013. “Antimicrobial Resistance Mechanisms among
Campylobacter.” BioMed Research International2013: 1-12.
https://doi.org/10.1155/2013/340605.

Wine, Eytan, MA©lanie G. Gareau, Kathene Johnson-Henry, and Philip M. Sherman. 2009.
“Strain-Specific Probiotic ( Lactobacillus Helveticus ) Inhibition of Campylobacter
Jejuni  Invasion of Human Intestinal Epithelial Cells.” FEMS Microbiology Letters
300 (1): 146-52. https://doi.org/10.1111/j.1574-6968.2009.01781 .x.

Wiirfel, S.F.R., W.P. da Silva, M.G. de Oliveira, N.R. Kleinubing, G.V. Lopes, E.A. Gandra,
and O.A. Dellagostin. 2019. “Genetic Diversity of Campylobacter Jejuni and
Campylobacter Coli Isolated from Poultry Meat Products Sold on the Retail Market in
Southern Brazil.” Poultry Science 98 (2): 932-39. https://doi.org/10.3382/ps/pey365.

Yang, Shih-Chun, Chih-Hung Lin, Calvin T. Sung, and Jia-You Fang. 2014. “Antibacterial
Activities of Bacteriocins: Application in Foods and Pharmaceuticals.” Frontiers in
Microbiology 5 (May). https://doi.org/10.3389/fmicb.2014.00241.

Yesilmen, S., A. Vural, M.E. Erkan, and [.H. Yildirim. 2017. “Isolation and Determination of
Antimicrobial Resistance of Arcobacter Species Isolated from Animal Faeces in the

112



Diyarbakir Region of Turkey Using the 16S rDNA-RFLP Method.” Veterindrni
Medicina 62 (6): 301-7. https://doi.org/10.17221/69/2016-VETMED.

Yesilmen, Simten, Aydin Vural, Department of Food Hygiene and Technology, Dicle
University, Faculty of Veterinary Medicine, Diyarbakir, Turkey, Mehmet Emin
Erkan, Department of Food Hygiene and Technology, Dicle University, Faculty of
Veterinary Medicine, Diyarbakir, Turkey, Ibrahim Halil Yildirim, Department of
Genetic, Dicle University, Faculty of Veterinary Medicine, Diyarbakir, Turkey,
Husnu Sahan Guran, and Department of Food Hygiene and Technology, Dicle
University, Faculty of Veterinary Medicine, Diyarbakir, Turkey. 2022. “Prevalence
and Antibiotic Resistance of Arcobacter Spp. Isolates from Meats, Meat Products, and
Giblets.” Acta Veterinaria Eurasia 48 (2): 128-34.
https://doi.org/10.54614/actavet.2022.21125.

Zautner, Andreas E., Thomas Riedel, Boyke Bunk, Cathrin Sproer, Kennedy G. Boahen,
Charity Wiafe Akenten, Annika Dreyer, et al. 2023. “Molecular Characterization of
Arcobacter Butzleri Isolates from Poultry in Rural Ghana.” Frontiers in Cellular and
Infection Microbiology 13 (January): 1094067.
https://doi.org/10.3389/fcimb.2023.1094067.

Zenebe, Tizazu, Niguse Zegeye, and Tadesse Eguale. 2020. “Prevalence of Campylobacter
Species in Human, Animal and Food of Animal Origin and Their Antimicrobial
Susceptibility in Ethiopia: A Systematic Review and Meta-Analysis.” Annals of
Clinical Microbiology and Antimicrobials 19 (1): 61. https://doi.org/10.1186/s12941-
020-00405-8.

Zorman, T., M. Heyndrickx, S. Uzunovi¢-Kamberovi¢, and S. Smole Mozina. 2006.
“Genotyping of Campylobacter Coli and C. Jejuni from Retail Chicken Meat and
Humans with Campylobacteriosis in Slovenia and Bosnia and Herzegovina.”
International Journal of Food Microbiology 110 (1): 24-33.
https://doi.org/10.1016/j.ijfoodmicro.2006.03.001.

113



	1 Introduction
	2 Connection of the current research with the Sustainable Development Goals
	2.1. What are the SDGs and why are they important?
	2.2. Sustainability in agriculture
	2.3. SDGs and reduction of Campylobacter spp. in farm-raised poultry
	2.4. 2030 Agenda of sustainable development
	2.5. Connection of this research with SDGs
	2.5.1 Integrated approach to sustainability
	2.5.2 SDG 2: Zero hunger
	2.5.3 SDG 3: Good health and wellbeing
	2.5.4 SDG 8: Decent work and economic growth
	2.5.5 SDG 9: Sustainable infrastructure and innovation

	3 Literature Review
	3.1. Campylobacter jejuni and Campylobacter coli
	3.2. Worldwide Distribution of Campylobacter spp. and Arcobacter spp.
	3.2.1 Campylobacter spp. in the United States and Canada
	3.2.2 Campylobacter spp. in Australia and New Zealand
	3.2.3 Campylobacter spp. in the European Union
	3.2.4 Campylobacter spp. in the rest of the world
	3.2.5 Campylobacter spp. in broilers: the role of chickens as the host
	3.3. Campylobacter spp. in the environment
	3.3.1 Campylobacter spp. in wild birds
	3.3.2 Campylobacter spp. in the environmental waters
	3.4. Arcobacter spp. as emerging pathogens
	3.5. Arcobacter spp. in humans
	3.6. Arcobacter spp. in chicken meat
	3.7. Arcobacter spp. in animals
	3.8. Arcobacter spp. in domestic animals and pets
	3.9. Arcobacter spp. in the environment
	3.10. Antimicrobial resistance in Arcobacter spp. and Campylobacter spp.
	3.11. Mechanisms of antimicrobial resistance in Campylobacter spp.
	3.12. Control and risk management of Campylobacter spp. in poultry
	3.13. Control of Campylobacter spp. in primary production
	3.14. Use of LAB supplements in biocontrol of Campylobacter spp.
	4 Materials and Equipment
	4.1. Equipment
	4.2. Cell Culture, Reagents and Supplements
	4.3. Media and Reagents for Microbiology
	5 Methods
	5.1. Sample collection and Isolation of Arcobacter spp. and Campylobacter spp.
	5.2. Conventional light microscopy
	5.5. Co-culture of L. fermentum with Campylobacter spp.
	5.6. Antibiotic Susceptibility Testing of the Campylobacter Isolates
	5.7. Cytotoxicity effect of C. jejuni, C. coli and the Arcobacter isolates on CaCo-2 Cells
	5.8. Determination of cytotoxic effect of Campylobacter spp. and Arcobacter spp. on Caco-2 cells.
	5.9. Protection of CaCo-2 cells from cytotoxicity by L. fermetum
	5.10. Survival of the Arcobacter isolates in river water
	5.11. Purification of bacterial genomic DNA from the Arcobacter and Campylobacter isolates
	5.12. Whole genome sequencing of the Arcobacter isolates
	5.13. Phylogenetic analysis of the Arcobacter isolates
	5.14. RAST Analysis and identification of virulence genes in the A. tbilisiensis genomes
	RAST (Rapid Annotations using Subsystems Technology) is an automated service for annotating bacterial and archaeal genomes, which is able to identify protein-encoding, rRNA and tRNA genes. RAST assigns functions to these genes and can predict which subsystems are present in the genome. It also uses information to reconstruct the metabolic network and creates the output that is user friendly, easily accessible and downloadable. We used the following search keywords to identify virulence proteins, such as “Campylobacter”, “Virulence”, “Factor”, “Resistance”, “Drug”, and “Metabolism”.
	5.15. Determination of cytotoxicity of C. jejuni, C. coli and A. tbilisiensis strains on CaCo-2 cells
	6 Results
	6.1. Sample collection
	6.1.1 Isolation of Arcobacter spp. and Campylobacter spp. from retail chicken meat
	6.1.2 Species identification of the Campylobacter and Arcobacter isolates by MALDI-TOF MS
	6.2. Conventional light microscopy
	6.2.1 Campylobacter spp.
	6.2.2 Identification of a Novel Arcobacter spp. A. tbilisiensis sp. nov.
	We observed Arcobacter spp. as much finer and thinner pleomorphic rods in gram stains, compared to Campylobacter spp. Originally we assumed these were also some Campylobacter species, until Mass Spectrometry and Next Generation Sequencing determined them to be Arcobacter spp.
	6.10. Determination of cytotoxicity of C. jejuni, C. coli and A. tbilisiensis sp. nov. strains
	6.11. Survival of A. tbilisiensis in river water under refrigeration

	7 Discussion
	7.1. Isolation of Arcobacter spp. and Campylobacter spp.
	7.2. Purification and sequencing of bacterial genomic DNAs
	7.3. MALDI-TOF Mass Spectrometry
	7.4. Phylogenetic analysis of the Arcobacter isolates
	7.5. Antibiotic susceptibility among the isolates of A. tbilisiensis, sp. nov. C. jejuni and C. coli
	7.6. Survival of Arcobacter tbilisiensis sp. nov. in river water under refrigeration
	7.7. Cytotoxic effect of Arcobacter spp. on CaCo-2 cells
	7.8. Virulence factors identified in A. tbilisiensis sp. nov.
	7.9. Identification of antimicrobial resistance genes in A. tbilisiensis sp. nov. isolates
	7.10. Effect of L. fermentum on Campylobacter spp. and Arcobacter spp.
	8 Conclusions, outlook and recommendations


