ABSTRACT

LEE, SANGMI. Characterization of the Immigration Control RegiorListeria
monocytogenegUnder the directioof Sophia Kathariox

Listeriamonocytogenes a foodborne pathogen that causes a potentially severe
disease (listeriosisDf 13 seotypes ofL. monocytogeneserotype 4b has been involved
with numerous outbré&s andfour serotype 4tepidemicassociated clonal groups (Epidemic
Clone (EC) I, Il, &and V) have been identified. Genomic DNA from ECI strains is
characteristically resistato Sau3Al due to a Sau3Aike restrictiormodification (RM)
system. Irthis study, we showeithat the geneticegion harboring this RM syste(ni Re gi o n
8 5 wasinhabitedby various RM systems such &gpe | RM gstems two novel Type |l
RM systems andmo Type IV RM systemgMrr and McrB), suggesting that this is an
Immigration Control Region (ICR) df. monocytogeneand might be important for the
protection against phage infectidrybridizations with the DNA probes based onsth&M
systemgevealedhat Type | RM systems were overrepresented in serotype 4b and often
accompanynrr andmcrB. Among serotype 4b strainSCla strains harbored a Type | RM
systemandmrr butwere characteristically missimgcrB. This feature could discriminate
EClafrom othe serotype 4b isolateMeanwhile, the genetic diversity in Region 85 also
resulted from a lipoprotein gene, which frequenilersified ina population lineage
overrepresented among animal isolates (linedgend IV). Most of the genes in Region 85
seem to be horizontally acquired by an ancastrain and serial deletions might result in the

observed diversity.



The novel Type Il RM systems (LmoJ2 and LmoJ3) and the lipoprotein gene were
furthercharacterized. LmoJ2 and LmoJ3 recognized clossfied DNA sequeces
(GCWGC (W=A or T)and GCNGC (N=A, T, G or Cyespectively. Phages methylated by
LmoJ2 exhibited significant increase in infectivity at low temperatures compared with the
nonrmethylated counterpart whereas mgation by LmoJ3 increasedfectivity at all
temperatures examined from 442C. Forthe ipoprotein gene, a deletion mutant of this
genewas comparewith the parental strain undstress conditions anaith various toxic
compoundsThe deletion mutant exhibited moderate or simlaénotypic differences
including reduction in swarming on the soft agar plates.

To identify other ICRs) in Listeria speciesthe RM systems ihisteria speciesvere
retrieved from the REBASE databaam®d the flanking regigwere compared.
Consequentlythe second ICR was identified downstream to a multidrug resistance gene and
this region harbored Type | RM systems with two specificity subunit genes separated by a
bacteriophage integrase gend.innnocua L. monocytogeneandL. welshimerigenomes.

We alsoidentified three novetlonal groups of serotype 4b monocytogenetat
commonlyharbor a genetic cassette¢0734Imo0739 specific to a population lineage
(lineage II) to which serotype 4b (lineage I) does not belong. These clonal groupteexhibi
distinct hybridization profiles for ECI and EGdpecific markers and mulkbcusgenotyping
(MLGT) types and all harbored multiple RM systems in Region 85. The prevalence of these
novel clonal groups as welkepidemic clonesvasinvestigatedcamongserotype 4b isolates
of various sources. Our analyses suggested that three major clonal groups of EChR Il and |

were not overrepresented among clinical isolates, suggesting that frequent human exposure



could be important in association of these clonaligsowith listeriosis cases. A subset of
clinicalisolates collected in the United States between 2002008 was subjected to the
analysis of the temporal changes of clonal groups. In this analysis, ECI was idemgfiied

the yearsand the prevalenasf EClaincreased between 2066d2008.



Characterization of the Immigration Control RegiornLsteria monocytogenes

by
Sangmi Lee

A dissertatiorsubmitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

Food Science

Raleigh, North Carolina

2011

APPROVED BY.

Dr. Sophia Kathariou Dr. James W. Brown
Committee Chair

Dr. lllenys M.PerezDiaz Dr. Sue Carson



DEDICATION
| dedicate this dissertation toraebodyincluding myself in the futurevho might
refer to this dissertation for their reseamty efforts would nobe invain if this dissertation
is of any help to anybody seeking informationLasteria monocytogene®ne of the most

intriguing microorganisms.



BIOGRAPHY

Sangmi Lee was born and raised in Daegu, a beautiful city in the south region of
South Korea. I1998after high schoglshe moved to&bul, the capital city, to seek foer
advanced education She ear sednf amh s tind-ood Scienceand e e s
Technologyf r om Seoul Nati onal degreeshe condudtegesearéhor her
on the sugar transport systemtkscherichia colunder the mentorship of Dr. Sangryeol Ryu.
Il n 2007, she joined Dr . So plhstea mEnmdytbgenres ou 6 s |
for four and half yeardn 2011, she is finishing her PhD study and expe@ingw change

in her career as a researcher.



ACKNOWLEDGMENTS

In finishing my PhD study, the person that | feel most indebted to isdphi&
Kathariou, whaaccepted me into her lab and provided an opportunity to receive education in
the United StatesShe trained me to have curiosity and venture out in the research and,
whenever | encountered an obstacle, she willingly offered encouragement and suggestions
based orextensive knowledgthat hasaccumulated through her long, prolific career as a
researchell.feel sad that | might no longer see her contemplating with her eyes with long
lashes attentively blinking during our meetiAdso, | would also like to express my
gratitude to my committee members, Dr. James Brown, Dr. Sue Carson and D. lllenys M.
Pere-Diaz, for their support and encouragement.

Besides Dr. Kathariou and committee members, | am thankful for all former and
current lab members in Kathariou grotgp name a fepMs. Robin SiletzkyHarun, Jae
won, Johari, Lola, Mira, Mohammed, Relsaviti, SandraShakir,Sheeayikrant, and
Ying. They stood by me and celebrated with me in every step of the PhDasididtyhas
been a enrichingexperience to work harmoniously and make friends with the people from
such a diverse cultural background.

However, my heart always goesross the Pacifio my paents who | feel sorry that
| havenotbeenable to seenjoying their golden ages, and my sibfngho have struggled to
take a step into their careeWsithout help and support of any of these peopteuld not

have been who | amow.



TABLE OF CONTENTS

[ IS IO i 1Y = I SRR Viii
LIST OF FIGURES........oiiiiiiitiiiiiec ettt e e e e e s ettt et e e e e e e e e e e e e e e e e s s ammmeaaeaeaeeeeas IX
Chapter 1 LIterature REVIEW............uuuiiiiiiiiiiieeeiiiiiiiieie et e e e e e e e e esemr e e e e e e e e e e e e e e e e e e e e e s nmnnas 1
L]0 o [T i o] o PP PP TP PP PPUPPPPPPPPPRR 1
Epidemiology Of [ISTEIOSIS.....coiiiiiiieiei oo 2
Recent epidemiological trends of lISteriOSIS.........cccvvvvviiiiiiieeee e 4
Pathogenicity of.. MONOCYtOgENES.........oooiiiiiiieeee e 9
Intracelular life of L. MONOCYIOQENES...........ccoviiiiieiiiiieeee e 9
ListeriapathogeniCity iSIands..........ccoooeeeiiiiiiiiieiee e 11
Premature stop codon mutationSniA ..............oueiiiiiiiii e eeee 13
YL ST o] (=] = T [l PRSP 15
Surface proteins ih. MONOCYIOGENES........uuuuuiiiiii i i e e e cereeiri e e e e e eeer e e e e e 16
[T oY) o] o =11 0 IS S PP PP PP PPPPPPPPPP 18
Phylogeny and Genomic Comparisond.isteria SpecieS........ceeeeevvivvviiiiiieenneceeeeee, 20
Phylogeny OLIStEriaSPECIES.........cooiiiiiiiiiii i eree e e e e e 20
Genomic comparisons of differehisteria Species..........cccovvvvvvviiiiiie e, 22
Serotyping and population structureLofmonNoCytOgeNes..............uvvvvvvrnniccnveeeeennnnnns 24
[T TCT= o = PP PPRUR 25
LINEAGE IL. ettt e e e e e e e e e e e e e ammne e e e e e 27
T L= = o = N | S 29
Evolution of differet L. mONOCYtOgeNESRrOtYPES. ...covvviviieeeeeiieieeeiicee e 31
PCRbased Serotyping @f. MONOCYtOgENES.......uuiiieeeiieeeeieiieeeiie e 32
EPIJEMIC CIONES ... ..ttt ettt ettt e e e e e e e e e e e immme e e e e e e 34
[ o]0 [T .41 To3 @4 0] o U= 0 U P 34
Fragment 85... ... e 36
Fragment L7B.... ..ot rree e nmmra e 37
Fragment 133 ... errn e e e e 38

[ o] 0 [T 0 o1 To3 @4 o] o U= 1 PP 38
REGION L8 .. et eeeee et et e e e e e e e e e e e e e e s s rmmme e e e e e e e e 39
=T o o] o 0 I K R SRRRP 40
REGION DOBB.......eeeeiiiiiiiiiii et 40
REQION 2753 ... e e e e e rre e e e e e e e e e e e e e e e e e nenraaaaaaaaaes 41
EPIAEMIC CIONAI ......ueiiiiiiiiiiiieeeeee e 41

[ o1 o [T 041 To3 @3 o] o L= LV A PP 42
EPIAEMIC ClONE V...t ettt e e e e e e e e e e e e e nmmne e e e e 43
Increased expase or higher pathogeniCity?..........cccccceeeiiiiiscccciccceieee e 44

[ (=T AT o] g = Vo [ PP 46
TemperatdiSteriaPNages........uui i ereer e a7
ALLB. ... ea e ——— ittt ittt et aa e e e e aa————aaaaaaaaaaaaaaaaaaaas 47

Y 0 USSP 49

P S A et e e e e et ———————ttttaaaaaaa e e e e e e e e e e a————aaaaaaaaaaaaaaaaaaaa 49



20 )24 TP 50
01 7 ol
Relationships between temperate Listeria phages............ccccevvvvvviiieeneeeeeeeee, 51
LYEIC LiSteriaPRages. ... . et 52
1 PRSP PPPPPPPPRRTPPR 52
10 53
1 TR PPPPPPPPPPPRRTPR 53
PO ———— e et ————— e 53
Relationship between Iyticisteriaphages...........ooovvviiiiiiiiiicceeec e 54
Influence ofListeria phages on the. monocytogenescology and evolution in the food
ProCeSSING ENVIFONMENT......uutiiiiiiiii e e e e e e eeeetta s s e e e e e e e eeeeeessmeesaasaeaaeaaeeeareeessnnnsnns 54
RestrictionmMOodifiCation SYSIEMS .......cuiiiiiiiiiiiie i 56
I3/ 01 PO PP 87
157/ 0L 1 PP PPPRPPP 89
11D/ L= 1 PP 62
I8/ 0L PP 63
Immigration Control REQION.............ooiiiiiiiiieeee e 64
Biological roles of RM SYStEMS........coooiiiiiiiieeee e e 65
Defense against reStriCAN..............uuuuiiiiir e eerr e e e e e e e eees a7
e = N [ TN 74
Chapter 2 Characterization of Atypidasteria monocytogessSerotype 4b Strains
Harboring a Lineage 48pecific Gene CaSSEel.........ccoovviiiiiiiiiiccciieeeeeeeeeeeeeeeeen 97
ABSTRACT . .ttt mnne e e e e e n e 97
INTRODUCTION ... eeeer et e e e et s e e et e e e eaa e e e eaan e e e ennmeaanaeeees 98
MATERIALS AND METHODS.......citiiiiiiiiiiiieee et mmee e 99
S 1 1 I PP 102
DISCUSSIONL.....uuiiitiiiiiiiiiiieee et ceeetiee et ettt e e e e e e e e e s amataeaaaaeaeaaaeessassaannnnnneessseasannnnns 106
e o N L T 133
Chapter 3 Genetic Diversity of the Immigration Control Regiohistieria monocytogenes
.................................................................................................................................. 139
ABSTRACT ..ttt ettt mmne e e e e e e e e nan bbb a e 139
N @ 15 1 L O I 1\ P 141
MATERIALS AND METHODS.......oiiiiiiiiiiiiiieee e mmme e 143
S 1 1 1 P 146
DISCUSSIONL . ....cuiiiiiiiiiiiiiiiie ittt eeeetiie ettt e e e e e e e e e e s smataeaaaaaaeaaaessesssaaannnneeessesaannnnns 167
e o N L T 230
Chapter 4 Two Novel Type RestrictionModification (RM) Systems Occupying a
Genomically Equivalent Location on the Chromosomeistieria monocytogenes........ 238
Y = 1S Y ¥ AN O USSP 238
LN @ 15 1 L @ I 1\ PP 240
MATERIALS AND METHODS.......oiiiiiiiiiiiiieeee e 242
S 1 1 I PSP 247

Vi



DISCUSSION. ...ttt errnr e e e e e e e e e e e ann e e e e e e e e e e e e 255

REFERENGCES..... ..ottt eees ettt eeet bbbttt e e e e e e e e e e e s smmmr e e e e e e aeeeas 275
Chapter 5 Functional Characterization of a Putative Lipoprotein in an Immigration Control
Region ofListeria MONOCYIOgENES........ccciiiiiiiieiiiieeee e s 282

N 1T I ¥ PSPPI 282

INTRODUGCTION ...coiiiiiiiiie e mmee e e e e e e e e e s annteseee e 283

MATERIALS AND METHODS........o et eeemr e e ee 285

RESULTS ...ttt rmmme e e e e e e e e e e s s s e e e bbbt beee e 294

DISCUSSION....ciiiiiittit ettt e e e e rme e bt e e e e e e e bt e e e e e e ammme e e annbeeeaeas 298

REFERENGCES ... ..ottt e et eeet bbbttt e e e e e e e e e e e e s smmmreaeaaeaee s 332
Chapter 6 RestrictioModification Systems iikisteria Species and Their Phages....... 337

ABSTRACT ..ttt b s 337

N @ 1 1 L O I T 1\ PP 338

MATERIALS AND METHODS......cotiiiiiiiiiiiiiee e mmee e 340

S 1 1 I PP 343

DISCUSSION.....cuiiiiiiiiiiiiiiiiee et ceeeitie et ettt e e e e e e e e e e s smamtaaaaeaaaeaaaessssssasnssnnnessssssannnnnes 350

L N[ T 381
Chapter 7 Prevalence and Chronological Trendsstéria monocytogeesSerotype 4b
ClONAI GIOUPS. ...ttt e ee ettt e eees et e ettt e e e e e e e e e e e e s s ammme e e e e e eeeeeeanaans 390

ABSTRACT . .ttt e e mnne e e e e et nnn bbb 390

LN @ 15 1 L @ I 1\ PP 391

MATERIALS AND METHODS......cctiiiiiiiiiiiiiee e mmee e 393

S 1 1 I PP 395

DISCUSSION.....cuuiiiiiiiiiiiiiiie et e ceeetiie ettt e e e e e e e e e e e s smamtaaaaeaaaeaaaessssssssnssnnnesssssssannnnes 399

L AN L T 433

vii



LIST OF TABLES

Table 2.1 Bacterial strains used in this Study..............ooooiiiin e 111
Table 2.2 List of the probes @woligonucleotides employed in this study.................... 112
Table 3.1 Isolates examined iN thiS STUAY.............uuuiiiiiiiieeriiiiii e 173
Table 3.2 Number of isolates belongito different serotypes and sources................ 195
Table 3.3 List of isolates whose Region 85 was sequenced................eeveeeeevvvvvnnnnne. 196
Table 3.4 Primers and DNprobes used in this study............ccoeevvviiviicccee e 197
Table 3.5 Patwise comparisons oOf IPOProteINS. .......ovvvvviiiiiiiiiiieeceeeeeeeeee e 199
Table 3.6 Distribution of the isolates postifor the Region 85 gene probes............... 200
Table 3.7 Distribution of the different hybridization profiles of Region 85 probes....201
Table 4.1 Bacterial strains used in this StAY.............oovviiiiiiccciiieeeee e 262
Table 4.2 DNA primers used iN thiS StUAY............eiiiiiiiiiiieeeiiieeeeeee e 264
Table 4.3 Frequency of LmoJ2 and Li8aecognition sites (GCWGC and GCNGC,
TESPECTIVEIY). ..ttt ettt e e e e eeer et e et et e e e e e e e e e e e e e e e e s ammne e e e e e e e e e e 265
Table 5.1 Bacterial strains used in this StUdy...............ovvviiiiccciiiiieeecce s 302
Table 5.2 Primers epioyed in thiS StUAY...........c.cuuuiiiiiiiiiiieeeiiiiieeeeeeee e 303
Table 5.3 MIC of the wild type strain (F2365) and deletion mutant{Sll&5-5) for toxic
=0 [T £ PP 304
Table 6.1 List of RM systems inisteriaand phages retrieved from REBASE............. 356

Table 6.2 Number of the RM systemd.isteriaand phages retrieved from REBASE.362
Table 7.1 List of the isolates analyzed in this study and clonal group classification.406
Table 7.2 Oligonucleotides and DNA probes used in this study..............cccccvieeeenneee. 421
Table 7.3 Clonal group prevalence among serotype 4b isolates from different saud23
Table 7.4 List of the serotype 4b clinicablates collected in the United States, 20088

Table 7.5 Prevalence of serotype 4b clonal groups among 142 serotype 4b isolates from
human listeriosis cases in the United States, ZDMB...........cccceeeeeeeeeiieiieeeiiieeeeeeeeeeeen 432

viii



LIST OF FIGURES

Figure 1.1Comparison of the genetic region flankegnsyandldh betweerL.
monocytogeneB2365 and.. INNOCUACLIPL1262..........ccccceveieeeiiiiiiieeeee e, 70
Figure 1.2 Comparison of the genetic region harboring-BIFIL. monocytogenes2365
(lineage I/ ECI) and the genomically equivalent regiob.imonocytogenddPB2262

(lineage I/ ECla), which is defici®iof LIPI-3. .......ccooiiiiiiiiieeer e 71
Figure 1.3 Summary of the phylogenetic relationshipsisieria species revealed by

PrEVIOUS STUAIES . ...ttt ieeee bbbttt ettt e e e eemr e ettt et e e e e e e e e e e e e e s s s ammme e e e e e e e e e e aannes 12
Figurel.4 Comparison of Region 18 between F2365 (ECI) and H7858 (ECIL).......... 73
Figure 2.1 Multiplex serotyping results of an atypical 4b isolate................ccceeveeeee. 113
Figure 2.2 DNADNA hybridization reSultS..........cccoooeiiiieiiiiiieeei e, 114
Figure 2.3 PFGE dendrogram of atypical serotype.4b...........cccooiiiiieem. 115
Figure 2.4 DM\ SEQUENCE COMPAIISOL......iiiieeeeeeeeeeiieiieeeeeeeeeeaeeeeeeeeeesnensnnmmmreeeeaeenne 116
Figure 2.5 PCR amplicons from primers annealing flanking genelsra@y37............. 131
Figure 3.1Genetic oemization of Region 85 of differehisteria spp. and.. monocytogenes
strains obtained from bioinformatics analyses and sequencing resulis.................... 204
Figure 3.2 Alignment of thesdSgenes identi&d in Region 85 of J3976 (J391&dS,

HPB2262 (MSG_0157%andL. welshimeriSLCC3954 kse_0280............ccoevvviiiiiinnnn 210
Figure 3.3 Comparison of the lipoprotein genes and homologous DNA sequences (A and B)
andof the proteins encoded in the lipoprotein genes.(C).......uuvvreeieiiiiiiieemeeeieieeeeeenn. 213
Figure 3.4 Comparison of the upstream (A) and downstream (B) flanking regions of Region
85 in which different gene contents resSide..............evveviiiiiieeciiiiie e 223
Figure 3.5 Phage infection assay reSULLS...............uuuiiiicceeieeiiiiiiee e ereenee 229

Figure 4.1 Organization of the genomic region harboring LmoJ2 and LmoJa3.......... 267
Figure 4.2 LmoJ2 and LmoJ3 are present in the same genomic locations in isolates of diverse

ST S] (0] 47/ 1S TP 269
Figure 4.3 PFGE dendromm of isolates harboring LmoJ2 and LmaJ3...................... 270
Figure 4.4 LmoJ2 and LmoJ3 are associated with resistance to digestion by restriction
enzymes recognizing GCWGC and GCNGC, respectively..........ccccvvvvvvieeeeeceeeeee, 272
Figure 4.5 Phage infection assay results of J2479 (A) and J3115.(B)...........ccccuuee 274

Figure 5.1 Genomic region harboring the putative lipopnageine irL.. monocytogenes305
Figure 5.2 Southern hybridization of the genomic DNA digested with EcoRI with the DNA

probe (LP) amplified with primers LPF/LPR based on the lipoprotein gene............. 309
Figure 5.3 Construction and confirmation of the complementation mutant.............. 310
Figure 5.4 Results of MOtility teSIS..........uviiiiiiii e 313
Figure 5.5 Microscopic observation of the parental strain F2365 (A) and the lipoprotein
deletion mutant SL&.16-5-5 (B) after 24 hr incubation in BHI at 37°C....................... 315
Figure 5.6 Hemolysis (A) and growth on the agar plateB)YB............ccoooeiiiiieeenne 316
Figure 5.7 Growth of the spotted cultures on the agar plates...............ccovvieeeeeennnnnn. 317
Figure 5.8 Growth curves and pasationary survival in BHI and TSB............ccccc...... 318
Figure 5.9 Growth curves and peasationary phase viability in BHI supplemented with

NN = L PP PP PP 324



Figure 5.11 Killing curves in thiethal level of acid (A), nisin (B) and SDS (C).......... 328
Figure 5.12 Phage INfECHIVILY @SSAYS......ciiiieeeieiieiieiiieeee e e e e ee et mmme e e eeeeeeennnes 331
Figure 6.1 Comparison of methwtisferases (A), restriction endonucleases (B) and
specificity subunits (C) comprising RM systemd.isteriaand phages......................... 364
Figure 6.2 Comparison of the DNA of the homologous RM systems3T&Bshown in AH,
respectively) With the WEDACT......... e 368
Figure 6.3 Comparison of the regions flanking the RM systersiariaand phages whose
gENOME WAS SEQUENCEM. ....ciiiiiiieieiei e ee bbb eenenannes 373
Figure 6.4 Genetic organizations and diversity in the additional immigration control region
(ICR) (A) and inverted repeats in proximity of integrase genes (B, C and. D)........... 375
Figure 6.5 Comparisons of the homologous genes within the second.ICR.............. 380



Chapter 1 Literature Review

Introduction

Listeria monocytogenas a rodshaped, facultative anaerobic, rgporeforming
Grampositivebacterium that was first discovered in 1921 in lab animals and named in honor
of the taxonomist Lord Listgl30, 141, 145). This microorganism belongs to the genus of
Listeriaand is classified as the only human pathogen in this gédas 145). As an
etiological agentL.. monocytogenesauses listeriosis in humans and aningidel, 145).

Among humans, listeriosis is transmitted exclusively via f@®@8s121, 130, 138, 140, 141)
and its clinical manifestations range from mild-ike symptoms accompaimg
gastroenteritis and diarrhea to fifereatening meningitis, encephalitis, and se{38s 140,
141, 145). Moreover, the infection during pregnancy can lead to abortions or sti({B8ths
130, 141, 145). The number of listeriosis cases is relatioalyn comparison to other
foodborne pathogens such@almonellaandCampylobacte(145); however, the mortality
rate amounts on average to 30%, which is considered high as a foodborne pathogen given
thatSalmonelleenteritidisandCampylobactespeciesesult in the death rate below 0.4%
(141). Apart from foodd,. monocytogends often found in the natural environments such
as water and soil, and in food processing faciliffes 141, 145). All these characteristics,
i.e., the severe invasive symptorhggh mortality rate and ubiquitous presence, have

rendered.. monocytogenes considerable public health concern.



Epidemiology of listeriosis

Until 1980sL. monocytogendsad been known as an animal pathogen which rarely
infects humang§l45). The firsievidence of foods as a transmission vehicle was presented in
1981 as a result of the outbreak that occurred in 1981 in Nova Scotia, Canada, due to
contaminated coleslaye30, 138, 145). Subsequently, North America and Europe witnessed
a number of listerias outbreaks that are associated with deli meats, unpasteurized milk,
paté, soft cheese, seafood and turkey frankfuff@s130, 138, 141, 145). These outbreaks
triggered the introduction of rigorous regulations to reduce the contaminatlon by
monocytgenesIn the United State§, monocytogendsas been designated as zero
tolerance bacterium in readg-eat (RTE) food$38, 52, 140, 141, 145). Meanwhile, the
European Union has applied the limit of 100 colony forming units (cfu) per g in the RTE
foodswhereL. monocytogends not capable to multiplgs2, 141, 145) since the
contamination below 100 cfu per g is unlikely to cause lister{ddi$).

The analysis of the listeriosis outbreaks and sporadic cases to date has revealed
intriguing features of timan listeriosis epidemiology. Firstly, listeriosis occurs more
frequently among several-ask populations such as the elderly; the immunocompromised
due to cancer, organ transplant and HIV infection; neonates; and pregnant (88yE30D,

141). In the Wited States, Hispanics are considered as anothiskgiopulation since
listeriosis, in particular pregnan@ssociated cases, was observed among this ethnic group
with a higher rate than other ethnicit{@<l0). This higher incidence is speculatedé¢o b

associated with soft cheese made from raw (1i#0). The infectious dose in theserigk



groups has not been kno\430, 145) but considered to be in the range of I@ID cells
(145).

Secondly, the incubation period ranges from 1 to 90 (l4/F), exeeding 30 days in
many case€l30). This long incubation period creates challenges for the epidemiological
investigation of listeriosis casés30, 145).

Thirdly, several high risk foods were identified such as the abwmioned
outbreakassociated foa(141). In most cases, those implicated in clinical cases were
contaminated with.. monocytogeneat 1G-10° cfu/ml or g(141).

Fourthly, out of twelve serotypes bf monocytogenesnly three serotypgd41),

i.e., serotypes 1/2a, 1/2b and 4b, areaasible for over 95% of clinical cas€&3, 130, 140,

141). In particular, serotype 4b has been associated with a majority of listeriosis outbreaks
(72, 130) in spite of the fact that serotypes 1/2a and 1/2b are more frequently isolated from
foods or procssing facilitieg130). This feature and other epidemiological findings indicate

that serotype 4b might surpass other serotypes in virulence; however, its molecular basis has
not been knowi(130).

Finally, listeriosis revealed a seasonal peak duringatieesummer and fa{8, 140,

141). The US study during 192®03 observed that 37% of listeriosis cases among persons
over 50 years occurred in the period from August to Oct@dizi)). Similar seasonality was
reported in Francé3) and among nonpregnanragsociated listeriosis patients aged over 60
years in England and Walés8). In another US study in 192005, mortality was also
increased from July through October with the highest level in SeptéBjbdihe reason for

this seasonal peak remains tounelear(8, 140) although Bennion et al. suggested that this



tendency might be linked to the increased exposure to RTE meats in the summer through

picnics or barbecud8).

Recent epidemiological trends of listeriosis

Latest studies revealed changing dynzs of listeriosis epidemiology, which is most
noticeably evidenced in the contrasting trends of incidence in two different geographic
regions, the US and Europe. In the United State, listeriosis has been estimated in 2011 to
resultin annuall600cases ad 250deathg121). Following implementation of food safety
policies against. monocytogeneshe incidence of listeriosis was significantly decreased in
the United Statefl40, 141). Listeriosis incidence was reported in 1989 at 7.9 cases per
million; however, it diminished to 4.2 cases per million in 19B80). This trend was
maintained in the study conducted by Voetsch et al. analyzing the Foodborne Disease Active
Surveillance Network (FoodNet) data collected from 1996 through @0W5. The overall
incidence declined from 4.1 cases per million in 1996 to 3.1 cases per million in 2003, which
suggests 24% reduction in comparison with the baseline period oflB33§140). The
most recent report by CDC on the foodborne pathogen incidence showed ttege of
listeriosis occurred per million population in 200%). This figure was lower by 26% than
the period of 1994.998(16). Interestingly, the listeriosis incidence was reduced most
noticeably until 2001 and has been sustained at a similar(&2)ehlthough a moderate
increase has been observed in recent y@&r$H8). In addition to the decrease in the
incidence, mortality was lowered in the US. Bennion et al. reported that deaths by listeriosis

were reduced each year by 10.74% during 1B®@6and by 4.26% during 1998005,



culminating in the decrease in mortality from 0.53 to 0.18 per million during this @8&iod
Possibly reasons for these phenomena include strict food safety regui@tivde, 140);
efforts by industry such as Hazard Aysas Critical Control Point$3, 130, 140) and test
andhold system$140); and improved communications on listeriosis withsit groupg8,
130).

On the other hand, listeriosis has increased significantly in the European countries
(52, 58, 66, 141, 145In England and Wales, Gillespie et al. reported annual listeriosis
incidence at 3.47 cases per million persons during-2004, which had increased from the
baseline level of 2.13 cases per million between 1990 and2¥)0®uring 20012007, the
incidence doubled in comparison with the period between 1990 and849PT his rise was
observed mainly in the sporadic cases affecting the patients aged ¢%8; 60). In this
population group, bacteremia significantly increased without the infectiomwtiita central
nervous syster(b3, 54). In France, listeriosis decreased between 1987 through 1997 after
extensive control strategies were conducted by the food industry due to large scale outbreaks
(59). Subsequent to the implementation of the mandagpagrting, listeriosis incidence was
further reduced from 4.5 cases per million in 22080 to 3.5 cases per million in 2001
2003(59). This level was maintained until 2005; however, the listeriosis incidence rose to
4.7 cases per million in 2006 and watimated at 5.6 cases per million in 2007, suggesting
46% increase during 20a807 from the period between 2001 and Z68% This increase
was accounted for by the rise in listeriosis patients over the age of 60 years and in bacteremia
(58). In Germanyiisteriosis substantially increased during 22005 with marked rise in

listeriosis cases among the elderly population over 60 y@aysElevated listeriosis



incidence was also observed in other European countries such as the Netk@#ands
Switzerland, Denmark, Finland and Belgiufs8).

The reason for this trend in Europe is not knd¢d2, 53, 58, 81). Although several
factors were suggested that might have produced artifacts in the listeriosis incidence in an
attempt to explain these phenomena, tabshem did not prove to be plausilf&s, 58, 81).

For instance, in the study on the listeriosis trend in England and Wales #2Q081

Gillespie et al. considered following possible factors that might have influenced the
listeriosis incidence: altedereporting system; improvement in thisteriaisolation

procedures; enhanced awareness for listeriosis in the medical community; dietary changes;
demography; outbreaks; and emergence of a virlembnocytogenestrain(53). The

increased pathogenicityas excluded from the possible scenarios since multiple subtypes of
L. monocytogenesere involved in the increagd3). In the other aspects, they did not

observe changes to such extents to trigger the observed increase in listeriosis iiGR)ence
Similarly, Goulet et al. suggested that the increasing listeriosis in-200% in France is

likely to result from neither of improved reporting system, better diagnostic awareness, large
scale outbreaks, nor changes in the control measures implementetbwdtiredustry(58).

The rise in bacteremia might have been due to altered medical practices such as increased
hospitalization, more frequent blood cultures or more sensitive alolbare techniques;
however, Goulet et al. also failed to discover evidentkese aspects that supports the
upsurge in bacteremia thy monocytogeng®8).

Nonetheless, the aboweentioned studies and others shed light on potential

contributing factors to the increase in listerid®3, 54, 58). Both Goulet et al. and Gillesp



et al. suspected that the higher incidence of listeriosis might be related to higher exposure to
L. monocytogeng®3, 58). As a scenario that could lead to increased exposure to this
bacterium, Goulet et al. proposed that, in compliance to the recahatm@nagainst
hypertension, less salt was used in some RTE foods; consequentlynocytogenesay
have grown more readily in these foods if contaminated, thus causing listeriosisk at
groups in higher probabilit{s8). A study by Gillespie et atonducted in England and Wales
attempted to elucidate medical factors underlying the listeriosis patients aged over 60 years
who exhibited bacteremia without the central nervous system infections ir2R200154).
These patients were associated with eaoc other conditions whose treatments suppress the
secretion of stomach ac{d4). All these medical conditions are likely to lead to increase in
persons vulnerable 1o monocytogendsfections(54).

Another topic of note is the emergence of a new kindsteriosis outbreaks
predominantly manifested by febrile gastroenteritis in the 1990s and @&mM)s Dissimilar
to invasive listeriosis outbreaks, these outbreaks usually afflicted immunocompetent adults
and the patients developed datiiting fever, diarrhea, vomiting, headache and body pain
after a short incubation period of-2& hr(130). These outbreaks were implicated with rice
salad(120), chocolate milk28), cold corn and tuna salés), RTE deli meat§48), cold
smoked fish, cheeg&30),which were contaminated with a large numbek .of
monocytogenedor instance, at ~f@&fu/ml in 1994 US chocolate milk outbre@8, 130).
Many of the febrile gastroenteritis outbreaks were caused by serotypes 1/2a and 1/2b
although serotype 4b was alswolved(22, 73, 130). After the aboweentioned chocolate

milk outbreak, pulsedield gel electrophoresis (PFGE) revealed that the outbreak strains



were associated with sporadic cases of invasive liste(ibs®), suggesting that the high
levels ofL. manocytogenemay cause febrile gastroenteritis in healthy individ(aZs 130).
However, further research would still be needed to determine whether thelse agine
listeriosis outbreaks stem from the unusual characteristics of outbreak strains threfrom
exposure to the inoculum at high quanti(jés).

Related to the invasive listeriosis, susceptible group categories for listeriosis are
altering, in particular among HIV patients and Hispanic ethnic group. For instance, the
percentage of the HIV patienin the deaths from listeriosis was lowered from 4.9% in 1990
1995 to 3.4% in 1992005 in the US, possibly due to the introduction of effective treatments
against diseases caused by opportunistic organisms includmgnocytogeng8). Among
the Hispaic population in the US, the study by Voetsch et al. showed that listeriosis
occurred at the disproportionately high incidence in 12Q71; however, the frequency of
listeriosis was considerably diminished in 2002 and Z2@8). This change might origate
from various public education campaigns or elimination of unsafe foods from the market
(140).

High risk foods for listeriosis are also being reviewed by attempts to determine the
food vehicles of sporadic cases of listeridsi38), which occupy the ajority of case$138,
141). Several studies in the 1980s and 1990s linked sporadic listeriosis cases with
frankfurters, chicken, milk, paté, soft cheese and deli f¢D8R8). The most recent study on
this subject, which was conducted by Varma et al., @etp169 sporadic case patients with
control subjects in the US in 20@003(138). This caseontrol study associated melons

consumed at a commercial establishment and hummus prepared at a commercial



establishment with sporadic cases, highlighting theomamce of retail environments in
contamination with.. monocytogengd 38). Given that high risk foods for listeriosis are
often readyto-eat, refrigerated and subjected to storage for a long period, Goulet deemed that

hummus was more likely to belongttas category of foods than meloft).

Pathogenicity ofL. monocytogenes

Intracellular life of L. monocytogenes

As evidenced by the listeriosis epidemiology, a majority of cases are mediated by the
foods(93, 130, 138, 140, 141). Following the intaie¢he contaminated foods, the infection
by L. monocytogenss initiated with this bacterium penetrating through the epithelial lining
of the intesting56, 104).L. monocytogenespreads via blood circulation from the intestine
into the liver and spleeand grows in these orga(i4). At this stagd,. monocytogenes
either resolved by the immune system or further proceeds into other ¢tdhsuch as the
central nervous system and fetoplacental (5@}. This infection route is mainly due to the
capability ofL. monocytogenes®s invade and proliferate within diverse Rphagocytic cells
(11, 26, 38, 61), for instance, enterocytes, endothelial cells, hepatocytes and fib(ablasts
38). Mechanism of this ability has been extensively studied tireguh the elucidation of the
important virulence factor@1, 42).

Entry into the mammalian cells is mediated by surface invasion proteins such as
internalin A (InlA) and internalin B (InIB§38). InlA plays an indispensable role in the

translocation ito the intestinal trackL1, 38) by interacting with adherin(11, 38, 42,



104), an adhesion molecule located at adherens junctions between epithel{@BelfdA
binds to Ecadherin in such a specispecific manner that-Eadherins in rats and ne@ao
not function as the receptor to InlA whereas those in other mammalian species including
guinea pigs and gerbils interact with In{A1). This attribute is dictated by the amino acid
occupying position 16 in the first extracellular domain of theaBherin, which is a glutamic
acid in rats and mice but a proline in other susceptible spddied1). Meanwhile, InIB
contributes to the invasion into a wider range of cell tyfhés38, 42) such as endothelial
cells, heptocytes and fibroblagtsl) due tahe ubiquitous nature of its receptor, the
hepatocyte growth factor receptor M&f, 38, 42). InIB also interacts with the receptor of
the globular part of the complement component Clq (60Igp32(42).

Upon the attachment on the cellsmonocytogersds internalized within a vacuole
(42), which is lysed via the synergistic actions of listeriolysin O (LLO), a-gererating
cytolysin(42, 104); and two phospholipases C (PLCs)HRC (PIcA) and RPLC (PIcB)
(38, 42, 104). The FPLC is produced as@oenzyme and transformed into a mature form
by the zinedependent metalloprotease MR, 61). After lysisL.. monocytogends
released into the cytosol that is permissible for replicgd@p For the multiplication in the
intracellular environment,. monocytogena®lies on nutrients available in the cytosol, for
instance, glucosé-phosphat€42, 61), through the mediation by Hpt, a hexose phosphate
transportef42, 61, 104).

In parallel to cytosolic replicatiom,. monocytogenedisseminates in&icellularly and
into adjacent host cells by synthesizing filaments with the host cell actin by means of ActA

protein(42, 63, 104). For celio-cell transferl.. monocytogenasoves at the extremity of
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the growing actin tail§42, 104) and creates the pdepodlike protrusion into neighboring
cells during the celto-cell transfer(42, 63, 104). A recent study provided evidence that the
internalin C (InlC) contributes to the céd-cell dissemination between polarized epithelial
cells by decreasing cortittension at apical junctions so that the protrusion formation is
facilitated(114). Subsequently, the protrusion is engulfed by the adjacen{42l83, 104),
forging doublemembrane secondary vacué#, 104).L. monocytogenes escaped from
this vacuole again through the actions of LLO and two P{42s 104) and repeating the

cytosolic replication and actipased movement in the neighboring célig4).

Listeria pathogenicity islands

In Listeria species, three virulence gene clusters have tabeé&te identified and
termedListeria pathogenicity island-B (LIPI-1-3) (27, 141). Since LIRR is exclusively
found inL. ivanoviithat is associated with animal listeriof23, 141), we will only discuss
in further detail LIP41 and LIP#3, both harbor@ by L. monocytogendg®7, 141).

LIPI-1 refers to a genomic region flankedrg andldh in which several welknown
virulence genes reside (Fig. (I22). This region is identified in three differdnsteria
species, i.eL.. monocytogenes. seeligerandL. ivanovii(122, 141). Virulence genes
within LIPI-1 are encoded in aléb gene cluster of six gengsfA-plcA-hly-mplactA-plcB
(122). Among these gengsfA encodes positive regulatory factor A (PrfA) that regulates
the expression of its own geas well as a majority of virulence genes identified so far, for
instancehly, mpl, actA plcA, plcB, inlA, inIB, inlC andhpt (123). Genes related by PrfA are

transcribed from the promoters with a PrfA box to which the PrfA dimer is bd23).
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PrfA boxes are located ~200 bp upstream to the start codon and characterized with the
consequence sequence GIARCANNTGTAAA with seven conserved underlined
nucleotideg123). In addition to the aute@gulation, PrfA expression is also dependent on
the sigma faat r ® infrolved in the stress respon@9 , 123) ; and a 506 wuntr
thermes ensor whose secondary structure blocks t
inhibiting translation(29, 47, 123). Meanwhile, the PrfA regulation of the virulence gene
regulation is also mediated by transforming PrfA into an active @847, 123). PrfA
activation is enhanced when the cells are inside the cytosol of the mammalig2x;ells,
123)or grown in the medium supplemented with activated chaf2®al23).0On the other
hand, PrfA activation is repressed by sugars such as glucose and cellobiose that are
transported by the phosphoenolpyruvsiigar phosphotransferase system (PTS) and
abundant in the environment whereas such a phenomenon is not observguesehee of
nonPTS sugar hexose phosphates that are rich in the c{#8al7, 123). LI does not
differ significantly in GC content from the genome average, suggesting that this cluster is not
likely acquired through the horizontal gene tran§i@?). The evolution of LIRL will be
discussed in more detail in the section on the evolutidustéria species.

LIPI-3 is the most recently identified pathogenicity island, which is located between
LMOf2365_1111ndLMOf2365_112@enesn L. monocyogeresF2365 (Fig. 2)25, 27).
This pathogenicity island is composed of the eight gene cluist#&yI(sG, lisH, lIsX, lIsB,
lIsY, lIsD, andllsP) encoding listeriolysin S (LLS), a bacteriodike modified peptide
exhibiting hemolytic and cytotoxic activés(27). LLS contributes to the virulence and

intracellular survival since LLS negative mutant lacKisg gene exhibited the reduced
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bacterial loads in mouse model and within human polymorphonuclear neutrophils (PMNS) in
comparison to the wild typ@7). Deletion mutants of other genedlisG-lisD thanllsB

exhibited loss of LLSlerived hemolysis, suggesting that these genes also play indispensable
roles for LLS synthesi@5). In factllsX was employed as a genetic marker in the-tiez

PCR scheme tdetectlL. monocytogendsolates with LIP3(25). In contrast to LIRL that is
found in all strains oE. monocytogeneand in otheListeria species, LIRB is possessed

only by a subset df. monocytogendsmeage |, a population group bf monocytogees

often associated with human listeriosis cq2@$. GC content analysis hinted that this
pathogenicity island might result from horizontal gene trar(2f&y. Based on these findings,
Cotter et al. speculated that LiBImight have been horizontallygugred by an ancestral

strain of lineage I, and might have been lost in some descendants during the evolution

procesg27).

Premature stop codon mutations innlA

An intriguing feature of InlA is that marly. monocytogenestrains harbor premature
stop calon (PMSC) mutations imlA that result in truncated, secreted InlA proteins that are
deficient of the @erminal part including the membraaachoring LPXTG moti{70, 136,
143). To date, at least 18 such PMSC mutatiomsifnhave been identified thrgh the
surveys of the isolates collected in many countries such as the United(53&tes42, 143),
France(70, 101, 113), and Jap&b). PMSCs in thenlA were associated with impaired in
vitro virulence since strains harboring PMSCs initth& exhibited reduced invasion

efficiency in the human intestinal epithelial cells in comparison with the strains expressing
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the fulllength InlA (65, 101, 143). Further conclusive evidence was provided by
characterizing isogenic mutants with and without a PMS@IA(100). The PMSCs imlA
caused decrease in invasion to human hepatocyte and intestinal epithelial cells as well as
attenuated virulence in the guinea pig mddép).

This causal relationship between thiA PMSCs and virulence prompted many
reseachers to employ these mutations as a genetic marker for human vir(86n@e, 135,
136, 142, 143). Surveys of isolates with the PMSGslArevealed that PMSC mutations in
inlA were more frequently identified in food isolates than among clinicaltesgl70, 136).
Specifically, the PMSC mutations imlA were identified among 35% of food isolates
collected in Francé/0) and 48.5% of the RTE food and processing facilities isolates
collected by the U. S. Department of Agriculture (USDA) Food Safetyirspection
Service (FSIS]143), suggesting that a large proportioh.omonocytogendsod isolates
might be attenuated in virulence. Meanwhile, approximately 5% of human clinical isolates
were reported to harbarlA with PMSC mutationg70, 136).

PMSCs ininlA have been identified frequently among serotypes 1/2a, 1/2b and 1/2c
(70, 143)that are often found among food and environmental isol@a@sl43) Several
studies showed thatlA PMSC mutations were absent among serotyp@@p143), whichs
underrepresented among food and environmental is¢&fe30, 143) but overrepresented
among clinical isolate@2, 70). Recently, some serotype 4b isolates belonging to epidemic
associated clones (Epidemic Clones |, la, Il and Ill) were reportedrb$tedten et al. to
carry PMSC mutations imlA; however, the study did not provide the frequency of the

isolates carryingnlA PMSCs among serotype 4b36).
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Apart from the linkage with food isolates, truncated InlA expression was associated
with the viulence attenuation that was often observed arhongpnocytogendsolates
from the persons without symptoms of listeriqdi81). Also, severity of. monocytogenes
infection was lessened in guinea pig model when the animals were previously exdased to
monocytogenesarboring a PMSC imlA, indicating that the viruleneattenuated strains
with the truncated InlA might function as a natural vaccine that elicits immune response

against furthet.. monocytogenasfection (100).

Stress Tolerance

Ubiquity of L. monocytogends owed by its capability to withstand stresg&ls 126,
141). For instance, this microorganism can survive at extreme temperature8.fram
45eC, within t95eandpnihe prasangeeof saltfup t8 1(Q&il). Of
paricular note is the fact that monocytogenesan multiply, albeit at a low rate, at
temperatures below 4907, 141). This psychrotrophic feature pernhit$nonocytogends
grow in refrigerated foods, increasing its importance as a foodborne patiGgeh41).

In agreement with this stress tolerance, studies on stress responses have revealed that
L. monocytogends well-equipped with effective stress response mechar(is4iy. Major
stress response proteins identified to date include (1) heat slodekpr(HSPS) such as
GroES, GroEL, DnakK, DnaJ, HtrA, and Clp proteins for extremely high temperéi2&s
(2) cold shock proteins (CSPs), for instance, OpuC, Gbu, OppuA, and Fri, and osmolyte

transporters of BetL, Gbu and OpuC for the exposure todawperature§l?); (3) acid
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shock proteins, glutamate decarboxylase (GAD), arginine deiminase (ADI), and FOF1
ATPase systems for acid stress; and (4) osmolyte transporters and osmotic stress proteins
such as RelA, Ctc, HtrA, KdpE, LisRK, ProBA, and BtIA fitsmotic stres§l26). A
majority of these stress genes 27,426y egul at ed
Interestingly, many of the stress response genes contribute to viruldnce of
monocytogene1, 126), which increases in parallel witke tbility to tolerate the stresses
encountered within the hogt26). In addition, adaptive response, in particular to acid,
confers crosprotection against a lower pH and other stresses, suggesting that stresses
outside the host will prepate monocytognesto survive then vivo stresses more
effectively(126). Connection between stress responses arldngriis also supported by the
f i ndi rPgegulatesmlA andinlB encoding the adhesins InlA and InIB, gudA

encoding the pleiotropic regulator PrfA of pathogenicity gé6&¥

Surface proteins inL. monocytogenes

In bacteria, the cell wall dioly contacts the environment and infected {h28) and
anchors numerous proteins that mediate the interaction between bacteria and extracellular
environmentg13). Accordingly, the cell wall proteins participate in indispensable cellular
functions suclas adhesio(®, 13, 128), interaction with the host immune syst€i3s 128),
invasion(9, 13), transport of nutrien{9, 128), and motility(9).

The genome sequencinglafmonocytogendsGDe revealed that this bacterium

encodes 133 surface proteinsiresponding to 4.7% of the total ger{@8). These surface
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proteins were divided into three classes according to the anchoring mode to the cell wall or
membrane: (1) proteins covalently bound to peptidoglycan cell wall via LPXTG motif
located at the carbgkterminus; (2) proteins neoovalently linked to the peptidoglycan

layer or membrane by means of carboegminal domains such as GW modules or
hydrophobic tail; and (3) lipoproteins imbedded in the membrane through treonalent
interaction mediately the amineterminal region9, 13).

In addition to the number of the surface protein, the importance bfdtezia surface
proteins is reflected in the fact that many major virulence factors belong to this class of
proteins(9, 13). For instance, thaajor invasion proteins InlA and InIB possess LPXTG and
GW motifs at the carboxyl terminus, respectiviy13). Based on the amino terminal
sequences, these two proteins are members of the internalin family that is characterized with
the leucinerich repeats (LRRs)9, 13). LRRs play a role in the interactions between proteins
and contribute to adhesion, liganeteptor interactions and signali(ig). Another example
is found in the intraand intercellular movement determinant Ac(A2), which bears #
hydrophobic tail motif at the carboxyl termin(g 13).

Listeriasurface proteins have also attracted attention due to their unambiguous
variability from strain to straifl2, 13, 42). Comparison &f monocytogenesGDe and..
innocuaCLIP11262 genoneeunveiled that the differences between thaseeria species are
primarily attributable to their varying surface protejh8). This trend was also observed
whenL. monocytogenestrains were compardd?2, 42). Therefore, the diversity in surface
proteirs among thé.isteria species is expected to explicate the stsmacific characteristics

including the ability to cause outbreaks.
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Lipoproteins

Lipoproteins in Granpositive bacteria perform various cellular functions including
substratebinding and trasport as a part of ABC transporters; cell signaling; sporulation;
conjugation; adhesion to the host; protein folding and export; and antibiotic resigta8re
Lipoproteins possess the amiteyminal signal peptide that is characterized by a unique
congnsus sequence called lipobox, L8er/Ala,AlaGly.;Cys.; (7, 13, 128). Lipoproteins
are initially translated as prolipoproteins that contain the amino terminal signal p@&gfide
and exported as dictated by this sequéh28). According to the studies Gramnegative
bacteria, the enzyme prolipoprotein diacyglycerol transferase (Lgt) mediates the lipidation
reaction wherein an{dcyl diglyceride group is transferred from a glycerophospholipid to
the thiol group of the conserved cysteine in the lipofd®x 128). The resulting lipidated
prolipoproteins lose the signal peptide by the action of the prolipoprotein signal peptidase I
(Lsp) (50, 128), which recognizes and cleaves within the lipobox seq(&dc&28). The
third reaction attaches an&tyl maety to the amino group of the lipidated cysteine at the
amino terminug50, 128); however, this reaction, which is catalyzed by the enzyawyN
transferase (Lnt}50), seems to be absent in low GC content Gpasitive bacteria since no
homologs of thént gene were found in the genomes of these badt&0ial28). Upon the
completion of the processing steps, the mature lipoproteins are fastened to the membrane
through the diacyglycerol moiety linked to the amino terminal cys(&Dgel28).

TheL. monaytogene&GDe genome was predicted to encode 68 lipoproteins,

suggesting that lipoproteins are the largest subgroup of the surface p{@tdi8s With
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regards to putative functions, 28 lipoproteins were putative subbirateng components of
ABC trarsport systems, 15 were predicted to perform various enzymatic and metabolic
functions, and the others were of unknown func(ion However, most studies disteria
lipoproteins to date concerned the processing of the lipoproteins. As a member of @@ low
Grampositive bacterial.. monocytogends expected to maturate lipoproteins through the
actions of Lgt and Lsfb0). Thelgt deletion affected neither cell morphologylof
monocytogeneSGDe nor growth of the bacteria in the rich medi{in Howeverthe

mutant displayed mild growth inhibition in minimal medium, elevated susceptibility to
cationic peptides, decreased growth in both-pleagocytic and phagocytic cells, and
virulence attenuation in mid&, 90). Of particular interest was that thedeletion resulted

in selective release of the 26 mature lipoproteins into the supernatant, indicating that the
processing mediated by Lsp can be carried out on the prolipoproteins without the
diacyglycerol moiety7). In the case dép, deletion did not déct cellular morphology or
growth in rich medium but resulted in decreased phagosomal escajpevaralvirulence
@16). In addition, Lsp was required for the
since the abovenentioned release of lipoproteingsweduced when thgt deletion mutant

was treated with globomycin, an inhibitor of L&f).
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Phylogeny and Genomic Comparisons dfisteria species

Phylogeny ofListeria species

The genud.isteriais composed of eight speciés:monocytogenes. sedigeri, L.
innocug L. welshimerj L. ivanovii, L. grayi, L marthiiandL. rocourtiae(60, 84, 122)L.
marthii andL. rocourtiaehave been recently identified from the natural environmetiteof
Finger Lakes region of New Yond a lettuce from Salzbu(gustria), respectively60,

84). Neither of these species exhibited hemolysis on the blood agar or in vitro virulence,
suggesting that they are npathogenid.isteria specieg60, 84). FolL. marthii, the absence

of LIPI-1 andinlA was confirmed with PCRnd sequencin(1, 60). Among théisteria

species, only two are considered to be pathogenimmonocytogenesndL. ivanovii(122).

L. monocytogenesauses listeriosis in humans and animals whilganoviiis mainly
responsible for bovine abortio(k22) although a few cases of gastroenteritis and bacteremia
were reported which were causedlbyvanovii(62).

To date, the phylogenetic relatedness and evolutidistdria species have been
investigated by means of Multilocus Enzyme Electrophor&i€g) (10), sequences of
16S rRNA gene§l37), and concatenated DNA sequences of select (80e31, 122).
These studies consistently showed thajrayiis separated from the othieisteria species
(Fig. 3); however, each study presented differenticgiships among the othkrsteria
specieg10, 30, 31, 122, 137). The MLEE analysis by Boerlin et al. proposed.that
monocytogenes. innocua andL. welshimeriform one cluster in which. innocuaandL.

welshimeriare grouped as sister branches, whel. seeligeriandL. ivanoviicompose the
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other(10). Phylogenetic relationships based on the 16S rRNA gene sequences divided
Listeriaspecies into the same two clustér87). However, this analysis plackedinnocua
andL. monocytogeneass sister spées in the group consisting bf monocytogenes.
innocuaandL. welshimeri(137). In the phylogenetic tree based on the concatenated DNA
sequence of 16S and 288NA, LIPI-1 flanking genesqs, Idh andvclB) andiap, Schmid
et al. placed.. monocytogessandL. innocuain one group; and. welshimeriL. seeligeri
andL. ivanoviiin a separate cluster in whithwelshimerwas located in the deepest branch
(Fig. 3)(122). Two recent studies employed concatenated DNA sequences of 10 and 100
select genegespectively, to determine the phylogenetic relationships alnstegia species
includingL. marthii (30, 31). These examinations identified two claddsisieria species,
one consisting of. seeligeriandL. ivanoviiand the other composed lofwelimeri, L.
innocug L. marthiiandL. monocytogeng80, 31). In the latter ladé, welshimeriwas
placed as a basal lineage to the other species in the same grauprenthii was located as
a sister group df. monocytogeng$-ig. 3)(30, 31). The clse relationship betwedn
marthii andL. monocytogerswas also observed in the phylogeny based on concatenated
partial sigB, gapandprs sequencg(60). Another newisteria speciesl. rocourtiae was
placed separately from othkeisteria species in thehylogram inferred from 16S rRNA gene
(Fig. 3)(84).

ExcludingL. grayi, the common ancestor bisteria species seems to possess
pathogenic potentigB0, 30, 122). After comparing the DNA sequences of {lIPchmid et
al. proposed that this pathogetyadsland was inherited from the common progen(i@&?2).

They hypothesized that LIFI was lost through two deletion events leading to the culrent
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innocuaandL. welshimeri respectively(122). More recently, den Bakker et al. reached a
similar conclugn that the ancestral strain lokteria species harbored LIFI through the
inference drawn from the phylogram based o#dtd MLST and absence/presence of L:IPI
1(30). This analysis suggested that -IPinight have been deleted at least five times durin
the evolution oListeriaspecies, thus resulting in pathogenic and-pathogerListeria
species and atypichisteria strains, i.eL. innocuastrains with LIP{1 andL. seeligeri

strains without LIPA1 (30). In another study employing whole genome pansons, den
Bakker et al. hypothesized that the ancestral stralimstéria species might be equipped with
LIPI-1 and many internalins includinglA, inIB, andinlC (31). This scenario of the
virulence gene deletion is consistent to the lacpde dedtions observed ib. innocuaand

L. welshimerigenomes in comparison with monocytogeng$4), which will be discussed

further in the next section.

Genomic comparisons of differentisteria species

Investigation oListeria species genomes providesesssal information on genetic
characteristics, fluidity and evolution bisteria species. With the exception bf grayi and
L. rocourtiae all Listeriaspecies have been subjected to the comparison at the genomic level
(31, 40, 56, 64, 99). Previous sieslrevealed thdtisteria species possess circular genomes
of the similar sizes, ranging from 2.8 to 3.2 Mg, 31, 56, 64, 127), that encode
approximately 2,700 to 3,000 genég, 31, 56, 64). The genome encoded numerous surface
proteins, transportgroteins, and transcriptional regulators, which are compatible with the

ability to inhabit various environment$2). ThelListeria pangenome is estimated to consist
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of 6,494 genes with 1,994 commonly shared genes and 4,500 accessoi(Beasalysis

of the 13Listeriaspecies genomes by den Bakker et al. suggested that most of the core genes
(2,032 genes) have been discovered but a large proportion of accessory genes remains
unidentified (2,918 accessory genes obser(@&t) The GC content was repaftior L.
monocytogene@8%),L. innocua(37%),L. seeligeri(37.4%) and.. welshimeri(36.4%)

(12, 56, 64, 127).

Listeriagenomes are characterized by the conserved synteny with limited horizontal
gene transfefl2, 31, 64) although inteand intraspeces recombinations have been
detected30, 40). Genetic changes involving large genome segments have not been reported
and the conserved synteny was disrupted mainly by prophages, monocins, strain specific
genes, and to a lesser degree by translocét@nProphages have been identified in
sequencedl. welshimeriL. monocytogenes. innocua L. seeligerj andL. ivanovii(31, 56,

64, 99, 127). NotablyjgomKencoding a natural competence protein was often disrupted by
prophage integratiofl2, 31). Monoais refer td_isteria-specific bactericidal substances
encoded in cryptic prophagé®7). Monocins have been identifiedlinmonocytogenes.
innocug L. welshimerjL. marthiiandL. ivanovii(12, 31).

Strainspecific genes are dispersed in various gandocationg12) and tend to
deviate from the average GC content of the genome, suggesting the acquisition through
horizontal gene transf¢®9). These genes disproportionately code for the virulerce
environmental adaptabiligissociated proteins; hee, they are anticipated to account for the
strainspecific characteristics diisteria (56). Interestingly, many genes specifid_to

monocytogeneseem to result from extensive deletions that occurred in theaibogenic
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L. innocuaandL. welshimerigenomes in the evolutionary process from a pathogenic
progenitor(56, 64). Hain et al. found that in total 249 genes are commonly missing.from
innocuaandL. welshimerin comparison td.. monocytogeng®4). In additionL. innocua
exhibited 63 specifideletions whereas 233 genes were absent specificallyLfrom
welshimeri(64). Most of the deletion events were observed in the same genetic location, and
the deletion was usually extended.invelshimerrelative toL. innocua thus resulting in the
smaler genome size dif. welshimeri64). Notably, genes absentlinwelshimeriandL.
innocuawere pronounced particularly among those encoding proteins possessing LPXTG
and LRR motifs, many of whose members are involved in the adhesion and invasibe into t
mammalian cell$64).

Although rarely observed, translocation also takes a part in interrupting the synteny of
Listeriagenomeg12). The example of translocation was identifiedl.invelshimergenome
where a series of genes encoding the FAFFR synhase were found in a different location

than those in the. monocytogenasr L. innocuagenomeg64).

Serotyping and population structure ofL. monocytogenes

Studied conducted to date have agreedlthatonocytogengsopulation consists of
several eviutionarily different lineages. However, the number of the lineages has
continuously changed. Early studies identified two groups termed lineage | and Il by means
of MLEE, PFGE, ribotyping and sequence of a virulence ¢éBell1l7). An additional

lineage lineage lll, was first discovered by Rasmussen €flalr), and the presence of three
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distinct lineages has received support from studies employingreg€ifction fragment
length polymorphism (PCIRFLP), ribotyping(117), multilocus sequence of LR2Igene
cluster(144) and of housekeeping ge(8s 113), and a DNA array of the strapecific
geneq37). More recently, four lineages bf monocytogenesere proposed by dividing
lineage Il into two separate evolutionary gro@ps, 32, 106, 142). In thizview, we will
describe the population structureLofmonocytogenesn the basis of the thrémeage
classification.

The serotyping classification divides monocytogenasto 13 serotypes according
to the reactivity to somatic (O) and flagellar @tigens: serotypes 1/2a, 1/2b, 1/2c, 3a, 3b,
3c, 4a, 4ab, 4b, 4c, 4d, 4e, an(bT). An intriguing link between serotypes dnd
monocytogengsopulation structure is reflected in the fact that all the serotypes of
monocytogenesxcept for serotype 4xclusively belong to one of these lineages, following
the classification based on the somatic anti§géBs117). As well as the serotypes, each
lineage is dissimilar to one another in terms of the frequently associated sources,

homogeneity within the ieagg73), and possibly recombination rg82, 113).

Lineage |

Lineage | is comprised of serotypes 4b, 4d, 4e, 1/2b, af8l73bAs suggested by
serotypes 4b and 1/2b, which are implicated in many outbreaks and sporadic cases, lineage |
is overrepresdrd among clinical sampl€22). Factors contributing to the association of
lineage | to clinical cases have not been elucidated yet; however, additional pathogenicity

island LIPF3 was exclusively found in a fraction of lineage | isold84 and PMSC
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mutations ininlA were rarely present among serotypg4d, 136, 143). Among the food
isolates, serotype 1/2b is relatively often identified compared with seroty(e® 410, 143).
For instance, serotype 1/2b was identified at the second highest pre(8@586) after
lineage Il serotype 1/2a (41.4%) in the survey of bOmhonocytogendsolates from RTE
foods and processing environments whereas serotype 4b represented o(ly#8)8%

Lineage | exhibits a high degree of clonality in comparison to ther bth
monocytogendmeageq32, 94, 106, 113, 144), primarily owing to a low rate of
recombination(32, 94, 106, 144) and positive select{@06). Possible molecular bases of
this low changeability of the genome include effective restriathaadlification (RM)
systems, efficient mismatch repair systems, or decreased compgt@@yryin spite of this
homogeneity, some studies further divided lineage | into several subgroups. For instance, two
lineage | subgroups were identified through DIRANA hybridization between the strain
specificListeriaDNA array and the genomic DNA from various isolates: one consisting of
serotypes 4b, 4d, and 4e (serotype 4b com{@2); and the other including serotypes 1/2b
and 3b(37).

The population history analysis has icattied that this lineage might experience a
recent bottleneck either separatéy, 144) or along with lineage (82), which is estimated
to have occurred between one to-twadf million years ag@94). Based on the observation
that the first glaciationfdhe Pleistocene started in this period, den Bakker et al. suggested
that the population bottleneck might be connected with reduced hosts and lower temperature,

both of which bear associations with the characteristits wfonocytogeng82).
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Lineage I

Lineage Il is constituted with serotypes 1/2a, 1/2c, 3a arftl13g 144). Isolates
belonging to this lineage are frequently found in foods and natural environ{@&nist3)
although serotypes 1/2a and 1/2c are also identified among clinical i{gtesd
sometimes implicated in outbrealshb, 105).

Studies on the population structure_.oimonocytogenesuggest that lineage Il differ
considerably from the other two linead83, 113, 144). For instance, when Doumith et al.
compared the partial geme sequence of a serotype 4b strain with the complete sequence of
the serotype 1/2a EGDe, 8 % of the serotype 4b genes were not found in EGDe. Since there
were 9.5% of EGDe specific genes in comparison Wwitinnocua they concluded that
lineage Il diffes from lineage | to a degree equivalent to the interspecies level bdiween
monocytogenesndL. innocua(37). More recently, Ragon et al. calculated on the basis of
the multilocus sequence typing (MLST) of the seven housekeeping genes that the mucleotid
divergence of lineage Il amounts to 4.99% relative to lineage | and to 7.57% in comparison
to lineage 111(113).

Genes specific to or highly conserved in lineage Il are mainly related to sugar
transport and metabolis(87). According to the study usirtige speciespecificListeria
array, twelve out of nineteen lineagesplecific genes were putatively involved in sugar
metabolism(37). Also, most of the PTS genes conserved among lineage Il strains were
absent in serotypes 4b and 1/2b, which belongh&atie (37).

Lineage Il represents a heterogeneous group of strains in comparison to li{@age |

94, 106, 113). According to Ragon et al., the diversity within lineage Il was computed to be
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0.61%, which was higher than that of lineage |, 0.33%3). Athough Ragon et al. reported
a similarly limited recombination in all three lineag&43), more studies proposed that this
heterogeneity results from a more active recombination than line&@@s¥, 106) in
addition to positive selectiofi06). For nstance, according to the estimation by den Bakker
et al, lineage Il has six times higher recombination rate in comparison to ling&)e |
Given the transfer of the short DNA fragments by recombination and presence of genes
whose homologs iBacillus subtilis are involved in transformation, den Bakker et al.
speculated that this high recombination rate might result from transformation and that lineage
[l might exhibit competency under particular circumstar{823. Another hypothesis
regarding the undemmings of the fluidity of the lineage Il genomes concerns frequent
exposure to bacteriophages that might be abundant in the ecological niches inhabited by
lineage 11(106). Also, den Bakker et al. suspected that recombination might contribute to the
ability to survive a wide variety of environmerig).

As expected from this diversity present in lineage I, some studies observed that
lineage Il contain multiple subgrouf7). Based on the genetic content revealed by the
DNA array composed of stragpecfic genes, Doumith et al. proposed two lineage Il
subgroups, in which serotypes 1/2a and 3a constitute one subgroup whereas serotypes 1/2c
and 3c belong to the oth@7).Evolutionary history studies, as mentioned in lineage |,
proposed that only lineagaihderwent a recent bottlene@d, 144); however, den Bakker et

al. suggested that the bottleneck has influenced both lineages 188y I
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Lineage llI

Lineage Il is rarely found and comprises three serotypes, i.e., 4a, 4c, @d73b
This lineagehas caused a few outbregk80) and occasional sporadic cage®); however,
compared with the othér. monocytogendmeages, lineage lll is the least frequently linked
with human listeriosi§144). Factors culminating in this phenomenon have beerestegh
by several researchers. For instance, some hypothesized that lineage Il isolates are impaired
in the ability as a human pathog@®6). However, this hypothesis was encountered with
contradicting findings from several studies. Comparison of diffdnsteria strains via the
DNA array found that alL.. monocytogenestrains tested harbored all known virulence genes
regardless of phylogenetic linead83). Later, Roberts et al. reported that the lineage IlI
isolates tested form plaques in the cethpgenicity tes{117); and Liu et al. showed that a
majority of lineage Il strains exhibited in vivo virulence in the intraperitoneal mouse
infection(86). Also, no premature stop codon mutatiomlA has been observed among the
lineage Il (and IV) islates(142). Meanwhile, lineage IIl was rarely found among food
isolateg(142-144). This finding brought about the speculation that listeriosis cases caused by
lineage Il are rare due to decreased exposure to this lineage througlil#tdsndeed,
Rokerts et al. suggested that lineage Il might not be-egpllipped against environmental
stresses encountered in foods or fpodcessing plants as expected from the following
observations: a long lag period at the refrigeration temperature; vulnerabtligrmal
treatment; impaired biofilm formation; and presence of a premature stop codon in the stress

response regulatsigB (117). Rather with human listeriosis cases and foods, lineage Il is
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often associated with animal listeriosis since lineage bivesrepresented in isolates from
animals with clinical listeriosi§€l17).

Analysis of a large set of 46 lineage Il isolates utilizing pastah andsigB
sequences indicated that lineage Il exhibits the most pronounced diversity emong
monocytogeeslineageq117). Later, this proposal was supported by a study conducted by
Ragon et al. using the MLST data of the seven housekeeping genes, wherein they calculated
the genetic diversity within lineage Il at 1.25%, conspicuously higher than line@@3%4)
or lineage 11 (0.61%{113). However, Ragon et al. found a highly restricted recombination in
lineage 111(113).

Expectedly from this noticeable heterogeneity, lineage Il was further classified into
several subgroups. In one study usingltis¢éeria DNA array composed of stragpecific
genes, lineage Il was divided into two subgroups according to serotypes, i.e., one subgroup
of serotype 4a and the other of serotyp€3#). In the study by Roberts et al., the partial
actAandsigBsequencdaseal analysis identified three subgroups within lineage il i.e.,
subgroups A, 11IB, and 11IC, among which subgroup IllA is the most heteroger(@aus.
Genetic transfer appears to be limited from one subgroup to another, and no association was
detectedvith serotypeg117, 142), with isolation source, or with cytopathogenicity in a cell
culture assay117). In terms of rhamnose fermentation often used for biochemical tekts for
monocytogenesubgroup IlIA utilized rhamnose as observed for tydicaonocytogenes
isolates, whereas subgroups I11B and IlIC did {idt7). Moreover, subgroup IlIA isolates
were less likely to harbor tHmaAgene, which is putatively involved in virulence, in

comparison with the other lineage 11l subgroups, suggestingonae lineage Il isolates
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could elude the PGRased.. monocytogenedetection method targeting this ggaéd 7).
Phylogenetic studies revealed that subgroup I1I1B differed from athmonocytogenes
lineages including subgroups IlIA and IlIB that formeck @tuster(32, 106, 142). Hence,
lineage 11IB was termed lineage IV by Ward et al. as the fourth population lineage of
monocytogened42).

Related to othelt. monocytogendmeages, Ward et al. suggested that lineage Ili
forms a sister group of linga 1(144). Similarly, Ragon et al. concluded that lineage Il is
more closely related to lineage | than to lineage Il since lineage Il showed 5.3% nucleotide
divergence against lineage |, whereas that against lineage Il was (A.53Y4ln the study by
Orsi et al., which identified four lineages, the phylogenetic analysis showed that lineage
[IA/C remains closely related to lineage | whereas lineage 111B is separated fronkother
monocytogenegroups(106). A recent 10oci MLST on isolates representisg Listeria
species identified many common alleles between lineages Ill and IV as well as some alleles

shared between lineage IV ahdinnocua(30).

Evolution of different L. monocytogeneserotypes

Accumulation of the detailed knowledge on the phytadie distribution of serotypes
enabled several studies to attempt to elucidate the evolutionary relationshipslamong
monocytogeneserotypeg37, 113). By means oflasteria DNA array spotted with strain
specific genes, Doumith et al. proposed thatlikiergence began as serotypes 1/2b and 1/2c
were separated from a common ance@adj. Subsequently, the evolution from serotype

1/2b proceeded into serotypes 4b, 4a, and 4c, from vhicimocuabranched mainly
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through gendosswhereas the divergenoé serotype 1/2c resulted in lineagd3r).

Similarly, in the sequence analysis of the seven housekeeping genes, Ragon et al. considered
that serotype 1/2b, the ancestor of lineage |, was evolved into serot{pE33bHowever,

they disagreed on the ergence oL. innocuafrom L. monocytogengd.13). Also, Ragon et

al. considered serotype 1/2a as the likely ancestor of lineage Il, from which serotype 1/2c is
derived(113). Intriguingly, serotype 1/2a strain EGDe, an exemplary strain that has been
extensvely studied to date, was located in the middle of this divergence from serotype 1/2a

to 1/2¢(113).

PCR-based Serotyping oL. monocytogenes

In order to trace back the incriminated source.ahonocytogenesontamination
(36, 113) and study the ecgiloal distribution(113), it is imperative to investigate the
characteristics df. monocytogenestrains; hence, various subtyping techniques have been
developed to differentiate. monocytogenestrains(36). The commonly employed subtyping
methods inclde serotyping, MLEE, PFGE, PARFLP and MLST(117). Although low in
resolution, serotyping has been considered as an indispensable subtypingltool for
monocytogenesince (1) it enables a rapid screening of serotypes frequently involved in
clinical casesthus reducing the number of isolates that will be further characterized with
higherresolution methods such as PFGE in the outbreak investigation ; (2) it provides
information for longterm microbiological surveillance of the listeriosis cases in hunzentk;
(3) serotyping is useful in assessing the food chain and processing plants for contaminating

L. monocytogend86).
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Traditionally, serotypes were determined by reactivity with anti&rg however,
this method has displayed disadvantages of high lovg accessibility, requirement of
experienced personnel and occasional inconsist@t)yAs an attempt to overcome these
limitations, PCRbased serotyping methods were develgd8d 36). For instance, Doumith
et al. described a multiplex PCR thatidesL. monocytogenedsolates into four groups
employing primers annealing Losteria genusspecificprs and the genes that are specific to
phylogenetic lineages or their subgroups within a lineage wfonocytogeng86). To
illustrate,prs confirms tte Listeriagenus; then, two gene®RF2819ndIimo0737 specific
to lineages | and Il, respectively, distinguish these lineg@f8)s Based on the serotype 4b
complexspecific gene@RF2110, lineage |1 is further divided into serotype 4b complex and
a groyp comprised of serotypes 1/2b, 3b, an@6). The gene specific for serotypes 1/2c and
3c (mo111§ separates serotypes belonging to lineage Il into serotypes 1/2a and 3a; and
serotypes 1/2c and 386).

Recently, a group in Australia reported that s@@®type 4b isolates produce an
extra band corresponding ltmo0737in this multiplex PCR, challenging the specificity of the
genes targeted in the multiplex P@®). Our lab also identified siacatypical serotype 4b
isolatesand these isolatesill be characterized in Chapter 2lso, our routine multiplex
PCR serotyping revealed a few cases of incongruence between the serotypes determined by
this PCR scheme and serological method and between the multiplehd3ER serotypes
and lineage designation detened by other molecular subtyping methods such as multilocus
genotyping (MLGT(39, 142). For the two additiondlisteria species identified after this

multiplex PCR was designeld, marthii generated onlprs band whereak. rocourtiae
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failed to amplifyeither of the target gené&0, 84). Indeed,. rocourtiaereacted neither of
the antisera against known somatic and flagella antigens, suggesting that this species belongs

to a novel serotypgs4).

Epidemic clones

The comparison of the strains impliedtin outbreaks showed that a few clonal
groups ofL. monocytogendsave been involved with the majority of the listeriosis outbreaks
which differ from each other geographically and chronologid@® 72, 73). Initially
discovered by means of MLEE, thieding was also supported by PFGE, ribotyp{&8,

72), multiplelocus variablenumber tandennepeat analysis (MLVAJ124), multivirulence
locus sequence typing (MVLST21, 89) and MLST32). These groups of epidemic
associated strains are referred tepislemic clone§22, 72). To date, five different epidemic
clones have been reported and termed Epidemic Clones ®Jg2P). Consistent to the
prevalence of serotype 4b in outbreak strains, all ECs belong to serotype 4b with the only

exception of ECIIf which is of serotype 1/2(22).

Epidemic Clone |

Epidemic Clone | (ECI) has attributed to numerous major outbreaks that occurred in
North America and Europ@2, 72, 73) such as Nova Scotia outbreak in 1981, which first
showed the link between listesis and foods, in this case, contaminated cole@aw130,

138, 145); California outbreak in 1985 associated with Mexstglle cheese; soft cheese
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outbreak in Switzerland in 198®87; and jellied pork tongue outbreak in France in
199222). Early idenfication and epidemiological significance prompted this clonal group to
be subjected to the most extensive investigation among ECs; thus, sevei@tbs have
been reveale@@2, 72). For instance, a distinct restriction fragment length polymorphism
pofil e was observed among ECI strains in a
(22, 72) and in a putative mannitol transporter g@@e 72, 134). In addition, the genomic
DNA of ECI strains shared resistance to the restriction endonuclease 3aum3Al
susceptibility to the isoschizomer Mb@i3). Since resistance to Sau3Al and Mbol is
determined by methylation at cytosines and adenines, respe¢82¢lyhis attribute
suggests methylation of cytosine in GATC s(#3).

ECl-specific DNA sequencesere first discovered by Herd and Kocks in 2067).
In this study, they conducted subtractive hybridization against the serotype 1/2a EGDe of the
genome of F4565, a ECI strain involved in the 1985 Mexican style cheese outbreak in Los
Aangeles, in ordeio identify DNA fragments present only in the outbreak stf@if). Then,
these fragments were hybridized to multiplenonocytogenestrains encompassing
different serotypes and isolation sources as wdll amnocuaandL. ivanovii(67).
Hybridizationpatterns revealed several E§flecific fragments; some shared among ECI and
other serotype 4b isolates; and others shared among ECI and serotypes 1/2(6@nhd 3b
Subsequently, another ECI strain, F2365, implicated in the 1985 LA cheese outbreak, was
fully sequenced and compared with othemonocytogenegenomes and. innocua
CLIP11262(99). This comparison at the genome level confirmed the findings by Herd and

Kocks(22).

35



Some of these fragments identified by Herd and Kocks have been employed as the
genetic markers to distinguish ECI stra(dd7). In this review, three of these fragments will

be discussed in detail: Fragments 85, 17B, and 133.

Fragment 85

Fragment 85 was identified by Herd and Kocks as andpétific DNA fragment
(67). Protein sequree analysis revealed that the deduced amino acid sequence possesses
homology to a methyltransferaseliactococcus lactisvhich contains the target recognition
domain similar to that of M.Sau3467). The whole genome sequence of F2365 revealed
that the gne in Fragment 85 correspond4.MOf2365_0327which was annotated as -C5
cytosinespecific methyltransferag®9). Upstream to this methyltransferase lies a gene
encoding a putative Sau3Aike restriction endonucleaseNIOf2365_032p(99). Between
two genes, a putative DNAinding protein gene is locat€¢89), which might function as a
control (C) protein involved in the regulation of the SauBkeé RM system(98). Presence
of this putative Sau3Alike RM system was associated with the resistance t8/8au
digestion that is observed in ECI stra{@8, 147). A recent study provided evidence that the
mutant lacking the methyltransferase gene in this SaliB&RM system is susceptible to
the Sau3Al digestiofiL46). The GC content of these three genegasifrom 28 to 31%,
which is considerably lower than themonocytogenegenome average of 38%, suggesting
that this RM system might be obtained via horizontal gene trafizféj.

The Sau3Adlike RM system, in particular the methyltransferase gene, éas lsed

as a ECispecific genetic marker (probe 85M designed by Yildirim efla7)) (23, 46,
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147).However, this RM system has been also identified in some strains of other serotypes of
L. monocytogendhan serotype 4b. For instance, Chen and Knapelted serotype 1/2a

and 4a.. monocytogendsolates that are positive for the methyltransfetasgeting PCR

(18). Indeed, Yildirim et al. provided evidence througlsilico analysis and sequencing that
some serotype 4a and 1/2a strains harbored &/Hgmologous RM system to the Sau3Al

like RM system identified in ECI at the genomically equivalent locatld®). Taken

together, the Sau3Aike RM system is not exclusively present in the serotype 4b ECI

strains; however, this would not hamper thétytof this genetic region as an EGpecific

genetic marker if employed for serotypeldlmonocytogenes

Fragment 17B

Fragment 17B is a 1.7 kb DNA fragment discovered by Herd and Kocks that
hybridized only with ECI strains but whose function waskrmwn (67). Subsequently,
Yildirim et al. included more ECI isolates for hybridization with a DNA probe (17B) based
on Fragment 17B and confirmed that probe 17B is conserved among ECI strains but not
among other serotype 4b isolates, thus establisharggatus as an EGSpecific genetic
marker(147). The belowaverage GC content of ca. 30% indicates that a horizontal gene
transfer might have contributed to the acquisition of Fragmeni{14B. In F2365 genome,
Fragment 17B correspondsiiMOf2365_ 279&nd this gene was employed as the target for
ECI in the multiplex PCR that discriminates epidemic clonal gr¢i®s Two downstream
genesI(MOf2365_279%RndLMOf2365_ 280Dwere identified to be E&pecific via

genome comparisafi8).

37



Fragment 133

Fragment 133 was found by Herd and Kocks as a gene fragment with unknown
function that generated hybridization signal with ECI strains and those of serotypes 1/2b or
3b(67). In parallel with Fragments 85 and 17B, Yildirim et al. verified the presence of
Fragmet 133 in ECI members but not in other serotype 4b isolates through hybridization
with the DNA probe originating from this fragment (1334%7). However, PCRased
screening by Franciosa et al. and Southern hybridization by Eifert et al. revealed that some
serotype 4b isolates outside ECI, including ECV, also harbor prol§é3,3®). Taken
together, probe 133 does not appear to be strictly linked to ECI even within serotype 4b, thus
limiting its use to an auxiliary marker to probes 85M or 17B.

Similar tothe other EGkpecific fragments, the GC content of Fragment 133 amounts
to approximately 30%147). This figure is significantly below the genome average, thus
suggesting a possible lateral trangfiet7). In F2365, this region of 748 bp (accession

number AJ410381) includes parts bMOf2365_262&ndLMOf2365 2629

Epidemic Clone Il

Epidemic Clone Il (ECII) is associated with two mudtate outbreaks in the US, the
19981999 hot dog outbregR2, 7274) and 2002 turkey deli meat outbréak, 72, 74).
Strains of these two outbreaks shared the unique PFGE pga#¢rmnd ribotype (DUR044
and DUR1044A) (21, 22). Also, these outbreak strains commonly exhibited a diversification
in a genetic region, Region 18, which is conserved amondg@hserotypedb L.

monocytogene@>5, 74). These features contributed to the assignment of the strains
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implicated in the 1998999 and 2002 outbreaks into an independent epidemic clonal group
(22).

Diversified Region 18 in ECII enabled several DNA probes to be wtibaeECH
specific marker$23, 45, 46, 74). Meanwhile, whole genome sequencing was conducted with
H7858, a food isolate of the 199899 outbreak99). Comparison of this genome with other
Listeria monocytogenesrains triggered the identification of nedECIlFspecific markers
(23, 74). In this review, frequently used EGpecific probes will be discussed in more

detail.

Region 18

Region 18 was first identified by Herd and Kocks as two DNA fragments (Fragments
7 and 18) whose functions are not kncavrd that bound to all serotype 4b isolates examined
(67). Evans et al. found that Fragments 7 and 18 constitute parts of the same genomic region
and that ECII strains are not positive for the genetic markers derived from Fragments 7 and
18 (4bSF7 and 4bSB)in PCR and DNA hybridizatio5). Thus, this genomic region
including Fragments 7 and 18 was called Region 18 and defined through DNA comparison as
the region flanked by serotype-4pecificwapgene encoding a putative walssociated
protein LMOh783_0479 andinlA gene LMOh7858_0498(Fig. 4 (22, 23).

Apart from 4bSF7 and 4bSF18, four other Regiord@éBved markers have been
described: H1 (or H18RP9/10), H2 (or HI8RP11/23) 43, 74), ECIIGNAP and non
ECIIC-WAP (23). ECII is negative for pra@s 4bSF7 and 4bSF{33, 45), and no&ECIIC-

WAP but positive for H1, H2 and ECH&/AP; meanwhile, noiiECII strains such as ECI
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exhibit the opposite resul{3). However, neither of these genetic markers discriminates
ECIlI unambiguously23). Probes 4bSFil&hd norECII-WAP do not hybridize with some of
non-ECII strains whereas probes H1, H2 and EGMBP show signal with nc&ClI strains
in the DNADNA hybridization(23). In particular, ECV exhibited the same pattern as ECII
for Region 18based probe@3),implying that this region is shared between ECII and
ECV(22). Further diversification is expected in Region 18 antongonocytogenesince a

few norECI, nonECII strains hybridized all of probes H1, H2, and 4bSE3 74).

Region 1168

Region 1168 waidentified as a straigpecific region through the comparison of the
ECII H7858 genome with F2365 (ECI), F6854 (ECIII), serotype 1/2a EGD&.andocua
CLIP11262(23). This genomic region corresponds to a gene cassette consisting of
LMOh7858_ 1164.MOh7858_1174which is adjacent to the listeriolysin S gene clug2ay.
In this cassettd, MOh7858 1168vas used to design DNA probe Hsp001219 (or Hsp01219
(74)) (23). This probe was first described by Kathariou ef7dl) and found to be unique to

ECII strains(23).

Region 0088
Region 0088 was another H785pecific region identified in parallel with Region
1168(23). In the genome of H7858, this region correspond$10h7858 008%23). Probe

Hsp00121 derived from this gene was first designed by Kathatial. simultaneously to
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probe Hsp00121@74). This probe hybridized with ECIl and some serotype 4b isolates such

as EC#, suggesting that Region 0088 is not exclusively conserved among ECII &@&)ins

Region 2753

Region 2753 corresponds to a geassette flanked by a putative lipoprotein gene
(LMONh7858_275pandrpsl gene LMOh7858_276p(23). This gene cassette was reported
to confer to ECII resistance to phage infection at temperatures below23/°(5). Initially,
this region was identifiedsaa H7858pecific region through genome compari$28). Four
DNA probes derived from this region (Hsp2753, HspDelcon54, Hsp2759 and Hsp2764)

hybridized exclusively with ECII, suggesting that Region 2753 is unique to(E&)lI

Epidemic Clone Il

Epidemc Clone Il (ECIII) was first identified through the outbreak investigation of
the turkey deli meat listeriosis outbreak that encompassed eleven states in 2000 in the US
(22, 72, 73, 102). The PFGE pattern of this outbreak strain was observed for tnatraas
associated with a sporadic case in 1988 linked to turkey frankf(@®&rg2, 73). Of
particular note is that the foods implicated in this sporadic case and the multistate outbreak
were produced in the same processing facility, suggestinghibattain habituated the
factory for the twelve year®2, 72, 73).

Dissimilar to other ECs that are of serotype 4b, ECIII strains belong to serotype 1/2a
within lineage 11(21, 22, 72, 73). Apart from the abereentioned PFGE, ECIII share the

same ribotpe of DUR1053A and MVLST(21). Currently, the genome sequence of four

41



ECIII strains has been finished: F69®9) and F690Q105), the 1988 sporadic case isolates
each isolated from the contaminated frankfurter and patient, respectively; and JO161 and
J2818, the human and food isolates, respectively, from the 2000 outi@@k Comparison
of the 1988 and 2000 isolates revealed notable diversification in the prophage integrated into
comKbetween these two groups and presence of the plasmid only in t(hé@®an isolate
(105).

Through the genome comparison with other strains, Chen and Knabel identified 16
ECIllI-specific genes out of which eight genes are located in a single(l®u®ne of these
ECIlI-specific gened,MOf6854 2463.4was chosen as a ¢gat for ECIII in a multiplex

PCR that detects epidemic clonal group&.ahonocytogengd 8).

Epidemic Clone IV

Epidemic Clone la (ECla) was first discovered on the basis of ribotype-(DJP
and DUR1042B), MLEE and PFGE profiles shared among thetygaeo4bL.
monocytogenestrains associated with the Boston vegetable outbreak in 1979; Boston milk
outbreak in 1983; and UK paté outbreak in 1@8B, 22). All three subtyping methods
suggested the similarity of this new clonal group to ECI; hence, itemaed Epidemic
Clone la (ECla)22). Later, MVLST analysis by Chen et al. revealed that the Boston milk
outbreak strain differs sufficiently from those involved in the other two strains to be excluded
from this clonal groug21). Also, their MVLST resu#t indicated that the Boston vegetable
and UK paté outbreak strains are more closely related to ECII rather than to ECI; hence, they

re-named the group of these outbreak strains Epidemic Clone IV (E€1Y)However, this
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new definition has not been widedgcepted and ECla has still been more commonly used in
the scientific literatures. Hence, we will follow the ECla designation that includes the strains
of the aforementioned two Boston outbreaks and UK pate outbreak.

ECla lacks the characteristics of Etich as unique RFLP patterns, resistance to
Sau3Al digestion and presence of ESpkcific genetic marke(22). However,
characteristics of ECla have not been identified yet at genetic and phenotypi¢d2yelsd
no specific genetic markers for EClavhebeen developed to our knowledge. However, ECla
strains revealed a specific hybridization profile for a series of &l ECltspecific probes
used by Cheng et gR3). Currently, the whole genome sequencing is available forHPB2262,
the ECla strain inelved in the febrile gastroenteritis outbreak in Italy, 1997, linked with corn
(32) and the ECla strain <PR0 responsible for an outbreak linked with vegeta{@és

Analysis of these genomes will facilitate the elucidation of features unique to ECla.

Epidemic Clone V

Epidemic Clone V (ECV) was implicated in a single outbreak, the Me>dtde soft
cheese outbreak that occurred in North Carolina in 209D Strains involved in this
outbreak was designated into an independent clonal group mainly dumigue PFGE
pattern, which was unprecedented in the clinical isolates deposited in the PFGE profile
database (PulseNdB2). Later, the North Carolina outbreak strain, WS1, was found to be
characteristically susceptible to Sau3Al but resistant to NM®)L The status of a separate
clonal group was reinforced by the distinct combination of the genetic traits each shared by

another EC. Among the EGpecific markers shown above, this clonal group harbors probe

43



133(43), which is conserved among ECI steaamd also possessed in some-B@n strains

(43, 46, 67). Also, Region 18 seems to be diversified in ECV into the form homologous to
ECII (22), thus being positive for EG$pecific genetic markers derived from this genomic
region, whereas generating teame signal as ndaCll strains for other genetic markers that
distinguish ECII(23). With EChstrains, ECV shares the ribotype of DU®42B(21, 22).
Although only one outbreak has been identified that was caused by ECV, putative members
of this clonal goup were detected among environmental samples from a turkey processing

plant(43) and sporadic case isola{@g, 23, 32).

Increased exposure or higher pathogenicity?

The reason for the recurrent association of ECs with outbreaks has been speculated to
result from enhanced virulence or ubiquitous presence in foods and processing environments
(22). To investigate these two hypotheses, several studies have been conducted to examine
the prevalence of ECs, mainly focusing on the frequency of ECI, la antbihg serotype 4b
isolateq(43, 46, 143, 147). In a survey of food and environmental isolates of (putative or
confirmed) serotype 4b. monocytogene¥ildirim et al. discovered that 20 out of 34
isolates (20/34, 59%) belonged to HT47). In another styd 18 serotype 4b isolates were
examined that were obtained from the environmental and raw product samples of two turkey
processing facilities in the U&3). Among these isolates, four (4/18, 22%) and ten (10/18,
56%) were positive for the ECand ECltspecific markers, respective($3). Also,

Franciosa et al. surveyed clinical, food and environmental serotype 4b isolates, which mostly

originate from ltaly, with the PCR targeting E@hd ECltspecific marker$46). Out of a
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total of 89 isolates, 16 (182, 18%) and 15 (15/89, 16.8%) belonged to ECI and ECII,
respectively, both exhibiting a similar prevalence o046 % in all three categories of
sourceg46). In the MLGT analysis of the 501 isolates (including 34 serotype 4b isolates)

from RTE foods ad processing facilities, Ward et al. discovered that a large proportion of
serotype 4b belonged to ECI (9/246.5%), la (14/34, 41.2%) and 1l (9/326.5%) (143). All

these findings suggest that ECI, la and Il might be more advantageous tHa@ serotpe

4b strains in inhabiting various sources including food processing facilities and foods.

General abundance of ECs could increase human exposures and thus the possibility to cause
an outbreak in comparison with n&€ serotype 4143).

Indeed, previoustudies have revealed a few unique phenotypes of ECs that might
promote the survival in the food processing facili{i#s). For instance, Kim and Kathariou
reported that ECII strains are characteristically resistansteria phages at low
temperature$/5). Also, ECII strains displayed resistance to a disinfectant used in the
processing facilitiesbenzalkoniunchloride BC) due to the BC resistance cassette on the
plasmid pLM80(44, 96).

However, increased pathogenicity cannot be excluded from @vasih in
explaining the frequent association of ECs with outbreaks. For instance, den Bakker et al.
applied the MLST targeting four housekeeping genes, two virulence genes, and one stress
response gene to 180 lineage | and Il isolates (including ottwayses as well as serotype
4b) from various sources in the New York st@2). Although ECI and ECII were found in
similar frequencies between clinical and rahimical isolates, ECla isolates were

overrepresented among clinical isolates in comparistmmwanclinical isolateg32). Based
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on these findings, they proposed that ECla might represent a cluster of more virulent isolates
than other lineage | and Ll monocytogen€32).However, it should be mentioned that this
clinical vs. nonrclinical compargson was not limited to serotype Bbmonocytogendsolates

(32); thus, the overepresentation among clinical isolates should be regarded as the results of
both unique attributes of ECla and common features of serotype 4b that could be responsible
for the overrepresentation of serotype 4b isolates in general. Also, strains tested positive for
LIPI-3 included several strains belonging to ECI, la ar{d7). Although not exclusively

harbored by the isolates of these epidemic clonal groups, presenceaxfdhional

pathogenicity island might increment virulence potential of ECs.

Listeria phages

Bacteriophages specific faisteria species have been employed as typing and
cloning tools(87) and more recently for biocontrol agaihstmonocytogengd.4,87).
Currently, no less than 4Q0steria phages have been isolated from various soyg%&s All
theListeriaphages described to date possess destbdeded DNA genomes of various sizes
whose GC contests range from 34.7 to 40(8%). With regard to ttaxonomy, a majority
of Listeriaphages are classified in tBghoviridagfamily within the ordeiCaudoviraleghat
is characterized by isometric capsids and long;cuariractile tailg87). Other phages
belong to thevlyoviridaefamily in the same ordehat bears the isometric capsids and long,
contractile tailg87). On the basis of the life cyclasteriaphages are divided into the lytic

phages whose host range can coveliateria serotypes and species; and the temperate
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phages that are specifie serotypes and often equipped with generalized transd8fyn
The lysogeny state is prevalent amamgieria specieg35, 87, 88), conferring the resistance
to the infection by the phages of the similar immunity grq8f@s 88). Although prophages
can be induced with UV light or mitomycin listeria species, many of the prophages seem
to be cryptiq87). Depending on thieisteria species, infective phages are estimated to be
produced only by 6 to 37% of the stra{83). Also, five phagdike elemens were identified
in the genome df. innocuaCLIP11262; nonetheless, only one was induced into infective
virions (88). Cryptic prophages insteria species result in the production of inhibitory
substances only agairigsteria strains (monocing)87). The lethality by monocins derives
from the intact lysis genes encoded in the cryptic proph@3es

Some representatiasteria phages were subjected to genome sequencing and
thorough molecular biological investigatiofist, 35, 77, 88, 148). In the rtesection, we
will describe thesgisteria phages whose genome sequences are available after dividing

them according to life cycle.

Temperate Listeria phages

Al118

A118 was obtained by UV lighhediated induction from a serotype 1I2a
monocytogenesolate from a Camembert soft che¢8@, 88). This phage is classified into
the Siphoviridaefamily, infects only serotype ¥ monocytogenesnd possess the ability to

conduct general transducti@d7, 88). A118 is the firdtisteriaphage whose genome was
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completely sequencg@7). Outside the host, the genome of A118 consists of a linear double
stranded DNA that is circularly permuted and terminally redun@ht38), but A118 forms

a circular DNA of the identical unit length through recombination witkiis¢88). On

average, the linear form of the genome amounts to 43.3 kbp i(83iz&3) and to 36.1% in

GC conten{88). In this genome, permutation occurs in 22.¢88) and terminal

redundancy was found in 2.5 kb, thus accounting for 6% of the urohee of 40.8 ki§87,

88). Bioinformatics analysis identified 72 open reading frames (ORFs) in the A118 genome
whose organization consists of three gene clugd&s88) oriented in the opposite direction
from the neighboring sectiori88). These gene cligss represent functional modules
necessary for the life cycle of temperate phages: (1) tharlafcluster consisting of the late
genes involved in synthesis of structural proteins, packaging, and lysis; (2) the middle cluster
contributing to establishghand maintaining lysogeny; and (3) the rightn cluster

composed of the early genes responsible for replicating, modifying and recombining the
phage DNA before lysi€8). This organization was recurrently observed in other temperate
Listeriaphageg35, 148).

As a prophage, A118 integrates into the chromosome attBsite withincomK
homolog(87, 88), which is often inhabited by a prophage in common lab strains of
monocytogenesuch as EGDE7, 88). ThisattB site exhibits 3 bp of homology (GGAith
the A118attP site located downstream to the integrase gene and its occupation by A118
seems to inactivate the ComK protéd8). The exceptionally short homology agrees with

the serine integrase encoded in A118, which is capable of recognizing &80
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sequence, in contrast to those of othisteria phages belonging to the tyrosine recombinases

(35).

A006
AO006 is another temperaphoviridagphage that infects serotype(35). This
phage possesses the terminally redundant, circularly permetedine of 38.1 kb whose GC
content amounts to 35.5@85). In this genome, 62 putative ORFs were identifg&]. Inside
the host, AO006 i nt e gt9hatkasorstnetl®bphdmelog8ué end o f
sequencé35). After the integration of A006, tHRNA*"® gene seems to maintain its
functionality, which is the case for attachment sitesisteria phages within other tRNA

geneg35, 148).

PSA
PSA (phage of Scott A) isSiphoviridaeprophage that was induced by UV radiation
from serotype 4k. morocytogene$ScottA(148) and displays host specificity to serotype 4
L. monocytogenestrains(87, 148). PSA bears a linear DNA genome which is 37.6 kbp in
length and 34.8% of GC contgfit 4 8 ) . Both termini of- this |in
protruding, stick ends of 10 nucleotid€87, 148), which are ligated intracellularly, thus
converting the linear PSA genome into a circular f@8). This constant genome structure
complies with the inability of PSA to mediate general transdu¢iidg). On the PSA
genane, a total of 57 ORFs were discovemedilico (148). Proteomics research revealed

that translational +1 fr ameshcps(najoaesidr s at t
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protein) andsh (major tail protein), each resulting in two protein spethes possess the
identical Nterminus but differ in length and-@rminus(148). PSA is maintained in the cells
as a prophage by integratingintoittBs i t e p o s i t-andafisndlecapy t he 30

tRNA? gene by means of 17 nucleotidemology withattP (87).

A500

A500 is classified into th8iphoviridaefamily and infects serotype(85). This phage
features a circularly permuted, terminally redundant linear DNA genome that is 38.9 kb in
length and 36.7% in GC contgi35). A total of 64 ORFs was mieted through the
bioinformatics searc(B5). In order to integrate into the chromosome, A500 relies on 45 bp
homol ogy regi on '¥gend@35)eSinda to PSAdpsaadishgerRNoA
A500 were each translated into two protein speciesfigrdnt sizes due to ribosomal

frameshi ft slfadpsabhdhEfort8h§35)e n d ,

B025

The Siphoviridagphage B025 infects. innocuawhose serotypes 5 and®b). B025
owns a |l inear DNA genome of 42. Zprokudingand 35.
singlestranded cohesive ends of 10 nucleot(@®&8. In silico analysis predicted 65 ORFs in
this genomé&35). Interestingly, BO25 integrates into the same site as PSA withintRNA

spite of different host specificiti€85).

50



B054

B054 is tle onlyMyoviridaetemperatd.isteria phage whose genome has been
sequence@35). BO54 infects serotypes 5 and 6, and harbors a linear DNA genome which is
characterized by terminal redundancy and circular permutgg)nOn average, this
genome amounts #R2.7 kb in size and 36.2% in GC content and features 80 putative ORFs
(35). BO54 is integrated attltPs i t e t hat was |tsfgenetcedthgforn t he 2
the translation elongation factor HS with the homologous sequence of 16 bp, not

disruging the function of thésfgene(35).

Relationships between temperdtesteria phages

Genomewide comparison revealed the close relationship among A118, A006, and
A500(35). A118 is reported to resemble @thgenomi ¢ | evel the crypti
harbored by.. monocytogeng87). When the deduced protein sequences are compared,
A118 and A006 shared a high similarity in the early gene cluster whereas A118 and A500
exhibited homology in the structural ger{85). This relatedness in the defined functional
region agrees with the model i n which the ph
various genetic modul€87, 88).

Another group was identified through the genome sequence comparison that consists
of PSA and B02%35). This relationship was also supported on the level of the amino acid
sequence of the predicted proteins since the PSA contains the homologs to the approximately
half of the gene products of the B025 genome although the B025 genomede@atur

considerable mosaic charac(db). This close relationship is noteworthy since PSA and
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B025 differ completely in their host rang@). This observation suggests that ancestors of
Listeriaphages might have experienced simultaneous evolution apticadm parallel with
their hostg35).

On the other hand, B054 belongs to neither of the abwmioned groups; however,
this phage revealed similarity both at the genome and predicted protein sequencks to the
innocuaClip11262 prophage 7/12, the grgrophage that was induced upon UV radiation
(35). In addition, BO54 was distantly located from otligoviridaeListeria phages

described to date, i.e., the SR{iXe phages of A511 and P1(85).

Lytic Listeria phages

A511

A511 is aMyoviridaelytic phage whose host range coviersvanoviiand serotypes
% and 4L. monocytogend37). The A511 genome of 137.6 kbp contains terminal repeated
sequence of 3.1 kb that harbors nine putative QRFs Excluding this terminal repeat, the
informational genomef 134.5 kbp amounts to 36.1% in GC content and encodes 190
putative ORFs and a cluster of 16 tRNA ge(¥&§. These genes are organized into three
regions transcribed in the opposite direction from each other and into two functional clusters

involved insynthesis of structural proteins and DNA replication, respect{(V&ly
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P100

TheMyoviridaephage P100 was isolated in 1997 from a sewage sample obtained in a
German dairy facilityf14). This phage exhibits a broad host range including serotypk.5 of
ivanoviiand serotype % andl4 monocytogenesvhich is similar but not identical to that of
A511 (14). The genome of P100 is composed of a linear DNA of 137 kb with terminal
redundancy of 6 kb77).In silico analysis revealed that the informational gaeacontains a

total of 174 putative ORFs and 18 clustered tRNA géiés

P35

P35 is a IyticSiphoviridagphage that infects serotypel¥steria strains(35). This
phage features the terminally redundant, circularly permuted genome of 35.8 kb irdsize an
40.8% in GC content where 56 putative ORFs re@8 Genome sequencing revealed that
the lysogeny gene cluster is completely missing in P35, confirming the obligatory lytic

lifestyle of this phagé€35).

P40

P40 is another IytiSiphoviridagphage ifecting Listeria species and exhibits a wide
host range including serotypes %, 4, 5, aif@5). The P40 genome amounts to 35.6 kb in
length and 39.3% in GC content; displays terminal redundancy and circular permutation; and
bears 62 putative ORK85). Smilar to P35, the lysogenelated genes are absent in P40,

indicating that this phage is strictly lyt{85).
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Relationship between lyticListeria phages

TheMyoviridaephages A511 and P100 are closely related to each(d#her7) and
both classified ito SPO1like phages of th&lyoviridaefamily, a group of lytic phages that
infect low GGcontent, G+ bacteria, possess similar, large genomes, and resemble in
morphology(77). Comparison between A511 and P100 genomes revealed that genes
encoding structuratomponents exhibited homology between A511 and P100; however, each
had unique genes involved in DNA replication and unknown functions, reflecting an
adaptation specific to ho6t7). Meanwhile, on the basis of genome sequence, the
Siphoviridagphages P3and P40 form a group distantly located from A511 and from other
Siphoviridagtemperate phagg85). In line with this finding, half of the gene products of

P35 and P40 did not match any database er{8%¥s

Influence of Listeria phages on the.. monocybgenesecologyand evolutionin the food
processing environment
Ecological and evolutionary importancela$teria phages has been evidenced by
several recent studi€¢$9, 76, 105, 139). Kim et al. determined the host rangiéstdria
phages isolated fromhe turkey processing facilities in the J85). Consequently, they
obtained two widénostrangeListeria phages from separate plants that are capable of
infecting the same hosts and whose partial genome sequences share similarity with P100 and
A511, indcating the presence of a closely related groupsiéria phages that frequently
inhabit food processing faciliti€g6). Among different serotypes of the environmehtal

monocytogenesamples, these phages failed to infect serotypes 1/2a (or 3a) ar(dr13D)
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in a higher frequency than 4b compl&%). This resistance differential was speculated to be
associated with the predominance of serotypes 1/2a and 1/2b in environmental and food
isolates ol.. monocytogengd6, 130).

In another study on tHesteria phages as an ecological determinant, Orsi et al.
compared at the genomic level the ECIII strains that originated from the same processing
plant but were involved in two different clinical cases that occurred twelve yeargjirt
Their analysigevealed that the genetic differences between these isolates reside mainly in
two prophage sequences incorporated aotmK (extensive diversification) and tRNAhr-4
(one single nucleotide polymorphism (SNP)), suggesting that phages might actively
contribute to the evolution df. monocytogenas this environmen¢105). The genetic
changes in theomKprophages among closely relatednonocytogenestrains were also
supported by two studies that discriminated different outbreak strains belongingaommbe
epidemic clone based on the DNA sequences from the internal part or junction fragments of
comKprophageg19, 139). Verghese et al. discovered spontaneous induction and release of
defectivecomKphages, whose transduction might be responsible forsification of the
comKprophageg139). Another intriguing finding on theomKprophages is that strains
without comKprophages (ECI and lineage Ill) exhibited less growth on-aeal poultry
conditioning films whereas strains harborcgmKprophages (Ell, 11l and 2008 Canadian
outbreak strain [termed ECV in the paper by Verghese €t38)]) grew better under the
same condition and serotype 1/2a ECIIl and 2008 Canadian outbreak strain formed biofilm

(139). This observation in addition to varietycomK prophages prompted Verghese et al. to

propose thattheomKpr ophages might encode dgenes (fAadajy
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monocytogenet® adapt to and persist in individual food processing facilities by promoting
attachment, growth and biofilm formati@n different food conditioning filmg39). In this

context, they named the defectsemKp hages firapi d adgy®39.8A¢ i on i sl
reflected in these studies, only recently was appreciated the role of phages in the evolution

and ecology of.. nonocytogeneand more studies are warranted to enhance our

understanding on this subject. Such research will be particularly relevant now that the

influence ofListeriaphages is expected to increase dueisteria phages that have been

applied against f@d contamination biz. monocytogené3l).

Restriction-modification systems

Restrictionmodification (RM) systems refer to the gene cassettes that selectively
degrade the extracellular DNA, which are marked with the absence of a chemical
identification sgnature, usually methylation, at a particular sequéb8®2, 133). Generally,
the RM systems consist of the methyltransferase that attaches a methyl group to adenine or
cytosine bases within the recognition site; and the restriction endonuclease tret tilea
unmethylated DNA133). The methyltransferase of the RM system methylates the host DNA
after replication, thus protecting the intracellular DNA from degradation; meanwhile, the
phages and plasmids are missing the methylation and targeted bytrilseae®ndonuclease
of the RM systen(68, 133).

RM systems are characterized with rapid evolu(@8) and dissemination through

the horizontal gene transf@8, 71, 79, 80). Also, RM systems are often harbored by mobile

56



genetic elements such as plags{ir9, 80, 132) and phagé€al, 80), transposons and
prophage$79, 80). Interestingly, RM systems vary in number from one microorganism to
another(80). Some species of bacteria are marked with the abundance of the RM systems
(71). Such species includieisseria gonornoeae Helicobacter pylori Methanococcus
jannaschii(71, 79, 80)Haemophilus influenzad&leisseria meningitidiandXylella
fastidiosa(79, 80). However, the near or complete absence of RM systems was observed in
some prokaryotic specieach asRickettsia prowazekiTreponema pallidugrChlamydia
andBuchnea (80).

RM systems have been divided into four groups, Tyg¥s(68, 133), that differ
from each other in terms of the activities andactor requirements of the enzymes; the
natue of the target sequence; and the relative location of the restriction site against the
recognition sitg97, 133). In the next section, an individual division of RM systems will be

discussed in detail.

Type |

Type | RM systems consist of three subumtanely, Hsdlfostspecificity of DNA)
R, HsdM, and HsdS, that are required for restriction, modification, and DNA specificity
determination, respective(§7, 133). These subunits are encoded by adjacent desiés,
hsdM andhsdS(97). ThehsdRis trangribed from an independent promoter whettestM
andhsdSare transcribed from the common promdgf). Typically, two HsdR, two HsdM,

and one HsdS subunits form a heteligomer that methylates hemiethylated DNA and
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restricts unmethylated DN7, 133. Another form of oligomers is comprised of two HsdM
and one HsdS subunits and only capable of methyléion

Type | systems recognize asymmetric, bipartite DNA sequences that consist of two
components of-& bp and 4% bp between the unspecific spaoé6-8 bp(97). Methylation
requires Sadenosyl methionine (SAM) as a methyl do(@#) and results in the®™
methylated adenin@ 33). Restriction is preceded by the DNA translocation that utilizes ATP
as the energy source while two enzyme complexelsaned to their target sequengés83).
The stalling of this process culminates in the cleavage in a location ~1000 bp distant from the
recognition sit€97, 133). Apart from ATP, restriction requires SAM and’M§7, 133).

The recognition site of theype | system is dictated by HsdS for both methylation
and restrictior(97). The HsdS subunit contains four domains: two conserved domains, i.e., a
conserved central domain and a conservadr@inus; and two variable, target recognition
domains (TRDs), i.ethe amineproximal recognition domain (ARD) and the carboxy
proximal recognition domain (CRY5, 97). Each TRD is responsible for recognizing one
component of the recognition site; hence, changes in even one TRD sequence are expected to
confer a diffeent specificity to a Type | syste(@7). New specificities are acquired mainly
via two mechanism@?7). One mechanism of specificity diversification depends on a
combination of TRDs through domain shuffli(@y) as exemplified ihactococcus lactis
wheren the recombination between the conserved central domainheti&within a Type |
RM cassette and another solittigdScreated two novdisdShybrid genes, which displayed

different specificities to those of their parental gefi€5). Meanwhile, altations in the
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spacing between the TRDs also enhance specificity diversity by changing the length of the
spacer connecting two components of the recognitior{Sife

At this point, given the nature of the RM system, one might anticipate that, upon the
generation of the new specificity, the host genomic DNA might not be protected from its
resident RM system. Type | RM systems circumvent this potential disaster through the
restriction alleviation (RA), the ClpXxBependent regulation of the restriction aity, which
would provide time for the host genomic DNA to be methylated at a new recognition site
(68).

To date approximately 600 putative Typ@M enzymes have been identified in
prokaryoteg133) Type IRM systems are distributed in an inconsistentnea with the
bacterial phylogenetic relationshif@® 115) suggestinghat they might have been acquired
through horizontal gene transi&). Depending on the amino acid and DNA similarities,
subunit complementation, and immunological cnessction(97), Type IRM systems are
allocated into five families, Types HE (97, 133) Recently, two additional families, Types
IAB and IF, have been identified through the comparison of the TRRd& $ystems of 7&.
jejuni strains(95). Members within the samenfaly resemble each other except for TRDs of
HsdS subunits whereas those belonging to different families exhibit low similarities in all

subunits(97).

Type Il
Type Il RM systems are comprised of the restriction endonuclease and the

methyltransferase, botsf which operate separatdl§7, 133). These enzymes recognize the
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identical nucleotide sequence, in most cases, a palindrom8 bp4and the DNA cleavage

occurs inside or adjacent to the taOHet sequ

a n d-phésphat€133). To date, approximately more than 3650 Type || RM systems have
been identified133).

Type Il methyltransferases are involved in the methylation of a cytosine at either the
N4 or C5 position or of an adenine at the N6 positk88) on bottstrands of the recognition
site(97). For this methylation, SAM is required as a methyl d¢g@éy 133). Type Il
methyltransferases function as monon(@ 133) and bear conserved mo(88, 133).

Typical Type Il restriction endonucleases form symiathomadimers, wherein
each subunit is responsible for the cleavage on one strand of the-divabtied DNA133).
A majority of Type Il restriction endonucleases that were subjected to crystallography
possess PDé( D/ E) XK mo tonefin an individualesuben@@3,alllOy t i ¢
111). This motif is important in the dactor acquisition since two carboxylates in this motif
bind to Md¢f* (111), the cefactor required for Type Il restriction endonuclea@ss 110,
133). Depending on structlisimilarities, these Type Il restriction endonucleases harboring
PDé( D/ E) XK are grouped i nt (l10t11%. THoseavithintha n d
EcoRI branch access the DNA from the major groove and cut DNA into fragments obtruding
at 5(@10,e1)dMeanwhile, the enzymes belonging to the EcoRV branch advance to the
DNA from t he minor -stghky orbluneend$il@. gener ate 30

In spite of these general features, Type Il restriction endonucleases exhibit
considerable diversity comparedttee methyltransferases in terms of behaviors or amino

acid sequences; thus, these enzymes were further divided into 11 overlapping t&&ses

60

ce

Ec



For instance, some function as monomers or tetrafh&€s 133). Also, some require the
binding to multiple ecognition sites prior to the restricti¢h 3 3 ) . Even the PDé (L
motif was found only in 69% of experimentally verified Type Il restriction endonucleases
and this number decreased to 48% when putative enzymes were indl0d@gdther
protein folds wihout this motif were identified in Type Il restriction endonucleases, for
instance, phospholipase D, hplpe, GLY-YIG, and HNH folds(103).

Some Type Il RM systems contain the repredigerthird component, C (control)
protein(97, 133), which sharesmilarities to helixturn-helix (HTH) proteing78, 98). The
C protein gene usually resides upstream of the restriction endonuclease gene and both genes
are transcribed from the same prom@gs). The C protein regulates the expression of the
restrictionendonuclease by binding as a hedimer to a C box, the DNA sequence up to 30
bp located upstream of this common promoter of the C protein gene and restriction
endonuclease geli@8). The C box consists of two pairs of inverted repeats and the C
proteinmediated regulation is determined by which inverted repeats are bound by the C
protein(98). When the C protein exists at a low concentration, this protein occupies only the
inverted repeat further from the transcription start due to its high aftB8jy This
interaction stimulates the expression from the common promoter of the C protein and
restriction endonuclease genes; thus, the concentration of both proteins in@&psese
accumulation of the C protein causes both repeats to be occupied bpribiei@s and this
binding negatively influences the activity of the promoter dictating the transcription of the C

protein and restriction endonucleg98).
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Type I

Type Il RM systems resemble Type | systems in that they form heligmmers that
are capable of both modification and restrict{®@, 133). However, unlike Type | RM
systems, the hetexaigomers of Type Il systems are comprised of only two components,
Mod and Res subuni{87, 125, 133). Mod recognizes th& Bbp asymmetric sequenceda
attaches a methyl group to the N6 position of adenine on one strand, thus producing the
hemimethylated DNA(125, 133). Mod can function without the involvement with its
corresponding Red 25, 133). On the other hand, Res cleaves the DNA sequencasaaly
part of the heteroligomer consisting of two Mod subunits and two Res sub(ti#3). For
Type Il RM systems, SAM is required as afeator of modification whereas Mgand ATP
are essential for restrictid@7, 133).

DNA restriction by Type Il 1 systems is initiated by the interaction between two
enzyme complexes and two inversely located copies of the recognitio(i1gfe433). DNA
is translocated while these hetaiayomers remains bound to their recognition sequences
(125, 133). Delayed BA translocation and collision of two complexes culminate in the
cleavage, which occurs 2% bp apart from one of the two recognition s{te25, 133).
During the cleavage process, each complex cuts one DNA ¢ira8y

More than 140 Type Il RM systenmave been identified, in most cases, among
phages and Gramegative bacteriél25, 133). Genes encoding Mod and Res are usually
located adjacent to each otlié8, 133) and display a considerable similarity in DNA

sequence between different systdi33).Variability among Type Ill RM systems, in
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particular in sequence specificity, seems to be achieved through restriction alleviation as

demonstrated by RecE encoded by the Rac progb&ye

Type IV

Type IV RM systems are restriction endonucleases thedtsedly cut modified
DNAs, for instance, those methylated, hydroxymethyled and glutyslybxymethylated
(118, 133). To date, a total of 227 putative Type IV RM system enzymes have been
identified, among whictEscherichiacoli K-12 Mcr (Modified cytosineestriction) BC
system was most extensively stud{@d5, 133). McrBC requires Mas a cefactor (133)
and recognizes two copies of a dinucleotide RmC, a purine followed Byoa &-
methylated cytosine, between which the distance ranges fre8600bp (118, 133). The
substrate of McrBC includes hemmethylated DNA and the location of the hemethylation
did not affect the restrictiofl15). The cleavage occurs at 30 bp apart from one of the
recognition site¢118, 133). Reminiscent to the Type | Rlystems, McrBC translocates
DNA while adhering to the restriction sites and the arrest of translocation leads to cleavage
(133). However, unlike Type | systems, GTP provides energy in this prd&3swhereas
the ATP inhibits cleavag@ 15).

McrBC systen consists of two components, McrB and M¢B3). The McrB
contains a GT#inding motif in the carboxyl terminal pg@3, 109), which is conserved in
its homologg109). In addition, McrB performs an indispensable role in DNA bin(B2y
and cleavagé€l15). McrC is not involved in the DNA binding procg82) but is required for

cutting some substrates of the McrBC sys{88) 115). The amino acid mutation experiment

63



revealed that the PD....(D/E)XK motif in McrC forms the catalytic center for DNA cleavage
(108). Also, this protein increases the GTP hydrolysis activity by NitoB).

The GC content of theacrBCgenes was below the genome average, suggesting that
this system might have been introduced through a recent horizontal gene {&8)sf€his
wassupported by the phylogenetic analysis with 199 McrBC homologs identified via
BLAST searches by Fukuda et @9). This analysis revealed that the McrBC homologs are
dispersed in various bacteria and archaea, i.e., approximately 20% of 567 completely
seqienced genomes analyz@®). Except for a few cases, McrB and McrC were located
together(49). This close linkage is consistent to the finding that McrB and McrC appear to
have ceevolved through complex mechanisms consisting of frequent joint horizenal
transfer and vertical inheritance and 1048). Beside this association between McrB and
McrC, Fukuda et al. discovered that the McrBC systems often accompany DNA
methyltransferases, frequently of Type | RM syst¢4®). Meanwhile, individual McrBC
homologs displayed considerable variance in sequence, which Fukuda et al. attributed to the

diversity in target recognitio(9).

Immigration Control Region

The Immigration Control Region (ICR) refers to a specific genetic location on the
chromosome whemmultiple RM systems resid@8). This region is highly variable among
strains of the same speci@&s8, 97, 115); and genetically mosaic, suggesting that horizontal
gene transfer might be involved in the gene acquis{@8h InE. coli K-12, the ICR

encanpasses the Type | EcoKl system flanked by two Type IV systems Mrr and M@rBC
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115). These RM systems do not seem to be acquired simultaneously since hybridization
pattern and unique GC content suggest that McrBC system might be acquired through a
sepaate horizontal gene transfer from the EcoKIl systeétb). Similar ICRs were identified
in otherE. colistrains(97, 115) and. Typhimurium(68, 97). Comparisons of various ICRs
in enteric bacteria revealed that these regions are occupied by at leatatmhes of Type |
systems (IA, 1B and ID}97, 133). Similarly, Mrr and Mcr systems in ICRs were suspected

to form multiple familieg115).

Biological roles of RM systems

Traditionally, RM systems have been described as a major defense mechanism
agains the bacteriophage invasi¢8, 71, 79, 80, 97, 133) that confer$-10*-fold
protection to microorganisn{31). Also, the RM system decreases horizontal gene transfer
from one bacterium to another by reducing the efficiency of conjug@tid82) and
transformation(3, 4, 132). This feature of the RM systems was exemplifigd. lpylori
strains into which the introduction of plasn{®) and DNA fragment§&) was inhibited by
Type Il RM systems. This prohibition of the gene transfer was proposed tdatato
establishing genetic isolation, which is required for specidiidipn The genetic isolation
caused by mutually exclusive RM systems was reported in the comparisontof pyiori
strains, where all straigpecific RM systems exhibited activity contrast to those
commonly found that were generally noperational85). Another example was provided
from the comparison of three RM systems NmeAlIl, NmeBIl and NmeDI in distribution among

N. meningitidisstrains, which revealed lineagpecific featuresf the RM systemg24). In
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this analysis, NmeBI was possessed by the lineages linked with serogroup B disease;
serogroup A strains contained NmeAl; and theesidence of NmeAl and NmeDI was
observed among the lineages associated with serogroup C dB&ase

At the same time, RM systems are considered to stimulate homologous recombination
(71, 80, 133) by generating short DNA fragments through the incomplete restfitjorror
instance, RecBCinediated recombination is induced by the DNA fragmeutsvith a
Type Il endonucleas@0, 133). This phenomenon might facilitate acquiring and maintaining
advantageous genetic informati(i83).

RM systems have also been classified as selfish genes by some reséaiché&s
80, 97). In this hypothesis, RBystems might not be considerably beneficial to the host
microorganismg71) but they force the host microorganism to maintain them by killing the
cells that have lost the RM syste(88, 79, 80). Upon the elimination of an RM system from
the host cell,ite methyltransferase is diluted as the cell multiplication proceeds; hence, the
genomic DNA of the progeny cells is not sufficiently methylated to be protected from the
restriction endonucleagé9, 80). In this case, even a few restriction endonucleakzubles
would be fatal since one breakage of the genomic DNA could result in the cel(d&a80).
Postsegregational lethality anticipated from this scenario was demonstrated for many Type
Il systemg79). The host death by the Type B/coli McrBC system was observed when a
Pvull methyltransferase gene was introduced into the @&l)s Also, Mebrhatu et al.
observed cell death when the Type IV RM system ME.afoli MG1655 was expressed in
S.TyphimuriumLT2 and the random mutagenesis screeningaked that this phenomenon

is due to the Type Ill RM system StyLTI 8t TyphimuriumLT2 (131). Corresponding to
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these results, the homologsmfr*©***>andmod ™ tend to be distributed in the mutually
exclusive manngil131).

Recently, Aertsen et al.perted for the first time the linkage between RM systems
and bacterial stress respori$g They demonstrated that,fn coliMG1655, the Type IV
RM system Mrr restriction activity was induced by high hydrostatic pressure without
presence of the propengethylated DNA, causing the SOS respofigyeHowever, the
induction by high pressure was not observed for the M&. dfphimuriumLT2 (2),
suggesting that not all Mrr proteins are involved in the stress response for high pressure.
Roles of other RM sysins in bacterial stress response have not been reported yet; however,
further studies on this subject will facilitate our understanding on novel functions of RM

systems in bacterial physiology.

Defense against restriction

Several mechanisms to date haeen elucidated to counteract the restriction by RM
systems in phages, plasmids and bacterial genbfe39, 80, 133). One of these
mechanisms replies on the modification of the D(MA, 79, 133). This mechanism could be
mediated through the action ohet RM systems or solitary methyltransferases with the
same recognition sit@’1, 79, 80, 87, 133, 148). Alternatively, some phages stimulate the
methyltransferases encoded in the host genome or temporarily escape the restriction attack
with the accessorproteins binding to their genomes in order to obtain protective

modification(133).
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Another mechanism relates the reduction of eligible restriction(3ilg¢sFor
instance, some phage genomes contain unusual bases, which render these genomes out of the
available substrates of restriction endonucled$88). Selective elimination of the restriction
sites not only facilitates escape from restriction but also bestows additional advantages of
expediting full methylation and reducing epigenetic gene exprepsablemg80, 119).

This phenomenon called restriction avoida@® 119) is often observed in phag&$9,

133), plasmid¢133) and bacterial genomg®, 80, 119). Compared with the phages,

bacterial genomes exhibited this tendency more extensivglgesting that bacteria are
asserted under a stronger selective pressure than phages to eradicate restri¢tid9)sites
Among the host chromosomes, restriction avoidance was pronounced among the targets of
the residen(80, 119).

The third strategy agast restriction concerns disrupting the restriction endonuclease
from being fully functioning133). Phage T3 harbors a gene encoding SAM hydrolase,
which degrades SAM, the essentialfaotor of Types | and Ill RM systen($33). Another
example is providd by the phaggd.33) and plasmidgl32, 133) that are equipped with
genes whose products inhibit Type | RM systems. In the phage T7, the Ocr (overcome
classical restriction) protein occupies the DNA binding site of the Type | enzyme complex by
imitating the properties of the target DNA33). This interaction is stronger in affinity than
that between the Type | complex and DNA to such a degree that this binding disables both
restriction and modification functions of the Type | RM sys{é88). On the otlrehand,
plasmidencoded ArdA (alleviation of restriction of DNA A) and ArdB block restriction

endonucleases of Type | RM systems for a limited (33). Although transient, the early
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expression of these proteins contributes to the plasmids avoidingsthetron and obtaining

methylation(133).
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Chapter 2 Characterization of Atypical ListeriamonocytogeneSerotype 4b Strairs

Harboring a Lineage lI-Specific Gene Cassette

ABSTRACT

Listeria monocytogenas the etiological agent of listeriosis, a potentially lethal
foodborne illness. The population lof monocytogends divided into four lineages-(V).
Serotype 4b in lineagl has been involved in numerous outbreaks and four serotype 4b
epidemieassociated clonal groups (ECI, Ia, I, and V) have been identified. In this study, we
characterized a panel of strains of serotype 4b that produced atypical results with a-serotype
specific multiplex PCR. The isolates possessedrtto®734Imo0739gene cassette that had
been thought to be specific to lineage Il. The cassette was harbored in a genomically
equivalent locus in these isolates and in lineage Il strains. Three novelgromas (Group
1-3) were identified among these isolates. Pufseld gel electrophoresis assigned Group 1
into one cluster and Groups 2 and 3 into a separate cluster; however, multilocus genotyping
(MLGT) classified each clonal group into distinct typ@soups 1 and 2 were composed of
clinical isolates from multiple states in the United States whereas Group 3 consisted of
clinical and environmental isolates solely from North Carolina. In addition, all Group 3
isolates had DNA that was resistant to Mbalggesting methylation of adenines of GATC
sites. These findings suggest that the lineagpékificimo0734Imo0739cassette has been
acquired via horizontal gene transfer by at least three diverse clonal graups of

monocytogeneserotype 4b, one of weh exhibits restrictions in its regional distribution.
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INTRODUCTION

Listeria monocytogenas a Grampositive bacterium that is ubiquitously present in
the environment. Human listeriosis is clinically manifested as various symptoms from febrile
gastroentstis to invasive meningitis, encephalitis, septicemia, stillbirths and abortions. In
the United States, listeriosis is estimated to cause 1600 cases and 250 deaths in a year,
suggesting that listeriosis occurs rarely but with a high mortality rate (16%jedborne
pathogen(27).

Serological reactions with somatic (O) and flagellar (H) antigens designate
monocytogenesito thirteen serotypes: 1/2a, 1/2b, 1/2c, 3a, 3b, 3c, 4a, 4ab, 4b, 4c, 4d, 4e,
and 7(11). Epidemiologically, some serotypes argdiportionately associated with
listeriosis: serotypes 1/2a, 1/2b and 4b are associated with over 95% of clinicgP8ases
Studies on population structurelofmonocytogendsave revealed serotyyassociated
lineages designated lineagely/1 (14, 26, ). Lineage | consists of serotypes 4b, 1/2b, and
3b(7) and is characterized with pronounced clongbty20, 23, 24, 31), and lineage Il is
composed of serotypes 1/2a, 1/2c, 3a an@8c31). Lineage lll includes isolates of 4a, and
4c, as well as cain strains of serotype 4B6, 31). Recently, a subgroup of lineage Il has
been assigned into an independent population lineagg30Y)

In order to investigate differences in genomic content among different lineages,
Doumith et al. hybridized 118Bisteria strains to a DNA array that included genesLof
innocuaCLIP 11262,L. monocytogeneEGDe (serotype 1/2a) aid monocytogeneSLIP
80459 (serotype 4b(7). The information on the specigdineage, and serotypspecific

genes that was obtained rinathis hybridization was utilized to devise a R8&sed method
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to determine serotype designations as an attempt to simplify the canonical serotyping method
that employs different H and O antibodié®). In this method, five primer pairs were
included in tke multiplex PCR that dividet. monocytogenemto four serotypeassociated
groups: serotypes 1/2a or 3a; serotypes 1/2b or 3b; 4b complex; and serotype 1/2b or 3b.

During routine determination of serotype designations of serotype L4b
monocytogenelsy the multiplex PCR, we noted certain isolates with the atypical profile that
included the amplicons expected for serotype 4b and the band anticipated for lineage Il
strains (Fig. 1). This PCR profile was the same as that recently described for four séotype
isolates which were isolated from human listeriosis cases in Australia and which harbored the
gene [Mo0737 from which the lineage 4$pecific primers were derivgd3). This gene is a
member of a gene cassetit@m@0734Imo0739 until now considered tbe unique to lineage
Il strains and absent from those of lineagé, 121).

The objectives of the current study were to characterize the prevalence and genotypic
characteristics of serotype 4b isolates exhibiting the atypical profile in the multiplex PCR
serotyping that were collected in the United States. Also, we attempted to determine whether
such strains harbor the entire gene cassette and whether the cassette is harbored in a

genomically equivalent location in such isolates and lineage Il strains.

MATERIALS AND METHODS
Bacterial strains and culture conditions The serotype 4h. monocytogendsolates

with atypical multiplex PCR results are listed in Table 1. Bacterial cells were routinely

grown at 37eC overnight eBectoh, Bickingomandr ai n hear
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Company, Sparks, MD) broth or on BHI plates containing 1.2% agar (Becton, Dickinson and
Company).

Genomic DNA extraction,enzyme digestionpolymerase chain reaction (PCR)
and multiplex PCR serotyping.The genomic DNA was isolatedoin the overnight liquid
or plate cultures with DNeasy Blood and Tissue Kit (QIAGEHIencia, CA)following the
manufact ur er 0 s Gananmc®Nvasteeatad withau3Al and Mbol (New
England Biolabs, Ipswich, MAand compared with undigestechgenic DNA on
Tris/Borate/EDTA (TBE) gels containing 0.8% agarose (Apex BioResearch Products,
Research Triangle Park, NC).

PCR was conducted with exTaq (Takara, Otsu, Shiga, Japan) in a thermocycler
(Biometra, Goettingen, Germany) under the conditions destin Chapter 4. The primers
used in this study were synthesizedBayofins MWG Operon (Huntsville, ALand are
shown in Table 2. The PCR amplicon was run on the agarose gels and visualized under the
UV light. Multiplex PCR serotyping was performed aatiog to the protocol developed by
Doumith et al(6).

Sequencing and analysisThe template for sequencing reaction was obtained by
purifying the gel fragment containing the PCR amplicon with QIAquick gel extraction kit
(QIAGEN) and sequencing was contkdat by GeneWiz (NJ, USA). Sequencing data were
manually combined into a contiguous strand and the open reading frames (ORFs) were
identified and annotated with the ORF finder (www.ncbi.nlm.nih.gov/projects/gorf/),
BLASTp (1) and conserved domain sea(tB) provided by the National Center for

Biotechnology Information (NCBI). Sequences were compared with EMBOSS Align
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(http://lwww.ebi.ac.uk/Tools/emboss/alignClutalw?2

(http://www.ebi.ac.uk/Tools/clustalw2/index.hini) or the online Artemis Comparison

Tool (WebACT http://www.webact.org/WebACT/hoé€2). To determine whether a DNA

mutaton is synonymous, the DNA sequence was translated into a protein sequence with

EMBOSS Transedhftp://www.ebi.ac.uk/Tools/emboss/trangg@5h). GC contents were

calculated with Oligonucleotide Ryerties Calculator

(http://www.basic.northwestern.edu/biotools/oligocalc.hifh6).

DNA-DNA hybridization . The DNA probes were labeled and hybridized to bacterial
genomic DNA immoHized on the nylon membrane (GE Water &Process Technologies,
Trevose, PA) with the DIG system (Rockégrence, STCas described in Chapter 4. The
hybridization signal was visually scrutinized after the exposurer@yXilms for various
lengths of timeThe DNA probes employed in this study are tabulated in Table 2.

PulseField Gel Electrophoresis (PFGE), targeted multilocus genotypm
(TMLGT) and multilocus genotyping (MLGT). PFGE was conducted with Ascl (New
England Biolabs) and Apal (Roche) followittte procedures depicted by Graves efldl)
and analyzed with BioNumerics (Applied Maths, Austin, TRYILGT and MLGT were
conducted as describé8l, 32)

Nucleotide sequence accession numbéie nucleotide sequenceslioio073%
Imo0740region in the atyical serotype 4b isolates 20834 and 2000904 have been

submitted to GenBank (accession riid$236006andJN236007 respectively).
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RESULTS

The atypical serotype 4b isolates are divided into threelonal groups. The
serotype 4b isolates investigatedhrs study were first identified through their atypical
multiplex PCR serotyping results: the multiplex PCR amplicons included the bands expected
for serotype 4b strains as well as an extra band of the same size as the band generated with
lineage ltspecfic Imo0737primers (Fig. 1). The presencelofo0737was confirmed with
hybridizations using an internal portion of this gene as DNA probe (data not shown). To
collect further information on the distributionlafio0737 we examined.. monocytogenes
isolaies of various serotypes in terms of their reactivity with this probe. A total df.463
monocytogenessolates were hybridized with th@o0737DNA probe, including 210 of
serotype 4b, 82 of serotype 1/2b (or 3b), 114 of serotype 1/2a (or 3a), 11 gbsdi@y (or
3c) and 46 of other serotypes such as 4a and 4c. Our results revealed that 23 serotype 4b
isolates hybridized with thienoO737probe (Table 1), amounting to 11 % of the total
serotype 4b isolates analyzed. Of these 23 serotype 4b isolatestel&fwlinical origin (9
% of the 215 clinical isolates tested) and the remaining four were of environmental origin (2
% of the 170 environmental or food isolates tested).

All tested serotype 1/2b (or 3b) isolates were negative witintb@737probe. On
the other handmoQ737was present in all tested lineage Il strains except for three serotype
1/2a (or 3a) isolates (OLM 5, OLM 6 and OLM 75). Of these isolates, the animal isolates
OLM 5 and OLM 6 were closely related on the basis of PFGE and OLM 5lasssfied into

lineage Il (Lm3.16), suggesting that OLM 6 might also belong to lineage 1ll. Meanwhile,
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MLGT revealed that the clinical isolate OLM 75 belonged to serotype 1/2a within lineage II
(2.12_1/2a).

Genomic DNAs of the 23 serotype 4b isolates terte positive with thémo0737
probe were also hybridized with DNA probes specific for two major serotype 4b epidemic
associated clonal groups, ECI and ECII (Bpécific 85M and ECispecific Hsp001219).
Genomic DNA was also digested with Sau3Al and M@@lble 1) since DNA from ECI
strains and from ECV strains associated with an outbreak of listeriosis in North Cét@)ina
are known to be resistant to Sau3Al and Mbol, respect{@Il$3). None of the 23 isolates
hybridized with ECI or ECHspecific pobes (data not shown). Genomic DNA of all isolates
was susceptible to Sau3Al; however, nine isolates had DNA that was residitlto
(Tablel), suggesting methylation of adenines at GATC sites on the genome of these isolates
(19).

Hybridizations with aditional DNA probes and the Mbol digestion results grouped
the 23 isolates into three walefined clusters (Table 1 and Fig. 2), which will be referred to
as Group 1, 2, and 3 in this study. Group 1 isolates (n=7) were positivel \8RRP9/10 a
probe dewed from the ECII region adjacentidAB ( i r e g i(3p 10)) év@dhough, as
mentioned above, they were negative with the Ep#cific probe. Group 1 isolates were
negative with probes derived from the counterpart of region 18 wE@hstrains (48F18
and NonrECIIC-WAP). In contrast, Group 2 isolates (n=7) hybridized with both probe
4bSF18 and probd18RP9/10Q derived from each of these two different sequence types of
region 18 (Table 2, Fig. 2). DNA from all Group 1 and Group 2 isolates was sh&cép

Mbol digestion (Table 1). All isolates of Group 1 and 2 were of clinical origin and isolated
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from various states in the United States (Table 1). Group 3, on the other hand, was comprised
of nine isolates from a single state, North Carolina, amdmgh five were isolated from

patients whereas four originated from the food processing plant environment. Genomic DNA
of all isolates of Group 3 was resistant to Mbol and the isolates shared a common
hybridization profile distinct from those of Group 12yn.e., positive results for probes Non
ECIIC-WAP and 4bSF18, which are based on the region 18 eE@ihstrains (Table 1,

Fig. 2). TMLGT and MLGT analyses revealed that all were members of lineage | and that
isolates in each group had the same gemofydl7 4b, 1.46_4b and 1.60_4b for Groups 1, 2

and 3, respectively) (Table 1).

The 23 isolates were grouped into two clusters based on analysis of PFGE profiles
with Ascl and Apal. Group 1 strains formed one cluster whereas Groups 2 and 3 were
allocatednto another and could not be clearly differentiated by PFGE (Fig. 2).

The Imo0734 -Imo0739gene cassette is highly conserved and in a genomically
equivalent region inlmo073#positive serotype 4b isolates and lineage Il strainfn
serotype 1/2a EGDé&no0737is a part of the lineage-Hpecific gene cluster encompassing
Imo0734to Imo0739(7) (Figure 3). With the exception who0734 the genes in this cluster
encode proteins putatively related to sugar and ribose metabolism. The GC content of
Imo0735Imo0739ranged from 36 to 39%, which did not deviate considerably frorh.the
monocytogenegenome average of 38%. Timeo0734gene codes for a protein belonging to
Lacl transcriptional regulator family and the GC content (34%) was considerably lower than

the genome average.
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In the EGDe genome, the abementioned lineage 4pecific genes are flanked by
Imo0733 encoding a putative DNA binding protein, dntb074Q encoding a hypothetical
protein that contains a cAMBinding protein domain. In the serotygle strain F2365, these
flanking genesl(MOf2365_076@ndLMOf2365_0770respectively) are conserved and
adjacent to each other, although parhod0739was present in the intergenic region (Fig.
4A).

In the proximity of thdmo0734Imo0739lineage lspeific cluster, we identified a
gene harbored by both F2385M0f2365_0768and EGDelo0733 and encoding an
internalinfamily protein with a LPXTG maotif (Fig. 4A). Interestingly, there was marked
diversity betweetmo0732and its counterpart in F2365 ¢o7and 75% identities at the
nucleotide and deduced protein level, respectively), especially in the internal pdrtions.
silico analysis confirmed that this gene was divergent not only between EGDe and F2365 but
between lineage | and Il isolates generéilgta not shown To determine whether serotype
4b isolates harborinigno0737also harbored the other genes in the lineagpékific
cassette, and whether the putative internalin gene was lineldgedtk well, we sequenced
the DNA region between tHeno0731andimo0740homologs of strains 2000904 (Group
1) and 2007454 (Group 3). Sequencing results showed that these strains harbored the entire
cassette in the same genomic region as lineage Il strains (Figure 8nol¥84Imo0739
gene cassette wagghly conserved (99% identity at the nucleotide level) between-200%
and 2007454, and between these strains and EGDe (99% identity at the DNA level).

Close scrutiny of the sequence alignment ofith@)734Imo0739cassette revealed

30 single nucleade polymorphisms (SNPs) among 260904, 2007454 and EGDe,
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including 9 norsynonymous SNPs (Fig. 4B). In comparison with EGDe, 28 SNPs were
shared between 20854 and 2000904 (Fig. 4B). Also, thémo0737gene of 200454 and
20070904 was compared withe sequences of the Australian strgit®. This analysis
exhibited three SNPs shared between the strains of the atypical serotype 4b PCR profile
compared with the lineage Il strains, one SNP specific to-26@7and 2000904, and one
SNP specific tAustralian strains (Fig. 4C). None of the SNPs resulted in changes in amino
acid sequence.

Sequences flanking this cassette in 20004 and 200-454 were also highly
conserved between these strains, and among these strains, EGDe and F2365. For instance,
the percent identity do0733homologs amounted to 98% between 20004 and 2007
454 and to 9899% among these atypical serotype 4b isolates, EGDe and F2365. The putative
internalin family protein of 2000904 and 200-454 was lineagelike, exhibiting99.9%
identity at the nucleotide sequence level with its homolog in FA3@®{2365_ 0768

For the othelmo0737posisitive serotype 4b isolates that were not subjected to the
sequencing, the location of thmo0737homolog was verified with PCR usingmer sets
annealing tdmo0737and the flanking gene (Fi®). All isolates produced amplicons of the
size expected for EGDe, suggesting that the lineaggdtific cassette was located in the

same genomic region in these isolates.

DISCUSSION

In thisstudy, we describe atypical serotype 4b isolates that harbor a lineage Il

specific gene cassette composed of homologma@d734Imo0739in L. monocytogenes
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EGDe (serotype 1/2a). Putative function$nod074Imo0739products imply that this gene
cassettes associated with PTS and sugar metabolism. However, the biological consequences
of the presence of this gene cassette in serotype 4b strains are currently unclear. In fact, the
possible functions of these genes in lineage Il strains have also not éetireid. A
deletion mutant of this cassette in EGDe was found to have normal growitto, including
under the riboséeficient conditions, and was not significantly impaired in invasion and
intracellular growth(22). However, tiling microarray assessms in EGDe revealed that all
genes in this cassette werenggulated in the stationary phase at 37°C. Furthermore,
Imo0735 0736 0738 and0739were upregulated in the intestine, ardo0739was down
regulated in the blood of infected mi(@9). Isog@ic constructs of serotype 4b strains with
and without this cassette would be useful in assessments of the functional impact of these
genes for strains of this serotype.

In the genome of EGDand other lineage Il strains, the lineagspkcific cassette
was located adjacent to a gene encoding a putative internalin puttes LPXTG cell wall
anchoring motif, and exhibiting noticeable diversity between lineage | and Il strains.
However, sequence analysis revealed that, in serotype 4b strains harlmtingabe I
cassette, the sequence of the putative internalin protein gene was typical of those of other
serotype 4b strains. Thus, the presence of the lineage Il cassette in these serotype 4b strains
does not appear to be accompanied by lineabjeellgenetic content in the variable
internalin gene in the vicinity of this cassette.

Hybridization with a panel of DNA probes and MLGT data revealed that serotype 4b

isolates harboring theno0734Imo0739lineage Itspecific cassette could be divided into
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three groups. Group 3 was unusual with regards to its geographical source and its Mbol
resistance. Group 3 consisted of clinical and environmental isolates from a single state, North
Carolina, and DNA from all group 3 isolates were resistant to Mbol, suggeséthylation
of adenine at GATC sitg49). In contrast, Groups 1 and 2 were comprised of clinical
isolates from multiple states, and DNA from these isolates could be digested by Mbol. The
unique epidemiological features of Group 3 might suggest thenme=sé a clonal group that
may have emerged in North Carolina relatively recently, and that may need time to spread to
geographically distant locations in the United States. Further studies will be needed to
accurately monitor possible trends in distribatbf strains of this group in different regions.

Interestingly, Groups 2 and 3 could not be differentiated by PFGE. These similarities
in PFGE between genetically distinct strains may reflect different bands of size too similar to
be adequately differgiated, and has been noted before in our laboratory during analysis of
certain other strains (R. M. Siletzky and S. Kathariou, unpublished data). However, the
MLGT analysis relying on the SNPs identified in various genomic loca(R)rsuggested
that eaclctlonal group could be identified into three distinct lineage | types, supporting that
the atypical isolates consisted of three clonal groups.

None f the serotype 1/2b isolates that were screened by us and(@}Hendored
this cassette. Hence, outsifdineage I, thdmo0734lmo0739gene cassette seems to be
exclusively harbored by certain serotype 4b isolates within lineage I. It is possible that this
cassette was acquired by certain serotype 4b strains through horizontal gene transfer from
lineagell strain. However, it still remains unclear how this cassette was obtained by multiple

clonal groups. An alternative hypothesis would be that the cassette was present in an
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ancestral lineage @f. monocytogenesind has been maintained only in lineagand certain
clonal groups of serotype 4b within lineage I. However|ri@734Imo0739cassette
harbored by the atypical serotype 4b isolate exhibited a higher similarity with serotype 1/2a
EGDe (percent identity 99%) than the genome average betweéypssrdb and 1/2a, which
was estimated by comparing the concatenated housekeeping genes targeted by multilocus
sequence typin{R4)of F2365 (serotype 4b) and EGDe (percent identity 96%). This finding
provides evidence favoring the horizontal gene trargfpothesis from lineage Il strains.
Isolates that exhibited a similar PCR profile in the multiplex PCR scli@nave
been reported by Huang and colleag{isy. Although this group did not provide evidence
for the presence of the entirro0734Imo0739cassette, the availabl®mo0737gene
sequences revealed common SNPs shared between the Australian isolates and U.S. isolates in
comparison with lineage Il, suggesting that these atypical serotype 4b strains might resemble
each other. We also identified SdlBpecific to the isolates of each geographical location,
which is indicative of genetic changes between them. It remains unclear whether the
Australian isolates belong to either of the clonal groups described in this study or whether
these isolates repr@st another clonal group(s). Characterization and comparison of the
isolates collected from different continents could shed further light into the evolution of the
atypical serotype 4b strains harboring line0734Imo0739cassette.
In conclusion, we haveescribed three novel clonal groups of serotypk.4b
monocytogenethat harbor a lineage-Hpecific cassette putatively involved in the sugar and
ribose metabolism. Notably, one clonal group was unigue in that the strains were only

identified in one st& and included several environmental isolates. These intriguing genetic
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and epidemiological characteristics warrant further investigation to deepen our understanding

of these clonal groups of serotypeldlmonocytogenes
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Table 2.1 Bacterial grains used in this study

Classification Strain Isolation year Origin State Sau3Al Mbol MLGT Sourcé
20070904 2007 Clinical NC + + 1.17_4b NCDHHS
J2255 2003 Clinical GA + + 1.17 4b CDC
J3139 2004 Clinical Wi + + 1.17 4b CDC
Group 1 J3913 2006 Clinical IN + + 1.17 4b CDC
J4016 2006 Clinical SC + + 1.17 4b CDC
J4500 2007 Clinical NE + + 1.17 4b CDC
J5000 2008 Clinical VA + + 1.17 4b CDC
2007618 2007 Clinical NC + + 1.46_4b NCDHHS
J3026 2004 Clinical CT + + 1.46 _4b CDC
J3053 2004 Clinical Ml + + 1.46 _4b CDC
Group 2 J3195 2004 Clinical OH + + 1.46_4b CDC
J4458 2007 Clinical MN + + 1.46_4b CDC
J4490 2007 Clinical SC + + 1.46_4b CDC
J4953 2008 Clinical OH + + 1.46 _4b CDC
200%7R 2001 Clinical NC + - 1.60_4b NCSU
2001-8R 2001 Clinical NC + - 1.60_4b NCSU
2006296 2006 Clinical NC + - 1.60_4b NCDHHS
2007454 2007 Clinical NC + - 1.60_4b NCDHHS
Group 3 2008894 2008 Clinical NC + - 1.60_4b NCDHHS
18-2a 2003 Processing plant (floor) NC + - 1.60 4b NCSU
128b1 2004 Processing plant (drain) NC + - 1.60_4b NCSU
363b1 2005 Processing plant (drain) NC + - 1.60_4b NCSU
491a5 2006 Processing plant (chiller t@ork table) NC + - 1.60 _4b NCSU

4 CDC, Centers for Disease Control and PreventionSN( isteria Strain collection at North Carolina State University; and

NCDHHS, North Carolina Department of Health and Human Services.
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Table 2.2 List of the probes and oligonucleotides employed in this study

Probe Primer Sequence (50 't Target Reference
Imo0731F TACTTGCTGCTCTTTCTGGC Imo0731 This study
Imo0740R GTGGAAGGTTATGCTGCAGTTG Imo0740 This study
Imo0737 Imo0737F AGGGCTTCAAGGACTTACCC ImoQ737 (6)
Imo0737R ACGATTTCTGCTTGCCATTC ImoQ0737 (6)
H18RF/10 H18RP9/10F CTGGATTTGCAGCTTATGAT LMOh7858_0487 (15)
H18RP9/10R CCTATTCTTTCCATAAGTAAT LMOh7858 0487 (15)
ECIC-WAP  ECIIC-WAPF GGGAACTTTCCATTAGCC LMOh7858_0479 (3)
ECIIC-WAPR TTAAATGGGATATGATGT LMOh7858 0479 3)
Hsp001219 Hspec01219F GAGGCTATCGAAATTGCTCG LMOh7858_1168 (3)
Hspec01219R  AGGATTCGGAATTTCATCCA LMOh7858_1168 (3)
4bSF18 4bSF18_F ACGGGCGTTTTATATTAAATGGG LMOf2365_0466 (10)
4bSF18 R AATATCTCGAAAACTCCGAGT LMOf2365_0466 (10)
\I>IV(XEECIIC- ECIC-WAPF ATGGAAATTGGGCATGGC LMOf2365_0450 (3)
ECIC-WAPR GTAGTTCCAGTGGACATG LMOf2365_0450 (3)
85M F2365 85MF AATATATTTTCAATGTTTGATGGT LMOf2365 0327 (34)
F2365 85MR GCTAATTCAATCCCTATTCT LMOf2365 0327 (34)
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Figure 2.1 Multiplex serotyping results of an atypical 4b isolate Lane 1, 200618

(atypical serotype 4b isolate); lane 2, LATZ13 (1/2a); lane 3, G3986 (3b); lane 4, G3969
(1/2c); and lane 5, G3992 (4b). M, exACTGene cloning DNA ladder (Fisher Scientific, Fair
Lawn, NJ). From top to bottom, thards correspond tm01118(906 bp),imo0737(691

bp), ORF2110 (597 bp), ORF2819 (471 bp) prei(370 bp). Similar results were obtained

for other atypical serotype 4b isolates.

113



H18RP9/10
ECIIC-WAP
Non-ECIIC-

4bSF18
WAP

~ 20070904 [ | | |

|

32255 | || || |

33139 I | | | | |

Groupy  J3913 | | || |
1 Js016 | | | | |
Jasoo M | || || |

J5000 [N | | | |

N\ 7

2007618 N[ N[ |
3026 HEE] HEE([ |
3053 M |HEE[ |

Group 3105 N[ /N[ |

2 jasss NN NN

Jaaoo M N[ |

Jao53 M THEE[ |

N
< 200:7R [ ][ | N
20018R | | | I

2006296 | | | I

2007454 | || | I

Group{ 2008s04 [ || I I
3 1822 [ ] i
128b1 | | | I

363b1 | || | I

\_ 491a5 | | | I

Figure 2.2 DNA-DNA hybridization results. Positive and negative results were represented

with black and white squares.
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Figure 2.3 PFGE dendrogram of atypical serotype 4bGroups 13 were marked with open

rectangle, open circle and black circle, respectively. Serotype 4b strains F236%(HCI),

(ECla),H7550 (ECII) and WS1 (ECV) were incled for reference.
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Figure 2.4 DNA sequence comparison(A) Comparison of the genetic region harboring the
Imo0734Imo0739in EGDe (1/2a), F2365 (4b) and atypical serotype 4b isolates; Z3D¥
(Group 1) and @07-454 (Group 3). The genes that are commonly present were represented
in black; those conserved among F2365 and atypical 4b isolates were marked in white; the
lineage ltspecific genes includinigno0737were colored in grey; and the upstream divergent
LPXTG internalin gene in EGDe was signified in darker grey. Homologous DNA sequences
were marked with light grey box. The percentage above the lineagedific genes

represents GC content of each géBeand Q Multiple sequence alignment of theo0734
Imo0739gene cassette of EGDe, 26834 and 2000904 (B) and of thémo0737gene of
2007454, 20070904, Australian strains along with EGDe and two additional lineage |l
strains (10M131 and 09M3788) (C). The start codons were boldfaced and underlitieel and
stop codons were marked with boxes. For each SNP, the dominant alleles were colored in
grey and the other allele was marked in yellow. Next to thesgponymous SNPs, the

amino acid sequence change in comparison with the EGDe was shown. In C, the
synmymous and noesynonymous SNPs were determined assuming that the DNA sequences
from the Australian strains and the additional lineage Il strains would be translated from the

same reading frame as EGDe.
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B.

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

SNP1 (synonymous)
TTAAATTGAGTCTTTTAAAGARATCAAGGGAACAATCTCTGTAATGCGTTTCTTTTG 60
TTAAATTGAGTCTTTTAAAGATAATTCAMGIGAACAATCTCTGTAATGCGTTTCTTTTG 60
TTAAATTGAGTCTTTTAAAGATAATTCAREIAACAATCTCTGTAATGCGTTTCTTTTG 60

CTTAGGATTTTTAATAATAGTAATTAAATTATCTACGGTTATTTGAGCGATTTTAGGAAT 120
CTTAGGATTTTTAATAATAGTAATTAAATTATCTACGGTTATTTGAGCGATTTTAGGAAT 120
CTTAGGATTTTTAATAATAGTAATTAAATTATCTACGGTTATTTGAGCGATTTTAGGAAT 120

ATTTTGTTTCACGCTACTCAATTTGGGAACAGTGTAATTGCACTGCGGGGTATCATCGAA 180
ATTTTGTTTCACGCTACTCAATTTGGGAACAGTGTAATTGCACTGCGGGGTATCATCGAA 180
ATTTTGTTTCACGCTACTCAATTTGGGAACAGTGTAATTGCACTGCGGGGTATCATCGAA 180

TCCGATTACTTTAATGTCATTTGGTATTTTTTTTCCGATAGTTGGCAAGAGGTTCAATAG 240
TCCGAT TACTTTAATGTCATTTGGTATTTTTTTTCCGATAGTTGGCAAGAGGTTCAATAG 240
TCCGATTACTTTAATGTCATTTGGTATTTTTTTTCCGATAGTTGGCAAGAGGTTCAATAG 240

SNP2 Enon%ynon nou s / TY
CTCAAGCGCGATATTATCATT AATCGCAAAAATACCATCCATTGATGCTTCATTGAC 300

CTCAAGCGCGATATTATCATTAATCGCAAAAATACCATCCATTGTTGACTTCATTGAC 300
CTCAAGCGCGATATTATCATTAATCGCAAAAATACCATCCATTGTTGITACTTCATTGAC 300

*kkk

AAAGGTAATAATGCTTTTTTGATAATCGTGTATTTGTAAATCTACTGTAAATTTGGAAAC 360
AAAGGTAATAATGCTTTTTTGATAATCGTGTATTTGTAAATCTACTGTAAATTTGGAAAC 360
AAAGGTAATAATGCTTTTTTGATAATCGTGTATTTGTAAATCTACTGTAA ATTTGGAAAC 360

GTCAGGGTCGTAGCGAATATTATTTTTCTTTAAGGCGTCTTGAAAACCTTTGAGACGTTC 420
GTCAGGGTCGTAGCGAATATTATTTTTCTTTAAGGCGTCTTGAAAACCTTTGAGACGTTC 420
GTCAGGGTCGTAGCGAATATTATTTTTCTTTAAGGCGTCTTGAAAACCTTTGAGACGTTC 420

*% *kkkkkkkhkkkkk *% *kkkkkkkk

TTTAGCTGAAGACGATTGCCTGCTATGCATAAATATAACAGGGGATTTCACTCCGGCATG 480
T TTAGCTGAAGACGATTGCCTGCTATGCATAAATATAACAGGGGATTTCACTCCGGCATG 480
TTTAGCTGAAGACGATTGCCTGCTATGCATAAATATAACAGGGGATTTCACTCCGGCATG 480

* *% * *kkkhkkkhkkkkk *% * *kk

AATTAATGCTTCCGTAG CTTCAAAAGCTCCTTGGTAGTGATTTGATGAAATGAAAATTGT 540
AATTAATGCTTCCGTAGCTTCAAAAGCTCCTTGGTAGTGATTTGATGAAATGAAAATTGT 540
AATTAATGCTTCCGTAGCTTCAAAAGCTCCTTGGTAGTGATTTGATGAAATGAAAATTGT 540

SNP3 (synonymous)

ATCTTTTTTATCTTTTGGTTGGCG ATCAATACATACATAAGGAATACCATTTTCGGCGTT 600
ATCTTTTTTATCTTTTGGTTGGCG ATCAATACATACATAAGGAATACCATTTTCGGCGTT 600
ATCTTTTTTATCTTTTGGTTGGCG GICAATACATACATAAGGAATCATTTTCGGCGTT 600

kkkkkkkkkkkkkkhkkkhkkkkhkkk kkkkkkkkhkkkhkkkkkhkkkhkkkkkkkkkkkkkkkk

GGTATATTTAAAGCCAAATTCATCTGCGCCTGAAATAACAATCAACCCATCCACCATTTT 660
GGTATATTTAAAGCCAAATTCATCTGCGCCTGAAATAACAATCAACCCATCCACCATBBD
GGTATATTTAAAGCCAAATTCATCTGCGCCTGAAATAACAATCAACCCATCCACCATTTT 660
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2007 - 454 GCTCTCTAACATGTTTAAATATGCCATTTCTTTATCTAAATTACGGCCTGTATTACAAAT 720
2007 - 0904 GCTCTCTAACATGTTTAAATATGCCATTTCTTTATCTAAATTACGGCCTGTATTACAAAT 720
EGDe GCTCTCTAACATGTTTAAATATGCCATTTCTTTATCTAAATTACGGCCTGTATTACAAAT 720

2007 - 454 AATAGTAGAGTAG CCTTGATCGAATAAAATAGCTTCAATTTGCTGAACAACGCTAGAGAA 780
2007 - 0904 AATAGTAGAGTAGCCTTGATCGAATAAAATAGCTTCAATTTGCTGAACAACGCTAGAGAA 780
EGDe AATAGTAGAGTAGCCTTGATCGAATAAAATAGCTTCAATTTGCTGAACAACGCTAGAGAA 780

2007 - 454 AAAATAGTTGCTAATATCCGGAACTAAAATTCCGACAGAAAAAGATTTATTCATGCGTAA 840
2007 - 0904 AAAATAGTTGCTAATATCCGGAACTAAAATTCCGACAGAAAAAGATTTATTCATGCGTAA 840
EGDe AAAATAGTTGCTAATATCCGGAACTAAAATTCCGACAGAAAA AGATTTATTCATGCGTAA 840

2007 - 454 GCTTTTTGCGCTAAAATTCATTTGGTAGTTGGTTTCTTTAATAACAGCCAGCACTTTTTC 900
2007 - 0904 GCTTTTTGCGCTAAAATTCATTTGGTAGTTGGTTTCTTTAATAACAGCCAGCACTTCI900
EGDe GCTTTTTGCGCTAAAATTCATTTGGTAGTTGGTTTCTTTAATAACAGCCAGCACTTTTTC 900

2007 - 454 CCGTGTTTCTTCTGAAAAGCGGCCATTATCATTGATGACACGAGATACAGTTGCAACGGA 960

2007 - 0904 CCGTGTTTCTTCTGAAAAGCGGCCATTATCATTGATGACACGAGATACAGTTGCAACGGA 960
EGDe CCGTGTTTCTTCTGAAAAGCGGCCATTATCATTGATGACACGAGATACAGTTGCAACGGA 960
Imo0734

2007 - 454 GACGCCA CTTAATTTAGCGATATCTTTTATGGATGTTTTa_ ATAGTATCCTCCTTCTA 1020
2007 - 0904 GACGCCACTTAATTTAGCGATATCTTTTATGGATGTTTTTT'CATAGTATCCTCCTTCTA 1020
EGDe GACGCCACTTAATTTAGCGATATCTTTTATGGATGTTTTTTT CATAGTATCCTCCTTCTA 1020

kkkkkkkkkkkkkkkkk * *

2007 - 454 TGGGTAAACGTTTTTATTTATTACTCTATTTTCGCACATTAATCATATATTATCAAATAG 1080
2007 - 0904 TGGGTAAACGTTTTTATTTATTACTCTATTTTCGCACATTAATCATATATTATCAAATAG 1080
EGDe TGAGTAAACGTTTTTATTTATTACTCTATTT TCGCACATTAATCATATATTATCAAATAG 1080

*% * *% *% *

SNP4 SNP5

2007 - 454 GGAAATTTTAAATAAAA  CATTGACACGATTTGAGAAAGGTGATATATTTRGBAAAA 1140
2007 - 0904 GGAAATTTTAAATAAAA CATTGACACGATTTGAGAAAGGTSPATTTAACTGAAAAA 1140
EGDe GGAAATTTTAAATAAAA TATTGACACGATTTGAGAAAGGTGATATATTTAGBARAAA 1140

SNP6 (insertion)
2007-454  GGTAAAACGATTACTCATATTAGTCTTATTTTTT TATTCGTTTAATGAGTAATCTATC 1200

2007 - 0904 GGTAAAACGATTACTCATATTAGTCTTATTTTTT TATTCGTTTAATGAGTAATCGTTATC 1200
EGDe GGTAAAACGATTACTCATATTAGTCTTATTTTTT -ATTTGTTTAATGAGTAATCGTTATC 1199
*% * *kk *kk *%k kkk * *% * *
ImoQ735
2007- 454 TCAAAGGAGTGGAAAATTG ATGAGCAAAAAACTGATTTGTCCTTCTATGATGTGTGCTGA 1260
2007 - 0904 TCAAAGGAGTGGAAAATTG ATGAGCAAAAAACTGATTTGTCCTTCTATGATGTGTGCTGA 1260
EGDe TCAAAGGAGTGGAAAATTG ATGAGCAAAAAACTGATTTGTCCTTCTATGATGTGTGCTGA 1259

2007 - 454 TTTTTCTGGCCTAGAAAGGGAAGTGGAAGAATTAGACAAAGCTGGAAGCGATGTTTTTCA 1320
2007 - 0904 TTTTTCTGGCCTAGAAAGGGAAGTGGAAGAATTAGACAAAGCTGGAAGCGATGTTTTTCA 1320
EGDe TTTTTCTGGC CTAGAAAGGGAAGTGGAAGAATTAGACAAAGCTGGAAGCGATGTTTTTCA 1319

kkkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkk

2007 - 454 TGTTGATATTATGGACGGCGCTTTTGTACCAAGCTTTGGTATGGGGTTACAAGATTTTGA 1380
2007 - 0904 TGTTGATATTATGGACGGCGCTTT TGTACCAAGCTTTGGTATGGGGTTACAAGATTTTGA 1380
EGDe TGTTGATATTATGGACGGCGCTTTTGTACCAAGCTTTGGTATGGGGTTACAAGATTTTGA 1379
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SNP7 (synonymous)
2007-454  AGAAATTCGTCA  GAAAACTCAAAAGTTAGTTGAIEATTTGATGATCATGAATCCAGG 1440
2007-0904  AGAAATTCGTCA GAAAACTCAAAAGTTAGTTGACGTCCATTTGATGATCATGAATCCAGG 1440
EGDe AGAAATTCGTCA AAAAACTCAAAAGTTAGTTGACGTCCATTTGATGATCATGAATCCAGG 1439

kkkkkkkkkkkkkkk

2007 - 454 TGATTATGTGGAAATGTTTGCTGATAAAGGTGCAGATATTATTTACATTCATCCAGAAGC 1500
2007 - 0904 TGATTATGTGGAAATGTTTGCTGATAAAGGTGCAGATATTATTTACATTCATCCAGAAGC 1500
EGDe TGATTATGTGGAAATGTTTGCTGATAAAGGTGCAGATATTATTTACATTCATCCAGAAG 1499

2007 - 454 TGATTTACATCCAGCTAGAACATTAGACAAAATCCGAAATAAGGGGAAGAAAGTTGGTAT 1560
2007 - 0904 TGATTTACATCCAGCTAGAACATTAGACAAAATCCGAAATAAGGGGAAGAAAGTTGGTAT 1560
EGDe TGATTTACATCCAGCTAGAACATTAGACAAAATCCGAAATAAGGGGAAGAAAGTTGGTAT 1559

2007 - 454 TGCGATTAATCCGGGAACGGCGATTGCAACAATTAAAGAACTTTTACCATTAGTTGATAA 1620
2007 - 0904 TGCGA  TTAATCCGGGAACGGCGATTGCAACAATTAAAGAACTTTTACCATTAGTTGATAA 1620
EGDe TGCGATTAATCCGGGAACGGCGATTGCAACAATTAAAGAACTTTTACCATTAGTTGATAA 1619

2007 - 454 TGTGATGGTGATGACAGTT AATCCAGGTTTTGCAGGACAAAAATATTTGGACTATGTAGA 1680
2007 - 0904 TGTGATGGTGATGACAGTTAATCCAGGTTTTGCAGGACAAAAATATTTGGACTATGTAGA 1680
EGDe TGTGATGGTGATGACAGTTAATCCAGGTTTTGCAGGACAAAAATATTTGGACTATGTAGA 1679

*

2007 - 454 TGTGAAAATCGCAGAACTTGTCGAATTGAAAAAGGATTATACTTTTGAAATTATGGTGGA 1740
2007 - 0904 TGTGAAAATCGCAGAACTTGTCGAATTGAAAAAGGATTATACTTTTGAAATTATGGTGGA 1740
EGDe TGTGAAAATCGCAGAACTTGTCGAATTGAAAAAGGATTATACTTTTGAAATTATGGTGGA 1739

2007 - 454 TGGGGCAATATCTCCAGAAAAAATCAGCAAACTTTCTCAGTTAGGTGTTAAGGGGTTTGT 1800
2007 - 0904 TGGGGCAATATCTCCAGAAAAAATCAGCAAACTTTCTCAGTTAGGTGTTAAGGGGTT1800
EGDe TGGGGCAATATCTCCAGAAAAAATCAGCAAACTTTCTCAGTTAGGTGTTAAGGGGTTTGT 1799

*% * *kkk *% * *kkkkkkkk

2007 - 454 GCTAGGAACATCCGCATTATTCGGAAAAAAAGAAAGTTATGCTGAAATAATCAAAAAGTT 1860
2007 - 0904 GCTAGGAACATCCGCATTATTCGGAAAAAAAGAAAGTTATGCTGAAATAATCAAAAAGTT 1860

EGDe GCTAGGAACATCCGCATTATTCGGAAAAAAAGAAAGTTATGCTGAAATAATCAAAAAGTT 1859
SNP8 (non
synonymous¢ Imo0736
2007 - 454 AAGACAAGAAAAGATGGAGGAATTAGBAATTGCTATTGGAAATGATCATGTTGGA 1920
2007-0904 AA  GACAAGAAAAGATGGAGGAATTATBMAATTGCTATTGGAAATGATCATGTTGGA 1920

EGDe AA AACAAGAAAAGATGGAGGAATT; AATTGCTATTGGAAATGATCATGTTGGA 1919

*k kkkkk * * *kk *k*k * *% * * *kk *k%k

2007 - 454 ATCGAGCTTAAGCCAGTTATTGTTGCGTATTTACAGGATTTAGGTCATGAAGTAGATGAT 1980
2007 - 0904 ATCGAGCTTAAGCCAGTTATTGTTGCGTATTTACAGGATTTAGGTCATGAAGTAGATGAT 1980
EGDe ATCGAGCTTAAGCCAGTTATTG  TTGCGTATTTACAGGATTTAGGTCATGAAGTAGATGAT 1979

2007 - 454 TTTGGTGCTTTCTCAAATGAACGAACTGATTATCCTGAATATGGTAAAAAAGTTGCAGAA 2040
2007 - 0904 TTTGGTGCTTTCTCAAATGAACGAACTGATTATCCTGAATATGGTAAAAAAGTTGCAGAA 2040
EGDe TTTGGTGCTTTCTCAAATGAACGAACTGATTATCCTGAATATGGTAAAAAAGTTGCAGAA 2039

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkk
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2007 - 454 AGTGTAGCGGCGGGAAAATCGGACTTAGGAATTTTAATTTGTGGTTCA®I GGGTATT 2100
2007 - 0904 AGTGTAGCGGCGGGAAAATCGGACTTAGGAATTTTAATTTGTGGTTCAGGAGTGGGTATT 2100
EGDe AGTGTAGCGGCGGGAAAATCGGACTTAGGAATTTTAATTTGTGGTTCAGGAGTGGGTATT 2099

2007 - 454 TCAATTGCTGCTAATAAAGTAAACGGAATTCGCGCTGTTGTTTGTAGCGAACCATACTCT 2160
2007 - 0904 TCAATTGCTGCTAATAAAGTAAACGGAATTCGCGCTGTTGTTTGTAGCGAACCATACTCT 2160
EGDe TCAATTGCTGCTAATAAAGTAAACGGAATTCGCGCTGTTGTTTGTAGCGAACCATACTCT 2159

2007 - 454 GCAAAACTATCACGCGAGCACAATAATACTAATATTTTAGCTTTTGGTTCAAGAGTTGTT 2220
2007 - 0904 GCAAAACTATCACGCGAGCACAATAATACTAATATTTTAGCTTTTGGTTCAAGAGTTGTT 2220
EGDe GCAAAA CTATCACGCGAGCACAATAATACTAATATTTTAGCTTTTGGTTCAAGAGTTGTT 2219

2007 - 454 GGTGCAGAACTTGCGAAAATGATAGTTCAAAACTGGTTGGATGCAGAATTTGAAGGTGGA 2280
2007 - 0904 GGTGCAGAACTTGCGAAAAT GATAGTTCAAAACTGGTTGGATGCAGAATTTGAAGGTGGA 2280
EGDe GGTGCAGAACTTGCGAAAATGATAGTTCAAAACTGGTTGGATGCAGAATTTGAAGGTGGA 2279

2007 - 454 AGACATGCGAAACGCGTCGAAATGATTGCTAGAATGAAGATGAAAATGRAAGGAGGG 2340
2007 - 0904 AGACATGCGAAACGCGTCGAAATGATTGCTAGAATTGAAGATGAAAATIGIGGAGGG 2340

EGDe AGACATGCGAAACGCGTCGAAATGATTGCTAGAATTGAAGATGAAAATG@GGAGGG 2339
* *% K*kkkkkkkkkkkkkkkk
Im 737
2007 - 454 GTTGTT ATGGAGCAAGAAGTAACACGACTAATTAGTGCTTCTAAACAAGATTTTGAAAAG 2400
2007 - 0904 GTTGTT ATGGAGCAAGAAGTAACACGACTAATTAGTGCTTCTAAACAAGATTTTGAAAAG 2400

EGDe GTTGTT E{SAG CAAGAAGTAACACGACTAATTAGTGCTTCTAAACAAGARRRIGE2399

*kkk * * * *kkk

2007 - 454 ATGAACGGCAGAGACTTAAAACGCTCCATTTTTCAATCAGAAGGTAGAGTAATTATGGCG 2460
2007 - 0904 ATGAACGGCAGAGACTTAAAACGCTCCATTTTTCAATCAGAAGGTAGAGTAATTATGGCG 2460
EGDe ATGAACGGCAGAGACTTAAAACGCTCCATTTTTCAATCAGAAGGTAGAGTAATTATGGCG 2459

2007 - 454 CAACATCTTTTATTTGCAAGTCAGGGTCTTGTCCGAGGGGTTACGAATACGGAATTATTA 2520
2007 - 0904 CA ACATCTTTTATTTGCAAGTCAGGGTCTTGTCCGAGGGGTTACGAATACGGAATTATTA 2520
EGDe CAACATCTTTTATTTG CAAGTCAGGGTCTTG TCCGAG GGGTTACGAATACGGAATTATTA 2519

*% *kkkhkkkhkkkkk *% *kkkkkkkk

2007-454  GCAGCATTCGGATCGG ATATGATTATGCTCAATACATTTAACCTAGAAGATGAAAAAAGT 2580
2007-0904  GCAGCATTCGGATCGGATATGATTATGCTCAATACATTTAACCTAGAAGATGAAAAAAGT 2580
EGDe GCAGCATTCGGATCGGATATGATTATGCTCAATACATTTAACCTAGAAGATGAAAAAAGT 2579

SN P9 (synonymous)
2007-454  AATTTAGG  ACTTCAAGGACTTACCCTCGAAGATTTGAAAAAACGCGTGAACATCCCTTTA 2640
2007-0904 AATTTAGG ACTTCAAGGACTTACCCTCGAAGATTTGAAAAAACGCGTGAACATCCCTTTA 2640
EGDe AATTTAGG GCTTCAAGGACTTACCCTCGAAGATTTGAACGCGTGAACATCCCTTTA 2639

SNP10 gsyrnon mous)
2007-454  GGAATTTATCTTGGTTGTCCAGGTGAAAATAAGACTTCAGAAAACATTATTTA 2700

2007 - 0904 GGAATTTATCTTGGTTGTCCAGGTGAAAATAAGACTTCAGAAAACATTATATIGATGG 2700
EGDe GGAATTTATCTTGGTTGTCCAGGTGAAAATAAGACTTCAGAAAACATTATTTATGATGE 2699

kkkkkkkkkkkkkkkkkkkkhkkkkkkkhkkkkkkhkkkkkkkkkkkkkkkhkkkkkkkk

2007 - 454 GCAGGAATGTTAGCTACCGATGAACATTTATTAAGAGCAAAAGAAATTGGCGCAGATTTT 2760
2007 - 0904 GCAGGAATGTTAGCTACCGATGAACATTTATTAAGAGCAAAAGAAATTGGCGCAGATTTT 2760
EGDe GCAGGAATGTTAGCTACCGATGAACATTTATTAAGAGCAAAAGAAATTGGCGCAGATTTT 2759
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2007 - 454 ATTGTTTTAGGTGGAAATCCTGGTTCAGGAACTTCTATTCAAGATATCATTGAAACAACA 2820
2007 - 0904 ATTGTTTTAGGTGGAAATCCTGGTTCAGGAACTTCTATTCAAGATATCATTGAAACAACA 2820
EGDe ATTGTTTTAGGTGGAAATCCTGGTTCAGGAACTTCTATTCAAGATATCATTGAAACAACA 2819

SNP 11 (synonymous
2007-454  AAACGAGCACGGAAGTTGCTAGGTAACGATGTCTTAATTTTCGCTBAAATGGGAAGAT 2880
2007-0904  AAACGAGCACGGAAGTTGCTAGGTAACGATGTCTTAATTTTCGCTIBBATGGGAAGAT 2880
EGDe AAACGAGCACGGAAGTTGCTAG GTAACGATGTCTTAATTTTCGCPBBATGGGAAGAT 2879

2007 - 454 GGTATTGATGAGAAAGTGTTGGGCGATCCACTTGCTAAACAAGATGCAAAAGAAGTGATT 2940
2007 - 0904 GGTATTGATGAGAAAGTGTTGGGCGATCCACTTGGNAACAAGATGCAAAAGAAGTGATT 2940
EGDe GGTATTGATGAGAAAGTGTTGGGCGATCCACTTGCTAAACAAGATGCAAAAGAAGTGATT 2939

2007 - 454 AAGCAATTGATTGATGCAGGCGCGGATGTGATTGATTTACCTGCTCCAGGAAGACAC 3000
2007 - 0904 AAGCAATTGATTGATGCAGGCGCGGATGTGATTGATTTACCTGCTCCAGGATCAAGACAC 3000
EGDe AAGCAATTGATTGATGCAGGCGCGGATGTGATTGATTTACCTGCTCCAGGATCAAGACAC 2999

* * * *

SNP12(norsynony mous
2007-454  GGTATAAGTGTGCGTATGATTCAAGAGTTAGTGCAGTTTATTCATTTATACARBAGGT 3060
2007-0904  GGTATAAGTGTGCGTATGATTCAAGAGTTAGTGCAGTTTATTCATTTATACARGNGGT 3060
EGDe GGTATAAGTGTGCGTATGATTCAAGAGTTAGTGCAGTTTATTCATTTATACAABCAGGT 3059

* * * *kkkk

2007 - 454 ACACTCGCAATGACATTCTTAAATAGTTCAGTTGAAGGGGCGGATCAAGATACAATTCGT 3120
2007 - 0904 ACACTCGCAATGACATTCTTAAATAGTTCAGTTGAAGGGGCGGATCAAGATACAATTCGT 3120
EGDe ACACT CGCAATGACATTCTTAAATAGTTCAGTTGAAGGGGCGGATCAAGATACAATTCGT 3119

2007 - 454 TTGATTGCATTGATGATGAAAGAAACCGGTGCCGATATTCACGCGATTGGTGATGGTGGT 3180
2007 - 0904 TTGATTGCATTGATGATGA AAGAAACCGGTGCCGATATTCACGCGATTGGTGATGGTGGT 3180
EGDe TTGATTGCATTGATGATGAAAGAAACCGGTGCCGATATTCACGCGATTGGTGATGGTGGT 3179

*kkk * * * *kkk

2007 - 454 TTTTCTGGCTGTACGACACCGGAAAATGTTATGCAATTATCTATTTCACTTAAAGGAAAA 3240
2007 - 0904 TTTTCTGGCTGTACGACACCGGAAAATGTTATGCAATTATCTATTTCACTTAAAGGAAAA 3240
EGDe TTTTCTG GCTGTACGACACCG GAAAATGTTATG CAATTATCTATTTCACTTAAAGGAAAA 3239

* *k*k * K*kkkkkkkkkkkkkkkk

2007 - 454 CCTTATACGTACTTTAGAATGGCAAGCAGAAATCGTAAAACTATAAAAAGGAGTGAAAA 3300
2007 - 0904 CCTTATACGTACTTTAGAATG GCAAGCAGAAATCG@AACTATAAAAAG GAGTGAAAA 3300
EGDe CCTTATACGTACTTTAGAATGGCAAG CAGAAATCGT ACTATAAAAAG GAGT&MA 3299

Im 0738
2007 - 454 AA ATGGATTATCAAAAACTAGCTAAAGAGATTCTGGCTAATGTTGGCGGAGAAGAAAATG 3360
2007 - 0904 AA ATGGATTATCAAAAACTAGCTAAAGAGATTCTGGCTAATGTTGGCGGAGAAGAAAATG 3360
EGER AA ATGIBATTATCAAAAACTAGCTAAAGAGATTCTGGCTAATGTTGGCGGAGAAGAAAATG 3359

*kkkhkkkhkkkkk *% *kkk

2007 - 454 TGCGCTCAGTGGTTCACTGTGCTACACGACTTCGCTTCAAATTAGTAAACAAAGAAAAAG 3420
2007 - 0904 T GCGCTCAGTGGTTCACTGTGCTACACGACTTCGCTTCAAATTAGTAAACAAAGAAAAAG 3420

EGDe TGCGCTCAGTGGTTCACTGTGCTACACGACTTCGCTTCAAATTAGTAAACAAAGAAAAAG 3419
*kkkkhkkkhkkhkhkkhkhkhkhkhhkhkhhkhhkhkhhkhhkhhhhkhkhkhkkhhkkhhkkhhkhhkkhhhhhhhkhkhik
SNP13 (norsynory mo u s / A°
2007 - 454 TAGACAAAAAACAT CGAAAGCATATCGGGAGTTATTAGTGTTGTAGAAAATGCTGGAC 3480
2007 - 0904 TAGACAAAAAACAAATCGAAAGCATATCGGGAGTTATTAGTGTTGTAGAAAATGCTGGAC 3480

EGDe CAGACAAAAAACAAATCGAAAGCATATCGGGAGTTATTAGTGTTGTAGAAAATGCTGGAC 3479
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2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

AATTACAAGTAATCATTGGCAATACCGTTGGAGATGTATATAAAGCACTGGGTTCTTTTA 3540
AATTACAAGTAATCATTGGCAATACCGTTGGAGATGTATATAAAGCACTGGGTTCTTTTA 3540
AATTACAAGTAATCATTGGCAATACCGTTGGAGATGTAT ATAAAGCACTGGGTTCTTTTA 3539

CTAAACTAACAGATGATGGCGACTCGGAGATAGCAAAAGGGACAAAAGATTCAGATGGGA 3600
CTAAACTAACAGATGATGGCGACTCGGAGATAGCAAAAGGGACAAAAGATGRISGGA 3600
CTAAACTAACAGATGATGGCGACTCGGAGATAGCAAAAGGGACAAAAGATTCAGATGGGA3599

SNP14 (synonymous)
ACTTTTTGAGTAAGGCAATTGATGTTATTTCAGG CATATTCACACCTATTTTGGGAGCGC 3660
ACTTTTTGAGTAAGGCAATTGATGTTATTTCAGGCATATTCACACCTATTTTGGGAGCGC 3660
ACTTTTTGAGTAAGGCAATTGATGTTATTTCAGG TATATTCACACCTATTTTGGGAGCGC 3659

*kk

TTGCAGGTGGTGGTATGCTCAAAGGATTGCTGATGATTCTTACTACTTTTGGATGGTTGA 3720
TTGCAGGTGGTGGTATGCTCAAAGGATTGCTGATGATTCTTACTACTTTTGGATGGTTGA 3720
TTGCAGGTGGTGGTATGCTCAAAGGATTGCTGATGATTCTTACTACTTTTGGATGGTTGA 3719

CCGAATCAAGTGGTACGTATCAGATTTTATACGCGGCTGCTGATAGTGTGTTCTATTTCT 3780
CCGAATCAAGTGGTACGTATCAGATTTTATACGCGGCTGCTGATAGTGTGTTCTATTTCT 3780
CCGAATCAAGTGGTACGTATCA  GATTTTATACGCGGCTGCTGATAGTGTGTTCTATTTCT 3779

*kkk * * * *kkk

TACCGCTTATTCTTGCTTATACTGCTGCGAGAAAATTTGGTGCTAATCCTCCGGTCGCGA 3840
TACCGCTTATTCTTGCTTATACTGCTGCGAGAAAATTTGGTGCTAATCCTCCGGTCGCGA 3840
TACCGCTTATTCTTGCTTATACTGCTGCGAGAAAATTTGGTGCTAATCCTCCGGTCGCGA 3839

TTGCAGCAGCAGGTGCACTAGTATATCCTACAATGATTAATCTATTTASAGGGAGCTC 3900
TTGCAGCAGCAGGTGCACTAGTATATCCTACAATGATTAATCTATTTAATGAGGGAGCTC 3900
TTGCAGCAGCAGGTGCACTAGTATATCCTACAATGATTAATCTATTTAATGAGGGAGCTC 3899

*kkk * * * *kkk

ATATTACTTTCTTACAAATACCAGTCGTATTAATGAGTTATTCTTTCTCCGTTATTCCAA 3960
ATATTACTTTCTTACAAATACCAGTCGTATTAATGAGTTATTCTTTCTCCGTTATTCCAA 3960
ATATTACTTTCTTACAAATACCAGTCGTATTAATGAGTTATTCTTTCTCCGTTATTCCAA3959

TTATCTTGGCAGTTTGGTTTTTATCTATTTTAGAAAGATTTCTTAATAGTAAAATTCATG 4020
TTATCTTGGCAGTTTGGTTTTTATCTATTTTAGAAAGATTTCTTAATAGTAAAATTCATG 4020
TTATCT TGGCAGTTTGGIIIIIATCTAIIIIAGAAAGATTTCTTAATAGTAAAATTCATG4019

SNP15 (synonymous)

AGGCAGCGAAGACCTTTTTAACGCCGATGATTTGCCTGATGCTTATCGTACTTACAT 4080

AGGCAGCGAAGACCTTTTT AACGCCGATGATTTGCCTGATGCTTATCGABTIACAT 4080
AGGCAGCGAAGACCTTTTTAACGCCGATGATTTGCCTGATGCTTATCGTAGETTACAT 4079

SNP16 (synonymous)

TC CTAGCGTTTGGACCTCTGGGTACGTTASICAAGGTTTAGCTAGCGGGTATACAT 4140

TC  CTAGCGTTTGGACCTCTGGGTACGTTTATTAGTCAAGGTTTAGCTAGCGGGTATACAT 4140
TC TTAGCGTTTGGACCTCTGGGTACGTTTATTAGTCAAGGTTTAGCTAGCGGGTATACAT 4139

*% k% *kkkkkkkkkkkkkkkkkk
SNP17 (synonymous)

TTATTTATAACTTGAGCCCAATTGTAGCGGGTGCTTTTATGGGTGRH TCTGGCAAGTAT 4200

TTATTTATAACTTGAGCCCAATTGTAGCGGGTGCTTTTATGGGTBTTCTGGCAAGTAT 4200
TTATTTATAACTTGAGCCCAATTGTAGCGGGTGCTTTTATGGGTGAGTTCTGGCAGTAT 4199

kkkkkkkkkkkkkhkkkhkkkkkkkkkkkhkkkhkkkhkkkkhkkkhkhkk kkkkkkkkkkkkk

123



SNP18 (synonymous)
2007-454  TAGTTATTTTTGGGATTCATTGGGGCTTTGT ACCAATCATGATTAACAACTTATCACGCT 4260
2007-0904  TAGTTATTTTTGGGATTCATTGGGGCTTTGT ACCAATCATGATTAACAACTTATCACGCT 4260
EGDe TAGTTATTTTTGGGATTCATTGGGGCTTTGT GCCAATCATGATTAACAACTTATCACGCT 4259

2007 - 454 ATGGGCGTGACACCATGATTGCGATGGTTGGACCATCAAACTTTGCTCAAGCAGGTGCAT 4320
2007 - 0904 ATGGGCGTGACACCATGATTGCGATGGTTGGACCATCAAACTTTGCTCAAGCAGGTGCAT 4320
EGDe ATGGGCGTGACACCATGATTGCGATGGTTGGACCATCAAACTTTGCTCAAGCAGGTGCAT 4319

2007 - 454 CACTTGGAGTATT  TTTAAAAACAAAAAAACCGGAAGTCAAAGCTATTGCTGGTTCTGCCG 4380
2007 - 0904 CACTTGGAGTATTTTTAAAAACAAAAAAACCGGAAGTCAAAGCTATTGCTGGTTCTGCCG 4380
EGDe CACTTGGAGTATTTTTAAAAACAAAAAAACCGGAAGTCAAAGCTATTGCTGGTTCTGCCG 4379

2007 - 454 CACTTACAGGCTTTTTTGGAATTACAGAACCGTCTATTTACGGGGTTACTTTAAAATACA 4440
2007 - 0904 CACTTACAGGCTTTTTTGGAATTACAGAACCGTCTATTTACGGGGTTACTTTAAAATACA 4440
EGDe CACTTACAGG CTTTTTTGGAATTACAGAACCGTCTAT TTACG GGGTTACTTTAAAATACA 4439

2007 - 454 AAAAACCATTTGTTATCGCGAGTATCGCCGGTGCAATTGGTGGTGCGATAGTTGGTGCAG 4500
2007 - 0904 AAAAACCATTTGTTATCGCGAGTATCGCCGGTGCAATTGGTGGTGCGATRBSTGCAG 4500
EGDe AAAAACCATTTGTTATCGCGAGTATCGCCGGTGCAATTGGTGGTGCGATAGTTGGTGCAG 4499

*kkk * * * *kkk

2007 - 454 CTGGGTCTTCTGGTGCAGCGAACGCTATCCCGGGAATTTTAACATTACCAATTTTTATCG 4560
2007 - 0904 CTGGGTCTTCTGGTGCAGCGAACGCTATCCCGGGAATTTTAACATTACCAATTTTTATCG 4560

EGDe CTGGGTCTTCTG GTG CAG CGAACG CTATCCCG G GAATTTTAACATTAC CAATTTTTATCG 4559

2007 - 454 GAAAAGGATTTGTTGGCTTTATTCTCGGAATTGCTGTAGCCTATATTTTATCAGCAATCG 4620
2007 - 0904 GAAAAGGATTTGTTGGCTTTATTCTCGGAATTGCTGTAGCCTATATTTTATCAGCAATCG 4620
EGDe GAAAAGGATTTGTTG GCTTTATTCTCGGAATTGCTGTAG CCTATATTTTATCAG CAATCG 4619

*kkk *% *% * *kkkkkkkkkkkkk *% *

2007-454  GCACATACTTCTTCGGTTATAAAGACGAGATGGCAGACGGAATTGCTCCAACTACAAAAG 4680
2007-0904  GCACATACTTCTTCGGTTATAAAGACGAGATGGCAGACGGAATTGCTCCAACTACAAAAG 4680
EGDe GCACATACTTCTTCGGTTATA  AAGACGAGATGGCAGACGGAATTGCTCCAACTACAAAAG 4679
SNP19 (nons nony mdus
2007 - 454 AAGCGAAAGAAACTGGCGTCGAAGCAGAA(\TTATTGTAAGCCCTATTCGCGGCAATATTG 4740
2007-0904  AAGCGAAAGAAACTGGCGTCGAAGCAGAATTATTGTAAGCCCTATTCGCGGCAATATTG 4740
EGDe AAGCGAAAGAAACTGGCGTCGAAGCAGAA GTTATTGTAAGCCCTATTCGCGGCAATATTG 4739
SNP20(nors y nony mdu s
2007-454  TTCCGTTAA  GTGAGGTAAAAGATGAAGCTTTTTCAGCAGGGTGGAAAAGGTGTAG 4800
2007-0904 TTCCGTTAA  GTGAGGTAAAAGATGAAGCTTTTTCAGCAGGGTTACTTGGAAAAGGTGTAG 4800
EGDe TTCCGTTAA ATGAGGTAAAAGATGAAGCTTTTTCAGCAGGGTTACTTGGAAAAGGTGTAG 4799
*% *k%k *k%k *% * *kkk
SNP21 (synonymous)
2007-454  CAATCGTTCC  ACAAGAAGGTAAATTAATCTCACCAGTAAACGGCACTATCGAAACAGCTT 4860
2007-0904  CAATCGTTCC ACAAGAAGGTAAATTAATCTCACCAGTAAACGGCACTATCGAAACAGCTT 4860
EGDe CAATCGTTCC GCAAGAAGGTAAATTAATCTCACCAGTAAACGGCACTATCGAAACAGCTT 4859

*
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SNP22 (nors y nony mou
2007-454  TTCCAACAGGACATGCGATTGGAATTCGTTCTGATAAAGGGGTAGAAATTATGCACG 4920
2007-0904  TTCCAACAGGACATGCGATTGGAATTCGTTCTGATAAAGGGGTAGAAATTATIGCACG 4920
EGDe TTCCAACAGGACATGCGATTGGAATTCGTTCTGATAAAGGGGTAGABKITATG 4919

2007 - 454 TTGGCTTTGATACTGTTCAATTAAATGGGAAATATTTTAAATTACTTGTGGCTCAAGGTG 4980
2007 - 0904 TTGGCTTTGAT  ACTGTTCAATTAAATGGGAAATATTTTAAATTACTTGTGGCTCAAGGTG 4980
EGDe TTGGCTTTGATACTGTTCAATTAAATGGGAAATATTTTAAATTACTTGTGGCTCAAGGTG 4979

SNP23 (synonymous)
2007-454  ATAGAGTTTTGGTAGGGCAAGC GTTACTTGAATTTGACCTAGAAGCAATTAAGGCAGATG 5040
2007-0904  ATAGAGTTTTGGTAGGGCAAGC GTTACTTGAATTTGACCTAGAAGCAATTAAGGCAGATG 5040
EGDe ATAGAGTTTTGGTAGGGCAAGC ATTACTTGAATTTGACCTAGAAGCAATTAAGGCAGATG 5039

*

2007 - 454 GTTATGATATTACGACTCCGATAGTTGTAACTAATACGGATGCTTACTTAGATGTACTCA 5100
2007 - 0904 GTTATGATATTACGACTCCGATAGTTGTAACTAATACGGATGCTTACTTAGATGTACTCA 5100
EGDe GTTATGATATTACGACTCCGATAGTTGTAACTAATACGGATGCTTACTTAGATGTACTCA 5099

SNP24 (synonymous
2007-454  TCTCGGATCAAAAAACTGTTAATTATGAAGATACGCTATTAACACCAGTACTTRATATC 5160

2007 - 0904 TCTCGGATCAAAAAACTGTTAATTATGAAGATACGCRTTAACACCAGTACTTRATATC 5160
EGDe TCTCGGATCAAAAAACTGTTAATTATGAAGATACGCT TTTAACACCAGTACTTRATATC 5159

ImoQ739
2007-454  GAAGGAGGATAAAAA ATGITTAATTTGCAAAAAGGTTTTCCAGAAAATTTTAAATGGGGT 5220
2007-0904  GAAGGAGGATAAAAA ATGITTAATTTGCAAAAAGGTTTTCCAGAAAATTTTAAATGGGGT 5220
EGDe GAAGGAGGATAAAAA  ATGTTTAATTTGCAAAAAGGTTTTCCAGAAAATTTTAAATGGGGT 5219

* *kkk

2007 - 454 AGCTC CACTAATGCGCAACAATTTGAAGGTGGCTATAAAGAAGGTGGAAAAGGGCTTTCG 5280
2007 - 0904 AGCTCCACTAATGCGCAACAATTTGAAGGTGGCTATAAAGAAGGTGGAAAAGGGCTTTCG 5280
EGDe AGCTCCACTAATGCGCAACAATTTGAAGGTGGCTATAAAGAAGGTGGAAAAGGGCTTTCG 5279

2007 - 454 ATTGCGGATGTGAGGGTTATTCCAGATATGCCAGACGAATCTGATTTTGAATCGTTCAAA 5340
2007 - 0904 ATTGCGGATGTGAGGGTTATTCCAGATATGCCAGACGAATCTGATTTTGAATCGTTCAAA 5340
EGDe ATTGCGGATGTGAGGGTTATTCCAGATAT GCCAGACGAATCTGATTTTGAATCGTTCAAA 5339

2007 - 454 ACGGCTTCAGACCATTATCATCATTATAAAGAGGATATTGCTTATTACGGGGAAATGGGC 5400
2007 - 0904 ACGGCTTCAGACCATTATCATCATTATAAAGAGGATATTGCTATTACGGGGAAATGGGC 5400
EGDe ACGGCTTCAGACCATTATCATCATTATAAAGAGGATATTGCTTATTACGGGGAAATGGGC 5399

SNP25 (synonymas)
2007-454  TTCCAAATTTATCGTTTTACAATGGCTTGGTCGAGAATTTTCCCGAACGGACGAACA 5460
2007-0904  TTCCAAATTTATCGTTTTACAATGGCTTGGTCGAGAATTTTCCCGAACBGACGAAACA 5460
EGDe TTCCAAATTTATCGTTTTACAATGGCTTGGTCGAGAATTTTCCCGAACG@GACGAAACA 5459

2007 - 454 GAACCAAACGATGCTGGAGTTGAGTTTTATAGTAATATGTTGGCAGAGTTAGAAAAATAT 5520
2007 - 0904 GAACCAAACGATGCTGGAGTTGAGTTTTATAGTAATATGTTGGCAGAGTTAGAAAAATAT 5520
EGDe GAACCAAACGATGCTGGAGTTGAGTTTTATAGTAATATGTTGGCAGAGTTAGAAAAATAT 5519

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkk
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2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

2007 - 454
2007 - 0904
EGDe

SNP26 (nors y nony mous
AATATCGAACCAGTTGTTACTTTATATGCTTATGATATGCCGTTACAACTGCTBBAAA 5580
AATATCGAACCAGTTGTTACTTTATATGCTTATGATATGCCGTTACAACTGCTHGAAA 5580
AATATCG AACCAGTTGTTACTTTATATGCTTATGATATGCCGTTACAACTSENASS5579

*kkk

TATAATGGTTGGCTAGATAGAGCAATTATCAAAGATTACCTACATTATGTAGAAACGGTC 5640
TATAATGGTTGGCTAGATAGA GCAATTATCAAAGATTACCTACATTATGTAGAAACGGTC 5640
TATAATGGTTGGCTAGATAGAGCAATTATCAAAGATTACCTACATTATGTAGAAACGGTC 5639

GTGAAATTATTTAAAGGTCGAGTGAAATATTGGGTTCCTTTCAACGAGCAAAACTTTATT 5700
GTGAAATTATTTAAAGGTCGAGTGAAATATTGGGTTCCTTTCAACGAGCAAAACTTTATT 5700
GTGAAATTATTTAAAGGTCGAGTGAAATATTGGGTTCCTTTCAACGAGCAAAACTTTATT 5699

kkkkkkkkkkkkkk

TCGATTGATTCTGAATACATGAGTGGTTATCGTGCTAAAAATAAAGCAGAAGTTTTCCAA 5760
TCGATTGATTCTGAATACATGAGTGGTTATCGTGCTAAAAATAAAGCAGAAGTTTTCCAA 5760
TCGATTGATTCTGAATACATGAGTGGTTATCGTGCTAAAAATAAAGCAGAAGTTTTCCAAT59

*kkk

ATTCAACATCATTTTAATTTGTGTTATGCAGAAGCAACGAAGCTTGTACACCAAATTGAT 5820
ATTCAACATCATTTTAATTTGTGTTATGCAGAAGCAACGAAGCTTGTACACCAAATTGAT 5820
ATTCAACATCATTTTAATTTGTGTTATGCAGAAGCAACGAAGCTTGTACACCAAATTGAT 5819

CCAGATGCAAAAGTTGGTGGAAATATTGGTAACATTTGCCCTTACCCAATGACTTGCAAA 5880
CCAGAT GCAAAAGTTGGTGGAAATATTGGTAACATTTGCCCTTACCCAATGACTTGCAAA 5880
CCAGATGCAAAAGTTGGTGGAAATATTGGTAACATTTGCCCTTACCCAATGACTTGCAAA 5879

*kkk *kkk

CCCGAAGATGTCGAAGCAAG TGACAAAGTAGCGCAACAGTTAGGTTATGCTTATGGAGAT 5940
CCCGAAGATGTCGAAGCAAGTGACAAAGTAGCGCAACAGTTAGGTTATGCTTATGGAGAT 5940
CCCGAAGATGTCGAAGCAAGTGACAAAGTAGCGCAACAGTTAGGTTATGCTTATGGAGAT 5939

ATTTATTTCAGAGGATACTATCCAAAATACTTCCTTAAAGAATATGAAGGCGTAGATTTT 6000
ATTTATTTCAGAGGATACTATCCAAAATACTTCCTTAAAGAATATGAAGGCGTAGATTTT 6000
ATTTATTTCAGAGGATACTATCCAAAATACTTCCTTAAAGAATA TGAAGGCGTAGATTTT 5999

GAGCAAATCATTTTAGATGATGACTTAACTATTATCAAAAGTTCTGAGCCAGACTTCATG 6060
GAGCAAATCATTTTAGATGATGACTTAACTATTATCAAAAGTTCTGAGCCAGACTTGA060
GAGCAAATCATTTTAGATGATGACTTAACTATTATCAAAAGTTCTGAGCCAGACTTCATG 6059

*% *kkkkkkkhkkkkk *% *kkkkkkkk

TCGTTAACATACTATATGTCGAGTGCGATTGAAGCAAAAGGTGAAGAGGAAGTTGTGGTA 6120
TCGTTAACATACTATATGTCGAGTGCGATTGAAGCAAAAGGTGAAGAGGAAGTTGTGGTA 6120
TCGTTAACATACTATATGTCGAGTGCGATTGAAGCAAAAGGTGAAGAGGAAGTTGTGGTA 6119

ATGA ACGGGATCAAAGCGCCAAACCCATATTGTGAAACAACTGAATGGGGTTGGACAATT 6180
ATGAACGGGATCAAAGCGCCAAACCCATATTGTGAAACAACTGAATGGGGTTGGACAATT 6180
ATGAACGGGATCAAAGCGCCAAACCCATATTGTGAAACAACTGAATGGGGTTGGACAATT 6179

kkkkkkkkkkkkkk kkkkkkkkkkkkkkkkkhkkkkhkkkkkkkkkkhkkkkkkkkkkkkkk
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2007 - 454 GATCCATATGGTTTTAAACATTATTTGCAAGAGTTCTATCATCGCTATCAATTACCAATT 6240
2007 - 0904 GATCCATATGGTTTTAAACATTATTTGCAAGAGTTCTATCATCGCTATCAATTACCAATT 6240
EGDe GATCCATATGGTTTTAAACATTATT TGCAAGAGTTCTATCATCGCTATCAATTACCAATT 6239

2007 - 454 CTAATTCTGGAGAATGGGATGGGTGCACGCGACGAAAAAAATACCGATGATACAATTGAT 6300
2007 - 0904 CTAATTCTGGAGAATGGGATGGGTGCACGCGACGAAAMNTACCGATGATACAATTGAT 6300

EGDe CTAATTCTGGAGAATGGGATGGGTGCACGCGACGAAAAAAATACCGATGATACAATTGAT 6299
SNP27 (synonymous SNP28 (s nonymouso)
2007-454  GATACGTAC  AGAAT GATTA TTGGC TCACATATTGCGCGTATGCMX@NGAA 636

2007 - 0904 GATACGTAC  AGAATTGATTATTTGGCTTCACATATTGCGCGTATGCAABBABEAA 6360
EGDe GATACGTAC CGAATTGATTATTTGGCTTCACATATTGCGCGTATGCAABBABEAA 6359

2007 - 454 GAGGGGTGCGAAATTATTGGTTATCTTACATGGTCCGCAACAGATCTTTATTCAACGCGT 6420
2007 - 0904 GAGGGGTGCGAAATTATTGGTTATCTTACATGGTCCGCAACAGATCTTTATTCAACGCGT 6420
EGDe GAGGGGTGCGAAATTATTGGTTATCTTACATGGTCCGCAACAGATCTTTATTCAACGCGT 6419

SNP29 (synonymous)
2007-454  GAAGGTTTCGAGAAAAGATATGGCTTTGTTTATGTAGATAAAGATAATAGCTATAAACGT 6480
2007-0904  GAAGGTTTCGAGAAAAGATATGGCTTTGTTTATGRGATAAAGATAATAGCTATAAACGT 6480
EGDe GAAGGT TTCGAGAAAAGATATGGCTTTGTTTATGATAAAGATAATAGCTATAAACGT 6479

*kkk

2007 - 454 TTGAAGAAGAAAAGTTTCTATTGGTATAAAAAAGTAATTGAAACTAATGGAAATGATTTA 6540
2007 - 0904 TTGAAGAAGAAAAGTTTCTA TTGGTATAAAAAAGTAATTGAAACTAATGGAAATGATTTA 6540

EGDe TTGAAGAAGAAAAGTTTCTATTGGTATAAAAAAGTAATTGAAACTAATGGAAATGATTTA 6539
SNP30(nors y nony mous
2007-454 A GITA 6549
2007-0904 A GTTATTAA 6549
EGDe A ATTATTAA 6548
* kkkkkk
C.
10M127
10M198
10M130 -
10M138A
2007 - 454 ATGGAGCAAGAAGTAACACGACTAATTAGTGCTTCTAAACAAGATTTTGAAAAGATGAAC 60
2007 - 0904 ATGGAGCAAGAAGTAACACGACTAATTAGTGTAAACAAGATTTTGAAAAGATGAAC 60

10M131 (1/2a)
09M3788 (1/2c)
EGDe (1/2a) ATGGAGCAAGAAGTAACACGACTAATTAGTGCTTCTAAACAAGATTTTGABAAG AT

10M127
10M198
10M130
10M138A
2007-454  GGCAGAGACTTAAAACGCTCCATTTTTCAATCAGAAGGTAGAGTAATTATGGCGCAACAT 120
2007-0904 GGCAGAGACTTAAAACGCTCC ATTTTTCAATCAGAAGGTAGAGTAATTATGGCGCAACAT 120
10M131 (1/2a)
09M3788 (1/2c)
EGDe (1/2a) GGCAGAGACTTAAAACGCTCCATTTTTCAATCAGAAGGTASIT ATGGCGCAACAT 120
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10M127
10M198
10M130
10M138A
2007-454  CTTTTATTTGCAAGTCAGGGTCTTGTCCGAGGGGTTACGAATACGGAATTATTAGCAGCA 180
2007-0904 CTTTTA  TTTGCAAGTCAGGGTCTTGTCCGAGGGGTTACGAATACGGAATTATTAGCAGCA 180
10M131 (1/2a)
09M3788 (1/2c)

EGDe (1/2a) CTTTTATTTGCAAGTCAGGGTCTTGBBGGGGTTACGAATACGGAATTATTAGCAGCA 180
10M127 Al
10M198  eeeeeeeeeeeeeeeeeeeeeeee e A1l
10M130 Al
10M138A Al

2007 - 454 TTCGGATCGGATATGATTATGCTCAATACATTTAACCTAGAAGATGAAAAAAGTAATTTAR4A
2007 - 0904 TTCGGATCGGATATGATTATGCTCAATACATTTAACCTAGAAGATGAAAAAAGTAATTTA 240

10M131 (1/2a) Al

09M3788 (1/2c) Al

EGDe (1/2a) TTCGGATCGGATATGATTATGCTCAATACATTTAACCTAGAAGATGAAAAAAGTAATTTA 240
*

SNP 1 (synonymous)

10M127 GG GCTTCAAGGACTTACCCTCGAAGATTTGAAAAAACGCGTGAACATCCCTTTAGGAATT 61
10M198 GG GCTTCAAGGAORCCCTCGAAGATTTGAAAAAACGCGTGAACATCCCTTTAGGAATT 61
10M130 GG GCTTCAAGGACTTACCCTCGAAGATTTGAAAAAACGCGTGAACATCCCTTTAGGAATT 61

10M138A GG GCTTCAAGGACTTACCCTCGAAGATTTGAAAAAACGCGTGAACATCCCTTTAGGAATT 61
2007 - 454 GG ACTTCAAGGACTTACCCTCGAAGATRARAAACGCGTGAACATCCCTTTAGGAATT 300
2007 - 0904 GG ACTTCAAGGACTTACCCTCGAAGATTTGAAAAAACGCGTGAACATCCCTTTAGGAATT 300

10M131 (1/2a) GGCTTCAAGGACTTACCCTCGAAGATTTGAAAAAACGCGTGAACATCCCTTTAGGAATT 61

09M3788 (1/2c) GGCTTCAAGGACTTACCCTCGAAGATTTGAAAAAACGCGATBRZACTTTAGGAATT 61

EGDe (1/2a) GGCTTCAAGGACTTACCCTCGAAGATTTGAAAAAACGCGTGAACATCCCTTTAGGAATT 300
*% * *% * * * *% *

SNP 2 (synonymous)
10M127 TATCTTGGTTGTCCAGGTGAAAATAAGACTTCAGAAAACATTATTTATGATGGGCAGS 121
10M198 TATCTTGGTTGTCCAGGTGAAAATAAGACTTCAGAAAACATTATTTATGATGEBGCAGGA 121
10M130 TATCTTGGTTGTCCAGGTGAAAATAAGACTTCAGAAAACATTATTTATGATGEBGCAGGA 121
10M138A  TATCTTGGTTGTCCAGGTGAAAATAAGACTTCAGAAAACATTATTTATGAT@GCAGGA 121
2007-454  TATCTTGGTTGTCCAGGTGAAAATAAGACTTCAGAAAACATTATTTATGATGGCAGGA 360
2007-0904  TATCTTGGTTGTCCAGGTGAAAATAAGACTTCAGAAAACATTATTTATGATGECAGGA 360

10M131 (1/2a) TATCTTGGTTGTCCAGGTGAAAATAAGACTTCAGAAAACATTATTTARGRRGEGA 121
09M3788 (1/2c) TATCTTGGTTGTCCAGGTGAAAATAAGACTTCAGAAAACATTATTTATARROMEGA 121
EGDe (1/2a) TATCTTGGTTGTCCAGGTGAAAATAAGACTTCAGAAAACATTATTTARGRRGGA 360

* * *kkkhkkkhkkkkk *% *kk

SNP3(hossynonymous/
10M127 ATGTTAGCT ACCGATGABATTTATTAAGAGCAAAAGAAATTGGCGCAGATTTTATTGTT 181
10M198 ATGTTAGCT ACCGATGAACATTTATTAAGAGCAAAAGAAATTGGCGCAGATTTTATTGTT 181
10M130 ATGTTAGCT ACCGATGAACATTTATTAAGAGCAAAAGAAATTGGCGCAGATTTTATTGTT 181
10M138A ATGTTAGCT  ACCGATGAACATTTATTAAGBSAAAGAAATTGGCGCAGATTTTATTGTT 181
2007 - 454 ATGTTAGCT ACCGATGAACATTTATTAAGAGCAAAAGAAATTGGCGCAGATTTTATTGTT 420
2007-0904 ATGTTAGCT ACCGATGAACATTTATTAAGAGCAAAAGAAATTGGCGCAGATTTTATTGTT 420

10M131 (1/2a) ATGTTAGCEBCCGATGAACATTTATTAAGAGCAAAAGAAATBEBGATTTTATTGTT 181
09M3788 (1/2c) ATGTTAGCACCGATGAACATTTATTAAGAGCAAAAGAAATTGGCGCAGATTTTATTGTT 181
EGDe (1/2a) ATGTTAGCACCGATGAACATTTATTAAGAGCAAAAGAAATTGGCGCAGATTTTATTGTT 420

kkkkkkkkk kkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkk *k%k
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SNP 4 (non SNP5

Synonymou  (synonymous)
10M127 TTAGGTGGAAATCCTGGTTCAGGAACTTCTATTCAAGATATCATTGAAACABAAAMGA 241
10M198 TTAGGTGGAAATCCTGGTTCAGGAACTTCTATTCAAGATATCATTGAAACABAAAMGA 241
10M130 TTAGGTGGAAATCCTGGTTCAGGAACTTCTATTCAAGATATCATTGAAACABAAAMGA 241
10M138A  TTAGGTGGAAATCCTGGTTCAGGAACTTCTATTCAAGATATCATTGAAACRAAAMGA 241
2007-454  TTAGGTGGAAATCCTGGTTCAGGAACTTCTATTCAAGATATCATTGAAACBAAAACGA 480
2007-0904  TTAGGTGGAAATCCTGGTTCAGGAACTTCTATTCAAGATATCATTGAAAGIMAAACGA 480

10M131 (1/2a) TTAGGTGGAAATCCTGGTTCAGGAACTTCTATTCAAGATATCATTGRAAASAUSA 241
09M3788 (1/2c) TTAGGTGGAAATCCTGGTTCAGGAACTTCTATTCAAGATATCATTGBAARAUSA 241
EGDe (1/2a) TTAGGTGGAAATCCTGGTTCAGGAACTTCTATTCAAGATATCATTGEAARATSA 480

K*kkk Kk

SNP 6 (synonymous)
10M127 GCACGGAAGTTGCTAGGTAACGATGTCTTAATTTTCGCTGGAAATGGGAAGATGGTATT 301
10M198 GCACGGAAGTTGCTAGGTAACGATGTCTTAATTTTCGCTGGAAATGGGAAGATGGTATT 301
10M130 GCACGGAAGTTGCTAGGTAACGATGTCT TAATTTTCGCTGRRAATGGGAAGATGGTATT 301
10M138A  GCACGGAAGTTGCTAGGTAACGATGTCTTAATTTTCGCTGBAAATGGGAAGATGGTATT 301
2007-454  GCACGGAAGTTGCTAGGTAACGATGTCTTAATTTTCGCTGRAAATGGGAAGATGGTATT 540
2007-0904 GCACGGAAGTTGCTAGGTAACGATGTCTTAATTTTCGCTGBAATGGGAAGATGGTATT 540

10M131 (1/2a) GCACGGAAGTTGCTAGGTAACGATGTCTTAATTTTCAAAAGGGAAGATGGTATT 301
09M3788 (1/2c) GCACGGAAGTTGCTAGGTAACGATGTCTTAATTTTCAANAGGGAAGATGGTATT 301

EGDe (1/2a) GCACGGAAGTTGCTAGGTAACGATGTCTTAATTTTCAANA&GGAAGKEIGTATT 540

10M127 GATGAGAAAGTGTTGGGCGATCCACTTGCTAAACAAGATGCAAAAGAAGTGATTAAGCAA 361
10M198 GATGAGAAAGTGTTGGGCGATCCACTTGCTAAACAAGATGCAAAAGAAGTGATTAAGCAA 361
10M130 GATGAGAAAGTGTTGGGCGATCCACTTGCTAAACAAGATGCAAAAGAAGTGATTAAGCAA 361
10M138A GATGAGAAAGTGTTGGGCGATCCACTTGCTAAACAAGATGCAAAAGAAGTGATTAAGCAA 361

2007 - 454 GATGAGAAAGTGTTGGGCGATCCACTTGCTAAACAAGATGCAAAAGAAGTGATTAAGCAA 600
2007 - 0904 GA TGAGAAAGTGTTGGGCGATCCACTTGCTAAACAAGATGCAAAAGAAGTGATTAAGCAA 600

10M131 (1/2a) GATGAGAAAGTGTTGGGCGATCCACTTGCTAAACAAGATGCAAAAGAAGTGATTAAGCAA 361
09M3788 (1/2c) GATGAGAAAGTGTTGGGCGATCCACTTGCTAAACAAGATGCAAAAGAAGTGATTAAGCAA 361
EGDe (1/2a) GATGAGAAAGTGTEGCGATCCACTTGCTAAACAAGATGCAAAAGAAGTGATTAAGCAA 600

* * *kkkkkkkhkkkkk *% * *kkkkkkkk

10mM127 TTGATTGATGCAGGCGCGGATGTGATTGATTTACCTGCTCCAGGATCAAGACACGGTATA 421
10M198 TTGATTGATGCAGGCGCGGATGTGATTGATT TACCTGCTCCAGGATCAAGACACGGTATA 421
10M130 TTGATTGATGCAGGCGCGGATGTGATTGATTTACCTGCTCCAGGATCAAGACACGGTATA 421
10M138A TTGATTGATGCAGGCGCGGATGTGATTGATTTACCTGCTCCAGGATCAAGACACGGTATA 421
2007 - 454 TTGATTGATGCAGGCGCGGATGTGATTGATTTACCTGCTCCABBCAAGACACGGTATA 660
2007 - 0904 TTGATTGATGCAGGCGCGGATGTGATTGATTTACCTGCTCCAGGATCAAGACACGGTATA 660

10M131 (1/2a) TTGATTGATGCAGGCGCGGATGTGATTGATTTACCTGCTCCAGGATCAAGACACGGTATA 421
09M3788 (1/2c) TTGATTGATGCAGGCGCGGATGTGATTGATTTACCTGCTCCAGGATCAAGABA2GGT
EGDe (1/2a) TTGATTGATGCAGGCGCGGATGTGATTGATTTACCTGCTCCAGGATCAAGACACGGTATA 660

* * *kkkhkkkhkkkkk *% * *kkkkkkkk

SNP7(nhoms ynonymous

10M127 AGTGTGCGTATGATTCAAGAGTTAGTGCAGTTTATTCATTTATACAAA CAGGTACACTC 481
10M198 AGTGTGCGTATGATTCAAGAGTTAGTGCAGTTTATTCATTTATRCXABTACACTC 481
10M130 AGTGTGCGTATGATTCAAGAGTTAGTGCAGTTTATTCATTTATACAAA CAGGTACACTC 481
10M138A AGTGTGCGTATGATTCAAGAGTTAGTGCAGTTTATTCATTTATACAARCAGGTACACTC 481
2007 - 454 AGT GTGCGTATGATTCAAGAGTTAGTGCAGTTTATTCATTTATACAGSTACACTC 720
2007 - 0904 AGTGTGCGTATGATTCAAGAGTTAGTGCAGTTTATTCATTTATACAARAGGTACACTC 720

10M131 (1/2a) AGTGTGCGTATGATTCAAGAGTTAGTGCAGTTTATTCATTTATGCABBTACACTC 481
09M3788 (1/2c) AGTGTGCGTATGATABGAGTTAGTGCAGTTTATTCATTTATACZAAGGTACACTC 481
EGDe (1/2a) AGTGTGCGTATGATTCAAGAGTTAGTGCAGTTTATTCATTTATGCXBBTACACTC 720

kkkkkkkkkkkkkhkkkhkkkkkkkkkkkhkkkhkkkhkkkkhkkkkhkkkk kkhkkkkkkkkk
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10mM127 GCAATGACATTCTTAAATAGTTCAGTTGAAGG GGCGGATCAAGATACAATTCGTTTGATT 541
10M198 GCAATGACATTCTTAAATAGTTCAGTTGAAGGGGCGGATCAAGATACAATTCGTTTGATT 541
10M130 GCAATGACATTCTTAAATAGTTCAGTTGAAGGGGCGGATCAAGATACAATTCGTTTGATT 541
10M138A GCAATGACATTCTTAAATAGTTCAGTTGAAGGGGCGGATCAAGATAATTCGTTTGATT 541
2007 - 454 GCAATGACATTCTTAAATAGTTCAGTTGAAGGGGCGGATCAAGATACAATTCGTTTGATT 780
2007 - 0904 GCAATGACATTCTTAAATAGTTCAGTTGAAGGGGCGGATCAAGATACAATTCGTTTGATT 780

10M131 (1/2a) GCAATGACATTCTTAAATAGTTCAGTTGAAGGGGCGGATCAAGATACAATTCGHAT GA
09M3788 (1/2c) GCAATGACATTCTTAAATAGTTCAGTTGAAGGGGCGGATCAAGATACAATTCGTTTGATT 541
EGDe (1/2a) GCAATGACATTCTTAAATAGTTCAGTTGAAGGGGCGGATCAAGATACAATTCGTTTGATT 780
10M127 GCATTGATGATGAAAGAAACCGGTGCCGATATTCACGCGATTGGTGATGGTGGTTTTTCT 601

10M198 GCATTGATGATGAAAGAAACCGGTGCCGATATTCACGCGATTGGTGATGGTGGTTTTTCT 601
10M130 GCATTGATGATGAAAGAAACCGGTGCCGATATTCACGCGATTGGTGATGGTGGTTTTTCT 601
10M138A GCATT GATGATGAAAGAAACCGGTGCCGATATTCACGCGATTGGTGATGGTGGTTTTTCT 601
2007 - 454 GCATTGATGATGAAAGAAACCGGTGCCGATATTCACGCGATTGGTGATGGTGGTTTTTCT 840
2007 - 0904 GCATTGATGATGAAAGAAACCGGTGCCGATATTCACGCGATTGGTGATGGTGGTTTTTCT 840

10M131 (1/2a) GCATTGATGATGAAAGRECGGTGCCGATATTCACGCGATTGGTGATGGTGGTTTTTCT 601
09M3788 (1/2c) GCATTGATGATGAAAGAAACCGGTGCCGATATTCACGCGATTGGTGATGGTGGTTTTTCT 601

EGDe (1/2a) GCATTGATGATGAAAGAAACCGGTGCCGATATTCACGCGATTGGTGATGGTGGTTTTTCT 840

10M127 GGCTGTACGACACCGGAAAATGTTATGCAATTATCTATTTCACTTAAAGGAAAACCTTAT 661
10M198 GGCTGTACGACACCGGAAAATGTTATGCAATTATCTATTTCACTTAAAGGAAAACCTTAT 661
10M130 GGCTGTACGACACCGGAAAATGTTATGCAATTATCTATTTCACTTAAGGAAAACCTTAT 661
10M138A GGCTGTACGACACCGGAAAATGTTATGCAATTATCTATTTCACTTAAAGGAAAACCTTAT 661

2007 - 454 GGCTGTACGACACCGGAAAATGTTATGCAATTATCTATTTCACTTAAAGGAAAACCTTAT 900

2007 - 0904 GGCTGTACGACACCGGAAAATGTTATGCAATTATCTATTTCACTTAAAGGAAAACCT BATD

10M131 (1/2a) GGCTGTACGACACCGGAAAATGTTATGCAATTATCTATTTCACTTAAAGGAAAACCTTAT 661
09M3788 (1/2c) GGCTGTACGACACCGGAAAATGTTATGCAATTATCTATTTCACTTAAAGGAAAACCTTAT 661
EGDe (1/2a) GGCTGTACGACACCGGAAAATGTTATGCAATTATCTATTTCACTTAAAGGAAAACCTTAT 900

* *kkk

10M127 ACGTACTTTAGAATGGCAAGCAGAAATCGT --- 691
10M198 ACGTACTTTAGAATGGCAAGCAGAAATCGT --- 691
10M130 ACGTACTTTAGAATGGCAAGCAGAAATCGT --- 691
10M138A ACGTACT TTAGAATGGCAAGCAGAAATEGT 691
2007 - 454 ACGTACTTTAGAATGGCAAGCAGAAATCGT[TAA 933
2007 - 0904 ACGTACTTTAGAATGGCAAGCAGAAATCGTTAA 933

10M131 (1/2a) ACGTACTTTAGAATGGCAAGCAGAAATECGTE91
09M3788 (1/2c) ACGTACTTTAGAATGGCAAGCAGAAATEGTE91
EGDe (1/2 a) ACGTACTTTAGAATGGCAAGCAGAAATBETI33

*% *kkkkkkkkkk
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Figure 2.5 PCR amplicons from primers annealing flanking genes antino0737 (A)

PCR products from primers Imo03B and Imo0737R. Lane 1, 20618; lane 2, J3026;

lanes 3, J3053; lanes 4, J3195; lane 5, J4458; lane 6, J4490; lane 7, J4953; I BnE8
9, 128h1; lane 10, 200¥5R; lane 11, 2008R; lane 12, 200296; lane 13, 200454; lane
14, 2008894; lanel5, 363b1; lane 16, 491&; lane 17, EGDe (positive control); and lane
18, F2365 (negative control). (B) PCR products using primers Imo0737F and Imo0740R.
Lane 1, J3026; lanes 2, J3053; lanes 3, J3195; lane 4, J4458; lane 5, J4490; lane 6, J4953;
lane 7,18-2a; lane 8, 12811; lane 9, 2004/5R; lane 10, 2008R; lane 11, 200296; lane

12, 2007454; lane 13, 200894; lane 14, 363k, lane 15, 491&; lane 16, J5031; lane 17,
EGDe (positive control); and lane 18, F2365 (negative control). M1, DNA Moledigeght
Marker Il (Roche). M2, exACTCGene cloning DNA ladder (Fisher Scientific). Similar

results were observed from other atypical serotype 4b isolates.
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4361 bp
2686 bp
2322 bp
2027 bp

MiIM21 2 3 45 6 7 8 9 10 11 1213 14 15 16 17 18

MiM21 2 3 45 6 7 8 9 10 11 1213 14 15 16 17 18
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Chapter 3 Genetic Diversity of the Immigration Control Region ofListeria

monocytogenes

ABSTRACT

Listeria monocytogenas the etiological agent of a severe foodborne disease
(listeriosis) for humans and anirsalAn epidemic clonal group of serotypeldb
monocytogene@pidemic clone | [ECI]) possesses genomic DNA resistant to Sau3Al due to
a Sau3Allike restrictionrmodification (RM) system. This RM system was also identified in
the genomically equivalent locan (Region 85) ircertainserotype 1/2a and 4a strains. In
this study, we showed throughsilico analysis and sequencing of Region 85 in setect
strains that this region harbored multiple RM systems and a group of related lipoprotein
genes. DNA probewere designed based on these genes and hybridized.with
monocytogenestrains of various serotypes and sources. Our findings suggest that a family of
Type | RM systems with various specificities reside in Region 85, predominantly among
serotype 4b isolas. Most of the isolates with Type | RM systems harbored the Type IV RM
systemancrBandmrr; however, the epidenmiassociated clonal group ECla was
characteristically missingicrBamong serotype 4b, suggesting that this feature might be
utilized as a geriee marker for this clonal group. Many serotype 1/2a, 1/2b and 1/2c isolates
harboredncrBand/ormrr in Region 85, but Type | RM systems were rarely found among
isolates of these serotypes. The putative lipoprotein gene in this rep@fZ365 0329
wasfound to be prevalent amomhg monocytogenesolates but was undeepresented

among animal isolates and lineage Il and IV isolates. Low GC contents and the analysis of
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the flanking regions indicate that the Type | and IV RM systems as well as the Sike3Al

RM system might have been acquired as one fragment by an ancestral strain through
horizontal gene transfer meditated by -sipecific recombination. Diversity in Region 85
seems to result primarily froadditions anderial deletions of the RM systenand deletion

or diversification of lipoprotein genes. The pronounced genetic diversity and abundance of
RM systems suggest that Region 85 might be an Immigration Control Redion of
monocytogenewith potentially important roles in phage resistance]uion and stress

responsgof this pathogen.
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INTRODUCTION

Listeria monocytogenas a Grampositive foodborne pathogen that is responsible for
a potentially fatal diseagésteriosis)in humans and anima{44, 48).Human listeriosis
occursprimarily among infants, the elderly, pregnant women and immunocompromised
individuals, resulting in septicemia, meningitis, stillbirths and abor{i#ds44, 48). In the
United States, listeriosis is estimated to cause ca. 1600 cases and 250 deaths in a year,
exhibiting a mortality rateof approximately 16%36). Since.. monocytogenes
ubiquitously present in the environment including food processing facilities, the elimination
of this bacterium has been a considerable challenge for food manufacturers asafdéopd
regulatorq20, 44, 48). To facilitate the control bf monocytogenes mixture of
bacteriophages was approved in 2006 for use in foods as a biocontrol agent.against
monocytogenegl3).

The population of.. monocytogenesonsists of three majdineages (lineages |, 1,
[1) that include different serotypdSs, 20). Lineage | (serotypes 4b, 1/2b and 3b) exhibits
pronounced clonality and a small number of serotype 4b clonal groups have often been
associated with listeriosis outbregk3. On theother hand, lineage Il (serotypes 1/2a, 3a,
1/2c and 3c) and lineage 1l (serotypes 4a, 4c and certain isolates of serotype 4b) are
genetically heterogeneous and overrepresented among environmental and animal isolates,
respectively(9, 31, 35). A subsetfdineage Il strains has been assigned into a separate
lineage (lineage IV§45).

Restrictionmodification (RM) systemgypically cleave DNA sequences lacking

proper methylation while methylating the genomic DNA for protectigainstrestriction
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(42). These systems have been divided into four types (Types | to IV) that differ in their
components, substrates and the relationship between recognition sites and cleav@$e sites
42). Type | RM systems are composed of HsdM-@dénosine methylation), HsdS
(specificity) and HsdR (restriction) subunits, and these proteins act as-begenmers(29,
42). These RM systems are further divided into families that possess similar HsdM and HsdR
but distinct Hsd$%29). The cleavage sites of the Type | RM systemsoasged at some
distance from the recognition sitg9, 42). Type Il RM systems include a methyltransferase
and a restriction endonuclease that function independently and typically at the sg@% site
42). Type Il RM systems are composed of Mod and$Résinits(29, 39, 42). Similar to
Type | RM systems, these subunits form oligomers and the DNA is cut at a site distant from
the recognition sit€29, 39, 42). Lastly, Type IV RM systems consist of restriction
endonucleases that cleave only methylated N4 are not accompanied by a cognate
methyltransferas@?2).

RM systems confer to bacterial cells protection against bacteriopfi&)ekence,
the RM systems ih. monocytogeneare expected to negatively influence the effectiveness
of bacteriophagessaa control measure. Also, RM systems function as a barrier against
introduction of foreign DNA41). This feature of RM systems may contribute to the
clonality of lineage | of.. monocytogenealthough the genetic homogeneity of lineage | may
also resulfrom a bottleneck that this lineage may have experieimcesl history(9, 26, 46).
Recentlythe Type IV RM system Mrof Escherichia colwas reported to triggehe SOS
response after exposure to high pressure, suggesting that RM systems mightlie lin&e

bacterial stress respondg.
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One of the most extensively studiedmonocytogend®M systems is the Sau3Al
like RM system in epidemic clone | (ECI), one of the four clonal groups (ECI, Ia, I, and V)
of serotype 4lh.. monocytogenesssociated wih multiple listeriosis outbreakg49). This RM
system renders the genomic DNA of the ECI strains resistant to Sau3Al digestion, and
among serotype 4b strains it was harbored only by ECI. Thus, the SEBkSRM system
has been exploited as a genetic reaspecific for ECI against serotype 4b strg§1s50). A
highly homologous RM system was also identified at the genomically equivalent location in
some strains of serotypes 1/2a and48y. However, only limited information is available
regarding geneticontenof otherL. monocytogenestrains in the region in which ECI
carries this RM system. Thus, this study was conducted to identify novel genes and examine

genetic diversity in thigenomicregion.

MATERIALS AND METHODS

Bacterial strainsand growth conditions. A total of 465 isolates were examined in
this study a majority of whictvere provided by the Centers for Disease Control and
Prevention (CDC), U.S. Food and Drug Administration (FDA), U.S. Department of
Agriculture (USDA) and North Carolina Dagment of Health and Human Services
(NCDHHS) (Table 1)rhe bacterial cells were routinely growwxernight orBrain Heart
Infusion(BHI; Becton, Dickinson and Company, Sparks, MD) with 1&§ar Becton,
Dickinson and Companyr in BHI brothat 37°C Whenindicated, ells were also incubated

overnight at 25 and 42°C, for one week at 8°C, and for approximately 27 days at 4°C.
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Genomic DNA extraction, restriction digestion andPolymerase Chain Reaction
(PCR). Genomic DNA wassolatedfrom overnight culturegrown at 37C with the DNeasy
Blood and Tissue Kit (QIAGEN, Valencia, CA}¥ described by the manufactu@enomic
DNA was digested witlbsau3Al and Mbol (New England Biolabs, Ipswich, M#)d loaded
onTris/Borate/EDTA (TBE) gels containing 0.8% agarosp&R BioResearch Products,
Research Triangle Park, NC) in parallel with undigested genomic DNA.

PCR was conducted in a thermocygBiometra, Goettingen, Germany) under the
conditions specified in Chapter 4. DNA polymerase exTaq (Takara, Otsu, Shigsg, Wapa
employed in the PCR and all the primers used in this study (Table 4) were synthesized by
Eurofins MWG Operon (Huntsville, ALMultiplex PCR to designate serotypsas
performed as described by Doumith et(all). After PCR, the amplicons were \aédizedon
TBE gels and amplicon size was determined with visual comparison with molecular markers,
usingmanual calculatiosior with the Kodak 1D image analysis program (EDAS290;
Eastman Kodak, New Haven, CT).

Sequencing, annotation andNA analysis Temgdate DNA for sequencing was
prepared bexcising the PCR amplicon from the gel and purifying it with@h&quick gel
extraction kit (QIAGEN) Sequencing was conducted by GENEWIZ (South Plainfield, NJ).
The sequereswereannotated witlopen reading fram@RF) finder

(www.ncbi.nlm.nih.gov/projects/godf/BLASTp (2) and conserved domain searc{#s) in

the National Center for Biotechnology Information (NCBI) homepage

(http://www.ncbi.nlm.nih.goVy/ In addition to the sequencing results, DNA sequences and

protein sequences were retrieved from the NCBI database and included in the sequence
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analysis. DNA and protein sequences were subjected to BLASTn and BlLASppctively

(2), and aligned witiClustalW fttp://www.ebi.ac.uk/Tools/msa/clustalyZ7) or EMBOSS

Align (http://www.eb.ac.uk/Tools/psa/emboss_needle/nucleotide hi@onserved

sequences were visualized with WebLogtg://weblogo.threeplusone.com/create).¢8).

DNA sequences were also compared with the ofimemis Comparison Tool (WebACT,

http://www.webact.org/WebACT/homé4) and the GC contents were calculated with

Oligonucleotide Properties Calculator

(http://www.basic.northwestern.edu/biotools/oligocalc.hifpR). The protein sequence

translated from the DNA sequence was obtained with EMBOSS Transeq

(http://www.ebi.ac.uk/Tools/emigs/transeq/(34).

DNA-DNA dot blots. All the DNA probes are listed in Tabfe The genomic DNA
was spotted on the nylonembrane (GE Water &Process Technologies, Trevose, PA) and
bound to the DNA probes labeled with the sradioactive digioxigenin (DIgsystem
(Roche Florence, STas described in ChapteiTée hybridization and stringency washes
were routinely performed at 242; however, in some hybridizations with probe 26d0DLP,
the temperature was elevated to 47°C for greater stringency.

Phage inkction assayBroad host rangkisteriaphage204221 (23) was amplified
in the reference strain DEB62 and the LmoJ3 strain J3115 as described in Chapter 4. The
204221 derivative propagated in J3115 was termed 2a4223. Both 20422 and 20422
1MJ3 infected the reference strain fB62 and the strain J3976 grown in 4, 8, 25, 37 and
42°C according the procedures shown in Chapter 4Efffaency of Plaquing EOP) was

defined as the ratio of pfu/ml of J3976 to pfu/ml of the reference straih,8B6P. The
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experiments were conducted at least three times and the results were analyzed by means of
the mixed model of ANOVA with SAS (SAS Institute Inc., Cary, NC).

Pulsad-Field Gel Electrophoresis (PFGE) multilocus genotyping (MLGT) and
targeted MLGT (TMLGT) . PFGEwith Ascl (New England Biolabs) and Apal (Roche)
was conducted as described®saves et al(16) and analyzed with BioNumerics (Applied
Maths, Austin, TX) with the optimization level and position tolerance at 1.5%. However,
these settings were modifievhen necessarILGT and TMLGT were conducted as
described12, 45, 47)

Nucleotide sequences accession numbeNA sequences determined in this study

have been deposited to G@amk under accession numbai$235991 to JN236005

RESULTS

The genomic regon harboring the ECI-specific Sau3Atike RM system exhibits
diversity in RM systems and in a putative lipoprotein geneAnalysis of the locus
genomically equivalent to that harboritige Sau3Atike RM systenin the ECI strain F2365
revealed that in theeguenced genomes lof monocytogenesndListeria spp.this region
was flanked by the conserved PTS IIA and threonine aldolase genes upstream and
downstream, respectively, althoughseeligeriSLCC3954 lacked the PTS IlA gene (Fig. 1).
In this study, th&®NA sequence between these two conserved genes will be termed Region
85 after the designation of the DNA fragment that first revealed the Sdik8/RM system

(18).
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In addition tothe Sau3Adlike RM systemthein silico analysis revealed that Region
85 harboredl'ype | RM systemge.g.L. monocytogenddPB2262 and.. seeligeri
SLCC3954)and two Type IV RM system genes each putatively encoding Mrr and McrB
(e.g.L. monocytogendsSL J2003 and H7858)suggesting that this locus might be
particularly rich n RM systems irListeria spp.(Fig. 1). Bioinformatics analysis also
revealed that the lipoprotein geneRegion 8%f F2365(LMOf2365_0329was generally
conserved amonlg. monocytogenegenomes; however, this gene was missing or diversified
in certain ineage llIL. monocytogenestrains ofin nonpathogenid.isteriaspp.such ag..
innocuaCLIP11262 and.. welshimeriSLCC5334 (Fig. 1). Thus, we hybridized the genomic
DNA from a panel of isolates (n=114) with the DNA probe derived from this lipoprotein
gene (LP) in an attempt to identify additional diversityhiagenetic content in this region.
Of the25 LP negative isolatdbat were identified22 were chosen for further
characterization of alternative sequences that may be present in the regier3{TBINA
from these isolates was used as template in PCR with primers annealing to the PTS IIA and
threonine aldolase genes. Eleven PCR amplicons of different sizes (Table 3) were sequenced
partially or in their entirety. Sequence analysis revealed rs@¢glence content in several
strains in this region, including a novedSgene, two novel Type Il RM systems (LmoJ2
and LmoJ3) and new combinations of previously identified Region 85 genes (Fig. 1A and B).
The combined results from the analysis of seqadrgenomes and from the
sequencing of the PCR products suggested five categories of sequence content in this region
(Fig. 1). The first category includes different Type Il RM systems, e.g. the Ssk8ARM

system in F2365 (ECI) and the serotype 4arstr&L J1208, LmoJ2 (strain J2479) and
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LmoJ3 (strain J3115) (Fig. 1A). Further diversity in this category was conferred by different
sequence content of the lipoprotein gene, as shown between ECI F2365 and serotype 4a FSL
J1-208 (Fig. 1A).

The second cagry features three Type | RM systems identifietl.in
monocytogeneserotype 4b ECla strain HPB22@0), L. monocytogersserotype 4b strain
J3976, andL. seeligeriSLCC3954 (Fig. 1B). These RM systems possessed highly
homologoushsdMandhsdRgenes budissimilarhsdSgenes (Fig. 1B), which suggest that
these Type | RM systems belong to one family.

To compare thasdSgenes in Region 85 and identify the sources of these genes, the
hsdSgenes irL.. monocytogene¥3976, HPB2262 and seeligeriSLCC3954 vere aligned.
In the multiple sequence alignment, the tHisdSgenes revealed three conserved regions
consistingof84 bpahe56 ter minus, 186 bp i nthée3hde ecnednt r al
(Fig. 2).Variable regions encoded two target recognitiomdins (TRDs) (Methylase_S,
pfam01420), whiclinerewill be termedthe amineproximal recognition domain (ARD) and
the carboxyproximal recognition domain (CRD), respectivédy, 29)

In BLASTp searcheghetwo halves of the HsdS proteins frequently exbib
homology with different proteins, suggesting ttretwo variable regions might originate
from different sources. In the specificity subunit from J3976 (J3976 HsdS), we could not find
homologs for the Merminal half whereas the-términal half sham@ a high similarity with
the Gterminal half of other putative HsdS proteins such as LCK_0090éunonostoc

citreumKM 20 (YP_001728176.1), a putative HsdSSimeptococcus thermophilus
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(CAE52399.1), and pN42p01 lractobacillus delbruecksubsp. lactilNCC88 plasmid
pN42 (NP_858129.1).

In theL. seeligeriHsdS encoded bige 0280the N-terminal half was homologous to
the Niterminal half of the HsdS proteins including the abovementioned LCK_00904 and the
HsdS EfmE1039 1939 iBnterococcus faeciulB1039(ZP_06675197.1). Meanwhile, the
C-terminal half of Lse_0280 resembled different proteins such as-thenihal half of the
HsdS CUO_2559 ik. faeciumPC4.1 (ZP_06625490.1), thet€minal half of the HsdS
HMPREF0793_0814 istaphylococcus epidermidi$23864:W1 (ZP_04817946.1) and the
N-terminal half of the HsdS HMPREF0496_071QirbrevissubspgravesensianTCC
27305 (ZP_03938596.1).

The Nterminal half of the HsdS LMSG_01574linmonocytogenddPB2262 was
distinct in thatt was homologous tthe Niterminal half of proteins encoded hgdSn other
L. monocytogenestrains in whichhsdSwas localized irmnother RMrich location to be
described in Chapter 6. Such proteins include LM5578 0546 in serotype 132a®8
(YP_003412663.1) and Lm4b_00545sierotype 4b CLIP81459 (YP_002757255.1). Outside
Listeriaspp, homologous protein sequenaansistedf the Nterminal half of the HsdS
LRH_01797 inL. rhamnosugdNOO1 (ZP_03213071.1) and the hypothetical protein
EUBHAL_00244 inEubacterium halliDSM 333 (ZP_03715198.1) (percent identity 64%).
On the other hand, the-t€rminal half of LMSG_01574 revealed homology with the C
terminal half of the HsdS pCI305_p3liactococcudactis subsp. lactis plasmid UC317

pCI305 (NP_062461.1), the entire region ad thsdS pL2_p3 ih. lactissubsp. lactis
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plasmid pL2 (YP_879301.1) (71%entity) and the Nterminal half of a HsdS ih.
delbrueckiisubsp. lactis NCC88 (CAI79467.1) (5léentity).

Downstream of these Type | RM systeinsseeligeriSLCC3954 andl..
monaytogened3976 harborethrr andmcrBwhereas HPB2262 only harborettrB (Fig.
1B). Comparison of Region 85 among thgeaomesevealed othegenomicchanges such
as the diversification of the lipoprotein genes and the replacememM&_03073vith the
novel hypothetical protein gerll8976NG(Fig. 1B).

The third category refers to strains that harbor Type IV RM systems in Region 85
without Type | RM systems (Fig. 1C and D). The genome of the serotype 1/2a strain-FSL J2
003 harbored botimrr andmcrBgenes in this region, which was otherwise similar to that of
HPB2262 except for the presencenafrBand absence of the Type | RM system (Fig. 1C).
Compared with FSL 3203, many strains including H7858 (serotype 4b, ECII [Fig. 1C]),
EGDe (serotype 1/2a) an®854 (serotype 1/2a, ECIIIl) were missimg gene and a series
of the downstream genes but possessed an otherwise similar Region 85 (FigL1C). In
monocytogene8007%640 (serotype 4c), Region 85 shared similarity with that of H7858
except for the diverg lipoprotein gene (Fig. 1D).

The fourth category consisted of strains which harbored lipoprotein genes without
RM systems in Region 85 (Fig. 1A, C and D). Although RM systems were absent, Region 85
gene content of some of these strauasclosely rela¢d to other strains. For instante,
monocytogenestrain 2003151R (indeterminate serotype based on the multiplex PCR
serotyping) possessed the Region 85 encoding one lipoprotein gene, which is homologous to

the lipoprotein gene in Region 85 of FSL-2® (Fig. 1A). Also, Region 85 of the serotype
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1/2b strain FSL J175 resembled that of H7858 and the only difference was the absence of
mcrB (Fig. 1C). In Region 89,. innocuaCLIP11262 exhibited considerable homology.to
monocytogene3007%640 althougla permease genkn0332) was located in the place of

mcrB (Fig. 1D). Meanwhile, ir.. monocytogenddCC23 (serotype 4c) and 2005R
(indeterminate serotype based on the multiplex PCR serotyping), Region 85 was unique and
harbored multiple lipoprotein ges (Fig. 1D).

The last category represents strains in which this region lsaréither RM systems
nor lipoprotein genes (Fig. 1E). In monocytogeneserotype 1/2b strain FSL-1B4,

Region 85 consisted of three genes encoding a hypothetical protéMA/& DA helicase

a n d -naclestidase, respectively (Fig. 1E).weldimeri SLCC5334 harbored homologs
of these genes, which were preceded by four additional genes not encountered in other
genomes in this region (Fig. 1E).

Similar, but not identical, ligproteins in Region 8&reated th@ecessity to
systematically analyze these lipoproteins botth@DNA and protein levels. Meanwhile, in
some strains, the DNA sequence homologous to other lipoprotein genes formed a
pseudogene (FSL J103), ashortergen | acki ng the 506end of the o
(LmonocyFSL_0202000068iDFSL J1208 andse_0287n L. seeligeriSLCC3954) or two
separate gene2(0175R_3and the downstream gene in 26[8R), suggesting that various
genetic changes might have oaed within lipoprotein genes that influence the start and
stop of open reading frames. These DNA sequences were included in the DNA sequence
analysis along with other lipoprotein genes in Region 85 (Fig. 3A and B). Compartken at

DNA level revealed thaall the sequences except for FSE2IB lipoprotein gene contained
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ATG, which functions as the start codon of all the-fefigth lipoprotein genes, suggesting
that the aforementioned short lipoprotein genes might have formddrigth lipoprotein
gene before genetic divergence (Fig. 3B). The other common feature was that all the DNA
sequences examined possessed the DNA sequence that encodes the signal peptide for
lipoproteins (lipobox)_; 3-S/A; »-AlG; 1-C41 (15) and the second amino acid sequence often
deviated from the conserved sequence in some lipoproteins analyzed (Fig. 3B).

The DNA analysis assigned the lipoprotein genes and their homologous DNA
sequences into fivigpes(Fig. 3A). Onetyperepresented bthe ECI F2365 lipoprotein gene
(LMOf2365_029) wasthe mosfrequently identified in Region 85 displaying different
genetic content (Fig. 3A and Bljhe DNA sequence from FSL-I®3 revealed a unique
additional adenosine located at nt 317, which resultéd atassificationasa pseudogene
(Fig. 3B).

The seconanost commonipoproteintypeincluded the lipoproteins located in
Region 85 otL. innocuaCLIP11262 (in0331), L. monocytogene®)07-640 and J3976 (Fig.
3A and B). The third was comprised of the lipoprotein genés monocytogenddCC23
(LMHCC_2328 and 200175R Q001-75R_1and200175R_3, which borea highly similar
36 bp additional sequence 2 bp downstredithe DNA sequence encoding the lipobox (Fig.
3A and B). In the middle of this additional sequer&@)175R_1exhibitedanextra36 bp
nucleotides (Fig. 3B).

The 36 bp common additional sequence was also harbored by agpthef the
lipoproteinsthatconsiss of the DNA sequences from 20Q51R and FSL J208 (Fig. 3B).

In this group, FSL JR08 revealed a sequenughly homolgousto 2003151R in the
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upstream intergenic region of the lipoprotein gene; however, ATT in the place of the start
codon ATG seemed to result in a shorter ORF (Fig. 3B).

The lastypewasexemplified bya lipoprotein inL. monocytogenddCC23
(LMHCC_2327% and the DNA sequence encompassing the third lipoprotein and its
downstream genestfown200175R_3*in Fig. 3A and B in Region 85 ot..
monocytogene300175R (Fig. 3A and B). Compared wittMHCC_2327 the DNA
sequence from 20015R contained a 14 bp lédon between the end of the third lipoprotein
gene R00175R_3 and the start of the downstream gene (Fig. 3B). The DNA fragment
representing the upstream intergenic regionls@d0287n L. seeligeriSLCC3954 belonged
to neither of the aforementionggpesand revealed a 100 bp deletigpstream ofse_0287
(Fig. 3A and B).

Alignment of the protein sequences was conducted with théefdth lipoproteins
and the protein encodéy LmonocyFSL_0202000068#0FSL J1208 (Fig. 3C). This
analysis revealerksultsconsistento the DNA sequence examination including the
additional sequences, the conserved lipobox and the classification of similar lipoproteins
(Fig. 3C). Also, this comparison identified six conserved regions (Fig. 3C). In thevipair
compaisons between the representative lipoproteins, the percent iderhigpabdtein level
was lower than thpercent identity at thBNA sequence leveivhich contrasts with the
general tendency thaimilarity is higher at the protein levéle to synonymus mutations
(Table 5).

To investigate the prevalence of Region 85 genes and deepen our understanding on

the diversity of Region 85, we designed 12 DNA probes derived from the RM system genes
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(9 probes), lipoprotein genes (2 probes) and the helicasergBegion 85 ot..
monocytogeneSSL J1194 (Table 4). Two additional probes (LMSG_01578 and J3976NG)
were designed that represent the genetic differences between HPB2262 and J3976
downstream of the Region 85 Types | and IV RM syst@figs 1B and Table ¥ Besides
these Region 85 probes, we included five epidemic clone probes whose hybridization profiles
along with probe 85M (originating from the methyltransferase gene of the Sak8RM
system) unambiguouslgentify ECI and ECII(6) (Table 4).Also, these DNA probes
provide clues for serotype 4b epidemic clones ECla, E&}¥ndthree clonal groups of
atypical serotype 4b isolates with a gene cassette formerly considered to be lineage Il
specific (Chapter 2). To facilitate the identification of ECkasts, we digested genomic
DNA with Mbol and Sau3Al since ECV strains are resistant to Mbol but susceptible to
Sau3AlI(13). Probe Imo0737 was included to distinguish the atypical serotype 4b isolates
from other serotype 4b strains (Chapter 2) (Table 4).

Hybridizatiors with these DNA probes were conducted with the total of 465 isolates
that consigtdof L. monocytogendsolatesexcept for twd.. innocuaisolates (Table 2).
Thesel. monocytogendsolates represent various serotyseEsotypes 1/2a (or 3g)=114],
1/2b (or 3b) [n=82], 1/2c (or 3c) [n=11], 4b [n=210] and fibtheld serotype category
includingL. monocytogendsolates of indeterminate serotype, serotypes 4a, 4c, 4dle and
innocuastrains[n=48] Isolates were from seversburces (animahE58], environment/food
[n=170] and clinical [n=215] origins) (Table 2). A majority of the isolates belonging to the
fiothelo serotype category (n=43) were classified into lineages Il or IV by MLGT (Table 1).

Serotypes 1/2a (or 3a) and 4b were overreptedeamong environmental/food and clinical
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isolates, respectively, whereas the half of the animal isolates was classified fidthéte
serotype category (Table 2). Most isolates were selected based on availability in our lab;
however, isolates froreriain othercollectionsavailable in our laboratonyere included in
hybridization when they satisfied certain conditions mainly due to changes in the focus of the
research. Such examples are all atypical serotype 4b isolates (Chapter 2);1®@ais3ait

isolates among those collected by CDC in 2004, and isolates negative for probe LP among
theOld Listeria monocytogenef@OLM) collection.

Type Il RM systemsin Region 85 are present irstrains of various serotypesOur
bioinformatics and sequencing resub®wed that Region 85 harbors at least three Type II
RM systems. The Sau3Aike RM system was examined with probe 85M targeting the
methyltransferase geneNIOf2365_032Y (Fig. 1A and Table 4(50). Hybridization with
this probe revealed 75 positive is@st(16.1% of the total isolates) (Table 6). The highest
prevalence of the positive isolates was observed among animal isolates (n=12, 20.7%) and
clinical isolates (n=38, 17.7%) and among serotype 4b (n=56, 26.7%) (Table 6). We
identified four and two posite isolates belonging to serotypes 1/2b (or 3b) and 4c,
respectively (Table 6). Strains of these serotypes had not been reported to harbor the Region
85 Sau3Allike RM system beforé49). Three of the positive serotype 1/2b (or 3b) isolates
displayed thesame MLGT (1.40_1/2b) (Tables 1 and 7). Most of the serotype 4b isolates
positive for 85M belonged to ECI; however, we found two-B@H isolates positive for 85M
(Tables 1 and 7).

Isolates positive for 85M differed in the hybridization with the lipoprogene

probes (LP and 200840LP). Two lineage Ill isolates (CVM02 and FSL-218) hybridized
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with neither of these probes (Tables 1 and 7). Eight isolates including the aforementioned
non-ECI serotype 4b isolates hybridized with probe 26@0LP represdmg the lipoprotein

in L. innocuaRegion 85 (Tables 1 and 7). Except for one isolate (OLM 75), all these isolates
were of animal origin and belonged to lineage IIl (Tables 1 and 7). Strain OLM 75 was the
only serotype 1/2a (or 3a) isoldteat wassuscepble to Sau3Al digestioeventhough the
hybridization and PCR results suggested the presence of the S&e&3RM system (Tables

1 and 7). The other 85ositive isolates except for one (OLM 65) bound only to probe LP
targeting the frequently fourld mahocytogene&egion 85 lipoprotein gene
(LMOf2365_0329(Tables 1 and 7). The serotype 4b isolates positive both for 85M and LP
all belonged to ECI and conversely, all the ECI strains identified in our analysis exhibited
this hybridization pattern exceptifone atypical ECI isolate (OLM 65) (Tables 1 and 7).
This isolate generated signal for both LP and 2640LP and will be discussed in more

detail in the section on the Type | RM systems (Tables 1 and 7).

For the novel Type Il RM systems LmoJ2 and Lmad@designed probes J2479Res

and J3115Met, respectively (Fig. 1A and Table 4). Hybridization with these probes suggested
that the novel RM systems might be present at low prevalence since we identified 14 LmoJ2
isolates (3.0% of the total isolates) and ¢hkenoJ3 isolates (0.6% of the total isolates)
(Table 6). Characteristically, neither of the other Region 85 probes hybridized with these
isolates (Table 7). Other details on the LmoJ2 and LmoJ3 isolates will be discussed in
Chapter 4.

A family of Type | RM systems is present predominantly among serotype 4b

isolates.To identify Type | RM systems belonging to the same family as those identified
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through than silico analysis and sequencing, we designed probe LMSG_01573 targeting the
hsdMgene LMSG_01578(Fg. 1B and Table 4) and identified 81 positive isolates (17.4%

of the total isolates) (Table @Ylost (71/81)of thesaisolates belonged to serotype 4b
prevalence wasiarkedlyhigher among serotype 4b isolates (33.8%) as compared among
serotypes 1/2a (&a) (n=1, 0.9%), 1/2b (or 3b) (n=2, 2.4%) andfib#held serotype

category (n=7, 14.6%) (Table 6). MLGT results revealed thaittggeserotype 1/2a (or 3a)

and all the isolates belonging to ffiehelo serotype category belonged to lineage Il (Tables
1and 7).

Diversity inhsdSgenes was examined with probe LMSG_01574C based on the
central conserved region and two probes LMSG_01574 and J3976TypelS_V representing the
CRDs of the Region 88sdSgenes of HPB2262 (ECla) and J3976, respectively (Fig. 1B and
Table 4). Except for one (J3913), all isolates positive for probe LMSG_01573 bound with
probe LMSG_01574C (Tables 1 and 7). Thirty eight LMSG_ 03 8tive isolates
hybridized with probe LMSG_01574 and another 13 isolates bound to J3976TypelS_V
(Table 7) These findings suggest that, in these isolates, at leasirget recognition
domainshares similarity to thearboxyproximal recognition domainsf HPB2262 and
J3976hsdSgenes. Among LMSG_01573 negative isolates, probes LMSG_01574 and
J3976TypelS_\hybridized with 40 and one isolates, respectively (Table 7), and PCR results
suggested that the homologous DNAs are located outside Region 85 (data not shown).The
other 30 isolates positive for LMSG_01573 bound neither of LMSG_01574 nor
J3976TypelS_V, whieis indicative of novehsdSgenes that cannot be identified with our

DNA probes (Table 7).
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Two LMSG_01573positive isolates were negative for probes Mrr and McrB
representing Region 85 Type IV RM systems; however, all others hybrigdi#edne or
bothof these probes (Table 7). It is noteworthy that (1) all isolates negative for probe Mrr
(n=6) belonged to lineages Ill or IV based on MLGT and (2) a majority of serotype 4b
isolates negative for probe McrB (21 out of 22) displayed the same hybridizedide ps
ECla strains 4b1 and B068 for all the probes used in this study (Tables 1 and 7).

On exceptional strain (OLM 65) was positive for LMSG_01573 and 85M (Tables 1 and
7). The PCR employing primers annealing to a flanking gene and a DNA probe target
suggested that the Sau3kde RM system might be located between the upstream Type |
RM system ananrr and the downstreamcrB (data not shown). This strain displayed the
typical ECI hybridization profile for the epidemic clone probes (Table 1), wascbdstvith
other ECI strains on the PFGE dendrogram (data not shown) and had the ECI MLGT
(1.13_4b_Sw87_ECI) (Table 1).

Among the previously identified serotype 4b clonal groups, ECla and atypical
serotype 4b strains (Groups3) were positive for MLSG_0157(Tables 1 and 7).
Hybridization results suggested that Region 85 of Group 1 strains might resemble that of
J3976 whereas Groups 2 and 3 might harbor Region 85 similar to ECla strains although they
were positive for probe McrB (Tables 1 and 7). Hybridaaprofiles of Groups 2 and 3
were identical except for thesdSbased probes (Tables 1 and7). Additionally, we identified
7 clusters of isolates based on the hybridization profiles for all DNA probes used (Tables 1

and 7). These clusters included onesgre 1/2b (or 3b) group (P4) and one serotype 4b
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group (P5) that were closely related in PFGE dendrograms (data not shown). Strains within
the serotype 4b group (P5) displayed the same MLGT (1.5_4b) (Table 1).

Mrr and McrB are often identified among seratypes 1/2a, 1/2b and 1/2c¢ without
Type | RM systems in Region 85Hybridization with probe Mrr revealed 126 positive
isolates (27.1% of the total isolates) (Table 6). These positive isolates wereeprésented
among animal isolates (n=3, 5.2%) in comgan with clinical (=60, 27.9%) or
environmental/food isolates (n=59, 34.7%), and a majority of them belonged to serotypes
1/2a (or 3a) (n=49, 43.0%) and 4b (n=70, 33.3%) (Table 6).

All serotype 4b isolates positive for probe Mrr also hybridized wittber
LMSG_01573, suggesting a close linkage between Type | RM systems and Mrr in serotype
4b strains (Table 7Pn the other handerotype 1/2a (or 3a) isolates positive for probe Mrr
werenegative for probe LMSG_01573 but positive for probe McrB (Tabl&@se isolates
exhibited the hybridization profile for Region 85 probes expected for serotypk.1/2a
monocytogeneBSL J2003 (Fig. 1C and Table 7). Such a profile wasahemost
frequently identified among serotype 1/2a (or 3a) isolates and wasumat &mong other
serotypes (Table 7).

Positive isolates fathe McrB probewere present at the highest percentage (n=268,
57.6% of the total isolates) among all Region 85 RM system probes (Table®jcrB
probehybridized more frequently with serotyp®&a (or 3a) (n=84, 73.7%), 1/2b (or 3b)
(n=60, 73.2%) and 1/2c (or 3c) (n=11, 100¥gnwith serotype 4b (n=104, 49.5%) (Table

6). Like Mrr, isolates positive fahe McrB probewere underepresented among animal
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isolates (n=15, 25.9%) as compared wiihical (n=124, 57.7%) and environmental/food
isolates (n=118, 69.4%) (Table 6).

Many McrB-positive isolategailed tohybridize withanyof the Region 85 RM
system probes (Table 7). Our hybridization and PCR results suggested that a majority of such
isolates harbored Region 85 similar to serotypé& 4monocytogendd7858 (ECII) (n=155,
33.3% of the total isolates) (Fig. 1C and Table 7). This HA&®&8Region 85 was thene
most frequently identified among serotypes 1/2b (or 3b) (=59, 72.0%) an(bi &)
(n=11, 100%), and the secomstprevalent among serotype 1/2b (or 3b) (n=33, 28.9%)
after the Region 85 similar to FSL-0P3 (Table 7). The following two findings are
noteworthy: (1) many serotype 1/2b (or 3b) isolates (n=40) harboring the Hik838egion
85 hybridized with probe LMSG_01574 (based on the variable region of ECla strain
HPB2262hsdSgene) although PCR results suggested that the target gene might be located
outside Region 85; and (2) among serotype 4b isolates, only ECIl andsBlatés
displayed the H7858 profile for Region 85 probes (Tables 1 and 7).

A unique gene inL. welshimeriRegion 85 is often found among animal isolatesf
L. monocytogenesThe presence of the unique genes identified in Region B5 of
monocytogeneBSL J-194 and.. welshimeriSLCC5334 was examined with probe J1
194 1 based on the Region 85 DNA/RNA helicase geBG_02168 (Fig. 1E and Table
4). Hybridization results revealed 28 positive isolates (6% of the total isolates) belonging of
serotypes 1/2a (®Ba) (n=9), 1/2b (or 3b) (n=8), 4b (n=2) and ethed serotype category
(n=9) (Table 6). Both serotype 4b isolates belonged to lineage 11l based on MLGT, indicating

that no lineage | serotype 4b isolates are positive for FSI9411 (Tables 1 and 7).
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Frequency of the isolates positive for probel92 1 was markedly higher among animal
isolates (n=14, 24.1%) compared with clinical (n=11, 5.1%) and environmental/food (n=2,
1.2%) isolates (Table 6). Most of-194_Ipositive isolateslid nothybridize wth anyof the
other Region 85 probes; however, four bound to probe-B@0LP representing the
innocuaRegion 85 lipoprotein gene and another four isolates hybridized with probes 2007
640LP and McrB (Table 7). In the MLGT analysis, these eight isadditbelonged to
lineages Ill or IV (Tables 1 and 7).
Lipoprotein gene (LMOf2365_0329 and itsL. innocuahomolog are present in a

mutually exclusive manner and thel. innocuahomolog is overrepresented among
animal isolatesof L. monocytogenedHybridizaion with probe LP based on the Region 85
lipoprotein of ECI strain F2363.M0f2365_0329revealed 351 positive isolates (75.7% of
the total isolates), which is the highest prevalence of the Region 85 genes examined here
(Table 6). The LP positive isolateere underepresented among animal isolates (n=14,
24.1%) and among th®theld serotype category (n=7, 14.6%) as compared among other
sources or serotypes (75180%) (Table 6). Hybridization with probe 26640LP targeting
the Region 85 lipoprotein ib. innocuaCLIP11262 [in0331) suggested that isolates positive
for this probe are negative for LP and vice versa except for one isolate (OLM 65) positive for
both probes (Table 7). Thus, the isolates positive for probe-@90IZP were over
represented anmg animal isolates (n=24, 41.4%) and fbéhed serotype category (n=25,
52.1%) (Table 6).

This nmutually exclusive feature wadsoidentified among other Region 85 probes that

hybridized with isolates positive for probes LP or 2@3DLP. Although a fevexceptions
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were observed, signal from probes LMSG_ 01574 or LMSG_01578 was identified only
among the isolates positive for LP (Table 7) whereas the isolates positive for probes
J3976TypelS_V or J3976NG generated signal for probe-BA0OLP (Table 7).

Twenty eight isolates (6.0% of the total isolates) hybridized only with LP and one isolate
hybridized only with probes LP and J3976TypelS_V among Region 85 probes (Table 7). Our
PCR results suggest that these isolates might hatRegion 85 similar th.. mona@ytogenes
FSL J1175 (data not shown). Meanwhile, thirteen isolates (2.8% of the total isolates) were
positive only for probe 200840LP and most of these isolates belonged to lineages Il or IV
(Tables 1 and 7). The PCR results with primers targetinge@26b7640LP and those
targeting flanking genes suggested that six of these isolates might a&bgion 85 similar
to 2003151R (Table 1).

Strains hybridized with no Region 85 probes all belonged to lineage IITen
isolates (2.2% of the total isoladalid nothybridize withanyof the Region 85 probes and all
belonged to lineage Ill (Tables 1 and 7). In the PCR amplifyirgegiorbetween the
flanking genes generated a single bahdpproximately2, 2.8 (200175R, Fig. 1D), 4 or 7
kb (Tables 1 and@).

Region 85 genes are organized in a fixed order and the spacing is conserved
among different strains The location of Region 85 probe targets was examinddFy
usingprimers annealing to the target gene and a flanking gene. This analysis suggested th
Region 85 probe targets are located in the following qrgestream to downstreampPTS
| 1 A geneVYTypemirY SRaMiI 3shylls ¢ e RIM LBISGs A3@7@rY3976NG

homol ogVYl i popr ot e ilLMOfg3e5s @2%rIm0831Y maBY t bkr eoni ne
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aldolase gne (data not shown). Among the isolates positive for proli®411, the genes
were |l ocated in the order ofl9RTIR0¥BlI A geneVYt a
homolncdB¥t hr eonine al dol ase gene (data not sh
indicated hat the space between two genes is maintained even when genetic contents of
Region 85 differ and that one missing gene leads to a reduced amplicon size, suggesting that
no additional DNA might be present in the place of the missing gene (data not shown).
Horizontal gene transfer might be involved in theRegion 85gene acquisition A
majority of the genes in Region 85, exceptfdMOh7858 033%nd its homologs (GC 38
40%), displayed GC contents ranging from 26 to 36% (Fig. 1), which is lower than the
genomeaverage of.. monocytogenagenome (38%{30). Thisrelatively lowGC content
contrasts to the flanking sequences encoding PTS IIA (G4£34@ and threonine aldolase
(GC 4145%) for which GC content was above the genome average (Fig. 1). Taken together,
these lines of evidence suggest that the genes in and adjacent to Region 85 may have resulted
from different horizontal gene transfer events.
In an attempt to investigate potential sources of these genes dusset&a spp, the
BLASTp was conducted artbe hits from norListeriamicroorganisms were examined.
Among the RM system proteins, HsdM and HsdR (encodei©27%ndIse_0281in L.
seeligeriSLCC3954) shared considerable homology with the putative HsdM and HsdR
proteins in norListeria organismsuch aBacilluscoagulans36D1 (ZP_04431903.1, 74%
identity for HsdM; and ZP_04431905.1, 70% identity for HsdREtococcudactis subsp.
lactis CV56 (ADZ63271.1, 67% identity for HsdM; and ADZ63273.1, 69% identity for

HsdR); andAlkaliphilus metalliredgensQYMF (YP_001319443.1, 67% identity for HsdM;
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and YP_001319445.1, 65% identity for HsdR). For the latter two microorganisms whose
genomes were availablesdMandhsdRwere separated HsdS suggesting that these three
genes might constitute one géneassette. Also, the components of the Sau&&lRM
system (encoded ibMOf2365_0325LMOf2365_032&GndLMOf2365_032) exhibited
homology with various proteins from ndmsteria microorganisms; however, the hits of each
protein did not form a genettassette. Among the Type IV RM systems, the top hits of the
BLASTp with McrB (encoded i MOh7858 033ywere restricted thisteriaspp.whereas
Mrr (encodeddy Ise_0282 shared similarity with the Mrr proteins originating from non
Listeriamicroorganismsncluding variousEnterococcus faecalstrains (up to 59%

identity).

Among the Region 85 genes not involved in RM systems, we selected for BLASTp
the lipoprotein (encoded IBIMOf2365_032Pand two hypothetical proteins encoded in
gened MSG_0307&andJ3976NGthat provided evidence for genetic diversity downstream
of the Type | RM systems in Region 85. The lipoprotein and LMSG_03073 exhibited no
significant hits outsid&isteriaspp., and the search with J3976NG revealed no significant
homologs among andiutsideListeriaspp. Among the flanking genes of Region 85, the
BLASTp search with the PTS IlA protein (encoded MOf2365_032Psuggested only a
low degree of homology with the ndunsteriaPTS IIA proteins. However, proteins similar
to threonine aldolas(encoded ibMOf2365_033Pwere identified in various nehisteria
microorganisms such &xiguobacteriunsibiricum25515 (YP_001813866.1, 60% identity)

andPaenibacillussp. Y412MC10 (YP_003243675.1, 60% identity).
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To scrutinize the beginning of thergatic changes in Region 85 and to uncover DNA
sequences involved in the horizontal gene transfer, we compared the DNA sequences
encompassing a part of the flanking gene and the adjacent region within Region 85 from the
strains that harbor various genetantents in Region 85. In the upstream, partial PTS IIA
gene sequences revealed similarity in all the strains although a few single nucleotide
polymorphisms (SNPs) were identified mostly in one particular location (33th nucleotide
upstream the start codo33) (Fig. 4A). Conserved sequence continued further downstream
to the 99 nucleotide into the intergenic region (+92) (Fig. 4A). One exception to this trend
wasL. welshimeriSLCC5334 that was considerably rich in SNPs and possessed a 261 bp
additional gquence in the middle of the conserved intergenic region sequence (Fig. 4A). In
this insertion, the start codon was located for the first gene in the Regio. 8velshimeri
SLCC5334 ve0277 (Fig. 4A).

In the downstream, the partial threonine aldelgsne sequences contained more
SNPs than the PTS IIA gene sequences although its DNA sequence was generally highly
homologous among all the strains. In particular, fher@l ¢" nucleotides-8 and-9)
upstream the start codon particularly lacked homeg (Fig. 4B). Downstream the
threonine aldolase gene, we identified a 28 bp DNA sequence (up to +28) that was highly
conserved among all the strains examined (Fig. 4B). This general tendency was defied by the
novel RM system isolates J2479 and J311% OmoJ2harboring J2479 revealed abundant
SNPs and three short insertions (9, 6, and 3 bp, respectively) whereas thebeauad§

J3115 showed an additional sequence of 39 bp (Fig. 4B).

165



Comparison of the upstream and downstream flanking regions idemiifesdair of
the inverted repeats (CTCCTTTTéAAAAGGAG)
sequences of the flanking genes within Region 85 (Fig. 4A and B). These repeats resided
near the start codon of the flanking genes, i.e., 8 bp apartt@RTSIIA gene (Fig. 4A)
and 9 bp fronthethreonine aldolase gene (Fig. 4B). These inverted repeats suggest that a
site-specific recombination might have been involved in the horizontal gene transfer of
Region 85 genes. Strains that manifested marked genatiges in the conserved sequence
often harbored disrupted inverted repeats. For instance, G was inserted in the upstream
inverted repeat df. welshimeriSLCC5334, resulting in CTCCTTAT (Fig. 4A) whereas
LmoJ2harboring J2479 harbored one SNP a®dop irsertion in the downstream inverted
repeat (MTATTTAGCTAGGGAG) (Fig. 4B).

Intriguingly, between the Sau3Aike RM system and the lipoprotein gene in Region
85 of ECI strain F2365, we identified a hypothetical protein geh#f2365 032Bwhose
BLASTDp restts included a recombinase liactobacillus ruminiATCC 25644
(ZP_08079957.1, percent identity 38%) (Fig. 1A). This suggests that the protein encoded in
this gene might be involved in horizontal gene transfer as a recombinase. However, the
BLASTp analysisalso exhibited many McrA proteins in the results, raising a possibility that
this protein might be a McrA protein.

Mrr did not provide protection against phage infection.Characterization of the
novel RM systems LmoJ2 and LmoJ3 to be described in Chaptewed that these RM
systems might methylate thec&rbon of cytosine in GCWGC (W=A or T) and GCNGC

(N=A, T, C and C), respectively (Chapter 4). Sineméthylcytosine was contained in the
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substrate of the some Mrr and McrB protdipt), and LmoJ2 andrhoJ3 isolates were all
negative for probes Mrr and McrB (Table 6), we hypothesized that the Mrr and/or McrB in
Region 85 might cleave the DNA methylated by LmoJ2 and LmoJ3ptieusntinga strain
from possessg these Type Il and Type IV RM systems a game time.

This hypothesis was tested for Mrr by infecting the reference strain3BP
(positive forthe McrB probebut negative fothe Mrr probg and the strain J3976 (positive
for probedfor McrB and Mrr) grown at various temperatures (4, 8, 25r8Y 42°C) with the
Listeriaphage 20424 and its derivative methylated at GCNGC through propagation in the
LmoJ3 isolate J3115 (204221J3). The methylation by LmoJ3 increased infectivity to
J3976 (by ca. 24 fold, p<0.0001) at low temperatures (&P@% no significant difference
was observed at other temperatures (p>0.05). This finsliogpositeo our expectation that
the methylated phages might infect J3976 less effectively due to the action of Mrr (Fig. 5).
The effect of McrB could not be estimatedhis experiment since both strains were positive
for the McrB probeand the restriction by the Type | RM system in J3976 is not likely to be
affected by the methylation by LmoJ3 given that the methylation by Type | RM systems

occurs at adenosir(é2).

DISCUSSION

In this study, our analysis revealed that a certain genetic location (Region 85)
harbored a high density of RM systems including three Type Il RM systems, a family of
Type | RM systems and two Type IV RM systems (Mrr and McrB). Also, Region 85

displayed a remarkable genetic diversity, which contrasts to the general synteny displayed by
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Listeriaspp.genomeg3). Previously, a highly variable, RM systeioh region was
identified amondz=scherichia colandSalmonellalyphimuriumstrains, and tened the
Immigration Control Region (ICRR9, 33). Our findings suggest that Region 85 is the first
ICR identified amondisteriaspp Abundance in RM systems in this locus is expected to
play a pivotal role in phage resistance, evolution and stress sespfin monocytogenes

The Sau3Adlike RM system is the first and most extensively studied RM system in
the ICR Region 85. Our study provided new information on this RM system. For instance,
this is the first report that the Sau3ide RM system is distibuted among serotypes 1/2b or
4c in addition to the previously identified serotypes 1/2a, 4b ai@dd3aThe Sau3Alike
RM system has been used as a genetic marker to distinguish ECI strains from other serotype
4b straing6, 50). In this study, we disgered that a few neBCI serotype 4b isolates
belonging to lineage Il harbored the Saudiké RM system, challenging the strict
associatiorof this RM systenwith ECI strains among serotype 4b isolates. Lastly, one strain
was positive for the Sau3Aike RM system probe but revealed susceptibility to Sau3Al
when its genomic DNA was digested with this enzyme. This finding suggests that, in some
strains, the Sau3Alke RM system might not be functional at least under the growth
conditiors that were used

One of the main findings revealed by this study is that Type | RM systems belonging
to the same family are harbored most frequently among serotype 4b as compared with other
serotypes. Such Type | RM systems might contribute to clonality observed fageinea
although it still remains unknown why many serotype 4b isolates harbor Type | RM systems

in Region 85In silico analysis and hybridizationith the hsdSbased probes indicated that
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the variable regions insdSmight have been acquired through horizbigene transfer both
at intra and interspecies levels. In addition, many Type | RM systems in Region 85 seem to
possess novéisdSgenes. Investigating the sequences of such n®edgenes could
enhance our understanding of the genetic diversitijist tsteria|CR, in particular among
serotype 4b strains.

All serotype 4b isolates examined in this study were assigned into previously
identified serotype 4b clonal groups, i.e., ECI, ECla, ECII, ECV and Gro@psléscribed
in Chapter 2). Our resulsiggested that each serotype 4b clonal group exhibited the same
hybridization profile for Region 85 probes with the exception of one ECI isolate and one
Group 1 isolate, suggesting that Region 85 has rarely been diversified among the strains
belonging to lhe same clonal group. The Region 85 probe profile for an epidemic clone was
not found among serotype 4b isolates not belonging to the particular epidemic clone. Hence,
unique features of Region 85 hybridization profiles could be employed as new genetic
markers for epidemic clones against serotype 4b strains. For instance, ECla isolates are
distinct from other serotype 4b strains in that they harbor the Type | RM system but lack
mcrB, which accompanies the Type | RM system in-&@ia serotype 4b isolateSnly one
nonECla isolate exhibited the same characteristis finding could be instrumental as a
genetic marker for ECla given that reliable DNA probes specific to this clonal group have
not been identified yet. On the other hand, the novel serotyplddl groups Groups-3
shared the hybridization profiles of Region 85 probes with other serotype 4b isolates. Our

analyses in Chapter 2 suggested that Group 1 is distinct from the others whereas Groups 2
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and 3might be closely related to each other. Re§®hybridization profiles were consistent
to these results.

Our hybridization results suggested that serotype 4b isolates exhibited more
complexity in the ICR Region 85 than serotypes 1/2a, 1/2b, and 1/2wrédaminantly
harbored Type IV systems Witut Type | RM systems in Region 85. This observation
contrasts to the webstablished finding that serotypes 1/2a and 1/2c (lineage Il) tend to be
more diverse than lineage | including serotypg%ii81, 32).

Some Region 85 genes were cugpresentedmong animal isolates and among
lineages Il or IV strains. Also, certain hybridization profiles were predominantly or
exclusively identified among lineages Il or IV strains. All these findings indicate that
Region 85 might diffeconsiderably betwedmeages Il or IV strainandother lineages.
Furthermore, the observation that isolates hybridized with neither of the Region 85 probes
used here belonged to lineage Il raigespossibility that novegenomiccontentsge.g.
potentially new RM systems, gtit be identified in Region 85 of lineages Il or IV strains.
These characteristics of lineages Il or IV might contribute to the unique epidemiological
characteristics of these lineages sucthas frequent involvement with animal listeriosis
cases.

In a study on the evolution of tie coliICR, Sibley et al. proposed that the Type |
and IV RM systems in thE. coli ICR might have been acquired through multiple-site
specific recombination even{87). In our study, we found two lines of evidence suppg
the horizontal gene transfer through sipecific recombination: (1) all the RM systems and

lipoprotein genes in this location exhibited GC contents lower than the genome average; and
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(2) a pair of inverted repeats were located in the conservadrftaregions of Region 85.
However, unlike thé&. coliICR whose genetic changes started abruptly after the inverted
repeats, the conserved regions around Region 85 continued after the inverted repeats. Also,
the order and distance between Region 85 gesa® to be maintained from one strain to
another. These features led to the speculation that the genes in Region 85 might have been
transferred as a single fragment into an ancestral straistefia spp.and current diversity
might have been establishenainly due to serial deletions from the original DNA fragment.
Such deletions have been reportedl.imvelshimeriSLCC3954 genomes in comparison with
theL. monocytogeneandL. innocuagenomeg17). Although little information is available
on which geng were transferred in thitativeancient horizontal gene transfére
identification ofan atypical ECI isolat@OLM 65) possessing the Type | RM system, the
Type Il Sau3Atike RM systemand the Type Irr andmcrB suggests that at least these
genesvould have composed the originally transferred DNA fragment. A candidate
recombinase involved in the ancient event might be encodeputaive recombinasgene
downstreanof the Sau3Aiike RM system. Also, our analyses suggested that diversity
identified in Region 85 might be increased by genetic changes in lipoprotein genes and some
additional horizontal gene transfer potentially involving LmoJ2 and LmoJ3.

In conclusion, wéave shown thahe genetic diversity in thieisterialCR Region 85
is associad with isolation sources, serotypes, and population lineadeswinocytogenes
Such diversity seems to originate mainly from the serial deletions from a large DNA
fragment horizontally acquired by an ancedtiateria strain to the form optimized fahe

environmental niches. However, except for the SadB&IRM system, we lack information

171



on whether individual genes are actually expressed and play a biologically important role in
the cells. Further studies on this subject will increase our undeirsteof the RM systems

affecting the evolution and ecology lof monocytogenes
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4b1 1962 N/A c 4b + + IR B ] 1 [] [[] w4 Eca
82a2 2003 NC E/F 4b + + 1 R L] 1 ] ] 14 Eca
BO68 (ScottA) 1983 MA c 4b NN ] R L1 1 ] [[] 4 Eca Lml.1 (12)
BUG912 N/A N/A N/A 4b + + 1 R L1 1 ] [[] 4 Eca
BUGY14 N/A N/A N/A 4b + + 1 R L1 1 ] [[] 4 Eca
BUG922 N/A N/A N/A 4b + + [1 R 1] ][] [[] 4 Eca
F7194 1989 N/A EIF 4b + + IR B ] 1 [1] [[] w4 Eca
F7635 1989 N/A EIF 4b + + IR B ] 1 [1] [[] w4 Eca
F7666 1989 N/A EIF 4b + + IR B ] 1 [] [[] w4 Eca
F7870 1989 N/A E/F 4b + + 1 R L1 1 ] ] 14 Eca
FDA 11 1987 N/A EIF 4b + + [ IR ] ][] L[] 4 Eca
FDA 35 1988 N/A EIF 4b + + [ IR ] ][] L[] 4 Eca
GA 311 N/A N/A EIF 4b + + [ IR ] ][] L[] 4 Eca
J2967 2004 CA c 4b + + [ J IR ] ][] I1[] 4 Eca
J3290 2004 ME c 4b + + [ IR B ] 1 [1] [] w4 Eca
J3419 2005 CA c 4b + + LR ] ] ] ] ECla
J3768 2005 co c 4b + + LR ] ] ] ] ECla
J3921 2006 cT c 4b + + 1 R L1 1 ] ] 14 Eca
LW-A104 2005 N/A EIF 4b + + [ IR ] ][] L[] 4 Eca
OLM 120 1957 Canada c 4b + + [ IR BB ] 1 [1IL[] 4 Eca
FDA 107 1988 N/A EIF 4b + N [J OO0 m BB [ 1.63_4b
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128b1 2004 NC EIF 4b + - 1 M [ 1 1 [1] M 115 Grouws 1.60_4b (13)
182a 2003 NC EIF 4b + - [ 1J I M 1 1] M 15 crows 1.60_4b
200:7R 2001 NC c 4b + - L1 IR M ] L1 L] I 15 Grouw3 1.60_4b
20018R 2001 NC c 4b + - L1 IR M ] L1 L] I 15 Grouw3 1.60_4b
2006296 2006 NC c 4b + - L1 IR M ] L1 L] I 15 Grouw3 1.60_4b
2007454 2007 NC c 4b + -1 R L1 1 L[] I 15 Grouws 1.60_4b
2008894 2008 NC c 4b + N | L1 1 [C] MM 15 Grouws 1.60_4b
363b1 2005 NC EIF 4b + N | L1 1 [C] MM 15 Grouws 1.60.4b
491a5 2006 NC EIF 4b + N | L1 1 [C] MM 15 Grouws 1.60_4b
J2621 2003 OR c 4b + + [J MW 1] ] 5 P5 1.5_4b (38)
J3917 2006 CA c 4b + + [J [ 1 [1] 1 ] P5 1.5_4b
J4010 2006 NE c 4b + + [J [ 1 [1] 1 ] P5 1.5_4b
J4109 2006 NJ c 4b + + [J [ 1 [] 1. ] P5 1.5_4b
2007618 2007 NC c 4b + + [ J LI J ] N M 1 Grouw?2 1.46_4b
J3026 2004 CT c 4b + + [ J L1 J ] N M 1 Grouw?2 1.46_4b
J3053 2004 M c 4b + + [ J L1 J ] N M 1 Grouw?2 1.46_4b
J3195 2004 OH c 4b + + [ J L1 J] ]I M 1 Grouw?2 1.46_4b
J4458 2007 MN c 4b + + [J 1 ][] N M 1 Grouw?2 1.46_4b
J4490 2007 sc c 4b + + [J 1 ][] N M 1 Grouw?2 1.46_4b
J4953 2008 OH c 4b + + [J 1 ][] N M 1 Grouw?2 1.46_4b
#5MI 61 2005 M E/F 4b + + 1 R L1 [ [ [ e P6
J3085 2004 MD c 4b + + 1R W ] [ ][] 1. P6
J3728 2005 NY c 4b + + [ 1R BB ] [ 1 0[] 1 P6 1.45_4b
J3793 2005 wv c 4b + + 1R W ] ] ][] 1. P6
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J4291 2006 NY c 4b + + 1R B [ ] ] [] 1. P6
NRRL B-33377 2004 N/A A Indeterminate + o+ [ 1 W 7 J 01 0g P7 Lm3.31 (45)
NRRL B-33379 2004 N/A A Indeterminate + o+ 1 J 000 w P7 Lm3.33 (45)
NRRL B-33370 2003 N/A A Indeterminate + o+ 1 1 [0 O J d g s Lm3.24 (45)
NRRL B-33376 2004 N/A A Indeterminate S I e e I O e L O I e R Lm3.30 (45)
OLM 65 1952 Japan A 4b - + 1 R L1 1 [ [ =2 ECI 1.13_4b_Sw87_EC1
NRRL B-33182 N/A N/A A 1/2b, 3b (4c) + o+ 1[0 0Ly a Lm3.6 (45)
NRRL B-33405 N/A N/A N/A 1/2b, 3b (4c) - S I I I e e O I I e O I I Lm4.1 (45)
#171C 2004 NC E/F 1/2a, 3a + + [] N N N N N 23
#176A 2004 NC EIF 1/2a, 3a + + [ ] N N N N N 23
#18 2003 NC EIF 1/2a, 3a + + [ ] N N N N N 23
#192A 2004 NC EIF 1/2a, 3a + + [ ] N N N N N [l 23
#201A 2004 NC EIF 1/2a, 3a + + [ ] N N N N N Il 23
#206A 2004 NC EIF 1/2a, 3a + + [ ] N N N N N | 2
#209C 2004 NC EIF 1/2a, 3a + + [ ] N N N N N | 2
#210A 2004 NC EIF 1/2a, 3a + + [ ] N N N N N | 2
#24 2003 NC E/F 1/2a, 3a + + [] N N N N N R 23
#265E 2004 NC EIF 1/2a, 3a + + [ ] N N N N N [l 23
02-001 2002 FL c 1/2a + + [ ] N N N N N [l 23
101b4 2003 NC EIF 1/2a, 3a + + [ ] N N N N N [l 23
143a2 2004 NC EIF 1/2a, 3a + + [ ] N N N N N R 23
1583 2004 NC EIF 1/2a, 3a + + [ ] N N N N N | 2
171b1 2004 NC E/F 1/2a, 3a + + [ ] N N N N N Il 23
176b1 2004 NC E/F 1/2a, 3a + + [ ] N N N N N Il 23
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184a 2003 NC E/IF 1/2a, 3a + + [ ] N N N N N [l 23
200182R 2001 NC c 1/2a + + [] N N N N N Il 23
2002119R 2002 NC c 1/2a + + [ ] N N N N N Il 2
2002119R BHA 2002 NC c 1/2a + + [ ] N N N N N Il 2
2005462 2005 NC c 1/2a + + [ ] N N N N N 23
2005513 2005 NC c 1/2a + + [ ] N N N N N R 23
20090037 N/A N/A EIF 1/2a, 3a + o+ 100000 °d>Cd0 m ==
20090038 N/A N/A EIF 1/2a, 3a + o+ 100000 °d>Cd0 m ==
20090039 N/A N/A EIF 1/2a, 3a + o+ 100000 °d>Cd0 m ==
20090040 N/A N/A EIF 1/2a, 3a + + [J 0000 mm =
20090041 N/A N/A E/F 1/2a, 3a + + [ LML m =
201a4 2004 NC E/F 1/2a, 3a + + [ ] N N N N N 23
206a5 2004 NC EIF 1/2a, 3a + + [ ] N N N N N | 2
210b1 2004 NC EIF 1/2a, 3a + + [ ] N N N N N [l 23
223b4 2004 NC EIF 1/2a, 3a + + [ ] N N N N N [l 23
231b1 2004 NC EIF 1/2a, 3a + + [ ] N N N N N [l 23
236al 2004 NC EIF 1/2a, 3a + + [ ] N N N N N [l 23
239a2 2004 NC EIF 1/2a, 3a + + [ ] N N N N N 23
241b 2003 NC EIF 1/2a, 3a + + [ ] N N N N N | 2
26-1a 2003 NC EIF 1/2a, 3a + + [ ] N N N N N | 2
268b2 2004 NC EIF 1/2a, 3a + + [ ] N N N N N | 2
279a2 2004 NC EIF 1/2a, 3a + + [ ] N N N N N [l 23
339b5 2004 NC EIF 1/2a, 3a + + [ ] N N N N N [l 23
367b1 2005 NC EIF 1/2a, 3a + + [ ] N N N N N [l 23
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369al 2005 NC E/IF 1/2a, 3a + + [ ] N N N N N [l 23
494b1 2006 NC E/IF 1/2a, 3a + + [] N N N N N R 23
506a1 2006 NC E/F 1/2a, 3a + + [ ] N N N N N 23
517al 2006 NC EIF 1/2a, 3a + + [ ] N N N N N Il 2
L1217 2005 VA EIF 1/2a, 3a + + [ ] N N N N N Il 2
L1624a 2005 VA E/F 1/2a, 3a + + [ ] N N N N N R 23
NCO1-236R 2001 NC c 1/2a + + [ ] N N N N N Il 23
NRRL B-33027 2000 N/A EIF 1/2a, 3a + + [J 000 mm == Lm2.5 (T700) (45)
NRRL B-33043 N/A N/A EIF 1/2a, 3a + + [J 000 mm == Lm2.11 (45)
NRRL B-33371 2003 N/A A Indeterminate + o+ L1 L1 [0 1 [J ] o4 Lm3.25 (45)
NRRL B-33185 N/A N/A A 4b + + [J 1 1] MW 1] = Lm3.9 (45)
oLm 8 1933 USA 4b + o+ ] [ I I e I Lm3.42
2007640 2007 NC c indeterminate (4c)  + + [ | [ ] R [ 1 [ [] 25 Lm3.50
NRRL B-33227 N/A N/A N/A 4c S I e e I O e O O I O I - Lm3.14 (45)
NRRL B-33230 N/A N/A EIF 4c S I e e I O e O O I O I - Lm3.15 (45)
NRRL B-33407 N/A N/A N/A 4c + + [J [0 M ] = Lm3.39 (45)
04-454 2004 NC c 1/2a + + [ ] N N N N N 2
2001-21R 2001 NC c 1/2a + + [ ] N N N N N Il 26
2002327R 2002 NC c 1/2a + + [ ] N N N N N 2
2004363 2004 NC c 1/2a + + [ ] N N N N N [l 26
2005397 2005 NC c 1/2a + + [ ] N N N N N [l 26
2005585 2005 NC c 1/2a + P [] N N N N N [l 26
2006644 2006 NC c 1/2a + + [ ] N N N N N [l 26
20090084 2009 NC c 1/2a + + [ [0 C0C0C0 m e
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AT-01 1986 N/A E/F 1/2a, 3a + + [ ] N N N N N [l 26
BUG923 N/A N/A N/A 1/2a, 3a - + 1L 0000000 m e
BUG924 N/A N/A N/A 1/2a, 3a + + [ 000000000 m e
DP-L862 N/A N/A N/A 1/2a NN ] L] OO e
EGDe 1926 N/A A 1/2a NN ] L] OO e
G2228 N/A N/A c 1/2a NN [ ] N N N N N Il 26
G3965 1988 USA EIF 1/2a NN [ ] N N N N N Il 2 (38)
G3975 1988 USA c 1/2a NN [ ] N N N N N Il 2 (38)
G3979 19881990 USA EIF 1/2a NN [ ] N N N N N Il 2 (38)
G3984 1981 England c 1/2a N N [ ] N N N N N Il 2s (38)
G3994 1981 England c 1/2a N N [ ] N N N N N Il 26 (38)
G3997 19881990 USA EIF 1/2a N N [ ] N N N N N Il 26 (38)
G4013 1988 USA E/F 1/2a NN [ ] N N N N N 2 (38)
H7764 N/A N/A c 1/2a + + [ ] N N N N N [l 26
H7788 1998 N/A EIF 1/2a + + [ ] N N N N N [l 26
Jo161 2000 USA c 1/2a NN [ ] N N N N N 2 Lm2.1 (38, 45)
L1009a 2004 VA EIF 1/2a, 3a + + [ ] N N N N N [l 26
L1014a 2004 VA EIF 1/2a, 3a + + [ ] N N N N N 26
L1508a 2005 VA EIF 1/2a, 3a + + [ ] N N N N N Il 26
L1712a 2005 VA EIF 1/2a, 3a + + [ ] N N N N N Il 26
LM 02-002 2002 NC c 1/2a + + [ ] N N N N N Il 26
LW-A38 2003 N/A EIF 1/2a, 3a + + [ ] N N N N N [l 26
LW-A67 2001 N/A EIF 1/2a, 3a + + [ ] N N N N N [l 26
LW-A74 2003 N/A EIF 1/2a, 3a + + [ ] N N N N N [l 26
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OLM 29 1938 England A 1/2a, 3a + +p [ ] N N N N N [l 26
#1 MI 33 2004 M EIF 1/2b, 3b + - ] N N N N N [ ] 26
414al 2005 ND E/F 1/2b, 3b + S I e -
BUG910 N/A N/A N/A 1/2b, 3b + S I I I I e I I e I e I
BUG911 N/A N/A N/A 1/2b, 3b S I I O I e O I O I
FSL N1:017 N/A N/A EIF 1/2b, 3b(4b) + -0 T [ O L [ L 2e
G3964 N/A Canada c 1/2b NN [ ] N N N N N [] 26 (38)
G3978 19881990 N/A c 1/2b NN [ ] N N N N N [] 26 (38)
G4008 N/A Canada EIF 1/2b NN [ ] N N N N N [] 26 (38)
G6003 1994 IL c 1/2b N N [ ] N N N N N [ ] 26 Lm1.18 (12, 38)
G6004 1994 IL c 1/2b NN [ ] N N N N N [ ] 26 (38)
G6005 1994 IL c 1/2b NN [ ] N N N N N [ ] 26 (38)
G6006 1994 IL c 1/2b NN [ ] N N N N N [] 26 (38)
G6054 1994 I c 1/2b NN [ ] N N N N N [] 26 Lm1.18 (12, 38)
G6055 1994 I c 1/2b NN [ ] N N N N N [] 26 (38)
G6060 1994 I c 1/2b NN [ ] N N N N N [] 26 (38)
H3281 N/A N/A c 1/2b + - [1 N N N N N O[] 26 (38)
L0607 2004 VA EIF 1/2b, 3b + -0 L [ 0 L [ g 2e
L0708 2004 VA EIF 1/2b, 3b + S e e I -
LW-A96 2004 N/A EIF 1/2b, 3b + + [ ] N N N N N [ ] 26
#2 M1 40 2004 M E/IF 1/2c, 3¢ + o+ [ 1 [0 L1 M 2
2008293 2008 NC c 1/2¢ + + 100000 -d>0d mm e
2008911 2008 NC c 1/2¢, 3¢ + + [J 00000 mm e
283a3 2004 NC EIF 1/2¢, 3¢ + + [J 00000 mm e
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516b1 2006 NC E/IF 1/2c, 3¢ + + [ [0 M s
BUG803 N/A N/A N/A 1/2¢, 3¢ + - [0 0L M 2
BUG916 N/A N/A N/A 1/2¢, 3¢ + + [ 000000000 m e
BUG920 N/A N/A N/A 1/2¢, 3¢ + - ML e
NRRL B-33259 2001 NJ EIF 1/2¢, 3¢ + o+ [ 1 1[0 0L M 2 Lm2.10 (45)
NRRL B-33285 2001 HI EIF 1/2¢, 3c + o+ 1 L [0 0L M 2 Lm2.10 (45)
OLM 137 1960 Canada A 1/2c, 3¢ + + [ [0 m s
#8 MI 15 2005 M EIF 4b + o+ 1 111 || [ ] 26 Ecn
20090079 2009 NC c 4b + o+ 1 111 || [ ] 26 Ecn
20090117 2009 NC c 4b + + [ J LI W B [ ] 2 Ec
34-2b 2003 NC E/F 4b + + [ J LA MW MW [ ] 2 Ecn
34-6a 2003 NC E/F 4b + (1T L] IR B B [ ] 2 Eci (13)
Beef (franks) 1992 N/A E/F 4b + N [ ] L]J[C] R BB B [ ] 2 Ecu
H3396 1997 CA c 4b + + [ J L1 IR B B [ ] 2 Ecn (38)
H6383 1996 OH c 4b + + [ J L I B B [ ] 2 Ecn (38)
H7550 1998 USA c 4b + + [ J L I B B [ ] 2 Ecn (38, 46)
H7738 1998 USA c 4b + + [ J L I B B [ ] 2 Ecn
H7762 1998 USA c 4b + o+ 1 [ [ [ | [ ] 28 Eci (38)
J1815 2002 N/A c 4b + + [J [ 1M W Wl [ ] 2 ECII (38)
J1925 2002 N/A c 4b + + [J [ 1M W Wl [ ] 2 ECII (38)
J2206 2003 NJ c 4b + + [J[J[L1 1" W W [ ] 2 Ec (38)
J2230 2003 MA c 4b + + [ J L1 IR B B [ ] 2 Ecn (38)
J2446 2003 OH c 4b + + [J L IR B B [ ] 2 Ecn (38)
J2685 2004 NY c 4b + + [J L IR B B [ ] 2 Ecn (38)
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J3006 2004 X c 4b + + [ J 1L MW B [ ] 2 Ecn (38)
J3033 2004 IL c 4b + + [J[LJ[LC] M B W [ ]| 2 Eci (38)
J3075 2004 CcT c 4b + + [J [ 1" BH Wl [ ] 2 ECII
J3170 2004 M c 4b + + [ J L1 L] W MW [ ] 2 Ecn
J3200 2004 CT c 4b p + [ J[LJ L] N MK W [ ] 2 Ec (38)
J3:33 2004 MN c 4b + o+ 1 [0 [ || [ ] 26 Ecn
J3527 2005 wi c 4b + o+ 1 111 || [ ] 26 Ecn
J3565 2005 IL c 4b + o+ 1 111 || [ ] 26 Ecn
J3606 2005 M c 4b + o+ 1 111 || [ ] 26 Ecn
J3785 2005 MA c 4b + + [ J LI W B [ ] 2 Ec
J3840 2005 MD c 4b + + [ J LA MW MW [ ] 2 Ecn
J3881 2006 co c 4b + + [ J LA MW MW [ ] 2 Ecn
J4101 2006 WV c 4b + + [ J L1 LR MW MW [ ] 2 Ecn
J4105 2006 AL c 4b + + [ J L1 IR B B [ ] 2 Ecn
J4120 2006 OH c 4b + + [ J L I B B [ ] 2 Ecn
34210 2006 GA c 4b + + [ J L I B B [ ] 2 Ecn
J4485 2007 MA c 4b + + [ J L I B B [ ] 2 Ecn
L0226 2003 VA EIF 4b + o+ 1 1 [ || [ ] 28 Eci (13)
L0315 2003 VA E/F 4b + + [ J L1 LR MW MW [ ] 2 Ecn (13)
L0327 2003 VA E/F 4b + + [ J L1 LR MW MW [ ] 2 Ecn (13)
L0603 2004 VA E/F 4b + + [ J L1 LR MW MW [ ] 2 Ecn (13)
L0623 2004 VA EIF 4b + + [ J L1 IR B B [ ] 2 Ecn (13)
L0704 2004 VA EIF 4b + + [J L IR B B [ ] 2 Ecn (13)
L0719 2004 VA EIF 4b + + [J L IR B B [ ] 2 Ecn (13)
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L0720 2004 VA EIF 4b + + [ J 1L MW B [ ] 2 Ecn (13)
L0724 2004 VA E/IF 4b + + [ JILJ[LJ IR MW B [ ] 2 Ec (13)
L0928 2004 VA E/F 4b + + [ J L1 L] W MW [ ] 2 Ecn
L0929 2004 VA E/F 4b + + [ J L1 L] W MW [ ] 2 Ecn
L0930 2004 VA E/F 4b + + [ J L1 L] W MW [ ] 2 Ecn
NRRL B-33589 2003 MD c 4b + o+ 1 [0 [ || [ ] 26 Ecn
NRRL B-33591 2003 GA c 4b + o+ 1 111 || [ ] 26 Ecn
2007583 2007 NC c 4b + - g0 m [ ] 26 Ecv
J3215 2004 NJ c 4b + - g0 m [ ] 26 Ecv
J4045 2006 MO c 4b + - [J L] [ LC] Il MW [ ] 2 Ecv
ws1 2000 NC c 4b + - [J LML R B [ ] 26 Ecv (24)
#158C 2004 NC E/IF 1/2b, 3b + + [ ] N N N N N O[] 27
#171D 2004 NC E/F 1/2b, 3b + + [ ] N N N N N O[] 27
#192C 2004 NC E/F 1/2b, 3b + + [ ] N N N N N[ ] 27
#201B 2004 NC E/F 1/2b, 3b + + [ ] N N N N N[ ] 27
#210B 2004 NC E/F 1/2b, 3b + + [ ] N N N N N[ ] 27
#4 M 16 2004 Ml E/F 1/2b, 3b + + [ ] N N N N N[ ] 27
128b2 2004 NC EIF 1/2b, 3b + + [ ] N N N N N O[] 27
158b2 2004 NC EIF 1/2b, 3b + + [ ] N N N N N O[] 27
179b3 2004 NC EIF 1/2b, 3b S I O e I O I O I 4
192b1 2004 NC E/F 1/2b, 3b S I I N I I e O I O I ¢
2005625 2005 NC c 1/2b + + [ ] N N N N N[ ] 27
2007:269 2007 NC c 1/2b S I I T O I e O I O I 4 1.29_1/2b
2007549 2007 NC c 1/2b, 3b O I I e I O O e O O O e I -4
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2008018 2007 NC c 1/2b + o+ 1 1 [0 O g g e
201al 2004 NC E/F 1/2b, 3b + o+ 1 L1 000 g e
223al 2004 NC E/F 1/2b, 3b Ec e I I e I e e O e O I -4
231al 2004 NC E/F 1/2b, 3b Ec e I I e I e e O e O I -4
232b1 2004 NC E/F 1/2b, 3b Ec e I I e I e e O e O I -4
258a1 2004 NC E/F 1/2b, 3b + o+ [0 000000 2
326b5 2004 NC EIF 1/2b, 3b + o+ 1 ] O g g e
342a 2003 NC EIF 1/2b, 3b + + [ ] N N N N N O[] 27
360b1 2005 NC EIF 1/2b, 3b + o+ 1 ] O g g e
369a4 2005 NC E/IF 1/2b, 3b T I R I I e O I I I 4
506a3 2006 NC E/IF 1/2b, T I R N A O I I 4
9lal 2003 NC E/F 1/2b, 3b + + [ ] N N N N N[ 27
AT-05 1987 N/A E/F 1/2b, 3b + + [ ] N N N N N[ ] 27
BUG915 N/A N/A N/A 1/2b, 3b + o+ 1[0 000 g e
G4007 N/A United Kingdom  C 1/2b NN [ ] N N N N N O[] 27 (38)
G4598 N/A Italy c 1/2b NN [ ] N N N N N O[] 27 (38)
G4599 N/A Italy c 1/2b NN [ ] N N N N N O[] 27 (38)
G4600 N/A Italy c 1/2b N N [ ] N N N N N[ ] 27 (38)
G4601 N/A Italy c 1/2b N N [ ] N N N N N[ ] 27 (38)
G4602 N/A Italy c 1/2b N N [ ] N N N N N[ ] 27 (38)
L1214a 2005 VA E/F 1/2b, 3b S I I e I e e O e O I -4
L1619al 2005 VA EIF 1/2b, 3b + o+ 1[0 000 g e
LW-A22 2001 N/A E/F 1/2b, 3b + + [ ] N N N N N[ ] 27
LW-A34 2003 N/A E/F 1/2b, 3b + + [ ] N N N N N[ ] 27
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Table 3.1 Continued
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LW-A42 2001 N/A E/F 1/2b, 3b + + [ ] N N N N N[ ] 27
NRRL B-33005 1985 N/A EIF 1/2b, 3b + o+ 1 L [0 0 OO L g er Lm1.30 (12)
NRRL B-33028 2000 N/A EIF 1/2b, 3b O I e I e I e I e I e I 4 Lm1.25 (12)
2003184R 2003 NC c 1/2a - + [] N N N N N Il 28 2.69_1/2a
20090045 2009 NC c 1/2a, 3a + o+ 100000000 m ez 2.43_1/2a
OLM 26 1938 England A 1/2a, 3a P+ [ [ [ L1 C1 L1 M = 2.60_1/2a
OLM 67 1953 Canada A 1/2a, 3a - + 1 L1 L] [ 0C L] M = 2.60_1/2a
OLM 72 1937 Canada A 1/2a,3a - + 1 L1 L] [ 0C L] M = 2.60_1/2a
OLM 73 1953 Canada A 1/2a, 3a - + [ 1 L1 [ [ L1 ] M = 2.60_1/2a
OLM 5 1933 USA A 1/2a, 3a + o+ [ 1 R [0 7 [ 1 ] es Lm3.16
OLM 6 1933 USA A 1/2a, 3a e I O I O O e O I -
FSL J1194 1997 N/A c 1/2b S I I O I e O I O I
G3985 N/A USA c 1/2b N N [ ] N N N N N [] 28 1.20_1/2b (38)
G4009 N/A USA c 1/2b NN [ ] N N N N N [] =28 (38)
G4025 N/A USA c 1/2b NN [ ] N N N N N [] =28 (38)
G4027 N/A USA c 1/2b NN [ ] N N N N N [] =28 (38)
LW-A94 2004 N/A E/F 1/2b, 3b + + [ ] N N N N N O[] 28 1/20_1/2b
OLM 136* 1960 LA 1/2b, 3b S e e I O e L O I O I 1.72_1/2b
J2571 2003 KY 4b - + [ 1 L1 I ] 1 [ [] =8 Lm3.42 (38)
FSL J2071 N/A N/A 4c + o+ [ 1 W 1 7 [ 1 ] es
NRRL B-33115 N/A N/A A 4c + + 1B ] [ [0 [ ] =2s Lm3.16 (45)
NRRL B-33231 N/A N/A EIF 4c + + 1 R [0 0 O [0 ] s Lm3.16 (45)
OLM 84 1949 MD c Indeterminate + + 1 R [0 [0 O [0 ] s Lm3.16
NRRL B-33406 N/A N/A N/A 1/2b, 3b (4a) S Lm4.2 (45)
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Table 3.1 Continued
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NRRL B-33425 N/A N/A A 4eld + o+ 1 L1 1 [ [ L] oo Lm3.40 (45)
NRRL B-33364 2002 N/A A Indeterminate + o+ [ 1L [ [0 ] ] 2 Lm3.21 (45)
NRRL B-33366 2002 N/A A Indeterminate + o+ [ 1 1 7 [ 1 L] oo Lm3.21 (45)
NRRL B-33367 2002 N/A A 1/2a, 3a + o+ 1 L] M 3 Lm3.22 (45)
NRRL B-33077 N/A N/A A 4b + - 1 L1 [ [ [ 3o Lm3.1 (45)
J3017 2004 IN c Indeterminate (4b) + + [ | [ [] [J1 [J] [J] [ 30 Lm3.42 (IV9)
NRRL B-33188 N/A N/A A 4c + + [ 1 R 1 7 O[] L] = Lm3.11 (45)
#1 Ml 18 2004 Ml EIF 1/2a, 3a -+ [] N N N N N O
#266A 2004 NC E/IF 1/2a, 3a + + [ ] N N N N N R
179b1 2004 NC E/F 1/2a, 3a + + [ ] N N N N N Il 3
1a (255) N/A N/A N/A 1/2a, 3a - + [] N N N N N I 3
200125R 2001 NC c 1/2a - + [] N N N N N R 3
266al 2004 NC EIF 1/2a, 3a + + [ ] N N N N N Il
BUG909 N/A N/A N/A 1/2a, 3a + + [J 000> mm >
LW-A35 2003 N/A EIF 1/2a -+ [1 N N N N N Il
2003123R 2003 NC c 1/2b + + [ ] N N N N N[ ] 3
20090042 2009 NC C 1/2b I O I O O I - 11
20090050 2009 NC c 1/2b S N O e O I O I -1
LW-A39 2003 N/A EIF 1/2b, 3b + + [ ] N N N N N [] 31
NRRL B-33381 2004 N/A A 1/2b, 3b + o+ ] [ L1 ] O [ = Lm3.34 (45)
32422 2003 RI c 4b + + 1R ] 0] L] = 1.7_4b (38)
J3070 2004 ™ c 4b + + [ 1R ] 01 0°] = 1.62_4b
J3120 2004 WA c 4b + + 1B B ] ][] 0[] =
J3309 2005 IA c 4b + +« 1R W 110001 =
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J3554 2005 MS c 4b + + 1M MM ][]0 =
J3618 2005 NJ c 4b + + 1B W ] ][] 0[] =
J3684 2005 OR c 4b + + [ B ] ][] 0[] =
J3762 2005 IN c 4b + + [ B ] ][] 0[] =
J3795 2005 AZ c 4b + + [ B ] ][] 0[] =
J3909 2006 OR c 4b + + 1 L1 ] O [ =
J4428 2007 OH c 4b + + 1 R L1 1 O [ = 1.62_4b
J4221 2006 MD c 4b + + [ J 000 m [] 31 1.75_4b
NRRL B-33183 N/A N/A A 4b S I e e I e O I O I - Lm3.7 (45)
NRRL B-33363 2002 N/A A Indeterminate + o+ 1 J 0[]0 s Lm3.19 (45)
NRRL B-33378 2004 N/A A Indeterminate + o+ 1L J0LJ 000 = Lm3.32 (45)
J3415 2005 TX c 4b + + 1R ][] 0] ] = 1.7_4b
CLIP 11262 1988 Morocco EIF L. innocua (VT N I T e e O I e -
NRRL B-33314 2001 CA EIF L. innocua + o+ 1 [ [0 O O g g =3
J5031 2008 GA c 1/2a, 3a (4b) + + [ 1R B ] L1l 3 Lm3.39
L0703 2004 VA EIF 1/2b, 3b + -0 O [ 0 L [ g ss 1.37_1/2b
NRRL B-33160 N/A N/A EIF 1/2b, 3b S I e I I I e O I O I - Lm1.37 (46)
2003151R 2003 NC c Indeterminate (4b) - + [ L1 R ] 1 [ [] =3 Lm3.42
NRRL B-33229 N/A N/A c 4a l4c - + [ L1 R ] 1 [ [] =3 Lm3.38 (45)
NRRL B-33403 N/A N/A c 4a - + ] [ I I e I < Lm3.38 (45)
OLM 59 1953 Canada c Indeterninate -+ L O L0 O O O g ss Lm4.2
NRRL B-3318% N/A N/A A 4b - + 1L ] ] [ [ s Lm3.5 (45)
NRRL B-3318F N/A N/A A 4b + + [ 1 W 7 [ L[] s=s Lm3.10 (45)
NRRL B-3336% 2002 N/A A Indeterminate + + 1 L1 [0 ] ][] s=s Lm3.27 (45)
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NRRL B-3337% 2004 N/A A Indeterminate + + 1 L1 1 ][] ] =8 Lm3.27 (45)
NRRL B-3310% N/A N/A A 4b + 1 L [ [ [ [ s34 Lm3.3 (45)
OLM 37 1937 USA A 4b + o+ [ 1 1 7 [ 1 [] s34 Lm3.52
OoLMm 21 1937 USA A Indeterminate + + L1 L ] [J ] ] =4 Lm3.42
OLM 22 1937 New Zealand A Indeterminate + o+ 1 I I e I I I -/ Lm3.42
oLm 82 1953 Germany N/A Indeterminate + + |:| |:| |:| |:| |:| |:| 34 Lm3.42
NRRL B-3337% 2004 N/A A Indeterminate + o+ 1 R 1 7 O [ ] =4 Lm3.29 (45)
200175R" 2001 NC c Indeterminate + o+ 1 [ L1 [0 [ [ s34 Lm3.2
NRRL B-33092 N/A N/A A 4b + o+ 1 [ L] [ [ [ s34 Lm3.2 (45)
NRRL B-33426 N/A N/A E/F 4b + C1 O] W ] [ O [ s34 Lm3.41 (45)
NRRL B-33384 2004 N/A A Indeterminze + + [ 1R 1 W [ [] 34 Lm3.37 (45)

#N/A, information unknown.

® A, animal isolatesC, clinical isolates; and E/F, isolates from the environment or foods

¢ The serotypes were determined with the serological method performed in the instétithe isolates were collected and/or
multiplex PCR(11) performed in our lab. When serotypes determined by both methods differed, the serotype obtained with the
multiplex PCR was used for analysis and the serotype obtained with the serological matsbdwrawithin parentheses. When

the serotype could not be determined by this multiplex PCR, the isolate was designated to the indeterminaté& lsenolypand
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Table 3.1 Continued

minus signs represent susceptibility and resistance of the genomi¢ddrestriction enzyme, respectively. The letter P signifies
partial digestion of the genomic DNA.

®White and blak rectangles mark the absence gnesence, respectively, of the signal in the DRINA hybridization using a
DNA probe.

N, not tested.

9Lineage determined by TMLGT.

" Alternative strain name.

' Isolates that generated 0.6 kb amplicon from primers-Ba0T PF/2007640LPRtargeting probe 200840LPand 1.5 kb
amplicon from primers H7858 _0334R/H7858 0338fgeting the flanking geneSince frain 2003151R exhibited the same
results, these isolates seem to harbor Region 85 similar te1Z163

IIsolate that generated 0.5 kb amplicon from primers BRMWIPF/2007640LPR and 2.2 kb amplicon from primers
H7858_0334R/H7858_0338F.

“Isolates tht generated 0.6 and 1.2kb amplicons from primers-B@0T PF/2007640LPR and 7 kb amplicon from primers

H7858_0334R/H7858_0338F.
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Table 3.1 Continued
' Isolates that generated no amplicon from primers ML PF/2007640LPR and 2 kb amplicon from primers

H7858_0334R/H7858 0338F.

M |solate that generated no amplicon from primers 28401 PF/2007640LPR and 2.8 kb amplicon from primers

H7858_0334R/H7858 0338F.

" Isolate that generated no amplicon from primers 2000_PF/2007/640LPR and 4 kb amplicon fromiprers

H7858_0334R/H7858_ 0338F.

°Isolates that generated no amplicon from primers ZIPF/2007640LPR and 7 kb amplicon from primers

H7858_0334R/H7858 0338F.
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Table 3.2 Number of isolates belonging to dierent serotypes and sources

1/2a, 3a 1/2b, 3b 1/2c, 3c 4b Otherg Total
A 10 3 1 16 28 58
C 28 29 2 145 11 215
E/F 71 45 5 43 6 170
N/A 5 5 3 6 3 22
Total 114 82 11 210 48 465

# Thefiothed serotype category includes twoinnocuaisolatesL. morocytogenessolates

belonging to lineage Il and IV serotypes (4a and 4c)lanmdonocytogenedsolates whose

serotypes could not be determined by the multiplex PCR devised by Doumitfilé) al.
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Table 3.3 List of isolates whose Region 85 was sequenced

Estimated amplicon size GenBank accession Regi(_)n 85
Name (sequenced DNA size) (bp) number Serotype Hybridization
Pattern

2003151R 1596 (1471) JN235996 Indeterminate 33
2007640 3140 (2986) JN235991 Indeteminate (4c) 25
200175R 3328 (2826) JN235995 Indeterminate 34
2007584 3944 (865, 858) JN235999, JN236000 4b

J3115 4573 (3697 JN235992 4b

J2479 4850 (4532 JN235993 4b

J2571 5967 4b 28
J3017 7080 Indeterminate (4b) 30
FSL J1208 7408 (631} JN235994 da 1
20070904 11333 4b 10
J2255 11603 4b 10
J3139 11828 4b 10
J3182 12088 (789) JN236001 4b 10
J3155 12354 4b 11
J3422 12626 (820, 868) JN236002, JN236003 4b 11
J3720 12626 4b 7
2007629 13660 Indeterminate (4c) 12
J4016 13814 4b 10
J4179 14010 (869, 886) JN236004, JN236005 4b 10
J3913 14078 4b 9
J3751 14279 4b 10
J3976 14279 (2247, 9308) JN235997, JN235998 4b 10

#Region 85 amplicomwascompletely sequenced.

P Only the terminal parts of the Region 85 ampliconens&quenced. Within the parentheses,

the first and second numb dansnalfragmenssent t he s
respectively.

“Only the5 erminal parts of the Region 85 aliepn wassequenced.

9The sequence is available for the internal (#2247 bp) including thesdSgene and its

flanking regions and the 306 terminal fragmen
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Table 3.4 Primers and DNA probes used in this study

Probe Primer Sequence Target Reference
H7858_0334R GTTCCCGAATCATTTCCAC LMOh7858 0334 This study
H7858_0338F CTCGTGAATCTCCAAATGCG LMOh7858 0338 This study
LMSG_01575F AGTTCAGTGGAGAACCGTAG LMSG_03070 This study
LMSG_03069R CTAGATTCTCCACCACGAAC LMSG_03069 This study
<Region 85based probes>
85M F2365_85MF AATATATTTTCAATGTTTGATGGT LMOf2365_0327 (50)
F2365_85MR GCTAATTCAATCCCTATTCT LMOf2365_0327 (50)
J2479Res J2479Res_F GACCTAGTAAAGCAGGTGCT ImoJ2R This study
J2479 3R AGGTACCCATTCGATAGTCG ImoJ2R This study
J3115Met J3115 2F TATCAGGCTTTCCCTGTCAA ImoJ3M This study
J3115Met_R GGTACTACAACCGAATTCCC ImoJ3M This study
LMSG_01573 LMSG_01573F TACAATTGGTCGGACACGTG LMSG_01573 This study
LMSG_01573R AGAATCCGCTCATAAACAGC LMSG_01573 This Study
IC‘:MSG—OJ'SM LMSG_01574_CF CTAGACAACACTATCGCTC LMSG_01574 This Study
LMSG_01574_CR ACGCTGTTCCCAATCATCAG LMSG_01574 This Study
LMSG_01574 LMSG_01574F CCTCTAATTCGAGTATCC LMSG_01574 This Study
LMSG_01574R GTCCCCTACAGCAACACCTTT LMSG_01574 This Study
JIITOTYPEIS 13976 _TypelS_VF  GCAAGTCTAAATCTACCAG LmoJ3976S This Study
J3976_TypelS_VR ATGACTCTGCGGCAAGTAC LmoJ3976S This Study
Mrr LMSG_01576F CAGAATGGGATATAGCGGAG LMSG_01576 This Study
LMSG_01576R CAGCTTCCACTCCAACTTTG LMSG_01576 This Study
McrB H7858_0337F ATATCCATGCCCATCACCAC LMOh7838_0337 This study
H7858_0337R CGGGAGGAATCTCGTTATAC LMOh7858 0337 This study
LMSG_01578 LMSG_01578F GCTTGCAGGAAAGAAGGAAC LMSG_03073 This Study
LMSG_01578R GGTTTTCTTTCGCAAGTGC LMSG_03073 This Study
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Table 3.4 Continued

Probe Primer Sequence (506 to Target Reference

LP LPF GTTGTTGATAGTAAGTATA LMOf2365_0329 This Study
LPR TCTGCTTTGACATCTATGTG LMOf2365_0329 This Study

J3976NG J3976NG_F GCAGCATTAGTAGTTTGTAGC J3976NG This Study
J3976_01575LP_3k TGAAGTCTATAGTCTCCGGC J3976NG This Study

2007-640LP 2007-640_LPF GTTAGTAGGATGTGGTAAAG [in0331 This Study
2007#640_LPR CTGTTCTCTTTGTCATCCAC lin0331 This Study

Intergenic region betweer
J1-194 1 J1-194 1F CGAGGTCTAGGACATTGTTC LMBG_02168nd This Study
LMBG_02169

J1-194 1R CATATGGTTACCGTCACTAG LMBG_02168 This Study

<EC probes>

\TV?:E,EC”C' ECIC-WAPF ATGGAAATTGGGCATGGC LMOf2365_0450 (6)
ECIC-WAPR GTAGTTCCAGTGGACATG LMOf2365_0450 (6)

4bSF18 4bSF18 F ACGGGCGTTTTATATTAAATGGG LMOf2365_0466 (14)
4bSF18_R AATATCTCGAAAACTCCGAGT LMOf2365_0466 (14)

Hsp001219 Hspec01219F GAGGCTATCGAAATTGCTCG LMOh7858_1168 (6)
Hspec01219R AGGATTCGGAATTTCATCCA LMOh7858 1168 (6)

ECIIC-WAP ECIIC-WAPF GGGAACTTTCCATTAGCC LMOh7858 0479 (6)
ECIIC-WAPR TTAAATGGGATATGATGT LMOh7858_0479 (6)

H18RP9/10 H18RP9/10F CTGGATTTGCAGCTTATGAT LMOh7858 0487 (22)
H18RP9/10R CCTATTCTTTCCATAAGTAAT LMOh7858 0487 (21

<DNA probes for atypical serotype 4bisolates

Imo0737 Imo0737F AGGGCTTCAAGGACTTACCC Imo0737 (11)
Imo0737R ACGATTTCTGCTTGCCATTC Imo0737 (12)
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Table 3.5 Pair-wise comparisons of lipoproteins

2003151R lin0331 LMHCC_2327 LMOf2365_0329 LMHCC_2328 DNA/ Protein
100/106¢ 78.6/ 73.8 76.8/61.5 69.5/ 58.2 67.7/50.8 2003151R

78.6/ 73.8 100/100 83.2/73.8 77.3/67.4 59.3/40.0 [in0331
76.8/61.5 83.2/73.8 100/100 74.0/ 63.0 59.6/ 42.6 LMHCC_2327
69.5/ 58.2 77.3/67.4 74.0/ 63.0 100/100 58.6/ 41.3 LMOf2365_0329
67.7/50.8 59.3/40.0 59.6/ 42.6 58.6/41.3 100/100 LMHCC_2328

4 The numbers in front of and after the slash mark represent the percent identities at the DNA and protein levels, respectively

which were obtained witlEMBOSS Align

199



Table 3.6 Distribution of the isolates positive for the Region 85 gene probes

1/2a,3a 1/2b,3b 1/2c, 3c
A (%) C (%) E/F @) N/A (%) (%) (%) (%) 4b @)  Others o) | Total 06)
85M 12 (20.7) 38(17.7) 22(12.9) 3(13.6) 8(7.0) 4 (4.9) 0 56 (26.7) 7 (14.6) | 75 (16.1)
J2479Res 3(5.2) 6 (2.8) 5(2.9) 0 4 (3.5) 0 0 6 (2.9) 4 (8.3) 14 (3.0)
J3115Met 0 3(1.9) 0 0 1(0.9) 0 0 2 (1.0 0 3(0.6)
LMSG_01573 | 8(13.8) 53(24.7) 17 (100) 3(13.6) 1(0.9 2(2.4) 0 71(33.8) 7(14.6) | 81(17.4)
LMSG_01574C| 8 (13.8) 52(24.2) 17(10.0)0 3913.6) 1(0.9 2(2.9) 0 70(33.8) 7(14.6) | 80(17.2)
LMSG_01574 2(3.4) 29(135) 43(25.3) 4(18.2) 1(0.9) 40 (48.4) 0 36 (17.1) 1(2.1) 78 (16.8)
J3976TypelS_V 0 14 (6.5) 0 0 0 0 0 14 (6.7) 0 14 (3.0)
Mrr 3(5.2) 60(27.9) 59(34.7) 4(18.2) 49 (43.0) 4(4.9 0 70(33.3) 3(6.3) 126 (27.1)
104
McrB 15 (25.9) 124 (57.7) 118 (69.4) 11 (50.0) 84 (73.7) 60 (73.2) 11 (100) (49.5) 9(18.8) | 268 (57.6)
LMSG_01578 0 36 (16.7) 57 (33.5) 3(13.6) 49 (43.0) 0 0 47 (22.4) 0 96 (20.6)
167
LP 14 (24.1) 163 (75.8) 157 (92.4) 17 (77.3) 97 (85.1) 69 (84.1) 11 (100) (79.5) 7 (14.6) | 351 (75.5)
J3976NG 3(.2) 24(11.2 0 1(4.5) 0 2(2.4) 0 23(11.00 3(6.3) 28 (6.0
2007640LP 24 (41.4) 32(14.9) 5(29) 4(18.2) 4(3.5) 5(6.1) 0 31(14.8) 25(52.1) | 61(13.1)
J1-194 1 14 (24.1) 11 (5.1) 2(1.2) 1 (4.5) 9 (7.9) 8 (9.8) 0 2 (1.0) 9 (18.8) 28 (6.0)
Total 58 215 170 22 114 82 11 210 48 465
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Table 3.7 Distribution of the different hybridization profiles of Region 85 probes
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Table 3.7 Continued
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Table 3.7 Continued

& All isolates were clasfied into lineages Il or IV by MLGT.

P All isolates belonged to ECI.

¢ Seven isolates belonged to Group 1. Strain J3976 displayed hybridization pattern 10.

4 Twenty one isolates belonged to ECla.

° Seven isolates belonged to Group 2.

"Nine isolatedelonged to Group 3.

9Hybridization pattern 23 represents Region 85 similar to FSM0Z(Fig. 1C).

" Isolates displaying these hybridization patterns seem to harbor Region 85 similar to H7858 (Fig. 1C).
' All isolates belonged to ECII or ECV.

Ilsolaes displaying these hybridization patterns seem to harbor Region 85 similar to-EB5 (Fig. 1C).

203



Figure 3.1Genetic organization of Region 85 of different.isteria spp.and L.
monocytogenestrains obtained from bioinformatics analyses and sequencing results.

The strains whose Region 85 was sequenced are marked with asterisk and, next to the stain
name, the size of the PCR product with primers annealing to the conserved flanking genes
was shown. The caerved flanking genes were colored in black; RM systems were marked

in dark grey and annotation on the REBASE database were shown if available; and the other
genes in Region 85 were colored in white. Pseudogenes were represented with stippled
arrows and teir gene names were written inside the parentheses. The grey shade signifies
homologous DNA sequence obtained from the analysis with WebACT and the percentage
next to the gene names represents the GC content of the gene. ForZ®B, thie GC

content wasiot calculated due to potentially incorrect identification of ORFs due to
sequencing mistakes. The DNA probes were shown as a line over their target genes. A
Region 85 harboring Type Il RM systems. B Type | RM systems identified in Region 85. C
Region 85 hrboring Type IV RM systems without Type | RM systems. D Region 85

harboring lipoprotein genes without RM systems. E Region 85 similartelshimeri

SLCC5334. In each picture, other strains that did not satisfy the above designation were also

included ased on the similarity of Region 85.
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Figure 3.2 Alignment of the hsdSgenes identified in Region 85 of J3976 (J39T&8dS,
HPB2262 (MSG_01574 and L. welshimeriSLCC3954 (se_0280. Conserved regions

were highlighted in grey. The DNA sequence of DNA probe LMSG_01574C was marked in
pink whereas the variable region DNA probes (LMSG_01574 and J3976TypelS_V) were

colored in green and yellow, respectively.
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J3976 hsdS
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LMSG_01574

J3976 hsdS
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LMSG_01574

J3976 hsdS
Ise_0280
LMSG_01574

J3976 hsdS
Ise_0280
LMSG_01574

J3976 hsdS
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LMSG_01574

J3976 hsdS
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LMSG_01574

J3976 hsdS
Ise_0280
LMSG_015%4

J3976 hsdS
Ise_0280
LMSG_01574

J3976 hsdS
Ise_0280
LMSG_01574

J3976 hsdS
Ise_0280
LMSG_01574

J3976 hsdS
Ise_0280
LMSG_01574

ATGICACATATTAACAAGAAAGTTCCTAAAAGAAGATTTCAGGAATTTAATAATAGT GAT
ATGTCGGATAGTAAAAAGAAGGTGCCTAAACGAAGGTTTGAGGAATTTAGTAABGCTAAT
GTGTCACATATTAACAAGAGAGTTCCTAAAAGAAGATTTATGGAATTCAATAATGCTGTC

*kkk  Kkkk *kk kkkk  kk hkkkkk kkkk kkk  kkkkkk k hkkk kk

GACTGGGAACAGCGTAAGT TAGAT GTTACGAATTAATAAAGGGATTTGCATTTAA 119
GATTGGGAACTGCGTAAGTTBGGTCTGATGAATATACATCTGTAAAACGAATTCA 119
GCTTGGGAACAGCGCTBAAGGGAAATTGCGAATTCCTTCGAATATGGGCTTAATGCA 120

*  kkkkkkk kkkkkkkkkkkk * k kkkk % * % %

ATCCAGAGACTATGCCGATAAAGGTATAAGAATAATAAGAGTATCRIGATCAAG 176
TCAATCAGACTGGACTGATAAAGG TGTCCGCTTTTTAAGGGCTCGCGACATTGTATCTGC 179
AGTTCTAAAACATA - TGATGGAGAAAATAAATATATTCGAATTAGAGA TAT- TGA 173

* * *kk  kk * % *%k *kk

TGATAAAATAAAAGAATTGAATGACAATIATIGTTACTCAACTTGTAGCTAATGAAAA 236
CTCAAAAGGTAAAAATCCTTCTGAATATCTTTATATCTCGAAAAAATTATATGATGAGCA 239
TGAAAGTTCTCATGTATTTAATCAAGATAATCTAACCTCCCCAGATATAAGTTTAGATAA 233

* % Kk % * % *k *x k% X

TAAAAAATTTATTATAGAAAAAGAAGATATTATTATTACAACTGTTGGTTCTAAGGCAGA 296
TTCAAAA --- ATTTCAGGAAAAG--------- TTGGGGTTGGGGATFFT GCTCGT 281
CCTAAATCATTACTTATTAGAAG AGGGGATATTCTCTTAGCGAG 278

Kk * Kk kkk *k Kk

AATGAAAGAATCAGCTGTTGGAAGACCGATAATAGTAAGBTAATAACTATCTAT 355
AACTGGGGTAGGGTCTATCGGTATCCCTATGCTTATTAAGCATGAAGAACCACTATATTT 341
AACAGGAGCAAGTACTG -- GAAAATCTTATTGTTACAATAAAATAGATGGCAAAGTATTT 336

*k kk  kk ok k Kk kk k Kk Kk * * koK ok

TAA- ATCAAAATTTAGTTAAAGTAAGAAGTAGTGAAAGTAGTTTTAGCTAGTRAIAL3
CAAGGATGGAAATATCATTTGGTTTCAGAATAAGAAAAATATTGATGGGGGATTTTTCTA 401
TTTG - CTGGGTTTCTAATAAGAGCAAAAATCAAACATGAATATAATGTCAGTTTTATCTT 395

* * % % * k% *k%k * %

CTGT- CAGCTTATTAATCCTAGATACTCTGATTATATTGCCACAATTBSAGGTA 469
TTAT -- TCGTTCAATAGTCATAGTATTCAAAAGTTCATTCGTGATAGTGGTATTG 457
TCAAAGCACTTTAACAG -- AAAGGTATAATAATTTTATTCAGGTTACTTCTCAGAGATCA 453

* % % *% * k  kkk * %

ATGCCAATCAAGCCAATATAGCTATAAGTGATTTATGGGAGTATAGTTTTCTCTCACCTA 529
GAACGGTTGGAACCTACACAATTGATAGCGGGGGAAAGACGCCAA-- TTTATTTACCTAS14
GGCCAACCAGGAATTA - ATGCTCAAGAGTATGCTAGATTTGGTT TATATATTCCTA 508

*k *kkk

AAAMGATGAACAGACAAAAATTGGTACCTTCTTCAAACAACTTGATCACACTABBECTC
ATAPMAAAAGAACAACAAAGAATTGGCACCTTTTTCAAACAACTCGATAATACTATRIGCTC
AAAAGAACAACAAAAAATAGGTGACTTTTTC ‘B68

* ok ok kkkkk  kk kkk okk kkk *k ok

AATT

TTCATCAACGAAAGCTAGAAAAAATAAAAGCATTAAAAACTGCCTATCTCTCAGARAATGT
TTCATCAACGTAAGTTAGAAAAAATAAAAGCATTAAAAACTGCCTATCTGTCAGAEATGK/I S G

dkkkkkk *kk kkk

TTCCAGCAGAAGGAGAAACCAAACCAAAACGCCGATTTGCAGGATTTACTGATBIOTTGGG
TTCCAGCAGAAGGAGAAACCAAACCAAAACGCCGATTTGCAGGATTTACTGATEXNTTGGG
AGEEEGG

*kkkk

AAGAGATTABCTTGGAGATATTATTGATTATGAGCAACCAA---- CAAAATATA 760
AACAGCGTAMXCTAGATAATTCTATTAAAGTGATGGATGGAGATAGGGGTTCAAACTATC 754
TTTATAGAAATTATTAA-- TCGTTTAAG------- TAAAACTC 734

*k k% kkk * *  kkkk k * *kk  k*
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LMSG_01574

TTGTTAAATCAA----  TTAGTTACGGGATA--- ACTTTGGAATACCAGTATTAA 808
CTCACGATTCGGATTTCTTCGACAATGGCGATACTCTATTTCTTGATACTGGTAATGTAA 814
TAATTCGAGTATCCTTCCTAAAGTAGA-------- ATA- TGAAGATATAAI75

* k% * * k k% *kk * Kk

CTGCAGGGAAATCETTTAGATTAGGTTATA---- CGAATGAAGTTTATGG- 854
CGAAAAATGGATTCAAATTTGATAATGTTAAATATATAACAAAAGAAAAGGATGGGCAGT 874
TTGCAGAAGAAGGTCGATTGAATAAAGAT-A—TC'F- CTAACAAATTTGATAG- 824 LMSG

* *k kk k k k% * k% k% *% %
_01574
TATTAAAAATGCAAGTCTAAATCTACCAGTAATAATATTTGATGATTTACTA 907
TGCGCGCTGGAAAACTAGAAAAAAATGACTTTGTATTAACTTCT CGTGGAACACTTGGCA 934
TAGAAAAGGCATTTTGTTTCAACCTAAGAATATTCTATATGGAAAGTT 872

* kkk * *%

CAAGTTCACAGTATGTTGATTTTTCATTCAAA GTCAAAAGCTCAGRPAAA--- 959
ATGTTGGATTCTATGATAAATTTGTCTATAAACGTCATCCCAAACTTAG - AATAAATTCA 993
ACGTCCATATCTAA AAAATTGGTTATATGG'GA'I'I"I_I'AAAGGTGTTGCTG'FAG 926

**k * kk 0k % * k%

-- AATACTTAGCTTGAAAAAGG AAACAGCTGATTTTTATHFF TGTGTATAATA1009
GCAATGTTAATTTTAAGAAATACAGATGAACAATTATCTTGTAGTTATTTGCATACTTTA 1053
GGATTTTGGGTATTTGAAGGTA TAGAAGCTACCCCTCGTTATCTATAATTA 981

* % % * k% * k k% *k  k  kk k% J 3976
ATTTAAA AAA------ TATAAAGTACTTGCCGCAGAGTGAA-------- CGACA 1052 Typel
CTTAAAG - GGAACTTGATTTCAGATTTTATGAGAAAGAATCAAGTAGGTAGTGCTCAGCE 1M\2

ATTCAATCAGATAGTTATCAGAAAGTAGCTAATGATACTGCGGGAACGAAGATGCCTAGA 1041

*k kk Kk * k kK * ok ok

TTGGATTTEAAAGTTTG--- TTAAGTTCATAGTATACCAACCTTCATA TGAAS 1102
CCATATTAC - TAAATCTGAATTTCTGAAATTAGACTTGAACGTTCCCTGTGATGI QARG
TCAGATTGGACAAAAGTA TCTAATAGCAGZTTTTTCATTCCAAAAGAAAGCICIOQG

*kk  kk K * * * ok

* ok

AGCAAACTAAAATCGGAAACTTTTTAAAACAACTCGACAAAACCATCACTATTCAGE2AAC
AACAAAACAAGATTGGCGACTTCTTTAAAAATCTCGACAACACTATCACTCTCCRIITAAC
AACAAAAAAGAATAGGTACCTTTTTCAAACAACTCGACGACACTATCGCTCTTCHIEBAAC

* kkkk Kk kk kk  kkk kk kkk ok kkkkkk Kk kk kkk kk ok kkkkkkk

GCAAACTACAAAAACTACAAAACATCAAAAAAGCATACTTAAACGAAATGTTCAZITAG
GAAAACTACAAAAACTACAAAACATCAAAAAAGCATACTTAAACGAAATGTTCAZITAG
GCAAACTACAAAAACTACAAAACATCAAAAAAGCATACTTAAACGAAATGTTCAZIFAG
*

212



Figure 3.3 Comparison of the lipoprotein genes and homologs DNA sequences (A and

B) and of the proteins encoded in the lipoprotein genes Jan A and B, when the Region

85 harbored a homologous DNA sequence to the lipoprotein genes in which an ORF of the
comparable length to the other lipoproteins was notiiiiettthe homologous DNA

sequence was used for the comparison and marked with the strain name and asterisk. In A,
the phylogram of the DNA sequences was drawn with ClustalW. In B, the start codon of a
gene was boldfaced and underlined whereas the stam eeas surrounded with the

rectangular box. Similar DNA sequences were marked with the brace and important genetic
features were marked in grey. In the alignment with the DNA sequence encoding the lipobox,
the putative lipobox amino acid sequence was desigl next to the DNA or gene name. In

C, the lipobox was underlined and conserved sequences were obtained with the WebLogo.

Based on the results from the WebLogo, six conserved regions were identified and marked in

grey.
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J3976
lin0331

MHCC_2327
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LMOf2365_0329
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LMSG_01580
LmonocFSL_020200001330
FSL_J2- 003*
SLCC3954*
LMHCC_2328
2001- 75R_1
2001- 75R_2

Lipoprotein start

Lmonocy02020
00068100Cstart
—>

ATGAGCAAAAAGTGGATAGGTATTATTTTAGTAAGTGCATTATTTTSA
ATAAGCAAAAAGTGGATAGGTATTATTTTAGTAAGTGCGTTATIT TIRA
ATGAGCAAAAAGTTAGTAAGTATTATTTTTTTAGGGATTTGTCTINT BB
ATCGAGCAAAAAGTTAGTAAGTATTATATTTTTAGGGATTTGTCTIITBEG
ATGAGCAAAAAATTAGTAAGTATTATATTTTTAGGGATTTGTCTIIT BB
ATCGAGCAAAAAGTTAGTAAGTATTATTTTTTTAGGGATGTTACTIITBEG
ATGAGCAAAAGTTAGTAAGTATTATTTTTTTAGGGATGTTACTTTTED
ATCGAGCAAAAAGTTAGTAAGTATTATTTTCTTAGGGATTTGTCTTHG
ATGAGCAAAAAGTTAGTAAGTATTATTTTCTTAGGGATTTGTCTITHG
ATGAGCAAAAAGTTAGRGTATTATTTTCTTAGGGATTTGTCTTTTGS50
ATCGAGCAAAAAGTTAGTAAGTATTATTTTCTTAGGGATTTGTCTTHG
ATGAGCAAAAAGTTAGTAAGTATTATTTTCTTAGGGATTTGTCTITHG
ATGAGCAAAAAGGTAGTAAGTATTATATAAGGGATGTTACTTGITIG 50
ATGAGCAAAAAGTGGATAGGTATTATTTTAGTAAGTGCATTATTTTSA
ATCGAGCAAAAAGTGGATAGGTATTATTTTATTAAGTGCATTATTTBA
ATGAGCAAAAAGTGGATAGGTATTATTTTAGTARBTEATTTTTAT 50

*k k% *% *

*k Kk %

* k% Kk k%

Lipobox Insertion
GGTAGGTGCGGAAAGAGCCTGTTGAGAACAAAAAA —----- 87
GGTAGGTGTGGEAAAGACCTGTTGAGARAAAAA: ------- -— 87
AGTAGGATGIG 62
AGTAGGATGIG 62
AGTAGGATGIG 62
AGCAGGTGTGGG 63
AGCAGGTGTGGG 63
AGTTGGTTGGG 62
AGTTGGTTGGG 62
AGTTGGTTGGG 62

62
AGTCGGTTGGG 62
AGTAGGTTG&3G 62
GATAGETCCGEAAAG GCCTCTTGAGAACAAAAAA - 87
GGTAGGETGCGGAAAGAGCCTGTTGAGAACAAAAAAATTGTTGATGATA
GGTAGGTTGAGTAAAGAGCCTGTTGAGAACAAAAAA - 87

*k k% *

ATTGTTGATGRAAAGAAGTTATTAGT 114
GTTGTTGATGPAAAGAAGTTATTAGT 114

215

TAAAGAGGTTGTTGAT 78
TAAAGAGGTTGTTGAT 78
TAAAGATGTTGTTGAT 78
AAAGCGGTTGTTGAT 78
--- AAAGCGGTTGTTGAT 78
TAAAGAGGTTGTTGAT 78
TAAAGAGGTTGTTGAT 78
TAAAGAGGIGTTGAT 78
TAAAGAGGTTGTTGAT 78
TAAAGAGGTTGTTGAT 78
TAAAGAGGTTATTGATY

GTTGTTGATGPAAAGAAGTTATAAAT 114
AAGAAGTTATTGAGAACAAAGAAGTTGTTGRAGNGAAGTTATAAAT 150
GTAGTTGATGARAAAGAAGTTATTAGT 114

*kkk kkk k 0k
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2007 - 640
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2007 - 640

{ J3976
lin0331
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LMOh7858_0336
LMSG_01580
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FSL_J2- 003*
SLCC3954*
LMHCC_2328
2001- 75R_1

2001-75R_2

2003 - 151R
FSL_J1- 208*
2007 - 640

{ J3976
in0331
LMHCC_2327
2001- 75R_3_H*
LMOf2365_0329

LMOh7858_0336
LMSG_01580

LmonocFSL_020200001330

FSL_J2-003*
SLCC3954*

LMHCC_2328
2001-75R_1

2001-75R_2

AGTAAATTTACTGGGAAATGGAAGTTGGAATCAGTTAGTGTAGGTGCTAG 164
AGTAAATATACTGGAAAATGGAAGTTGGAATCAGTTAGTGTAGGTGCTAG 164
AGCAAATTTACTGGGAAGTGGAAGTTGGAATCGGTTAGTGTAGGTGCGAG 128

AGCAAATTTACTGGGAAGTGGAAGTTGGAATCGGTTAGTGTAGGTGCGAG 128
AGCAAATTTACTGGGAAGTGGAAGTTGGAATCGGTTAGTGTAGGTACGAG 128
AGTAAATATACTGGGAAATGGAAGTTGGAATCAGTTAGTATAGGTGCTAG 128
AGTAAATATACTGGGAAATGGAAGTTGGAATCAGTTAGTATAGGTGCTAG 128
AGTAAGTATACCGGAAAATGGAAGTTGGAATCGTCGGGGATTGGTATGAG 128
AGTAAGTATACCGGAAAATGGAAGTTGGAATCGTCGGGGATTGGTATGAG 128
AGTAAGTATACCGGAAAATGGAAGTTGGAATCGTCGGGGATTGGTATGAG 128
AGTAAGTATACCGGAAAATGGAAGTTGGAATCGTCGGGGATTGGTATGAG 128
AGTAAGATACTGGGAAGTGGAAGTTGGAATCGTCTGGGATTGGTATGAG 128
AGCAGATATACCGGGAAATGGAAATTGGAATTGTCTGGTATTGGTATGAG 128
AGTAAATTTACAGGAAAATGGAAATTGGAAACGGTTAGTATTGGTAAGAT 164
AGTAAATTTACAGG GAAATGGAAATTGGAAACGGCTAGTATTGGTAAGAT 200
AGTAAATTTACGGGGAAATGGAAGTTGGAAACGGTTGATATTGGTAAGAT 164

*%k k Kk kkk kk kk kkkkk khkkkkk * k%% *
Downstream

gene start End of 2007
TGATGGGACGGATATGAA GGATACG@%TTTGGCAAGTAAAATGAGTGTTG 214
TGATGGGTCGGATATGAAGGATACGGGTTTGGCAAATAAAATGAGTGTTG 214
TGACGGGACGAATTTAAAAGATACGGGTATGGCAAGTAAGATGAGTGTGG 178
TGACGGGACGAATTTAAAAGATACG GGTATGGCAAGTAAGATGAGTGTGG 178
TGACGGGAAGAATTTAAAAGATACTGGTATGGCAAGTAAGATGAGTGTGG 178
TGATGGGACGGATATGAAGGATACGGATGA GTCAAATATGATGEN CATG 178
TGATGGGACGGATATGAAGGATA@G- ------------ GTC@ 164
CGATGGATCAAATTACAAGGAAACGGATGCAGCGGGTAAAGTTAGTCTTG 178
CGATGGATCAAATTACAAGGAAACGGATGCAGCGGGTAAAGTTAGTCTTG 178
CGATGGATCAAATTACAAGGAAACGGATGCAGCGGGTAA AGTTAGTCTTG 178
CGATGGATCAAATTACAAGGAAACGGATGCAGCGGGTAAAGTTAGTCTTG 178
CGATGGATCAAATTACAAGGAAACGGATGCAGCGGGTAAAGTTAGTCTTG 178
TGATGGAGAAAGTTACAAGGAAACCGATGTATCGGGTAAAGII®AGTS

TGATAGAACGGGTTATCGAGAAGTGAATC -- ATGATTA--- TAGTAGAG 208
TGATAGAACAGGTTATCGAGAAGTGAATC -- ATGATTA--- TAGTAGAG 244
TGATAGAACGGGTTATCAACCAGTGTTTC -- ATTATTA--- TAGTAGAG 2@

*k * * * *% %

ATCTGGATATAGATGCAGATGGGAATGTAAAAGAATTATTTATAGATGAT 264
ATCTGGATATAGATGTAGATGGGAATGTAAAAGAATTATTTATAGATGAT 264
ATCTGGACATGGATGCAGATGGTAATGTAACAGAATTGTATATTGATGAT 228
ATCTGGACATGGATGCAGATGGTAATGTAACAGAATTGTATATTGATGAT 228
ATCTGGACATGGATGCAGATGGTAATGTAACAGAATTGTATATTGATGAT 228
ATCTGGAAATGAATGCAGCTGGGAATGTAAAAGAATTGTATATATATGAT 228
[NTCTGGAAATGAATGCAGCTGGGGATGTAAAAGAATTGTATATATATGAT 214
ACTTGGACATTGATGCAGAGGGAAATGTAAAAGAATTGTATATTGATGAT 228
ACTTGGACATTGATGCAGAGGGAAATGTAAAAGAATTGTATATTGATGAT 228
ACTTGGACATTGATGCAGAGGGAAATGTAAAAGAATTGTATATTGATGAT 228
ACTTGGACATTGATGCAGAGGGAAATGTAAAAGAATTGTATATTGATGAT 228
ACTTGGACATTGATGCAGAGGGAAATGTAAAAGAATTGTATATTGATGAT 228
ATTTGGATGTAGATGCGGCTGGTAATGTAAAAGA------- 212
AATTCGAGATTGATCGTAATGGGATTATAAAAGAAGTGATAGTAGATGAT 258
AATTCGA GATTGATCGTAATGGGATTGTAAAAGAAGTGATAGTAGATGAT 294
AATTTGAGATTGATAGTAAGGGGAATATAGAAGAAGTGCTAGTAGATCTT 258

* k k% k k% *%k  k kk kkk
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2003- 151R
FSL_J1- 208*
2007 - 640
{J3976
in0331
LMHCC_2327
2001- 75R_3_H*
LMOf2365_0329

LMOh7858_0336
LMSG_01580

LmonocFSL_020200001330

FSL_J2- 003*
SLCC3954*
LMHCC_2328

{2001 -75R_1

2001- 75R_2

2003- 151R
FSL_J1- 208*
2007 - 640

{J3976
lin0331
LMHCC_2327
2001- 75R_3_H*
LMOf2365_0329

LMOh7858_0336
LMSG_01580

LmonocFSL_020200001330

GTATCAATGTGATGGCCTGGTAATTAGTAAAAAAGTG

GAAGTTGCCATAA TAAATTCTTATAAATTAAAACAAAAAGATGGCGATAA 314
GAAGTTGCTATAACGAATTCTTATAAATTAAAACAAAAAGATGGCGATAA 314

GAAGTTGCCATAACGAATTCTTATAAATTAAAACAAAAAGATGGCGATAA 278
GAAGTTGCCATAACGAATTC
GAAGTTGCCATAACGAATTCTTATAAATTAAAACAAAAAGATGGCGATAA 278

TTATAAATTAAAACAAAAAGATGGCGATAA 278

GAATTTGTCCTGACTAATTCTTATAAAATAAAACAAAAAAATGGCAATGA 278
GAATTTGTCCTGACTAATTCTTATAAAAAACAAAAAAATGGTAATGA 264
GCAGTTGCTATAACTAATTCTTATAAATTAAAGAAAAAAGGTGACGATGA 278
GCAGTTGCTATAACTAATTCTTATAAATTAAAGAAAAAAGGTGACGATGA 278
GCAGTTGCTATAACTAATTCTTATAAATTAAAGA AAAAAGGTGACGATGA 278
GCAGTTGCTATAACTAATTCTTATAAATTAAAGAAAAAAGGTGACGATGA 278
GCAGTTGCTATAACTAATTCTTATAAATTAAAGAAAAAAGGTGACGATGA 278

GACGGTGCTAGAACTTTTACCTTTAAAATAAAGTCAAAAGGTGGCGATGA 308
AACGGTACTAGAACTTGTACCTTTAAAATAAAGTCAAAAGGTGGCGATGA 344
AGCGTTACTAAGTATTATACTTATAAAATAAAGCCAAAAATTGGTGACGA 308

Ise 0287tart

> TATGGTTATGAA 363
GTATCAATGTGATGGCCCGGTAGTTAGTAAAAARGTEGTTATGAA 363

ATACCAATATGATGGTCCGGTAGTTAGTAAAAAAGTG - TATGGTTATGAA 327
ATACCAATATGATGGTCCGGTAGTTAGTAAAAAAGTG - TATGGTTATGAA 327
ATACCAATATGATGGTCCGGTAGTTAGTAAAAAAGTA - TATGGTTATGAA 327

ATATCAATATGATGGTCCTGTAACTAGTAAAAAATARGGTTATGAA 327
ATATCAATATGATGGTCCTGTAACTAGTAAAAAATAPAGTTATGAA 313
ATATCAATATGATGGTACATTGATTAGCAAAAAAGTA - TACAGTTATGAA 327
ATATCAATATGATGGTACATTGATTAGCAAAAAATABAGTTATGAA 327
ATATCAATATGATGGTACATTGATTAGCAAAAAAGTA - TACAGTTATGAA 327
ATATCAATATGATGGTACATTGATTAGCAAAAAAGTA TACAGTTATGAA 327

FSL_J2-003* ATATCAATATGATGGTACATTGATTAGCAAAAAATABAGTTATGAA 328
SLCC3954* GTG TATAGTTATGAG 227
LMHCC_2328 GTATCAGAATGATGGTTCTCTAACTTCTGAAGAAGTT - TTTAAATATGAA 357
2001-75R_1 GTAT CAGAATGATGGTTCTCTAACTGTTGAAGAATTTAAATATGAA 393
2001-75R_2 ATATCAAAATGATGGCTCGACGATGTCTAAAGAAGTT - TATAAATATAGA 357
* % *k%k

2003- 151R ACAGAAAGTGAAA AAGCTTACGTACAAGAAGTCCTTAAAATGCTTGAGGC 413
FSL_J1-208* ACAGAAAGTGAAAAAGCTTACGTACAAGAAGTCCTTAAAATGCTTGAGGC 413
2007 - 640 ACAGAAAGTGAAAAAGAGAACGTGCAAAAAGTTCTTAAAATGCTTGAAGC 377

{J3976 ACAGAAAGTGAAAAAGAGAA CGTGCAAAAAGTCCTTAAAATGCTTGAAGC 377
[in0331 ACAGAAAGTGAAAAAGCGAACGTGCAAAAGGTCCTTAAAATGCTTGAAGC 377
LMHCC_2327 ACAGAAAGTGAAAAAGAAAACGTACAAAAAGCTCTTAAAGCACTTGAAGC 377

2001- 75R_3_H*
LMOf2365_0329
LMOh7858_0336
LMSG_01580

LmonocFSL_020200001330

FSL_J2- 003*
SLCC3954*

LMHCC_2328
{2001 -75R_1

2001- 75R_2

ACAGAAAGTGAAAAAGAAAACGTARINGCTCTTAAAGTGCTTGAAGC 363
ACTGAAAGTGATAAAGAGAATGTAGAAACAATGCTAAAATTTCTTAAATC 377
ACTGAAAGTGATAAAGAGAATGTAGAAACAATGCTAAAATTTCTTAAATC 377
ACTGAAAGTGATAAAGAGAATGTAGAAACAATGC TAAAATTTCTTAAATC 377
ACTGAAAGTGATAAAGAGAATGTAGAAACAATGCTAAAATTTCTTAAATC 377
ACTGAAAGTGATAAAGAGAATGTAGAAACAATGCTAAAATTTCTTAAATC 378
ACGGAAAGTGAAAAAGCTAATGTACAAAAAAACTTGCGBRGAMAGC 277
ACAGAAGCCCAAAAAGAGTATGTGAAAAAAGTATTGGAATTAAAAAGAAA 407
ACAGAAGCCCAAAAAGAGTATGTGAAAAAAGCATTGGAATTTTTAAAAAA 443
ACAGAAACTGAAAAACAGTACGTGAAAAAAGTATTGGAAAATTTAAAA GG 407

*%k kkk * kkk * k% k% * k%
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2003- 151R
FSL_J1- 208*
2007 - 640

{ J3976
in0331
LMHEC 2327
2001- 75R_3_H*
LMOf2365_0329

LMOh7858_0336
LMSG_01580

LmonocFSL_020200001330

FSL_J2- 003*
SLCC3954*
LMHCC_2328

{2001 -75R_1

2001- 75R_2

2003 - 151R

FSL_J1- 208*

2007 - 640

{J3976

lin0331

LMHCC_2327
001- 75R_3_H*

LMOf2365_0329

LMOh7858_0336
LMSG_01580

LmonocFSL_020200001330

FSL_J2- 003*
SLCC3954*
LMHCC_2328
2001- 75R_1

2001- 75R_2

2003 - 151R
FSL_J1- 208*
2007 - 640

{ J3976
lin0331
LMHCC_2327
2001- 75R_3_H*
LMOf2365_0329
LMOh7858_0336
LMSG_01580

LmonocFSL_020200001330

FSL_J2- 003*
SLCC3954*

LMHCC_2328
2001- 75R_1

2001- 75R_2

TCAGGATGATATCAAGATAACGAAAAGTGAGCAAAAAGACGATGAATATC 463
GCAGGATGATATCAAGATAACGAAAAGTGAGCAAAAAGACGATGABIATC 4
ACAGGATGGTATTGAGATAACGAAAAGCGAACAAAAAGGAAATGAATACC 427
ACAGGATGGTATTGAGATAACGAAAAGTGAGCAAAAAGGAAATGAATACC 427
ACAGGATGGTATTGAGATAACGAAAAGTGAACAAAAAGGAAATGAATACC 427
TCAGGATGTTATCAAGATAATGAAAAGTGAACAAAAAGGAAATGAGTATC 427
GCAGGATGTTATCAAGATAATAAAAAGTGAAAAAAAAGGAAATGAGTATC 413
CAAGAATAATGTCAAAATAACCAAAAATGAACAAAAAGGGGATGAATATC 427
CAAGAATAATGTCAAAATAACCAAAAATGAACAAAAAGGGGATGAATATC 427
CAAGAATAATGTCAAAATAACCAAAAATGAACAAAAAGGGGATGAATATC 427
CAAGGATAATGTCAAAATAACCAAAAATGAACAAAAAGGGGATGAATATC 427
CAAGGATAATGTCAAAATAACCAAAAATGAACAAAAAGGGGATGAATATC 428
AAAAGATAATATCAATATAATAAAAAGTGAACAAAAGGGCGATGAGTACC 327
AATAGATTTTGTTAAAATTATTAAAAGCGAGCAAAAAGGTAACGAATATT 457
AACAGATGCTGCTAAAATTATTAAAAGCGAGCAAAAAGGTAACGAATATT 493
GTTAGATACTATTAAGATTAAGCTAAGTAAACAAAAGGGCGATGAATATG 457

*k * * kk % *k Kk kkkk k Kk Kk k%

ATACCAAAGAAGA AAAAGATTATGTGATTTCTTTGGAATTA 510
ATGTGGATACCAAAGAACAAAAAGATTATGTGATTTCTTTGGAACTG 510
GTGTGGATACTAAAGAAAA --- AAGAGATTATGTACTTTCTATGGAGCTT 474
GTGTGGATACTAA AGAAAA- AAGAGATTATGTACTTTCTATGGAGCTT 474
GCGTGGATACTAAAGAAAA --- AAGAGATTATGTACTTTCTATGGAGCTT 474
ATTTGGATACTAAAGCAGA --- AAGGGAATATGAGTTTTCTATGGAACTG 474
ATTTGGATACTAAAGCAGA AAGGGAATATGAGTTTTCTATGGAACTG 460
ACATAGATGTCAAAGCAGATGAAAAAGATTTCGTATTCTCTTTAGAAATG 477
ACATAGATGTCAAAGCAGATGAAAAAGATTTCGTATTCTCTTTAGAAATG 477
ACATAGATGTCAAAGCAGATGAAAAAG ATTTCGTATTCTCTTTAGAAATG 477
ACATAGATGTCAAAGCAGATGAAAAAGATTTCGTATTCTCTTTAGAAATG 477
ACATAGATGTCAAAGCAGATGAAAAAGATTTCGTATTCTCTTTAGAAATG 478
GTACCGAGCTCAAAGATGAGGAAGATAATIGAGITCTTTTGAAATT 377

ATGTGG

ATATAGAAACCGAACAAAT --- GCAGGACCTTACGTTCTTTATGTATTTA 504
ATATAGAGACCGAACAAAT --- GCATGGCCTTGAGTTCTTTATGTATTTA 540
TTATAGAAACCGAACAAAT --- GCAGGATTTTACCTTCTATGTATTTA 504

*% *% * Kk kk *k %

GAGAGTAAGAATTTAGTTTTGAAAAAAGTGGAT --- GATAAAGAGAATAT 557
GATAGTAAGAATTTAGTTTTGAAAAAAGTAGAGATAAAGAGAATADS7
GAAAGTGAGAAATTAGTTTTGAAAAAAGTGGAT --- GACAAAGAGAACAG 521
GAAAGTGAGAAATTAGTTTTGAAAAAAGTGGAT --- GACAAAGAGAACAG 521
GAAAGCGAGAATTTAGTTTTGAAAAAAGTGGAT --- GACAAAGAGAACAG 521
GAAAATGAGAATTTAATTTTGAAAAAAGTAGAT --- AAAAAAGAGAACGC 521
GAAAATGAGAATTTAATTTTGAAAAAAGTAGARAAAAAGAGAACGA 507

CAAAGTGGAAAATTAATTTTCAAAAAAGTCGAT --- ACTAAAGAGAAAGT 524
CAAAGTGGAAAATTAATTTTCAAAAAAGTCGAT --- ACTAAAGAGAAAGT 524
CAAAGTGGAAAATTAATTTTCAAAAAAGTCGAT --- ACTAAAGAGAAAGT 524

CAAAGTGGAAAATTAATTTTCAAAAAAGTCGAT--- ACTAAAGAGAAAGT 524
CAAAGTGGAAAATTAATTTTCAAAAAAGTCGARCTAAAGAGAAAGT 525
CAAAGCGGGAAATTAATTTTTAAGAAATTAGARAGAAAGAGAATGT 424

TCGGACAAAAAATTAATT --- AAAGAAGCTGTTTACGAAAAAGAGAATTA 551
TCGGACAAAAAATTAAFT AAAGAAGCTGTTTACGAAAAAGAGAATTA 587
TCGGACAAAAAATTAATT --- AAAGAAGCTGTTTTCGAAAAAGAGAAAGT 551

*k kkk kk  kk Kk k% *kkkkkkk
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2003-151R TTTGATTAAGGAAACGTACGAACA@' 588

FSL_J1-208* TTTGATTCAGGAAACGTACGAACAARMY 588
2007 - 640 TTTGATTCAGGAAACATATAAGAAAAAT 5562
{ J3976 TTTGATTCAGGAAACATATAAGAAAAAT 552
[in0331 TTTGATTAAGGAAACATATAAGAAARAR 552
LMHCC_2327 TATGGTTAAAGAAACGTATAAGAAAAAT [TAA 552
2001 - 75R_3_H* TATGGTTAAAGAAACGTATAAGAAP{@L 538
LMOf2365_0329 TTTGATTAAGGAAACCTACAAGAAAAAT 555
LMOh7858_0336 TTTGATTAAGGAAACCTACAAGAAP{@L 555
LMSG_01580 TTTGATTAAGGAAACCTACAAGAAAAAT 555
LmonocFSL_020200001330 TTTGATTAAGGAAACCTACAAGAAAAAT 555
FSL_J2-003* TTTGATTAAGGAAACCTACAAGAAP{@L 556
SLCC3954* TTTGATTAAG CAAACATATACGAAA@ 455
{ LMHCC_2328 TTCTAGTAAAGATATATATATTAAAAAA 582
2001-75R_1 TTCTGGTAAAGATATATATATTAAAAAA 618
2001-75R_2 TTCGAGTAAAGACACATTTATTAAACAA 582

* *k kk % *k k k%
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2003- 151R
LmonocyFSL_020200006810
2007 - 640

{J3976
[in0331
LMHCC_2327
LMOf2365_0329
LMOh7858_0336
LMSG_01580
LmonocFSL_020200001330
LMHCC_2328

{2001 -75R_1

2001- 75R_2

2003- 151R
LmonocyFSL_020200006810
2007 - 640

{J3976
[in0331
LMHCC_2327
LMOf2365_0329
LMOh7858_0336
LMSG_01580
LmonocFSL_020200001330
LMHCC_2328

{2001 -75R_1

2001- 75R_2

40
30
Fa0
10
00

40
,"33‘0
F20

Region 1 Lipobox

MSKKVIGAI LVSALA LVEGCGKEPVENK---------- KI VDDKEVS 38

---------------- MVGCGKEPVENK--------- KVVDDKES 22

MSKKLVSIIFLGICLL LVGCG KEVVD 26
MSKKLVSIIFLGICLL LVGCG KEVVD 26
MSKKLVSIIFLGICLL LVGCG KDVVD 26
MSKKLVSIIFLGMLLL LAGCG-- --------=-=-mmmm-mm-- KAVVD 26
MSKKLVSIIFLGICLL LVGCG KEVVD 26
MSKKLVSIIFLGICLL LVGCG KEVVD 26
MSKKLVSIIFLGICLL LVGCG KEVVD 26
MSKKLVSIIFLGICLL LVGCG KEVVD 26
MSKRVIGI LVSALA-LI GCGKVPVENKKVVDDK--------- EVIN 38

MSKRVIGI LLSALFLLVGCGKEPVENKKVDIKEVIENKEVVDREMN 50
MSKRVIGAI LVSALA.LVECSKEPVENKKVVDDK--------- EVIS 38
- k% *-

MSKKM&IIELQEEL.-LL!{GCG REPYVENKL ! (11)]
15 25 30 35

5 10 20

i 111 1KEYyD
45 50

40

Region 2
SKFTGKWKLESW&SASDGDMKDTGLASKSWDLDIDAGGNVKEEIDD 88
SKYTGKWKLESVWSSASDGDMKDTGLANWDLDIDVDGNVKEEIDD 72
SKFTGKWKLESW&SASDGNLKDTGMASKSWDLIMDADGNVELYIDD 76
SKFTGKWKLESW&ASDGNLKDTGMASKSWDLIMDADGNVELYIDD 76
SKFTGKWKLESW&STSD&NLKDTGMASKSWDLIMDADGNVELYIDD 76
SKYTGKWKLESVSIGASO®MKDTDESNBMDLEMMAGNVKELYNYD 76
SKYTGKWKLESAG MSDGSNYKETDAAGKS! DLDIDAEGNVKELYIDD 76
SKYTGKWKLESAG MSDGENYKETDAAGKSL DLDIDAEGNVKELYIDD 76
SKYTGKWKLESAG MSDGENYKETDAAGKS! DLDIDAEGNVKELYIDD 76
SKYTGKWKLESAG MSDGSNYKETDAAGKS! DLDIDAEGNVKELYIDD 76
SKFTGKWKLE/SIGKI DRTGYREVN HDYSREFHD RNGII KEVIV DD 86
SKFTGKWKLEASIGKI DRTGYREVN HDYSREFHD RNG VKEVIV DD 98
SKFTGKWKLE/DIG KI DRTGYQPVF HYYSREFHD SKGNE EVLVDL 86

A T

*kokkkkkkke Kk * . Kk eeenn *

ioKeTKHKLE s 6asDarmmkeree s aKUSDLDED AR GNVKELYZDD
5 10 3B 5

15 20 25 30 40 4 50
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Region 3 Region 4

2003-151R EVAII NSYKLKQRGLKYQCDQA VI SKKVYGYETESEAYVQEMLKMLEA 138
LmonocyFSL_020200006810 EVAITNSYKLKQKGLKYQCDGVVSKKVYGYETESEXYWQEMKM_EA 122
2007 - 640 EVAITNSYKLKQKGIKYQYDBVVSKKVYGYETESEKENDKMW.KM_EA 126
{J3976 EVAITNSYKLKQKGIKYQYDBVVSKKVYGYETESEKEDK/LKM_EA 126
lin0331 EVAITNSYKLKQKGIKYQYDBVVSKKVYGYETESEANVOK\WKM_EA 126
LMHCC_2327 EFVLTNSYK KQKNGNEYQYDBVTSKKVYGYETESEKEDKA KALEA 126
LMOf2365_0329 A VAITNSYKLKKKGODEYQYDG.I SKKVYSYETESDKENETM.KFLKS 126
LMOh7858_0336 A VAITNSYKLKKKGODEYQYDG.I SKKVYSYETESDKENETM.KFLKS 126
LMSG_01580 A VAITNSYKLKKKGODEYQYDG.I SKKVYSYETESDKENETM.KFLKS 126
LmonocFSL_020200001330 A VAITNSYKLKKKGODEYQYD®G.I SKKVYSYETESDKENETM.KFLKS 126
LMHCC_2328 DG ARTFTFKI KSKGGDEYRDGSLTSEEVFKYETEAKEYWKKW.ELKRK 136
2001-75R_1 NGTR TCTHKI KSKGGDEYRDGSLTVEEFFKYETEAKEYWKKALEFLKK 148
2001-75R_2 SVTK YYTYKIKPKI GDEYQDG TMBKEV YKYRTETEKQWKKW.ENLKG 136
LonEE R ek kR R RRR R k|

40

m2').0

B0

"evazTNs YK KeKasDE Y 0uDGzy « SKKVY = YETE seKetex A Ko g
5

10 15 20 25 30 ki 40

|
2003- 151R QDDI KITKSEQKDDEYHVDTKE QKDYVISLELESKNVLKng/IIgIgKENL 187
LmonocyFSL_020200006810  QDDI KITKSEQKDDEYHVDTKE QKDYVISLELDSKNVLKKVDDKENL 171
2007 - 640 QDGIE ITKSEQKAGNEYRVDTKE KRDYVLSMELESH VLKKVDDKESL 175
{J3976 QDGIE ITKSEQKANEYRVDTKE KRDYVLSMELESH VLKKVDDKEBSL 175
[in0331 QDGIE ITK SEQKGEYRVDTKE KRDYVLSMELESBENLKKVDDKESL 175
LMHCC_2327 QDVI KI MKSEQKGEYHLDTKA EREYEFSMELENEN.-KKVD KKENAM 175
LMOf2365_0329 KNNV KITK NEQKGDEMIDVKADEKDFVFSLEMQ8GI FKKVDTKEKVL 176
LMOh7858_0336 KNNV KITK NEQKGDEIDVKADEKDFVFSLEMQ8GI FKKVDTKEKVL 176
LMSG_01580 KNNV KITK NEQKGDEMIDVKADEKDFVFSLEMQS8GI FKKVDTKEKVL 176
LmonocFSL_020200001330 KDNV KITK NEQKGDEMIDVKADEKDFVFSLEMQ8GI FKKVDTKEKVL 176
LMHCC_2328 IDFV KI'l KSEQKGEYYIETEQ- MQDLTFFMYLSIKLI KEAVYEKENYS 185
{2001- 75R_1 TDAA KI'l KSEQKGEYYIETEQ- MHGLEFFMYLSIXKCI KEAVYEKENYS 197

2001-75R_2 LDTI KIKLS KQKGDEVIETEQ MQDFTFFMYLSMI KEAVFEKEKVS 185
. ek 'k* 'k* . ke ook **
40
0
F20

o Qz_sst;ITKﬁgQKﬁBEYQsQIK,,nEhD VES Skl _v;vgzKEENmT
30 fis)

5 10 15 20 45 50
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2003- 151R IKETYEQN 195

LmonocyFSL_020200006810 | GETYEQN 179
2007 - 640 | QETYKKN 183
{J3976 | QETYKKN 183
[in0331 IKETYKKN 183
LMHCC_2327 \Y, KETYKKN 183
LMOf2365_0329 IKETYKKN 184
LMOh7858_0336 IKETYKKN 184
LMSG_01580 IKETYKKN 184
LmonocFSL_020200001330 IKETYKKN 184
LMHCC_2328 S KDI'YI KK 193
2001-75R_1 G KDIYI KK 205
2001-75R_2 S KDTFI KQ 193

40

30

20

'TKETYKKN

Weblegoa
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Figure 3.4 Comparison of the upstream (A) and downstream (B) flanking regions of

Region 85 in which different gene contents residén both comparisons, the DNA

sequences were obtained from the sequenced strains representing different forms of Region
85 and ther strains whose hybridization patterns with Region 85 probes suggest a novel
form of Region 85. The start codon of the genes was boldfaced and underlined and the
conserved regions were colored in grey. The conserved sequence was determined with
WebLogoand the inverted repeat was marked in blue. For the downstream flanking region

comparison, the reverse complementary strand was used.
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A.

J4179
J2479
J3182
CLIP11262
SLCC5334
FSL_J1-194
HCC23
J3422
FSL_J1-175
H7858
FSL_J2- 003
2007 - 640
FSL_J1- 208
F2365
2001- 75R
2003 - 151R
J3115
HPB2262

J4179

J2479

J3182
CLIP11262
SLCC5334
FSL_J1-194
HCC23
J3422
FSL_J1-175
H7858
FSL_J2-003
2007 - 640
FSL_J1-208
F2365

2001- 75R
2003- 151R
J3115
HPB2262

PLS 1A Inverted repeat
CATGGAATRAGTTCTGTTGTTAGTBITGTATCTGLAGSTAAAGACTCCTTT TG 275
CATGGAATGAGTTCTGTTGTTAGTTGTTGTATCTG CAGGTAAAGACTCCTTT TG 275
CATGGAATRAGTTCTGTTGTTAGTBITGTATCTG CAGTAAABCCTCCTTT TG 322
CATGGAATGAGTTCTGTTGTTAGTBITGTATCTG CACGTAAGACTCCTTT TG 359
CATGGAATGAGTTCTGUGTTAGTTBTTGI TATCTGCAT TAAAGACTCCTTTGIG 360
CATGGAATCCAGTTCTGTTGTTAGFTTGTATCTG CAGGTAAGACTCCTTT TG 359
CATGGAATCCAGTTCTGTTGTTAGETUGTATCTG CAGTAAGACTCCTTT TG 359
CATGGAATRAGTTCTGTTGTTAGTTCGTTGCTATCTBESTAAAGACTCCTTT TG 319
CATGGAATCCAGTTCTGTTGTTAGETUGTATCTG CAGTAAGACTCCTTT TG 359
CATGGAATCCAGTTCTGTTGTTAGEFTTGTATCTG CACGTAAGACTCCTTT TG 359
CATGGAATGAGTTCTGTTGTTAGTBITGTATCTG CAGTAAGACTCCTT- TG 359
CATGGAATCCAGTTCTGTTGTTAGFTTGTATCTG CACGTAAGATCTCCTTT TG 275
CATGGAATGAGTTCTGTTGTTAGTBITGTATCTG CAGTAAGACTCCTTT TG 273
CATGGAATCCAGTTCTGTTGTTAGETUGTATCTG CAGTAAGACTCCTTT TG 359
CATGGAATCCAGTTCTGTTGTTAGETOGTATCTGTCAGGTAALGACTCCTTF TG 286
CATGGAATCCAGTTCTGITTAGTTGTTGTATCTG CAGTAAGACTCCTTT TG 282
CATGGAATCCAGTTCTGTTGTTAGFTTGTATCTG CAGTAAGACTCCTTT TG 275
CATGGAATGAGTTCTGTTGTTAGTBITGTATCTG CAGTAAGACTCCTTT TG 359

* *k*k * * kkk * *%

33 +T1 +T9

20 K_H
o (044 TC.GTTCTGTTGTTAGTTCRTTGeTATCTGICACATAAGACCTCETTT T

60

ATTTGTCTTTACTATAGCTGGAAAAATGGGGGAGGTGAAATTATTATTTGIIEAL335
ATTTGTCTTTACTATAGCTGGAAAAATEBGESGTGAAATTATTATTTGCCACTTTGEZA
ATTTGTCTTTACTATAGCTGGAAAAATGGGGGAGGTGAAATTATTATTTGCCACITAGGA
ATTTGTCTTTACTATAGCTGGAAAAATGGGGGAGGTGAAATTATTATTTGCCACATI GGA
ATTTGTCTTTACTATRCTGGAARGTCAGGGAGGTGAAATAPATTTGCCACTTTGGA20
ATTTGTCTTTACTATAGCTGGAAAAATGGGGGAGGTGAAATTATTATTTGCCACATI GGA
ATTTGTCTTTACTATAGCTGGAAAAATGGGGGAGGTGAAATTATTATTTGCCACATI GGA
ATTTGTCTTTACTATAGCTGGAAAAATGGGGGAGGTGAAATTATTATTTGCCACITI GGA
ATTTGTCTTTACTATAGCTGGAAAAATGGGGGAGGTGAAATTATTATTTGCCACATI GGA
ATTTGTCTTTACTATAGCTGGAAAAATGGGGGAGGTGAAATTATTATTTGCCACATI GGA
ATTTGTCTTTACATAGCTGGAAAAATGGGGGAGGTGAAATTATTATTTGCCACTATSGGA
ATTTGTCTTTACTATAGCTGGAAAAATGGGGGAGGTGAAATTATTATTTGCCACIIT GGA
ATTTGTCTTTACTATAGCTGGAAAAATGGGGGAGGTGAAATTATTATTTGCCACIIIGGA
ATTTGTCTTTACTATAGCTGGAMIASGGGGAGGTGAAATTATTATTTGCCACTTAGA
ATTTGTCTTTACTATAGCTGGAAAAATGGGGGAGGTGAAATTATTATTTGCCACIAd GGA
ATTTGTCTTTACTATAGCTGGAAAAATGGGGGAGGTGAAATTATTATTTGCCACIAAGGA
ATTTGTCTTTACTATAGCTGGAAAAATGGGGGAGBTGATTATTTGCCACTTTGG235
ATTTGTCTTTACTATAGCTGGAAAAATGGGGGAGGTGAAATTATTATTTGCCACATI GGA

G TTTACTATAGC GG 8TOAALTATTATTTGCCACT Tk

45
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J4179
J2479

J3182
CLIP11262
SLCC5334
FSL_J1-194
HCC23
13422
FSL_J1-175
H7858
FSL_J2-003
2007 - 640
FSL_J1-208
F2365
2001 - 75R
2003- 151R
J3115
HPB2262

J4179
J2479
J3182
CLIP11262
SLCC5334
FSL_J1-194
HCC23
13422
FSL_J1-175
H7858
FSL_J2- 003
2007 - 640
FSL_J1- 208
F2365
2001 - 75R
2003- 151R
J3115
HPE2262

AGTGGAAATH- 345
AGTGGAAATF- 345
AGTGGAAATH- 392
AGTGGAAATT----mmmmmmmmmmm oo e 429
AGTGGAAATAATTTTTGCTTGAGTATTGTATTTTTTTTACTGGCTAATTCAAGAAATAT 480
AGTGGAAATF- 429
AGTGGAAATH- 429
AGTGGAAATH- 389
AGTGGAAATH- 429
AGTGGAAATH- 429
AGTGGAAATH- 429
AGTGGAAATH- 345
AGTGGAAATH- 343
AGTGGAATT- 429
AGTGGAAATH- 356
AGTGGAAATH- 352
AGTGGAAATH- 345
AGTGGAAATY- 429

*kkkkkkkkk

AGGGCTTTTTTGGCGAATTTAAATGAAAATATATGAAATAAATTGAAATAAAATGAAAAA 540
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J4179
J2479
J3182
CLIP11262
SLCC5334
FSL_J1-194
HCC23
13422
FSL_J1-175
H7858
FSL_J2- 003
2007 - 640
FSL_J1-208
F2365
2001 - 75R
2003- 151R
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Chapter 4 Two Novel Type Il Restriction-M odification (RM) SystemsOccupying a

Genomically Equivalent L ocation on theChromosome ofListeria monocytogenes

ABSTRACT

Listeriamonocytogeneis responsible for the potentialije-threatening foodborne
disease listeriosis. One epiderassociated clonal group bf monocytogenegpidemic
clone | (ECI), harbors a Sau3Ake restrictionmodification (RM) system that also lies in
the same genomic region in certain strains béptineages. In this study, we identified and
characterized two novel Type Il RM systems, LmoJ2 and LmoJ3, in this locus. Sequence
analysis suggested that LmoJ2 and LmoJ3 recognize GCWGC (W=A or T) and GCNGC,
respectively. Both RM systems consisted ofggewith GC content below the genome
average and were harbored in same genetic region in strains of different serotypes and
lineages, suggesting potential horizontal gene transfer. Genomic DNA from LmoJ2 and
LmoJ3 strains grown at various temperature423C) in liquid or on agar was resistant to
digestion with restriction enzymes recognizing GCWGC or GCNGC, indicating that the
methyltransferases were expressed under these conditions, including at low temperatures.
Phages propagated in &moJ2strainexhibited amoderately increasdap to 7.9 fold)
infectivity at 4 and 8°Cwhile phage propagated in amoJ3strainrevealedhedramatially
increasd (up to 16-°-fold) infectivity at all temperature®\mong the sequencédsteria
phages, Iytic phages possed significantly fewer recognition sites for these RM systems
than lysogenic phages, suggesting that sequence content in lytic phages has evolved towards

reduced susceptibility to such RM systems. The ability of LmoJ2 and LmoJ3 to protect
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against phagesay affect the efficiency of phages as biocontrol agenit fononocytogenes

strains harboring these RM systems.
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INTRODUCTION

Listeriamonocytogeneis the Grarmpositive bacterium that can cause severe
foodborne disease (listeriosis) in humans and asin®Imptoms of listeriosis include
septicemia, meningitis, encephalitis, stillbirths, and abori{®86x L. monocytogenes
remains a leading contributor to severe foodborne disease and death in the United States and
other industrialized nations. In the tad States, listeriosis is estimated to result in ca. 1600
cases and 250 deaths annually, with fatality rate estimated at c§33p%ontrol ofL.
monocytogenedsas been challenging as this microorganism is ubiquitously present in the
environmentnd exibits a number of unique environmental adaptations including ability to
grow at refrigeration temperatures, to form biofilms, and to resist disinfe¢faritS, 18,
36).

A small number of clusters of genetically related strairns afionocytogendsas
been responsible for multiple chronologically and geographically unrelated outleaRs
13). One of these clusters, designated epidemic clone | (ECI), has been most extensively
studied due to involvement in numerous outbreaks and sporadic caseshiierica and
Europe(5, 12). The genome of the ECI strain implicated in the 1985 outbreak of listeriosis in
California involving Mexicarstyle cheese has been sequer{2éjl

One of the characteristic attributes of ECI strains is that their genomic RNBits
resistance to the restriction endonuclease Sau3Al due to cytosine methylation at GATC sites
(9, 22). Genome sequence analysis revealed a putative Skke3Adstrictionrmodification
(RM) system consisting of three genes, encoding a cytésmetlyltransferase, a DNA

binding protein and a restriction endonuclease (Fi¢2@)41). The involvement of this gene

240



cassette in Sau3Al resistance was subsequently confirmed with deletion muta@@ebis
addition to ECI (which, along with most otheratype 4b strains, belongs to lineage 1), this

RM cassette was also harbored in the same genomic region by certain strains of other
lineages, including strains of serotypes 1/2a (lineage IlI), 1/2b (lineage 1), 4a and 4c (lineage
[l) ((40); Chapter 3).

There is evidence for several additional RM systems in the genomic region that
harbors the Sau3Aike RM system in ECand other strains. Some of these RM systems
were identified vian silico analysis in our laboratory and include multiple Type | RM
systems and two Type IV RM systems (McrB and Mrr) which will be described in detail in a
separate presentation. In this study, we will focus on two novel Type Il RM systems (LmoJ2
and LmoJ3) that inhabit this location and that were identified in the processesfigating
genomic content and diversity in this region.

In the presence of active RM systems, the restriction endonuclease cuts foreign,
typically unmethylated DNA molecules while the methyltransferase attaches methyl groups
to the genomic DNA so thétis protected from restrictio(85). Hence, RM systems can
defend host cells against phage infection and reduce horizontal gene {24hs&&). Thus,

RM systemrich regions in the genome may play important roles in the ecology and evolution
of bactera, includingL. monocytogenesiowever, only limited information is currently
available regarding the functionality of the RM systems residing in the aforementioned RM
systemrich L. monocytogenegenomic region. Even for the Sau3ide RM system, we

lack conclusive evidence that its restriction endonuclease is actually exp{48kdd this

study, we describe the genes of LmoJ2 and LmoJ3 as well as the genetic relationships of the
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strains possessing these RM systems, and provide evidence-Bpesitie methylation of
genomic DNA and for relative protection against phage infectidn monocytogenestrains

harboring these RM systems.

MATERIALS AND METHODS
Bacterial strains and growth conditions L. monocytogendsolates analyzed in this
study ardisted in Table 1. Bacterial cells were grown either in brain heart infusion (BHI;
Becton, Dickinson and Company, Sparks, MD) or on BHI plate containingl1.2% agar
(Becton, Dickinson and Company) wuntil statio
daysat 8eC; and approximately 27 days at 4ecC.
Extraction of bacterial genomic DNA andPolymerase Chain Reaction (PCR)
Genomic DNA was extracted from broth or plate cultures with DNeasy Blood and Tissue Kit
(QIAGEN, Valencia, CA)following the directions praded by the manufacturer. PCR was
performed with exTaq (Takara, Otsu, Shiga, Japan) in a thermocycler (Biometra, Goettingen,
Germany) wusing the genomic DNA as templ ate.
min and was followed by 31 cycles (eack95 f or 1 min, 52eC for 1 m
min) with a final extension at 72eC for 10 n
extension times were adjusted according to the melting temperatures of primers and the
expected amplicon size, respeetiu Primers employed in this study (Table 2) were
purchased fronkEurofins MWG Operon (Huntsville, ALand are listed in Table PCR
amplicons were visualized on Tris/Borate/EDTA gels containing 0.8% agarose (Apex

BioResearch Products, Research Trianglk PNC).
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DNA-DNA dot blots. For DNA-DNA hybridizations, we employed the
nonradioactive DIG system (RocHdorence, SE Membranes were prepared by spotting
bacterial genomic DNA on the nylon membrane (GE Water &Process Technologies,
Trevose, PA) with aeplicator (V&P Scientific, Ing San Diego, C§ denaturing and
neutralizing with denaturation solution (0.5M NaOH and 1.5M NacCl) and neutralization
solution (1M Tris and 1.5M NaCl), and immobilizing the DNA onto the membrane using a
UV crosslinker (UV &atalinker; Agilent Technologies, Santa Clara, CA). To prepare
probes, PCR amplicons were purified from the gel with the QIAquick gel extraction kit
(QIAGEN), denatured for 10 min in boiling water, and Bl#bBeled (Roche). The LmoJ2 and
LmoJ3 probesJ24PResand J3115Met, respectively) were prepared by PCR using primers
J2479Res FJ2479 3RandJ3115 2FJ3115Met RrespectivelyTable 2).

Hybridization was implemented primarily as suggested by the manufacturer with
some modifications. Specifically, aambrane was prehybridized in the prehybridization
solution (5XSSC, 50% formamide, 0.1%l&uroyl sarcosine, 0.02% SDS and 2% blocking
agent) for three hours, and Hapded DNAiprobe.d ov er n
After hybridization, the membramveas subjected to three washes at low, medium, and high
stringencies (0.1% SDS containing 2XSSC, 0.5XSSC, or 0.1XSSC, respectively), each for 20
min at4 2 eFGllowing a brief wash with maleic acid washing buffer (0.1M maleic acid,
0.15M NaCl and 0.3% Twee20), the membrane was blocked with 1% blocking reagent
(Roche) solution in maleic acid buffer (0.1M maleic acid and 0.15M NaCl). Then, antibodies
in the antibody solution (Roche) were allowed to bind to the membrane and excess antibodies

were removed diurg two washing steps with maleic acid washing buffer. The membrane
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was incubated at 37eC for 15 min in the pres

detection buffer (0.1M Tris and 0.1M NaCl) and hybridization results were visualized on X
ray films after vawus exposure times. Membranes were stripped aptbteed up to three or
four times depending on the concentration of the DNA spotted on the membrane.

DNA sequencing and analysisPCR products were obtained frammonocytogenes
strains J2479 and J3115ng primersannealing to the flanking gends$4858_0334Rand
H7858 0338l (Table 2).The PCR amplicons were gelrrified with the QIAquick gel
extraction kit (QIAGEN) and sequenced by GeneWiz (South Plainfield, NJ). The sequencing
results were manually amsibled and annotated with open reading frame (ORF) finder

(www.nchbi.nlm.nih.gov/projects/go)f/BLASTp (1) and conserved domain searc{il

provided by the National Center for Biotechnology mfiation (NCBI). Recognition sites
for the RM systems were inferred based on the specificity sequences of the homologs

identified through the BLAST progrant{p://tools.neb.com/~vincZBL AST/index.php on

the REBASE databaskt(p://rebase.neb.com/rebase/rebase)n(dl). Promoters were

predicted withNeuralNetwork Promoter Prediction provided by the Berkeley Drosophila

Genome Projechtp://www.fruitfly.org/seq_tools/promoter.htini37). Putative Rho

independent terminators were identified with the model of Lesnik €3land RNAfold

(http://rna.tbi.univie.ac.at/céhin/RNAfold.cqi) to detect sterbop structures. Ribosome
binding sites (RBS) were identified on the basis of location and similarity to the consensus
sequence AGGAGGT@L5). Conserved domains oftosine5 methyltransferases were

identified based on domains of M.Hhal described by Kumar ét 8.
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To examine the frequency of restriction sites for LmoJ2 and LmoJ3 (GCWGC (W=A
or T) and GCNGC, respectively) in monocytogerschromosomal fragmesitandListeria
phages, sequences listed in Table 3 were retrieved from the NCBI database. The number of
restriction sites for LmoJ2 and LmoJ3 was determined by enumerating the sites for ApeKI
(recognition sequence: GZCWGQCZNGIC)Fnu4HI (r

respectively, with NEBcuttehtp://tools.neb.com/NEBcutte)2/The frequency of the

restriction sites was calculated by dividing the number of the restriction sites by the length of
the analyzedNA in kb.
Enzyme digestionassaysGenomic DNA was digested with restriction
endonucleases ApeKIl and Fnu4HI under conditions specified by the manufacturer (New
England BioLabslpswich, MA). Digested genomic DNAs were compared with uncut
genomic DNA as wleas with genomic DNA digested with Hindlll (New England BioLabs),
for quality control, on 0.8% agarose gels.
Phageinfection assaysFor phage assays, we utilize$teriaphage 204224
isolated from the environment of a food processing fadiliy). This phage was propagated
in L. monocytogend3P-L862 as describe(4). In addition, methylated phage derivatives
were obtained by propagating 20422t least twice in strains J2479 and J3115 that harbor
LmoJ2 and LmoJ3, respectively.
For bacteriophagamp | i f i cati on, bacteria were grown
BHI broth, and 100 el was blended with 100 ¢
Bertani medium (LB; Becton, Dickinson and Company). Phages were allowed to adhere to

bacterial cells for fie minutes. The phag®st mixture was added into 4 ml of molten soft
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agar (0.75 % agar) in LB supplemented with 10 mM Ga&id evenly distributed onto
regular LB plates (1.2% agar) containing 10 mM GaCl The pl ates were i nc.l
for 24-48 hr.To collect phage particles, plates were flooded with 5 ml of SM buffer (0.1M
NacCl, 0.2% MgSQ@T 7.@, 0.05M TrisCl, 0.01% gelatin, pH 7.5) and incubated4®ihr at
4eC. The Il iquid was filtered throughda 0.2 n
the filtrate was stored at 4eC.
Phage susceptibility assays followed the same protocol and plaques were enumerated.
Efficiency of plaquing (EOP) was defined as the ratio of plaque forming units (pfu) per mi
obtained from a specific strain to pfu/ml abtd with the reference strain EEB62. Phage
experiments were conducted at least three times and statistically analyzed with SAS (SAS
Institute Inc., Cary, NC) using the mixed ANOVA model.
Pulsedfield gel electrophoresis (PFGE), nltilocus genotyping (MLGT ) and
targeted MLGT (TMLGT) . PFGE was conducted with Ascl (New England Biolabs) and
Apal (Roche) as described by Graves efll). PFGE dendrograms based on dice
coefficient were obtained with BioNumerics (Applied Maths, Austin, TX). Optimization
leved and position tolerance were set at 1.5% for Apal and at 2.0% for Ascl. MLGT and
TMLGT were performed as describé] 38, 39).
Nucleotide sequence accession numbdihe nucleotide sequences of LmoJ2 from
L. monocytogene¥?749 and LmoJ3 from. monocytgenesl3115 have been submitted to

GenBank (accession n@N235993ndJN235992 respectively).
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RESULTS

Sequence analysis dimoJ2. The novel RM systems were localized between the
PTS A and aldolase genes on the chromosonte wfonocytogeng$ig. 1)and were
designated LmoJ2 and LmoJ3 after the strains in which they were first ideritified (
monocytogene32749 and J3115, respectively). Sequence analysis of the 4.5 kb PCR
amplicon fromL. monocytogenestrain J2479 revealed LmoJ2 consisting of twdFQR
ImoJ2M(1144 bp) andmoJ2R(1659 bp). The GC contentslofioJ2MandimoJ2Rwere
34% and 31%, respectively, significantly lower than the genome average ¢288%

The deduced polypeptide encodedinpJ2Mexhibited high similarity with DNA
methyltransferases from different bacteria, includigterococcus faecali1l1l
(ZP_05596805.175% identity, Lactobacillus delbruddi subsp. bulgaricus ATCC BAA
365(YP_813118.172%identity), Bacillus cellulosilyticuDSM 2522 (ZP_06364416.1
59%identity) andGeobacillussp. Y412MC52 (ZP_04393775.39%identity). Conserved
domain searches suggested that this protein (designated M.LmoJ2P) was a-Bytosine
methyltransferase (pfam00145). Nine of the ten conserved cyibsmethyltransferase
motifs were identied in M.LmoJ2P, with one (motif V) missing (data not shown).

The deduced polypeptide encoded by the second @RBE2R was similar to
proteins encoded by various bacteria, includingpecalisT11 (ZP_05596807.1; 59%
identity), B. cellulosilyticudDSM 2522 (ZP_06364415.1; 47% identity) a@dobacillussp.
Y412MC52 (ZP_04393774.1; 45% identity). Notably, im@J2Rhomologs in these bacteria
were located adjacent bmoJ2Mhomologs suggesting that these two genes were harbored

on one cassette in thesengmes. Conserved domain searches suggested that the product of
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ImoJ2R(designated R.LmoJ2P) belonged to the protein family (pfam09491) represented by
the Alwl restriction endonuclease (recognition sequence: GGATZ(N).

The LmoJ2 recognition site was pretéd to be GCWGC (W=A or T) by BLAST
searches against REBASE. Proteins with highest homology to M.LmoJ2P in REBASE were
M.Gsp4120RF3572PYP_003254598.1n Geobacillussp. Y412MC61 plasmid
pGYMCG6101, and M.Bce98ORF75ZFPP_001374089.)lin B. cereussubsp cytotoxis NVH
391-98. For R.LmoJ2P, the REBASE database homologs incl@pdl120RF3572P
(YP_003254599 Jland Bce98ORF752FYP_001374090.)1 both of which were adjacent to
their homologs to M.LmoJ2P. The predicted recognition site for all these putative
methyltransferases and restriction endonucleases was GCWGC (W=A or T); hence, an
inference was drawn that LmoJ2 might also recognize GCWGC.

Sequence analysis revealed a putative promoter upstrdamJdfRalong with a
putative Rheindependent terminatam the intergenic region betweénoJ2Rand the
threonine aldolase gene (Fig. 1). Putative ribosbimding sites were detected in front of
ImoJ2MandIimoJ2R Noticeably, the ribosomleinding site foimoJ2R(AGGCTACT)
deviated considerably from the consas sequence.

Recognition sites in the vicinity of the promoter region play an important role in the
control of some RM systems by reducing transcription when the sites are met(8gted
The sole LmoJ2 recognition site (GCAGC) in LmoJ2 and its praxietgon was located
within the methyltransferase gene (Fig. 1) and thus would not be expected to be involved in

the regulation of LmoJ2.
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Sequence analysis of LmoJ3.moJ3 was identified from the analysis of the
sequence of the 3.7 kb PCR product obtaineah L. monocytogenestrain J3115. Three
ORFs were identified, designatidoJ3M (984 bp),imoJ3R(1170 bp)andimoJ3C(384 bp)
(Fig. 1). The GC contents of these ORFs were 2886J3M and 32% ImoJ3Rand
ImoJ3Q. As described above for LmoJ2, this veagnificantly below the genome average
and suggests horizontal gene transfer.

The deduced product 6hoJ3Mshared similarity with DNA methyltransferases such
as Bsp6IM inBacillusspp. (P43420.1; 65% identity) aBtaphylococcus aured&-122
(YP_4178191; 58% identity). Conserved domain searches of the deduced polypeptide
(designated M.LmoJ3P) assigned it to the cytosineetyltransferease protein family
(pfam00145). Comparisons with M.Hhal revealed that M.LmoJ3P harbored all ten conserved
motifs of cytosine 5methyltransferases (data not shown).

The second ORMNM0J3R was predicted to encode a protein homologous to
hypothetical proteins in several other bacteria inclufimggoldia magnaATCC 29328
(YP_001691161.1; 46% identityflavobacterium johsonae UWO01 (YP_001193007.1;
44%) andB. weihenstephanendBAB4 (YP_001643707.1; 43% identity). The deduced
ImoJ3Rproduct (designate®.LmoJ3P)Yelonged to the protein family (pfam09565)
represented by the restriction endonuclease NgoF VIl (recognéareace: GCSGC, where
S=C or G)25).

The deduced product of the third ORRPJ3C exhibited homology to proteins from
several bacteria, including hypothetical protein€afstridium ramosunbSM 1402

(ZP_02426636.1; 44% identity) am@rvimonas micraATCC 33270 (ZP_02094636.1; 43%
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identity), and a predicted transcriptional regulatoGordonibacter pamelaeag10-1b
(CBL03716.1; 40% identity). The deduced protein (designated C.LmoJ3P) harbored a helix
turn-helix motif (pfam01381), suggesting that ii®NA-binding protein that may function
as control (C) protein in the regulation of the RM cas¢22g

BLAST analysis against REBASE identified M.Lm&Bomologsvith specificity
for GCNGC including M.Bsp6l inBacillusspp. plasmid pXH13 (CAA57293.1and
M.MagORF4250P iMycoplasma agalactiastrain 5633YP_003515594.1)Several
homologs oR.LmoJ3P were also identified with specificity 8BCNGC such a$31i1904lI
in B. licheniformisSJ1904 (NCBI number unknowahd FjoUWORF652P if. johnsoniae
UW101 (ZP_01247103.1)These resultsuggestethatR.LmoJ3might alsorecognize
GCNGC.

A putative promoter was identified upstreammdJ3M as well as upstream of
ImoJ3C and bidirectional Rhandependent terminators were identified betweeml3Mand
ImoJ3R(Fig. 1) These predictions suggest that two transcripts may be generated from
LmoJ3: one foimoJ3Mand a divergent transcript fomoJ3CandlmoJ3R Putative
ribosomebinding sites were identified in front of each of the three ORFs of LmoJ3.

Four GCNGGsites were identified in the LmoJ3 region (Fig. 1). Two of these sites
(GCGGC and GCTGC) were located close to each other between the dutati@d/
promoter and the start bhoJ3M(Fig. 1), raising the possibility that they might be involved
in the regiation of the RM system.

LmoJ2 and LmoJ3 are harboredin the same genomic regioty additional

isolates ofL. monocytogenedHybridization of genomic DNA from othdr. monocytogenes
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isolates in our strain collection with DNA probes derived from LmoJ2 amolJB identified

several that putatively harbored these RM systems. Evidence for LmoJ2 was obtained for
isolates of serotypes 4b, 1/2a (or 3a), and 4c, as well as isolates the serotype of which could
not be determined based on the multiplex PCR assay eatp(@gpble 1). Evidence for

LmoJ3 was obtained for two additional isolates of serotypes 4b and 1/2a, respectively (Table
1).

PCR with primers derived from flanking gen&s/0f2365_032z2nd
LMOf2365_033Pand genes internal to LmoJ2 and LmoJ3 indicatedLtmatl2 in OLM 115
and OLM 116, and LmoJ3 in 2011D72B were present in the same genomic location as in
J2479 and J3115 (Fig. 2). Identical results were obtained with all the other isolates harboring
LmoJ2 or LmoJ3 (data not shown). The size of the PCRuptedvas also conserved among
different isolates harboring LmoJ2 or ImoJ3, suggesting lack of detectable insertions or
deletions in this region (Fig. 2).

Relatedness of these isolates was examined via PFGE (Fig. 3), MLGT and TMLGT
(Table 1). These analyseevealed that LmoJ2 was harbored by several strains of unique
genotypes (including two lineage lllI strains of serotype 4b) as well as by strains of two
distinct clusters (one consisting of the lineage | serotype 4b isolates OLM 80, OLM 115 and
OLM 116, and the other composed of four lineage Il serotype 1/2a (or 3a) isolates from
foods and the environment of processing plants) (Fig. 3). The two serotype 4b strains
harboring LmoJ3 were of lineage | and clearly distinct from each other (Fig. 3). Thus, LmoJ2
as well as LmoJ3 were harbored by a genetically heterogeneous group of isolates. It was

noteworthy, however, that 7/14 of the Lmedd&aring strains were of lineage lll, including
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isolates of serotype 4b and 4c. These lineage lll strains exhibited PF@&spradrkedly
different form each other and from those of other isolates (Fig. 3).

Genomic DNA from strains harboring LmoJ2 and LmoJ3 was methylated at
GCWGC and GCNGC, respectively, when bacteria were grown planktonically or on
agar at different temperatures, including 4e CT.o verify the recognition site of the novel
RM systems and obtain evidence for expression of the DNA methyltransferases, genomic
DNA was extracted from LmoJ2 or LmoJ3 isolates and digested with ApeKI (recognition
sequence: GZCWGC) ands€qudnrte(rE6€CaN6BC)i | n a
were digested with HindlIl (recognition sequ
digestible by an enzyme not affected by the novel RM systems.

Genomic DNA from LmoJ2 and LmolJr8istans ol at es
to ApeKl and Fnu4HI, respectively. This resistance was consistently exhibited by all LmoJ2
and LmoJ3 (Fig. 4 and data not shown). Similar results were observed when J2479, J3115
and other representative isolates with LmoJ2 and LmoJ3weregrédvn @ C i n | i qui d
ot her temperatures (4, 8, 25, and 42e¢C) in |
LmoJ2 was specific for GCWGC and not GCNGC we also digested genomic DNA from
LmoJ2 isolates with Fnu4HI. DNA from these cultures exhibstesteptibility to this
enzyme (Fig. 4 and data not shown). Taken together, these findings support the hypothesis
that LmoJ2 and LmoJ3 recognize GCWGC and GCNGC, respectively. The findings also
indicate that the methyltransferases of these RM systemseweressed at all tested
temperatures, including 4 and 8eC, and regar

agar or planktonically.
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Evidence forexpression of LmoJ2 and LmoJ3associated restriction
endonucleasesExpression of the putative restrictiendonucleases associated with LmoJ2
and LmoJ3 was assessed by determining wheibtaria phage 20424 propagated in
LmoJ2 or LmoJ3 strains possessed higher EOP values in these strains than when it was
propagated in a reference strain deficient in tiiddesystems (DR.862), and would thus
lack modification at sites recognized by the putative restriction endonucleases in LmoJ2 or
LmoJ3. The derivatives of 20422propagated in the Lmodfarboring strain J2479 and the
LmoJ3harboring strain J3115 were dgisated 20422MJ2 and 20422133, respectively.

When the LmoJ2 strain J2479 was infected with 208220P was ca. 2-8.9 fold
lower than that obtained with the reference strainLB62 at all tested growth temperatures
(4, 8, 25, 37 and 42°C) (p<0.0%)id. 5). When J2479 was infected with 2042J2, EOP
increased (by 10'to 109, i.e., ca. 5.67.9 fold) in cells grown at 4 or 8°C (p=0.001 and
0.007, respectively); however, no significant change in EOP was noted when cells were
grown at 25, 37 or 42°(Fig. 5). These data suggest that the LmoJ2 restriction endonuclease
was moderately expressed, and only at low temperatures, conferring a degree of protection
from phage attacknfection of J2479 with 20422MJ3 did not confer additional protection
in comparison with 20422MJ2 (Fig. 5).

Infection of the LmoJ3 strain J3115 with 204R2evealed that the EOP was*0
10°8, significantly lower than with the reference strain (p<0.0001), at all tested growth
temperatures. A pronounced {£@010 %¥old) increase in EOP was noted upon infection
with 204221MJ3 (p<0.0001) (Fig. 5). The extent of the increase was lower when bacteria

were grown at 25°C (£8fold increase than at other temperatures) (p<0.0001). A significant,
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albeit smaller, increase in EQWs also observed following infection of J3115 with 20422
1MJ2 (p<0.0001) (Fig. 5). Similar findings were obtained with an additional strain harboring
LmoJ3 (2007584) grown at 37°C (data not shown).

LmoJ2 and LmoJ3restriction sites are significantly less frequent in the genomes
of lytic compared with temperateListeria phages The number of recognition sites for a
restriction endonuclease is correlated to the expected susceptibility of the phage to the
corresponding restriction systg@8). In fact, redction of the target sites is often adopted by
bacteriophages as a tactic to decrease the impact of RM sy8@msnalysis of sequenced
Listeriaphage genomes revealed that the genome of lytic phages harbored these recognition
sequences at markedly lomfeequencies than those of temperate phages, regardless of phage
family (Siphoviridaevs. Myoviridag or genome siz€Table 3) An extreme case of this trend
was observed in th&iphoviridadytic phages P35 and P40 that possessed only one and two
GCWGC #tes, respectively (Table 3). In contrast, temperate phages harbored LmoJ2 and
LmoJ3 recognition sites at frequencies similar to those of chromosomal fragments of
monocytogenes2365 (Table 3).

To assess relative susceptibility to LmoJ2 vs. LmoJ3 \eeleded the
GCWGC/GCNGC ratio in phage genomes andionocytogends2365 chromosomal
segments (Table 3). Biphoviridagtemperate phages, approximately half of the LmoJ3
recognition sites were GCWGC, similarly to the chromosomal fragments. In cotiteast,
GCWGC/GCNGC ratio was lower (<25%) $1iphoviridadytic phages and higher (ca. 85%)

in Myoviridaephages.
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Close scrutiny of the distribution of the GCWGC and GCNGC sites revealed that they were
unevenly distributed in the phage genomes. In many pi@gemes such regions included a
gene encoding tape measurement protein (Table Sjphoviridadytic phages, all

GCWGC and the majority of GCNGC sites were located in this gene, and in temperate
phages, this gene also harbored considerably more GCW&G@NGC sites than the

average for the phage genome (Table 3Mywoviridaelytic phages, most GCWGC and
GCNGC sites were located in tail lysin genes. In both the tape measurement protein and tail
lysin genes, the GCWGC/GCNGC ratio was similar to thaeoled for the phage genomes

(Table 3).

DISCUSSION

In this study, we presented evidence for two novel Type Il RM systems (LmoJ2 and
LmoJ3) in the same locus bf monocytogenas which ECI strains harbor a Sau3kie
RM system. The LmoJ2 and LmoJ3 RMs®ms consisted of genes of unusually low GC
content and were identified in genetically diverse strains of multiple serotypes, belonging to
different lineages. Such findings imply that these RM systems may have been acquired
through sitespecific horizontbgene transfer, probably via multiple, independent events.
Alternatively, the novel RM systems might have been acquired by an ancestral strain of
monocytogendsut were maintained only in certain strains and (in the case of LmoJ2) certain
strain clustes. The serotype 4b cluster with LmoJ2 was of special interest, as it consisted
exclusively of isolates from human listeriosis cases from the relatively distant past; isolates

of this strain type were not identified among the >140 serotype 4b clinicaesdtom
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recent years (2003008) (Chapter 7). Our bioinformatics data and methylation assays
suggested that the recognition sites of LmoJ2 were included within those of LmoJ3 and that
LmoJ2 and LmoJ3 recognized GCWGC and GCNGC, respectively. In adfotidmoJ3
harboring strains, phage DNA methylation by LmoJ2 increased infection efficiency
compared with the unmethylated phage, albeit to a lesser degree than methylation by LmoJ3,
providing further evidence for LmoJ2 recognition sites being subset®¢ flor LmoJ3.
Cytosine methylation by LmoJ2 and LmoJ3 is expected to render DNA resistant to ApeKI
and Fnu4HI, respectively, and these enzymes are both sensitive to cytosine methylation at
GpC siteg3), suggesting that LmoJ2 and LmoJ3 likely methylatesige at GpC sites
within their recognition sites.

The recognition sitesf these RM systems attract attention due to three features. One
is their relative G&ichness, considering that the genomé.ahonocytogenesxhibits only
38% of GC contenf26). Nonetheless, we found that themonocytogeneshromosome
harbored an average of at least one site per kb. Abundant in G and C nucleotides as these
sites are, their small size may result in this high frequency. Another noteworthy attribute is
the incluson of LmoJ2 restriction sites within those for LmoJ3. These overlapping
recognition sites might have ecological implications for strains bearing each RM system and
occupying the same environmental niche, and may account for the observation that, even
thoudh LmoJ3 conferred the larger protection against phage infection, Lhasbaring
strains were more common. Although LmoJ2 might provide only moderate protection against
phage and under limited conditions, this RM system may convert its host to a biological

reservoir for methylated phages that can counteract, albeit incompletely, restriction by
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LmoJ3, thus potentially offsetting the competitive edge conferred by LmoJ3. These
interactions impact the balance between LmoJ2 and L+#nad$bring strains, thus
contibuting to coexistence of strains harboring these two RM systems. Lastly, cytosine
methylationsusceptible restriction endonucleases recognizing GCWGC and GCNGC have
been employed to identify cytosine methylation of CpG and GpC sites in eukaryotic DNA
within trinucleotide repeat tracks associated with human neurodegenerative and
neuromuscul ar diseases such as HJ30LApekgt onods
and Fnu4HI are examples of such enzy3e80) and the novel RM systems described here
might expand the repertoire of tools to investigate biomedically relevant epigenetic changes
in the human genome.

Genomic DNA digestions suggested that methyltransferases encoded by LmoJ2 and
LmoJ3 methylate the genomic DNA at all tested temperaturesdingld and 8°C. Since
cells could die if even one site of the genomic DNA is not methylated in the presence of an
active restriction enzym@6, 25), it is reasonable that the methyltransferases would be
expressed constitutively. However, phage infectesags revealed that methylation of the
phage DNA by propagation in an Lmeliarboring strain enhanced infectivity only
moderately, and only at low temperature. Since such phage particles exhibited increase in
infectivity in LmoJ3 strains, their DNA seentslie methylated; thus, we suspect that the
LmoJ2 restriction enzyme was expressed at low levels, and only at low temperatures. On the
other hand, when phage DNA was methylated by multiplication in a strain harboring LmoJ3,

infection efficiency increased a@matically at all tested temperatures, suggesting that the
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LmoJ3 restriction endonuclease was expressed at all tested temperatures, including 4 and
8°C.

Activity of the restriction endonucleases at low temperatures and accompanying
impact on resistance frhage infection might reflect a strategy againsteria-specific
phages in lowtemperature environments. Thus, the novel RM systems may confer a fitness
advantage to the strains harboring them, especially at low temperature. Given that
refrigeration is wdely utilized in food processing and distribution, this advantage may
promote dissemination of LmoJ2 and Lmdakaring strains in the food chain. Conditions
other than temperature may also be involved in the expression of the novel RM systems and
it is passible that under certain conditions, a higher level of restriction by LmoJ2 may be
observed. Elucidation of such conditions could facilitate our understanding on the impact of
these RM systems on the ecologyamonocytogenes

Influence of temperaturendRM system expression was previously reported for LlaJl
on lactococcal plasmid pNP40, which conferred more protection against phage infection at
19°C than at higher temperatu(@8). Transcriptional level athe LlaJl washigher at 37°C
than at 25 or 3@, which does not correspond to the phage infection(@a)a
Overexpression of the LlaJl restriction endonuclease shifted the temperature for optimal
protection against phage to 30°C, suggesting that tempecd&pemdence might be related to
the intrac#ular concentration of the active restriction endonucleé@s Although it
remaingto be identifiedvhat mechanisms responsible for the impact of temperature on the
activity of LmoJ2 and LmoJ3, these previous findings are indicative of delicat®lcontr

mechanisms that these temperagasitive RM systems might be subjected to.
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Lytic phages tend to possess fewer recognition sites for RM systems than temperate
phageg32). Analysis of the frequency of LmoJ2 and LmoJ3 recognition sites within the
genanes of temperate and lytigsteria phages indeed revealed significantly lower
frequency in the latter. This trend is worth contemplating given that the majolitstefia
phages are following the temperate lifesi{d@), and that their expected higlrsrsceptibility
to the LmoJ2 and LmoJ3 restriction enzymes may reduce horizontal gene transfer frequently
mediated by prophages and often involving genes for toxins and virulence {26ta23)

The relative scarcity of LmoJ2 and LmoJ3 recognition sitdgtic phages might arise from
greaterselective pressure to reduce the restriction sites in comparison with temperate phages
that can survive within the cell once the genome is integrated into the chromosome.

Meanwhile, it should be mentioned thatthetli ¢ phages are only #dr
equipped to defend themselves from the novel RM systems. In fact, the phage used in this
study, 204221, belongs to lytic phages and was restricted by LmoJ2 and LmoJ3 (Fig. 4),
suggesting that Iytic phages are stilsseptible to these RM systems. Since 20422
displayed a high homology with the lytic phages P100 and AR4)1 these phages are
expected to be similarly affected by LmoJ2 and LmoJ3.

When the ratio of LmoJ2 restriction sites (GCWGC) to those of LmoTNE&C)
was analyzed, GCWGC accounted for ca. 50% of GCNGC sitploviridagtemperate
phages. GCWGC sites were undepresented in th8iphoviridadytic phages and over
represented iMyoviridaephages. The low GCWGC/ GCNGC ratio observed for
Siphovirdaelytic phages might be associated with the relatively high GC content of these

phages. However, except for these phages, the overall GC content rangt¥ &6 86es not
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seem to be great enough to explain these trends; thus, we speculate that tmimgin d
force behind these phenomena mighhbe often in the past a phage encountered RM
systems recognizing GCWGC compared with those recognizing GCNGC. For instance,
relatively fewer GCWGC sites Myoviridaephages might reflect that these phages might
have more often infected cells harboring a RM system recognizing GCWGC than cells
bearing a GCNG&ecognizing RM system.

All the phage genomes analyzed in this study possessed some regions with a high
density of GCWGC and GCNGC sites, for instance, tpe taeasurement protein gene in all
the temperate phages a8gbhoviridadytic phages and the tail lysin geneNtyoviridaelytic
phages. It remains unknown why these restriction sites were densely packed in a certain
region. However, the evolutionary pess of reducing restriction sites as an attempt to
counteract RM systems might exert a greater impact on sequence content of thedaegenes
to the mutations accompanying this defense mechasgsamst LmoJ2 and LmoJAlso,
mutagenesis toward fewer restion sites might proceed more promptly in the region rich in
restriction sites since adjacent or overlapping restriction sites could be more efficiently
eliminated with fewer nucleotide changes

In conclusion, we have demonstrated that two novel RMmgs(emoJ2 and LmoJ3)
are present in the same genetic location of various stralnsyadnocytogenesnd may
have been acquired through horizontal gene transfer. The genomic region where LmoJ2 and
LmoJ3 are localized also harbors the Saul@éd RM systemn ECI strains, suggesting a
site-specific mechanism for acquisition of these Type Il RM systerasimonocytogenes

LmoJ2 and LmoJ3 recognize the closely related DNA sequences GCWGC and GCNGC,
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respectively, and they methylate genomic DNA and confeyast lpartial protection against

phage infection. Both RM systems appeared to be active at low temperatures, which might be
important in the ecology of the bacteria through the food chain. Further studies on LmoJ2,
LmoJ3 and other RM systems in this locuB anhance our understanding of the ecological

and evolutionary roles of genetic elements that bestow DNA methylation and phage
resistance th. monocytogenesnd will provide information needed to assess the

effectiveness ofisteria phages as biocontragent.
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Table 4.1 Bacterial strains used in this study

. Isolation . Lineag@

Strain year Origin Serotypé (MLGT) Sourcé
<LmoJ2>
J2479 2003 Clinical 4b [l (Lm3.42) CDC
(HI) 267 1999 Clinical 4b 1l (Lm 3.49) NCSU
NRRL B-33191 2001 Animal 4b [l (Lm3.13) (38)
OLM 80 1954 Clinical 4b | (1.70_4b) NCSU
OLM 115 1955 Clinical 4b | (1.70_4b) NCSU
OLM 116 1956 Clinical 4b | (1.70_4b) NCSU
#191A° 2004 Processing plant 1/2a (or3a) (2.30 1I/I2a T189 (24)
L1522& 2005 Processing plant 1/2a (or3a) (2.30 1I/I2a T189 (24)

= A
LW-A75 2003 Food (coldsmoked salmon) 1/2a (or3a) (2.20_1/2a_T492 FDA
LW-A97 2004 Food (avocado puree) 1/2a (or3a) (2.20 1I/I2a T492 FDA
2008392 2008 Clinical 4c I (Lm3.46)  NCDHHS
NRRL B-33330 o002 ~ Food(liquid unpasteurized . oiorminate 111 (Lm3.17) (38)
whole egg)

OLM 62 1953 Animal Indeterminate [l (Lm3.42) NCSU
NRRL B-33372 2004 Animal Indeterminate [l (Lm3.26) (38)
<LmoJ3>
J3115 2004 Clinical 4b | (1.73_4b) CDC
2007584 2007 Clinical 4b | (1.74_4b) NCDHHS
20100072B 2010 Clinical 1/2a (or 3a) Il (2.92_1/2a) NCDHHS
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Table 4.1Continued

& Serotypewas determinedither by serological assay loy the multiplex PCR described by Doumith et(@.fi | nd e tt eromi n a
indicates that no serotype designation could be assigned based on the multipl@}.PCR

P Lineage was designated based on TML@GJ).

©CDC, Centers for Disease Control and Prevention; NQ@®iteria Strain collection at North Carolina State UniversFDA, US

Food and Drug Administration; NCDHHS, North Carolina Department of Health and Human Services.

4#191A was named 90 in the study by Mullapudi e(24).

®L1522a was named 1747 in the study by Mullapudi €24).
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Table 4.2 DNA primers used in this study

Primer Sequence Target
J2479Res_F  GACCTAGTAAAGCAGGTGCT ImoJ2R
J2479 3R AGGTACCCATTCGATAGTCG ImoJ2R
J3115 2F TATCAGGCTTTCCCTGTCAA ImoJ3M
J3115Met_R GGTACTACAACCGAATTCCC ImoJ3M
H7858 0334R GTTCCCGAATCATTTCCAC LMOf2365_0322
H7858 0338F CTCGTGAATCTCCAAATGCG LMOf2365 0330
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Table 4.3 Frequency of LmoJ2 and LmoJ3 recognition sites (GCWGC and GCNGC, respectively)

]

> 2 ¢ g S, 84 3 8§ 8 8o &

< E 3B o o X oz =X z,22 EN Zz X = X 8

s & 28 5 5 © 0% o032 8502 3 8 o8 &

F2365 108
flrggment 130.0 38 2.35 (55%) (26)
Eigfﬂim X 130.0 38 261 (éb?,/z) (26)
Eig?ﬂim s 1300 37 232 (é'550/10) (26)
Eig?ﬂf’em . 130.0 40  3.07 (éé?,i) (26)
Eig?ﬂf’em . 130.0 39 252 (éb?,i) (26)
Average 2.57 (égsoz)

A500 Siphoviridae 4 Temperate 389 37  2.60 (é'ﬁ,/?o) LipAa%Oﬁgp°16 40 8.20 (2'512) (6)
A118 Siphoviridae Y% Temperate 40.8 36 2.45 (élZOZ) Aéﬁ%r%lG 39 7.43 (gOA{’Z) (2)
AQ06 Siphoviidae %  Temperate 381 36  2.13 (24%2) LiPAOO6_gpl5 (tmp) 37 3.96 (2'3502) ©)
B025 Siphoviridae 5,6 Temperate 42.7 35 1.83 (2210/50) LiPB025_gp14 (tmp 38 5.69 (24%2) (6)
PSA Siphoviridae 4 Temperate 37.6 35  1.30 (2'1%2) 2?(:t8n9198%)14 38 4.22 éé%/i) (42)
B054 Myoviidae 5,6  Temperate 482 36  1.97 é&iﬁ) LiPBO54 gp18 (tmf) 39 254 (523'3102) )
P100 Myoviridae 1/2;54' Lytic 1314 36  0.26 (gﬁ/zo) LBPVl?)?S—ig;’OZS @l g 3.84 (36202) o)
A511 Myoviridae %, 4 Lytic 1376 36  0.24 (gé%/lo) LiPASllilg%")’ozs @il 3.84 (gézoz) (15)
P40 Siphoviridae 1/52: g’ Lytic 356 41  0.25 (gﬁg) P‘(‘t%g%“ 45 2.74 (16%2) (6)
P35 Siphoviridae % Lytic 358 39 025 (2'2(3,2) LiPP35_gpl4 (tm) 44 3.18 (2'7502) ©)
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Table 4.3 Continued

4 F2365 fragments-% correspond to randomly chosen DNA sequences, in this case, betweerZID@IM, 650,00-780,000,
1230,0001360,000, 1810,000940,000, and 2390, 08520,000 nt of F2365 genome (NC_002973.6), respectively.

® This percentage represents the proportion of GCWGC sites within GCNGC sites.

¢ Tmp, tape measurement protein.
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Figure 4.1 Organization of the genomic region harboring LmoJ2 and LmoJ3Gray

arrows indicate genes comprising each RM system. Conserved flanking genes are shown as
black arrows, and other genes unrelated to RM systems aratedligith white arrows.

Stippled arrow indicates the pseudogene in strain F2365 (40). The location and direction of a
predicted promoter is marked with a bent arrow, and putativerRlependent terminators

are shown as lollipop symbols. Locations of regbgn sites for LmoJ2 and LmoJ3 are

indicated and those that may be important in transcriptional control are underlined.
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A. EC| Sau3Al-like R-M

e

S ) ) ) )
LMOf2365 & & s S S N
Tos2z B X & S N 3
Restriction DNA DNA
PTSIIA endonuclease  pinding Methyltransferase
protein
B. LmoJ2
GCAGC
J2479
PTSIIA Threonine
aldolase
C. LmoJ3
GCGGC/
GCTGC
J3115

Threonine

PTSIIA ImoJ3M ImoJ3R aldolase

ImoJ3C
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6 7 8 910 M 12345678

Figure 4.2 LmoJ2 and LmoJ3 are present in the same genomic locations in isolatef

diverse serotypesConfirmation of genomic location of LmoJ2 (A) was performed using

PCR with primers H7858 0334R/ J2479 3R (lan&$ and J2479Res_F/ H7858_0338F

(lanes 610). Lanes 1 and 6, OLM 115; lanes 2 and 7, OLM 116; lanes 3 and 8, J24¥9 (use
as the positive control); lanes 4, 5, 8 and 9, negative controls. Confirmation of genomic
location of LmoJ3 (B) was done using PCR with primers H7858 0334R/ J3115Met_R (lanes
1-4) and J3115 2F/ H7858 0338F (lane®)5Lanes 1 and 5, 204ID72B; lanes 2and 6,

J3115, used as the positive control; and lanes 3, 4, 7 and 8, negative controls.
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Figure 4.3 PFGE dendrogram of isolates harboring LmoJ2 and LmoJ3PFGE with Apal
and Ascl was performed as descriliredlaterials and Methods. Isolates harboring LmoJ2
and LmoJ3 are indated with filled and open circles, respectively. Serotype 4b strains F2365

(ECI), H7550 (ECII) and WS1 (ECV) were included for reference.
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Figure 4.4 LmoJ2 and LmoJ3 are associated with resistance to digestion by restriction

enzymes recognizing GCWGC and GCNGC, respectivelgzenomic DNA of strain LW

A75 and J3115, harboring LmoJ2 (A) or LmoJ3 (B), respectively, was digested with ApeKI
(recognition sequence: GZCWGC) and Fnu4HI (re
with HindlIlIl (quality control). DNA was extr
The ECI strain F2365 that lackmoJ2 or LmoJ3 was included as a negative contrdaie

1, undigested F2365 genomic DNA,; lane$,Z2365 genomic DNA digested with Hindlll,

ApeKI and Fnu4HI, respectively; lane 5, intact genomic DNA from LmoJ2 isolaté\l28/

and lanes ®, LW-A75 genomic DNA digested with Hindlll, ApeKl and Fnu4HlI,

respetively. B. lane 1, undigested F2365 genomic DNA; lanes 2 and 3 , F2365 genomic

DNA digested with Hindlll and Fnu4HI; lane 4, intact genomic DNA from LmoJ3 isolate

J3115; and lanes 5 and 6, J3115 genomic DNA treated with Hindlll and Fnu4HI. M,

exACTGene abning DNA ladder (Fisher Scientific, Fair Lawn, NJ).
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Figure 4.5 Phage infection assay results of J2479 (A) and J3115 (B)ack, grey and white bars represent the means of EOP
values following infetion with Listeria phage 20424 (propagated in a strain free of LmoJ2 or LmoJ3), 2adM22 (propagated
in the LmoJ2harboring strain J2479), and 2042®R1J3 (propagated in the Lmodi@rboring strain J3115), respectively. Error bars

represent the standagdror calculated from the statistical analysis.
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Chapter 5 Functional Characterization of a Putative Lipoprotein in an Immigration

Control Region of Listeria monocybgenes

ABSTRACT

Listeriamonocytogeneis the Grampositive foodborne pathogen that causes
listeriosis in humans and animals. An epideassociated clonal group bf monocytogenes
(Epidemic Clone [ECI]) is resistant to Sau3Al digestion due to a Sad#l restriction
modification (RM) system. Downstream to this RM systevra identified a putative
lipoprotein genéLMOf2365_0329that was often absent or diversified in Faathogenic
Listeriaspecies and animal isolateslofmonocytogeneshile beinglargelypresent in
isolates from human cases of illness and thossmafonmental/fooarigin. We
characterizd the function of this gene by constructing a deletion mutant in the background of
the ECI strainF2365 The deletion did not influence cell mbigdogy, hemolysis, growth at
various temperatures, and phage infectivity. Also, no difference was observed with regards to
resistance to ethanol, salt;®}, and disinfectants such as benzalkonium chldiif&) and
1-hexadecylpyridinium chloride monohydeaCPQ. However, the deletion mutant
exhibited(1) a moderate reduction gwarming on soft aga2) decreased MIC for nisin at
10 and 37°C; (3) a higher MIC for polymyxin B at 42°C; and (4) an increased viability in the
presence of a lethal level of SD8ost of these phenotypic differences were moderate or
small andgeneticcomplementationlid not restore swarming to wildtype levelsiurther
studies are warranted &ssess the possible role of this gene, including its potential

involvement in virulence
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INTRODUCTION

Listeria monocytogenas the Gram-positive bacterium responsible for listeriosis in
humans and anima{25). Clinical symptoms of human listeriosis encompass mildikk
symptomsandinvasive manifestations such as septicemi@ningitis,encephalitis, and
abortiong(6). As a foodborne disease, listeriosis os@ira relatively low incidence but its
hospitalization rate and fatality are the second and third higlesgtectivelyamongagents
for foodborne illnesssin the United State@2). Meanwhile L. monocytogendshabits a
broad range of environmental niches including fpoocessing facilities and possesthe
ability to form biofilm and endure various environmental stresses such atoacid,
temperatures aruigh salt(14, 23, Z). These features render the control of this
microorganism particularly challengirfg7).

Of 13 serotypes df. monocytogend®), over 95% of clinical cases are attributed to
serotyps 1/2a, 1/2b and 4{£5). In particular, serotype 4b has been involiredumerous
listeriosis outbreak&5). Previous studies on outbreak strains belonging to this serotype
revealed a closely related groupLofmonocytogenestrains(Epidemic Clone I, ECI) that
wasimplicated in multiple outbreaks that were not linke@&ch other geographicalty
chronologically(4). An exemplary outbreak caused by an ECI strain occurred in 1985 in Los
Angeles due to contaminated che€sé. The genome of the strain involved in this outbreak
(F2365) has been sequenced to compldti@h One major characteristic of E€lrainsis
that ther genomic DNA is not cleaved hlifgerestriction endonuclease Sau3Al due to
methylatedcytosineat GATC siteg7). The genome ddtrainF2365indeedharbos a

Sau3Allike restrictionmodification (RM) ystem encoded byMOf2365 03250
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LMOf2365 03271Fig. 1A) evidenced to be mediating DN&sistancéo Sau3Al(17, 29)
Although certain strains of serotypes 1/2a antiaaor a highly homologou8M system
(29), this RM system was identified only in ECtahs among serotype 4b; thus, a DNA
probe derived from this RM system has been employed as a genetic marker @9)ECI

In the ECI genomethe Sau3Adiike RM system idlanked at one side by gene
encoding a putative lipoproteibj1Of2365_0329(Fig. 1A). In Grampositive bacteria,
lipoproteins are involveth various cellular functions including antimicrobial resistance,
nutrient transport, adhesion, signaling, protein secretion and conjuf2dioin L.
monocytogenedipoproteins have attractegecialattention as the most abundant group of
surface proteinand due to thejpronounced diversity among different strafBs5).

Previous data from our laboratory (Chaptere3)ealed thathe lipoprotein gene
LMOf2365_032%ad highly conserved homas in completed.. monocytogenegenomes
of serotypes 1/2a and 4b including other epidess®ociated clonal groups ECla, Il and 1llI
(97-100% identity at the nucleotide sequence level). Diversity was observed with an apparent
duplication in the serotypeasstrain HCC23. In the ngpathogenid.isteria species, the gene
exhibited divergence ih. innocua(77% identity) whereak. welshimeridid not harbor a
homolog. Hybridization with the DNA probe based on the lipoprotein gene against
monocytogenestransrevealed thathis gene was harbored by a majority of clinical and
environmental/food isolates but undepresented among animal isolates, suggesting that
this lipoprotein gene might provide advantages for clinical and environmental/food isolates

potentially with regards to stress tolerance and/or pathogenigitiis study, we constructed
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the deletion mutant of the lipoprotein gene in the ECI strain F2365 and attempted to

characterize the function ofighputativelipoproteinin growth andstressalerance.

MATERIALS AND METHODS

Bacterial strains and growth conditions.Strains used in this study are listed in
Table 1. AllEschericha coli strains were routinely grown overnight at 37°Q.umia Bertani
medium (LB; Becton, Dickinson and Company, fgsaMD) oron LB plates supplemented
with 1.2% agar (Becton, Dickinson and Compathy)nonocytogenestrains were routinely
cultured overnight at 37°C in brain heart infusion (BHI; Becton, Dickinson and Company) or
on BHI plates containingl.2% agar. Whe necessary, growth medveresupplemented with
antibiotics orotheragents as indicatedat the designatedoncentrations. For lorgerm
storage, overnight cultugrownon agar plates were collected, resuspended in BHI with 20%
glycerol (Fisher Scierfic, Fair Lawn, NJ), and stored s80°C.

DNA and protein sequence analysisThe DNA and protein sequences were
retrieved fronthe National Center for Biotechnology Information (NCBI) database.

Restriction sites were examined with Webcutter Bttp(//bio.lundberg.gu.se/cuttej2ir

NEBcutter 2.0 lfttp://tools.neb.com/NEBcutte)2/Promoters were predicted with the Neural

Network Promoter Prediction provided the Berkeley Drosophila Genome Project

(http://www.fruitfly.org/seq_tools/promoter.htin[28). Potential Rhandependent

transcription terminators ih. monocytogends2365 wergetrieved fromTransTermHP

(http://transterm.cbcb.umd.edld2). The protein family was predicted with NCBI

Conserved Domain Seardhtifp://www.ncbi.nim.nih.gov&tructure/cdd/wrpsb.cp(16),
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http://bio.lundberg.gu.se/cutter2/
http://tools.neb.com/NEBcutter2/
http://www.fruitfly.org/seq_tools/promoter.html
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Pfam sequence seardtitp://pfam.sanger.ac.ykand Kyoto Encyclopedia of Genes and

GenomesHttp://www.genome.jp/kegd/

Genomic DNA extracion, Polymerase Chain Reaction (PCR) and sequencing.
Genomic DNA was extracted from overnight liquid cultingth the DNeasy Blood and
Tissue Kit (QIAGEN, Valencia, CAjccording tahe manufacturérs p r. Brimer< o |
employed in this study were purchdgeom Eurofins MWG Operon (Huntsville, AL) and
are listedn Table 2. PCRonditions were conducted 26°C for 5 mirfollowed by31 or 33
cycles 0f95°C for 1min, 52°C for 1 min, and 72°C for 1 manth afinal extension at 72°C
for 10 min. PCRemployedexTaqg (Takara, Otsu, Shiga, Japam Biometrathermocycler
(Biometra, Goettingen, Germanydnnealing temperatus@nd extension tinsewere
adjusted based on the melting temperatures of the primers and size of the expected amplicon,
respectivelyFor squencing, PCRroducs were purified using th®lAquick Gel Extraction
Kit (QIAGEN) and sequenced lyavis Sequencing (Davis, CA).

Southern hybridization. To prepare a membrane for Southern hybridization, we
loaded on the agarose gel genomic DNA digesiigdl EcCoORI (New England BioLabs,
Ipswich, MA) in parallel with 4 pl of Digioxigenin (DIGlabeled DNA molecular weight
marker Il (Roche, Florence, SC). After gel electrophoresis, the gel was submerged in 250
mM HCI (Fisher Scientific) for 10 min with gdatshaking and rinsed with tap water. Then,
the DNA on the gel was denatured in denaturation solution (0.5M NaOH and 1.5M NacCl) for
30 min and neutralized in neutralization solution (1M Tris and 1.5M NaCl) for 30 min. In the
meantime, the nylon membraneE®Vater &Process Technologies, Trevose, PA) was

equilibrated serially in distilled water and 2XSS®e DNA on the gel was transferred to the
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nylon membrane through the movement of 10XSSONA probe was prepared by DiG
labeling the gepurified PCR amption This probe wabybridized with the genomic DNA
immobilized on the membraras describeth Chapter 4

Construction of a lipoprotein gene deletion mutant.An in-frame deletion mutant
of the lipoprotein geneEMOf2365_032%vas constructed vidne integration-excision
procedureadescribed by Yildirim et al29). Specifically, two PCR amplicons were generated
from the genomic DNA of F2365 that correspond to the flanking regions upstream and
downstreamnto the lipoprotein gene. The upstream fragment was iiegpivith primers
LPUF and LPUR that contain EcoRI and BamHI s
(Table 2) The downstream region was synthesized via PCR with primers LPDF2 and LPDU
whose 50 ends include BamMHable2yxhhdseACRNnd 1 I 1 si t e
amplicons were digested with EcoRIl and BamHI (New England BioLabs) for the upstream
fragment andvith BamHI and Hindlll (New England BioLabs) for the downstream
fragment.The shuttle vectgpCON-1 (2) was extracted witthe QIAprep Spin Minprep Kit
(QIAGEN) from overnight culturegrown in LB broth containing 100 pl/ml ampicillin
(Fisher Scientific). The purified plasmid was digested with EcoRI and Hindlll and the
phosphoryl groups at thends of the cleavaadasmid were eliminated with Ship Alkaline
Phosphatase (Promega, Madison, WI). After each DNA manipulation step, the PCR
amplicons and plasmid were purified with QIAquick PCR purification kit (QIAGEN).
Subsequently, the PCR amplicons and pCDWMere ligated with T4 ligase (Promega) and
electroporated into competent cellstofcoli SM10 with an elecbporator (Electroporator

2510; Eppendorf, Hauppauge, NY). Transformants were selected on LBupemented
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with 100 ul/ml of ampicillin and the presence of the recombinant plasmid pC@&s
confirmed with colony PCR that employed LPUF/LPDU.

The transformarit. coli SL5 was used as the donor of the recombinant plasntinein
conjugationwith L. monocytogenes2365. For this experiment, 1.5 ml of the overnight
culture of F2365 was incutead at 45°C for 10 min and mixed with 3 miEfcoli SL5
overnight culture grown in LB with 100 pl/ml of ampicillin. This mixture was filtered onto a
sterile 0.45um HAtype filter of 22 mm diameter (Millipore, Billerica, MA). The filter was
washed with 10nl of BHI, transferred onto the BHI agar plate, and incubated overnight at
30°C at which pCOM. is capable of replicating in monocytogened he cells on the filter
were resuspended in 3ml of BHI and 100 pl of this culture was inoculated into 30 ml BHI
supplemented with 20 pl/ml nalixidic ac{fisher Scientificand 6 pl/ml chloramphenicol
(ACROS Organics, NJNalixidic acid was added into media to select only for
chloramphenicalesistant.. monocytogenesinceE. coli is susceptible to nalixidic aclolt
L. monocytogends naturally resistant to this antibiotic. After overnight incubation at 30°C,
50 pl of the culture was spread on the BHI agar plate containing nalixidic acid (20 ul/ml) and
chloramphenicol (6 pl/ml). Seven transformants were seldotatblony PCR that employed
LPUF/LPDU and hlyF/hlyR to check the presence of the recombinant DNA.and
monocytogenespecifichly gene, respectively. Two confirmé@nsonjugants (SLA.15
and SL5L16) were subcultured on BHI agar plates supplementddnaiixidic acid (20
pl/ml) and chloramphenicol (6 pl/ml) and used furtfr@rmutant construction.

To induce the recombinant plasmid to incorporate into the chromosom,15L&nd

SL5L16 were grown overnight at 30°C in BHI containing chloramphen&gl/fnl) and
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went through four consecutive passages in 5 ml of BHI supplemented with chloramphenicol
(6 OI/ ml) at 4&wehhpCONleanhoereplicata la manocgtogenes
After the 4" passage, the culture was spread onto the BHI agar plate withrohleaicol (6
pl/ml) and grown overnight at 42°C. Two putative integrants (5157 and SL5L16-5)
were selected for the excision procedure. Excision was facilitated by transferring the putative
integrants over four consecutive passages in BHI at 30°EntrRdtplasmid replication was
prevented by incubating these integrants overnight in BHI at 42°C after the last passage.

Theculture grown ati2°C was spread on BHI agar plate and incubated at 37°C.
Multiple single colonies were streaked on BHI agar glaiéh and without chloramphenicol
(6 pl/ml). Following overnight growth at 37°@1 colonies sensitive to chloramphenicol
were selected and examined with colony R&fployingLPUF/LPDU and the internal
primers of the target gene (LPF/LPRgable 2) The aletion mutant (SLA.16-5-5) was
confirmed both with Southern hybridization with the DNA probe amplified witimers
LPF/LPR andvia sequencing with primers LPseqF/LPsgdRble 2)

Construction of a complementation mutant. Complementation of the lipoptn
gene was conducted with pPL2 as described by Lauer(&8alFor the complementation
mutant, PCR was conducted with primers LP_Com_F and LP_Com_R containing Sall and
Notl sites, respecti(Vablé Qtgamplity the DNA fagmebtthatt e r mi n
encompasses the lipoprotein gene and its upstream and downstream intergenic regions. This
PCR amplicon and pPL2 were sequentially restricted by Notl (NEB) and Sall (Promega).
Then, the DNA fragment was cloned into pPL2 generating the recontimtzesmid pPL2C.

This plasmid was transformed ino coli SM10 and selecteoh LB agar plats
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supplemented with 25 pl/ml chloramphenicol. The presence of the DNA insert was examined
with colony PCR that employed primers LP_ComF and LP_C¢nhaRle 2). Corequently,

one tansforman{Com1) was chosen for further genetic manipulation. The recombinant
plasmid pPL2C was transferred fraddom1to the deletion mutant SEB16-5-5 via

conjugation and the transconjugants were selemd&HI agar plats with 25 pg/m

nalixidic acid and 6.25 pg/ml chloramphenicol. Incorporation of the recombinant plasmid
was ensured with colony PGRingprimers NC16 and PL9G able 2),and one

complementation mutant (Com1S1) was used for further study. In the meantime, plasmid
pPL2 was transformed into SM10 and conjugated into the deletion mutdn&idgentical

manner, resulting in PPL2Sthe mutant harboring an integratedhpty vector.

Swarming test. Swarmingwas assessed by stabbing a single colony from the
overnight cultureor by spottingd pl of anovernight liquidculture or the resuspension of a
single colonyonto BHI plates containing 5% or 04% agar. Motility was also examined by
stabbing the overnight liquid culture in taontaining BHI sofagar (0.25 or 0.4%¥%oft
gar plates or tubesere incubated at 25°C and 37°C for at least 48 hphatbgrapheat
various time points. dm agar plates were used, the plates wesded witlplastic wrap
during the incubation to prevent dehydration.

Cell morphology and hemolyss. Cell morphology was determindxy observing the
stationary phage cultus@nder a phaseontrast microscope (Leica Microsystems,
Bannockburn, IL)Cultureswere growth in various combinations of liquid growth media and
incubation temperaturescludingBHI at room temperature (RT), 30°C and 37°C; in tryptic

soy broth (TSB; Becton, Dickinson and Company) at RT and 37°C; and in TSB containing
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0.7% yeast extract (Becton, Dickinson and Company) (TSBYE) at RT and 37°C. We also
used cell suspensions of singt@onies grown on BHI agar plates and tryptic soy agar (TSA)
plates with 5% sheep blood (Remel, Lenexa, KS) at 4°C and single colonies on tryptic soy
agar with 0.7% yeast extract (TSAYE) at RT and 37°C. Hemolysis was checked by streaking
cells onblood a@r platesand incubating them overnight at 37°C.

Growth on agar plates.Cell growthwas visually inspected after streaking cells onto
the agar plates and incubating thendervarious conditions. To observe growth on the BHI
agar plates at different tempéures, cells were streaked onto the BHI agar plates and
incubated at 4, 25, 37 and 42°C. Growtfier themicroaerobic condition was examined
after incubating cells overnight on BHI agar plates in the reduced oxygen environment
generatedy Oxoid Gas Geerating Kit(Oxoid Ltd, Basingstoke, Hampshire, England
Also, growth in the presence of copper was determined by incubating cells overnight on
TSAYE supplemented with 4uM cupric sulfate.

Alternatively, growth on the agar plates was examined by sediliyng the
overnight culture by 2, 4, andf8ld and spotting 5ul of the cultures onto the agar plates.
This method was applied &ssesgrowth at different temperatures (4, 25, 37 and 42°C) on
BHI agar plates supplemented with ethanol (PHARMEARPER, Brookfield, CT) (3, 4, 5, 6
and 7%), NaCl (Fisher Scientific) (4, 5, 6, 7 and 8%) apd,H0.003, 0.006, 0.009, 0.012,
and 0.015%)Plateswith 0.030, 0.060, 0.090 and 0.120%04 were incubated at 25, 37 and
42°C.

Growth curvesand poststationary phasesurvival. Cells were grown at 37°C until

stationary phage (186 hr) and 500 pbf this culturewas added into 50 ml of BHI, TSB or
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BHI supplemented with 7% NaCl (1:100 dilution). Then, the culture was incubated at
different temperatureS{°Cin TSB,4°C, 10°C, RT and 37°C in BHI; 37°C; and 37°C and
10°C in BHI with NaCl) and optical density at wavelength of 600 nmg{g)vas monitored
with a spectrophotometer (SmartSpec 3000:B#al, Hercules, CA). In some experiments
(growth in BHI at 4, 10 and 37°Qwa in BHI with 7% NaCl at 10 and 37°C), viable cell
counting was conducted after stationary phase.

Disk diffusion assaysOvernight cultures were diluteay 100-fold (ca. 1x10cfu/ml)
and evenly spread on BHI agar plates with cotton swaps as descrikadipglitis et al.
(11). Sterile 6 mm diametepaperdisks(Becton, Dickinson and Companygre placedn
the middle of theplateand 10 pl ofthe followingreagents werspottedonto the paper disks:
benzalkonium chloride (BC; ACROS organics) (1 mg/mihexadecylpyridinium chloride
monohydrate (CPC; ACROS organics) (0.005%0Q0.5%), polymyxin B(10 units/pl),
nisin (geneouslyprovided by Dr. T. Klaenhammef)0 mg/ml), and SDS (Fisher Scientific)
(10%). The plates were incubated 48 hr at 37425C and for 6 days at 10°@nd zones of
inhibition were measured

Minimal inhibitory concentrations (MIC) . The MICsweredetermined as described
by Ryan et al(21). The overnight cultures diluted by 4fbld (ca. 1x16 cfu/ml) was mixed
with 2-fold seral dilutions n a 96well microtiter plate (Corning Incorporated, Lowell, MA)
of BC(0.01 mg/m), CPC(0.0005%, H,O, (0.5%, nisin(0.1 mg/m), polymyxin B(10
units/pl), and SDY1%). The microtiter plates were incubated at 25, 37 and 42°C for 48 hr
and & 10°C for 67 days. Growth of the cells was visually inspected at 24 and 48 hr during

the incubation at 25, 37 and 42°C and-&tdays during the incubation at 10MIC was
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defined as the minimal concentration at which no visible growth was obs&ti€d.
determinationsvere conducted three times in duplicate.

Lethality curves. To assess the death rateldowing acid stressanovernight culture
(1 ml) was washed with BHI and the ce#liet was mixed with 1 ml of BHI acidified to pH
2.4 with HCI. The reuspended culture was incubated at RT or 37°C in duplicate for 2 hours
andCFUs/ml were compared between prior to and following acid treatment. To assess death
rate following exposure toisin and SDS, 1 ml of the overnight culture was centrifuged at
13000rpm for 2 min and the supernatant was removed. The cell pellet was mixed with BHI
supplemented with 1% SDS or 0.01 mg/ml of niaimd incubated at RAt 5, 20 and 40
min after the addition afisin or SDS25 pl of the culture was serially diluted inggphate
buffered saline (PBS; EMD Chemicals, Gibbstown, NJ) solution and spread onto BHI agar
plates with a spirgblater @Qutoplate 4000; Spiral Biotech, Inc., Bethesda, MOolonies
were enumerated with-@ount Q Count™: Spiral Biotech, Inc., Norwood/lA) after
overnight incubation at 37°Che ratio of cfu/ml at each time point was compared with the
cfu/ml of the overnight culture.

Phage infection assayslhe deletion mutant SEE16-5-5 and parental strain F2365
were grown in BHI overnight at 25, &ind 42°Cfor 7 days at 8°C; anfdr approximately
27days at 4°C. These cultures were infected with braagelL isteria phage 204224 as
described in the previous chapter. The efficiency of plaquing (EOP) was defined as the ratio
of the plaque forming uts (pfu)/ml for the deletion mutant tbe pfu/mifor the parental
strain. Phage infection experiments were conducted at least thredaireash incubation

temperature
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Statistical analysis.Survivaland phage infection assay data were analyzed wath th
statistical program SAS (SAS Institute Inc., Cary, NC) employing mixed analysis of variance

(ANOVA) model.

RESULTS

In silico analysis.The putative lipoprotein gene that was characterized in this study
(LMOf2365_0329waslocateddownstream oftte SauBl-like RM systemin L.
monocytogenes2365 (ECI), and was transcribed in the same direction as the DNA binding
protein and methyltransferase genes in this RM system. Upstream and downstream of the
putative lipoprotein gene in F2365, we identifeedene rcoding a protein of unknown
function(LMOf2365_032Bandagene encoding threonine aldolds&0f2365 033
respectively, which are transcribed in the same direction to the lipoproteigFggneA).
One putativeRho-independent terminatoragpredictedoetween the DNA binding protein
gene and betwédOf2365_0328and another was anticipated between the lipoprotein and
threonine aldolase genes, suggesting that the putative lipoprotein was in a different
transcriptional unit from the RM cassette genedrapm, or from the downstream threonine
aldolasgFig. 1A). Two promoterswvere in the intergenic region upstream of the lipoprotein
gene(Fig. 1B). Any attempt to identify protein motifs or conserved domains of this putative
lipoprotein either resulted mo hits (NCBI Conserved Domain Search) or revealed as top
hits protein families of unknown function (Pfam search and KEGG datadihss)than

lipoprotein families
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Deletion and complementation of the lipoprotein genel o identify the functions of
the putdéive lipoprotein gene, an iframe deletion of this gene wasnstructed via shuttle
vector and conjugatio.he deletion of the target gene was supported by the absence of the
signalin the Southern blot with probe based on the lipoprotein gene (FigAXo, the
sequencingesults ofthe region around the target gene in the deletion mutant (Fig. 1C)
revealed that the 555 bp of the lipoprotein gene was mutated into the 45 bp gene and that no
change in sequence occurred except for the newly created Batakh the middle of the
mutated gene

The mutant was genetically complemented by cloning the intact gene (with its
putative promoter region) in the integration vector pFtig. 3A) and conjugating this
recombinant plasmid into the deletion mutant &l1%-5-5. Since pPL2 possessed the
integrase gene arat t $t€smriginated from the phage PEIA), this recombinant
plasmid was integrated into the PSA attachment site within tFNifthis strain This was
confirmedby PCRwith primers NC16/PL9%Fig. 3B) thatis expected tgenerate a 49Bp
amplicon from strains that harbor a lysogenic phage or integration vector at t{ii8}sikhe
presence of the lipoprotein gene in the compleptimutant was confirmed with PCR
employing the primers internal tbe target gene (Fig. 3C). Tontrol forpotential effect of
the plasmid integration, we also constructedhéegration mutant witlpPL2 integrated in
tRNA™Y of the deletion mutant SEB16-5-5 (Fig. 3B andC).

Swarming. Although considerable variatiovas observed between individual
experimentand no distinct difference in motility was observed under microscope between

the deletion mutant and the parental strain grown both in agar and broth thedialetion
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mutant often exhibited a moderate redutin swarmingat 25°C on the BHI soft agar plates
in comparison with its parental strain (Fig. 4A). Howeggrarmingwas not restored in the
geneticallycomplemergd mutant Com1SIfor which swarming was similar or larger to that
observed for the mutaharboringthe empty vector (Fig. 4A). In tub&sth BHI soft agar,
no distinct differencevasobserved (Fig. 4C angdD).

Morphology, hemolysis and growth on agar plateand in broth. No difference
was observedh cell morphologybetween the deletion mutiaandits parental strain
following growthin various media and at different temperatures (Fig. 5). Also, the deletion
mutantand itsparental strain exhibited comparable hémis on blood agar plates (Fig. 6
A). Growth was similar between the deletiontant and its parental strain when Heeteria
were grown on BHI agar plates at different temperatures (4, 25, 37 anda428Gically
(Fig. 6B)and at 37°C under thmicroaerobic condition (Fig. 6@y in the presence of copper
(Fig. 6D).When spotted mto agar plates the presence athanol, NaCbr H,O, and grown
at different temperatures, no difference in growth was identified between the deletion mutant
and the wild type (Fig. 74C).

No difference in growtin liquid culturesvas observed betwedime deletion mutant
and its parental strawhen the cells were grown in BHI at FT, 10 and 4°C (Fig. 8ABI,
Ci and Di, respectively))n TSB at 37C (Fig. 8E)and in BHI containing 7% NaCl at 10 and
37°C (Fig. 9Ai and Bi)Poststationary phase suwmal wasalsocompared between the
deletion mutant and its parental straand o distinct difference was identifigérig. 8Aii,

Bii, Cii and Di, and Fig. 9Aii and Bii)jn agreement with the growth curdata
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Susceptibility to toxic compoundsThe deétion mutant and parental strain were
subjected to the disk diffusion assays employing paper disks containing various toxic
compoundsAfter incubation at 37°C, noticeable halos were observedth strais around
the disks with BC, kD,, nisin, and SDSHig. 10A, C, D and E, respectivelyhereaghe
disk diffusion assays employing polymyxin B oft&sulted in no distinct halos (Fig. 10D).
Around the disks with CPC (Fig. 10(Bgno-growth zonewith irregular shape was
observedNo significant differenes in inhibition zones were noted between mutant and
parental strain with any of the toxagents spotted onto the digksg. 10) Similar results
were observed at different temperatures (10, 25 and 42&2nhwhile, in the MIC
determinationthe deletiom mutantrevealedZold lower MIC for nisin at 10 and 37°C (24 hr)
and2-fold higherMIC for polymyxin B at 42°C (48 hgompared with the parental strain
(Table 3).

Assessments of survival following acid treatm@t 2.4) revealed no significant
difference between the deletion mutamid the parental straeither at 37°C or at RT (p
value=0.5541 and 0.3827, respectively) (Fig. 11A). Similar results were obtailoedng
treatment wittD.01 mg/ml of nisin (p value=0.3778, 0.2646 and 0.0719 for 5, @&@min
exposures, respectively) (Fig. 11B). However, when exposed to a lethal level of SDS (1%)
for 20 and 40 min, the deletion mutant exhibited a smaller reduction in viability compared
with the parental strain (p=0.0004 and 0.036£f»and40 min expsures, respectively
(Fig. 11C). The difference in survivability between the deletion mutant and the parental
strain amounted to £6°(3.5-fold) for 20 min exposure and 3% (2.1-fold) for 40 min

exposure.
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Phage infectivity. The deletion mutant andapental strain grown at different
temperatures (4, 8, 25, 37 and 42°C) vt highly susceptible toisteria phage204221.
No significant differences in EOP were detected between the deletion mutant and parental
strain regardless of the growth temparas(p=0.3020, 0.5825, 0.7049, 0.4365 and 0.8603

for cultures grown at 4, 8, 25, 37 and 42°C, respectively) (Fig. 12).

DISCUSSION

In this study, we aimed to characterize the function of a putative lipoproteiriagene
which our previous investigatiandicated oveirepresentation among clinical and
environmental/food isolates but undepresentation among animal isolai€bapter 3) This
gene did not seem to belong to essential genes since some isolates were missing this gene and
a deletion mutant wagadily constructed. However, the prevalence ftatthisgene led us
to speculation that might play an important part in the life cycleslofmonocytogends
the environments and/or in the infectious procksthe transcriptomic analysis of serpgy
1/2al. monocytogendsGDe by ToledeArana et al., the gene homologous to the lipoprotein
gene [Mmo0303 constituted one operon with its upstream deme0302 which is missing in
the strain studied hef@6). Compared with exponential growth at 37°Ehia nutrient
medium (BHI), the transcription &ho0302was decreased when EGDe was grown in blood
or intestine wheredmo0303exhibited lower transcription in the cells grown in blood,
suggesting that the lipoprotein gene might be more likely to bdvietran the survival in the
environmen{26). Unfortunately, repeated attempts to obtain clues with various

bioinformatics failed to provide clues for the function of this lipoprotein gene.
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Our experiments to study phenotysibutable to the lipoproteigene were
conducted by comparing the wild type strain and the deletion mutant under conditions
expected to bamportant for environmental survival f monocytogene&or instance,
growthatlow temperaturehas been considered akegytrait of L. monaytogeneshat
facilitates dissemination of this microorganism through food distribution sy{&em
Following the same rationaleyoexperiment conditions also included £2[), nisin (10,
18), and compounds used as disinfectants such as CPQR3PBC (8, 20, 21) ethanol
(11) and HO, (20). We included polymyxin B in our experiments since susceptibility to
polymyxin B was observed in a mutant deficient in diacylglyceryl transferase Iggn&dt
is involved in the lipoprotein maturatig¢h5). The deletion mutant wassocompared with
its parental straim regard to other bacteriologicaftributesncluding motility, cell
morphology, hemolysis, growtimdermicroaerobicconditions phage infectivity, and
resistance to hydrochloric acihd coppr.

In most of these experimental conditions, phenotype of thépoprotein deletion
mutantwascomparable to @i of the parental strain. This is consistent with the findings by
ReglierPoupet et al. on the functions of the mutant missing the sigpatipse gendgp),
another genevolved in the lipoprotein maturation proc€&9). They reported that the
deletion mutant was identical to the wilgpe strain with regards to cell morphology,
hemolysis, and viability in BHI at different temperatures3@d, 37 and 42°Q)L9). However,
unlike this previous study that reported no effectspyon motility, our deletion mutant
exhibited a moderately reducetbtility at 25°C compared with the parental strain. A

previous study by Lemon et al. suggested filagellar motility might be imperative in
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attaching to the surface and establishing bicfi{t#). Thus, a speculation could be drawn
that the lipoprotein gene might also contribute to biofilm formatimnsfacilitating
inhabitation ofL. monocytogends foodprocessing facilities. Also, in comparison with the
ECI parental strain, the deletion mutant revealedftma decrease in MIC for nisin when
cells were grown at 10 and 37°C, suggesting that the lipoprotein gene might be involved in
resistance to Binat these temperaturgSiven that nisin effectively inhibits.
monocytogenegrowth and has been approved as a food additi¥e18) this role in nisin
resistance might result thewidespread distribution of the lipoprotein gene ambng
monocytognesstrains of clinical and environment/food origins. Meanwhile, the deletion
mutant revealed twpld increase in MIC for polymyxin B and a significantly higher
survival following exposure tkethal level of SDS in comparison with the parental strain.
These phenotypes suggest that the lipoprotein gene might render a cell more vulnerable to
polymyxin B and SDS. Such apparent disadvantages do not seem to be consistent with the
epidemiological datéor this genehowever, these characteristics mightaselatively small
price thatL. monocytogeneshould pay in maintaining this particular gene in exchange for
the advantages that this gene confers with regards to the aforementioned resistance to nisin
and motility as well asndersome, unidentified conditi@n

It should be noted that the lipoprotein deletion mutant exhilibeolr limited
phenotypic differences from the parental strain under the experimental conditions used in this
study. To advance our understandimgh@ function of tis gene, experimenittaonditions
should be broadened to includéditionalconditions, for instance, biofilm formatidt4)

andin minimal medium(1). Also, the scope of investigation could be furthered into
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pathogenicity. Studies on the lipoprotein maturation process rdgbeethe deletion of the
geneinvolved in this proces@st andlgt) resultedn decreased pathogenicity. Tisé
deletionmutantexhibited reduced phagosomal escé® and thegt deletionmutant
revealedmpaired invasion and intracellular surviab). Both mutationgesultedn
virulence attenuation in mid&5, 19) These findings suggest that many lipoproteins,
presumably including our target lipoprotgmight contribute to pathogeasity.

In this studythe swarming defect wamt restoredn the complememd mutant. This
suggests that reduced motility might not be due to the targeted lipoprotein gene or that the
gene was not adequately expressed irctimeplemergd The complemert mutant ¢ could
beverified by assessing transcriph of the Ipoprotein gene. Alternatively, a new
complementation mutant could benstructed wittan independent promoter upstretmthe
lipoprotein gene.

In summary, our data revealed thatlipoprotein gene.MOf2365_032%arbored by
a high proportion o€linical and food/environmental isolateslofmonocytogenesight be
involved in motility and nisin resistance butghtincrease susceptibility to polymyxin B and
SDS. Although these findings provided dwas why this gene was maintained in many
monocytogeesstrairs including major epidemiassociated clonal groups, further studies are
warranted taharacterize the role of this gefféis functional characterization will further
our knowledge o member othe most abundant group lokteria surface proteis andwill
be instrumental in drawing inferences on the functions of its divergent homologs that were

predominantlypresented among animal isolates.
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Table 5.1 Bacterial strains used in this study

Species ath strains Genotype and features Reference

<E. coli>
Conjugation donor; Rhi-1 thr-1 leuB6 recA

SM10 tonA21 lacY1 supE4Muc’) A [RP4-2(Tc::Mu)] (13)
Km' Tra"

E' coli-harboringpCON Shuttle vector, pCONL/ E. coli (2)

E. colicontaining pPL2 Integration vector, pPLZE. coli (13)

<L. monocytogenes

F2365 Wild type (a7)

SL5L16-5-5 F 2 3 &MQ@fR365 0329 This study

PPL2S1 F 2 3 6.MQ@f2365 0329tRNA™::pPL2 This study
F 2 3 &MQ@fR365 0329

ComiS1 tRNA™Y::LMOf2365_0329ntegration vector, This study

pPL2C
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Table 5.2 Primers employed in this study

Name Sequencé 56 t o 30) Target Reference
LPUF GTAGéA(\:,g'IF;'II'CGTAGAAGCCATAGAAGCAAG LMOf2365_0328 This study
LPUR TTA%GAAAATAATACTTACTAAC LMOf2365_0329 This study
LPDF2 GGCI%;SICA‘ AAATTAAATTATTAGAAGC LMOf2365_0329 This study
LPDU GTC%TTCCAAGTAATATGGGCGTG LMOf2365_0330 This study
LP_Com_F TTT% TGTCTTTGTCCAACATGTC LMOf2365 0328 This study

Intergenic region
LP Com R TAAGCGGCCGECTAGAACTCAAGCCTATTG between This stud
—-0om_ Notl LMOf2365_032%nd y
LMOf2365_0330
LPseqF TGATGCTGAAGAAATAATG LMOf23650328 This study
LPseqR AATACTCCGAAATCTCCTC LMOf2365_0330 This dudy
LPF GTTGTTGATAGTAAGTATAC LMOf2365_0329 This study
LPR TCTGCTTTGACATCTATGIG LMOf2365_0329 This study
NC16 GTCAAAACATACGCTCTTATC PSAint in pPL2 (13)
PL95 ACATAATCAGTCCAAAGTAGATGC Upstream taRNA""® (13)
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Table 5.3 MIC of the wild type strain (F2365)and deletion mutant(SL5-L16-5-5) for toxic agents

Stress 10°C 25°C 37°C 42°C

F2354 SL5-L16-5-5 F2354 SL5-L16-5-5 F2354 SL5-L16-5-5 F2354 SL5-L16-5-5

1.25*10°%/ 1.25*10°%/ 1.25*10°%/ 1.25*10°%/ 6.25*10%/ 6.25*10%/

* 3a * 3

BC (Hg/ul) 1.2510 1.25*10 1.25%10% 1.25*10° 1.25*10° 1.25*10° 1.25*10° 1.25*10°
3.13*10° or

3.13*10° or 6.25*10°/

*1 () *10° *10° *1 (2

CPC (%) 6.25*10° 6.25*10° 662255}1%5/ 662255}1%5/ 61'2255}1%4/ 61'2255}1%4/ 6.25*10°/ 1.25*10",
: : : : 6.25*10° 3.13*10%or

6.25*10°

3.91*10% 3.91*10% 7.81*10% 7.81*10% 7.81*10% 7.81*10%

H20, (%) 7.81*10° 7.81*10° 7.81%10° 7.81%10° 156107 156107 7.81%10° 7.81¥10°

3.13*107 3.13*10% 13 3.13*107 1.56*10° or 13

Nisin (ug/ul) 6.25%10° 313410° | 3.13*10%r | 3.13*10%0r | 02107 | gimgior | zazaey | L967107

6.25+10° 6.25+10° 6.25*10 6.25+10° 3.13*10° 3.13*10

Polymyxin B 3.13*10" 3.13*10" 3.13*10% 3.13*10% 3.13*10% 3.13*10% 3.91*10° 3.91*107%
(units/pl) ' ' 6.25*10" 6.25*10" 6.25*10" 6.25*10" / 7.81*10° 1.56*10"

1.56*107
3.13*10% 3.13*10% 1.56*10% 1.56*10% 1.56*10%
0 * 2 * 2 * 2
SDS (%) 1.56*10 1.56710 6.25*102 6.25*102 3'613’5&(1’09 3.13*10? 1.56*10? 1.56*10?

4 The MICrepresents the modthe most frequently identified MIC levedf three independent experiments conducted in

duplicate. When several levels were observed at the same frequency, all of these were presented in the table.

P At temperature&5, 37 and 42°C, the first MIC was obtained after 24 hr incubation whereas the second MIC after the slash mark

signifies the MIC after 48 hr incubation.
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Figure 5.1 Genomic region harboring the putative lippprotein gene inL. monocytogenes.
(A) Genetic region that harbors the ECI Sauiké RM system and the putative lipoprotein
gene. RM system genes and conserved flanking genes were colored in grey and black,
respectively whereas other genes were markedite. Sterdloop symbols represent
putative Rhedependent terminator@B) DNA sequence of the region encompassing the
lipoprotein genel(MOf2365_0329marked in red) and its flanking genésA0f2365_ 0328
andLMOf2365_0330colored in blue). Start codomgere marked in grey and stop codons
were surrounded by box. Sequences on which primers were designed were underlined.
Predicted promoters are italicized and highlighted in turquoise blue. Putative transcription
start sites;10 and-35 sites were colored ipink. The potential Rrdependent terminator
was boldfaced and the reverse complementary sequences within the terminator were
underlined. (C) Sequencing result of the deletion mutant with the primer LPseqF. The
BamHlI site that was generated due to genaanipulation was marked in bold and

underlined.
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LMOf2365_0328
TTGTATAATTTTAGAGTTATTTCTGCTAATGAGGACATCTTTATAAAAACCAAATATAGATTTATCTCAG

AGTTAGAAGATTTTAAAGAATTTGCACAAACTCTAACTGATGATGCTGGAAAAGCAAAAGTTAAAAGTGG
AAAGGCTAGTTCATATACTAGATACCTTATACGACTAATAATTTTGTASAAACTCACAGAGACAAT
CTAGAGGAATTATCATCATTTGAAGCAGTGAAAAAACTTGAAAAAATAAGATTAGACGAAAGTTTTAAAG
CATTCAATCAGGAATCTAACCGTTTTTATAGCGCGACTTTAAGCTGTTATTTGGCATATGTAACATTTAA

LPseqF
AAATTOGATG CTGAAC?AAATAACFGTAACCAAATTATTAGTACTTTGAATAATTTTGAAAATCCAGCA

CAAGTAGTAAAGBAATAAATCAACTTATTTAGTTAGGGTGCCTAAAAGTAGAGCTAGTAAAAGAAAAA

LPU
ATAATAATGTTTATTCATATCCAAGAAACBARGAAGCCATAGAAGCAAGAAGATGTGGATGGGT

ATGTGAATTTAATCAAGAGCATAAGACTTTTATTAACATTAAGGATGGTAAGCCTTATGTGGAAGGACAT

LP ComF
CATCTTATACCTATGGCAGTACAGGATTATTATGATAATACAATTGARGAGKATATAATTGTC

TTTGTCCAACATGRTAGAAAAATTCATTATGCTGTTCAAAGTGAGAAAAAAGAAATGTTAATAAAAAT

TTTTAATGAAAGGGAAAAATTTTATTTACAACATGGTATAGAGATTGATAGAAAAACACTTTTAAGTTTT

_%% Predicted promoter 1 -10 +1
TATGGTATTTTTAACTCTATGTGAAAATTTCGAAAAATCTIIAATAAATBTAAAATTAATGTC

ATGGTTAGTGAAARACAACAGAATTAGREGT TG GACACAEI)'quj'Fﬁq'R(E%P(giI&&FTéH%G

Cill" GAGTATTTGAAGAGAGAACGCAAGCAATGGAGTACATCGAGGTGGAACGGGATTAACCGTTAATTA

LMO{2365 0329 LPU
TATACAAAAAAAGGAGAGCAA GCAAAABTTAGTAAGTFATTATTTTITAGGGATTTGTCTT

TTGTTAGTTGGTTGTGGTAAA(GQ'CEGTTGATJXEFAAGTAT@GGAAATGGAAGTTG GAATCGTCGG
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GGATTGGTATGAGCGATGGATCAAATTACAAGGAAACGGATGCAGCGGGTAAAGTTAGTCTTGACTTGGA
CATTGATGCAGAGGGAAATGTAAAAGAATTGTATATTGATGATGCAGTTGCTATAACTAATTCTTATAAA
TTAAAGAAAAAAGGTGACGATGAATATCAATATGATGGTACATTGATTAGCAAAAAAGTATACAGTTATG
AAACTGAAAGTGATAGAGAATGTAGAAACAATGCTAAAATTTCTTAAATCCAAGAATAATGTCAAAAT

AACCAAAAATGAACAAAAAGGGGATGA@ZRQATAGATGJFE/&\AGCA’(G%AAAAGATTTCGTATTC

TCTTTAGAAATGCAAAGTGGAAAATTAATTTTCAAAAAAGTCGATACTAAAGAGAAAGTTTTGATTAAGG

F -35
AAACCTACAAMAAAWATT%?PAGZAAGGAGAAGCGGAAGTCCGTTG'[MGICTA'ITTTTAAA

Predicted promoter-3o +1 Predicted terminator
ATTTATTTGTGAASCTATTCTTTCGAGGTCTCEGAGGATAGTITTTTTGTTACCGAGTTAAATTT

LP Com R
ACAATAGGCTTGAGTTCTARGAATATAGATAAATTTAGAAATTATATCGTAAAAGGAGTGAACCAAA

LMOf2365_0330
ATCGATAAACACACTAAAAACCAGCTACCAAAAAACACCATATAAACTAGGCGGGAACGGTCCGCGCAATG

TAGGTGTTCTGACAGBCACTTCAAAATATAGATGATAACCTAGAAAGCGATATTTACGGAAATGGCGC
AGTTATTGAAAACTTTGAAACAAAAATCGCGAAAATTCTCGGGAAACAATCTGCGGTATTTTTTCCAAGT
GGGACGATGGCTCAGCAAATTGCGTTAAGGATTTGGGCTGACCGGAAAGAGAATCGGTGCGTGGCATATC
ATCCACTCTCTCATTTGGAGATTCACGAGCAAGATGGGTTAAAAGAAT'P@E@AGIBCIC_EBI%TT
ACTTGGABAGCTAATCGACTTTTGACAATTGACGATATTAAAAGCCTTCGCGAGCCAGTTTCTAGTGTG

LPsegR
CTTATCGAACTTCCACAACGAGAAATTGGTGGGCAGCTGCCTGCTTTTGW@(HMTT%GG

AGTATIGCCATGAACAGGGTATTTCGTTGCATCTTGACGGGGCACGGTTATGGGAAATCACGCCGTTTTA

TCAGAAGTCTGCGGAAGAARGTGCGCTGTTTGATAGTGTGTATGTGTCGTTTTACAAAGGAATTGGC
GGGATTGCTGGGGCGATTCTGGCTGGGAATGATGATTTTGTGCAAGAGGCGAAAATCTGGAAACGACGGT
ATGGCGGAGATTTGATTAGTCTGTATCCGTATATTTTGTCCGCGGATTACTATTTTGAAAAACGGATTGG
GAAAATGGCGGAATATTTTGAAGCGGCGAAAGGATTGGCTGAGCGATTTAATTCE&IGTGEEG
ACTGTGCCGGAAGTGCCGGTTTCTAATATGTTTCATGTTTATTTTGAGAAGTCGGCCGATGAGGTTGGGG
CGATTTTGACGAAGATTCAGGATGAAACTGGAGTTGGAATTTCGGGGTATTTGCAGGAGAAATCGGCGGA
TGTTTGCGCGTTTGAGGTTTCGGTTGGGGATGCATTTGCGGAGATACCGGTGGAGATTTTGGATGATTTA

TTTAAGAAACTTGTAAATTCAGTAfAE
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Deletion
mutant
construction

C.

l(g 'II\'/,IA%EI'Z'I'?'I)'GGSA_F(?AS;-\ZI'%TTGAAATC CAGCACAAGTAGTAAAGGAAAATAAATCAACTTATTTAGTTAGGGTGC
CTAAAAGTAGAGCTAGTAAAAGAAAAAATAATAATGTTTATTCATATCCAAGAAACTATGTAGAAGCCAT
AGAAGCAAGAAGAAGATGTGGATGGGTATGTGAATTTAATCAAGAGCATAAGACTTTTATTAACATTAAG
GATGGTAAGCCTTATGTGGAAGGACATCRNTACCTATGGCAGTACAGGATTATTATGATAATACAA
TTGATTTTGCAGATAATATAATCTGTCTTTGTCCAACATGTCATAGAAAAATTCATTATGCTGTTCAAAG

TGAGAAAAAAGAAATGTTAATAAAAATTTTTAATGAAAGGGAAAAATTTTATTTACAACATGGTATAGAG

ATTGATAGAAAAACACTTTTAAGTTTTTATGGTATTRACTCTATTGTGAAAATTTCGAAAAATCTT
AAATAATAAATTGTAAAATTAATTGTCATGGTTAGTGAAAAAAACAACAGAATTAGACTAGTTTTGGACA
CATTTTTTATAGGTGATTAAGTTCTAGGATGAGTATTTTGAAGAGAGAACGCAAGCAATGGAGTACATCG
LMQf2365 032%9emnant
AGGTGGAACGGGATTAACCGTTAATTATATACAAAAAAAGGAGAGGA BAAAAGTTAGTA
BamHl|

AGTATTATTTTGGATCBAAAATTAAATTATTAGAGCGAGAAGCGGAAGTCCGTTGTAACCACCTATT
TTTTAAAATTTATTTGTGAAGACTATTCTTTCGAGGGTCCTCGGGAGGATAGTTTTTTTGTTACCGTAGT
TAAATTTACAATAGGCTTGAGTTCTAGGTACAATATAGATAAATTTAGAAATTATATCGTAAAAGGAGTG

LMOf2365 0330
AACCAAATGATAAACACACTAAAAACCAGCTACCAAAAAACACCATATAAACTAGGCGGGAACGGTCCG
CEAATGTAGTGTTCTGACAGAAGCACTTCAAAATATAGATGATACCTAGAAGCGATATTTACGAAATGG
CGCAGTTATGAAACTTTGAACAAAATCGCGAAATCTCGGGAACAATCTGCGTATTTTTCCAAGTGGACGA
TGCTCAGCAATGCGTAGATTGGGCTGACGAAGAGAATCGGTGCGTGCATATCATCCACTCTCTCATTGGA

GATCACGGAGCCAAG
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Figure 5.2 Southern hybridization of the genomic DNA digested with EcoRI with the

DNA probe (LP) amplified with primers LPF/LPR based on the lipoprotein geneThe

letter M represents the DHabeled DNA marker that was run ianallel with the genomic

DNA. The size of the bands from the marker was exhibited next to the corresponding band.
Lanes 1 and 3 were loaded with the genomic DNA from three different colonies which
maintained the lipoprotein gene after all the deletion ntudanstruction procedures (SL5
L16-5-1, SL5L16-5-1-2 and SL5L16-5-10, respectively). Lanes 4 and 5 correspond to the

deletion mutant (SL4A.16-5-5) and the parental strain (F2365).
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Figure 5.3 Construction and confirmation of the complementation mutant.(A)

Schematic diagram of the cloning of the lipoprotein gene into the plasmid(pR)fr
complementation mutant construction. (B and C) Confirmation of the complementation
mutants and empty vector mutamia PCR using primers NC16/PL95 (B) and LPF/LPR (C).
Letter C signifies the complementation mutants in which the pPL2 containing the lipoprotein
gene was integrated into the chromosome of the deletion mutastlsth 5 whereas letter

E represents the erypvector mutants in which the pPL2 was incorporated into the
chromosome of the deletion mutant. Letters F, S, N and M represent the parental strain
(F2365), deletion mutant (SH51L6-5-5), naDNA control, and molecular marker,

respectively. In Figure B, fes 1 to 5 were loaded with PCR amplicons from strains
Coml1S1, Coml1S2, PPL2S1, PPL2S2, and PPL2S4, respectively. In Figure C, lanes 1t0 5
contained PCR products from strains PPL2S1, PPL2S2, PPL2S4, Com1S1 and Com1S2,

respectively.
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B. NC16/PL95 C.LPF/LPR
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Figure 5.4 Results of motility tests.(A and B) The motility tests were conducted by
spotting single colony suspensions on the 0.25% agar Biéispdend incubating for 48 hr at
25°C (A) and 37°C (B). (C and D) The cells were stabbed into the test tubes filled with 0.4%

BHI agar and incubated for 48 hr at 25°C (C) and 37°C (C).
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A. Plate, 25°C B. Plate, 37°C

F2365 SL5-L16-5-5 F2365 SL5-L16-5-5

PPL2S1 PPL251

-

*C-Tube, 25°C == ’

314



Figure 5.5 Micro scopic observation of the parental strain F2365 (A) and the lipoprotein
deletion mutant SL5-L16-5-5 (B) after 24 hr incubation in BHI at 37°C. Similar
morphology was observed when cells were grown at different temperatures (4°C, RT, 30°C)

and/or in differat media (TSB, TSBYE, TSAYE and blood agar).
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A. Hemolysis

F2365 F2365

SL5-L16-5-5 SL5-L16-5-5

C. Microaerobic
SL5-L16-5-5

F2365
SL5-L16-5-5

PPL2S1

Figure 5.6 Hemolysis (A) and growth on the agar plates (). The cells were grown
overnight at 37°C under appropriate conditions: on the blood agar platn(le BHI agar
plate (B); on the BHI agar plate in the microaerobic container (C); and on the TSAYE plate
supplemented with 4uM of copper (D). On the BHI agar plates, the parental strain and
deletion mutant were grown at different temperatures (4, @32C) and exhibited similar

results to Figure B.
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A. Ethanol
21
20

20

2% 23
22 SL5-L16-5-5 SL5-L16-5-5 21 SL5-116-5-5

Figure 5.7 Growth of the spotted cultures on the agar plate<Cells were grown for 24 hr

at 37°C on the BHI agar plates supplemented with 6% ethandl¥aNaCl (B), and 0.015%

H,0; (C). The number represents the dilution factor of the overnight culture. The parental
strain (F2365) and deletion mutant (SL56-5-5) were marked in white and yellow,

respectively. Similar results were observed in the pladagining different concentrations

of the stress agents. Similar results were observed at other incubation temperatures (4, 25 and

42°C).
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Figure 5.8 Growth curves and poststationary survival in BHI and TSB. In the growth

curve, the wild type F2365 and deletion mutant-&16-5-5 were marked with black and

open circles, respectively. In the figures on survivability, black bar signifies the wild type
whereas white bar corresponds to the deletion mutant.i&@iefidual figure represest

growth curve (A and pos-stationary phase viability (A in BHI at 37°C; growth curve in

BHI at RT (B); growth curve (Ci) and pbstationary phase survival {Cin BHI at 10°C;

growth curve (D) and survivability after sitionary phas (Dii) in BHI at 4°C; and growth in

TSB at 37°C (E). The data at 37°C, RT and 10°C consist of the average obtained from one
representative experiment conducted in duplicate at each temperature whereas experiments at
4°C were performed twica iduplicate. Error bars were determined by the maximum and

minimal observations.
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B. BHI, RT
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C. BHI, 10°C
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D. BHI, 4°C
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E. TSB, 37°C
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Figure 5.9 Growth curves and poststationary phase viability in BHI supplemented with

7% NacCl. Figures A and B represent growth curve (i) and survivability (ii) at 37 and 10°C,
respectively. The parental strain F2365 and deletion mutant. $&%-5 were represented

by black aad open circles in the growth curve, respectively. In the graphs on survivability,
black bar symbolizes F2365 and white bar corresponds to the deletion mutant. Each figure is
based on the average of one representative experiment conducted in duplieaterdrats

were calculated with the maximal and minimal measurements.
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A. BHI+7% NacCl, 37°C
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B. BHI+7% NaCl, 10°C
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® &

SL5_L16_5_5 SLS'LIG'S'S SLS'L16'5'5

D. PolymyxinB Nisin
F2365

SL5-L16-5-5 SL5-L16-5-5

Figure 5.10 Results of disk diffusion assays after 24 hr incubatin at 37°C.Similar

results were observed at different incubation temperatures (10, 25 and 42°C).
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Figure 5.11 Killing curves in the lethal level of acid (A), nisin (B) and SDS (C}igure A
represents thevarage of at least four independent experiments conducted in duplicate. In
this figure, the wild type F2365 and the deletion mutant-E1&5-5 were symbolized with
black and white bars. Data of Figures B and C were obtained from four independent
experimeis performed in duplicate. In Figures B and C, black and open circles signify
F2365 and SL&.16-5-5. In all figures, error bars are based on the standard error calculated
from statistical analysis. Asterisks mark the time points that revealed signifitiffiecence

between the wild type and deletion mutant.
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C. BHI+SDS

I~

ap]

W
e~

~Non N
— o

uonanpaigrdo]

o

40

30

20

10

Time (min)

330



0.5
0.4
0.3
0.2
0.1 ~

0 = [ 1 ——
-0.1 -

-0.2 L
-0.3 _
-0.4

LoglO({EOP)

4 8 25 37 42
Temp (°C)

Figure 5.12 Phage infectivity assaysThe vertical axis measures the relative infectitaty

the deletion mutant SEB16-5-5 in comparison with the parental strain (F2365) whose log10
(EOP) is always zero. This figure represents the average of at least three independent
experiments at one temperature. Error bars signify standard errors ealdtdat the

statistical analysis.
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Chapter 6 Restriction-Modification Systems inListeria Species andT heir Phages

ABSTRACT

Listeria monocytogenas the only member of genussteriathat causes a human
disease (listeriosis). Bacteriophages influence ecology and evolution of this bacterium and
have attracted attention as a-bantrol agentRestriction-modification (RM) system&inder
bacteriophage infection and horizontal gene trangiéhough one Immigration Control
Region (ICR)of Listeria speciesvas characterizetthatharbos various RM systemd,isteria
RM systems remains poorly undemstl. In this study, weomparedall RM systemsand
solitary methyltransferases Listeria species and phagesailable in a public database
(REBASE)and analyzed theflanking regions. Our data revealdthtListeria species
possessed one to six RM syageand solitary methyltransferases, and that several were
shared between different strains and species. Phage RM systems and solitary
methyltransferases displayed homology with chromosomal RM systems often harbored by
the strains within the host range. Additional ICR was identified wherein a family of Type
| RM systems and a bacteriophage integrase gene were located. Both findings suggest that
phagemediated transfer might be imperative in disseminating RM systems in this genus.
Further functional and palation studies on RM systems will increase our understanding on
their biological roles affecting the ecology and evolutiohisteriagenus, particularly.

monocytogenes
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INTRODUCTION

Listeria monocytogenas an opportunistic bacterium which inhabdt variety of
environmental nicheand is capable of multiplying intracellularly, causing listeriosis in
humans and anima(52, 55). Listeriosis is manifested with mild flike symptoms and
gastroenteritis in healthy adults; however, this disease chighbly invasive for atisk
groups such as people at extreme ages, with immunooanged conditions or during
pregnancyresulting inbacteremia, meningitis and abortiddg, 52, 55). L. monocytogenes
is mainly transmitted via food®9, 47, 52) such aseadyto-eat (RTE) meats, unpastezed
milk andfrankfurters(18, 47, 52, 55); and the source of contaminatibas beemften within
food processing facilitiefl8, 52, 55). Previous studies suggested that bacteriophages might
play an important role irheecology ancvolution ofL. monocytogenesithin food
processing facilitie§21, 35, 51). In 2006 a mixture ofListeria phages was allowday FDA
to be used as biocontrol agent againsnonocytogeng®0).

The population of.. monocytogenesonsistsf three distinct lineages that include
different serotypes and have demonstrated different epidemiological attributes and degree of
homogeneity4, 19). Lineage | (serotypes 4b, 1/2b and 3b) is enegresented among
clinical isolates and noticeably clainn comparison with the other lineagés 36, 38).

Lineage Il (serotypes 1/2a, 3a, 1/2c and 3c) often represents isolates from foods and
environments; and is comprised of genetically diverse st(&jr#). Lineage Il (serotypes

4a, 4c and certain s#ype 4b isolates) is associated with animal listeriosis cases and
contains heterogeneous isolafg8). A subset of lineage Ill has recently been designated into

an independent population lineage (lineage(B8). Many proposed that a recent bottleneck
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event might be responsible for the marked clonality of linegge 31, 54); however, some
suspected that lineage | isolates might be equipped with certain molecular mechanisms that
reduce genetic diversi({s6).

Restrictionmodification (RM) systems argenetic systems that identify and degrade
nonself DNA whereas protecting the host genomic D(48). Classical RM systems consist
of the restriction endonucleaet cleaves the foreign DNA lacking proper methylatemg
methyltransferasthat attaches ethyl groups to the host DNA, thus enabling the cellular
DNA to escape from restrictidid7, 49). RM systems are divided into Types | to (17, 49)
based on the enzyme organization, nature of the substrate, and recognition and cleavage sites
(32, 49). Type | RM systems consist of the methyltransfei&tsM), restriction
endonucleasgHsdR)and specificityHsdS)subunitsthat form enzyme complex€32, 49).
Restrictionby these systenmccurs at a location1000 bpdistant from the recognition site
(32, 49). Type | RM systems are sudivided into families whose members share HsdM and
HsdR but differ in Hsd$32). Type Il RM systems are comprised of the methyltransferase
and restriction endonucleasd cut within or in proximity of the recognition si{@2, 49).
Type Ill RM systems share similarities withfggl RM systems in that its two components,
theMod andRes subunits, form oligomers capable of methylation and restri@d4, 49)
andthatthe cleavage site differs from the recognition sequby@s27 bp(44, 49). Type
IV RM systemgefer to restriction endonucleases whose substrate is methylated4DNA
49).

RM systems provide a major barrier against bacteriophage infét#épand

horizontal gene transf¢48). In L. monocytogeneshesecellular systems are expected to
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influence the evolution mediated by phage infection and lower the potency of the phage
mixtures as a control measure. Also, RM systems are one of the molecular mechanisms that
might hinder the horizontal gene transfer withneage | isolates, culminating in the current
clonality of this population lineag@6). Previous studies dn monocytogeneRM systems
focused on a putative Sau3lte RM system that conferred resistance to Sau3Al to a major
epidemieassociated clohmgroup ofL. monocytogengg&pidemic Clone | (ECI)}56).

Recent work in our laboratory revealed that the genomic regibnnmonocytogenesherein

this Sau3Allike RM system resides is abundant in RM systems of different types such as
one family of Typd RM systems, two additional Type Il systems, and Type IV proteins
(Mrr and McrB). This region that we call ed
amongL. monocytogenesolates and othéristeria species, and was considered the first
ImmigrationControl Region (ICR) in this species.

Taken togethel,. monocytogeneRM systems have not been sufficiently studied in
spite of the importance both in control and evolution of this microorganism; and our current
knowledge is mostly limited to a partiemlgenomic region. Hence, sgstematically
analyzel the RM systems df. monocytogenesvailable on a public database as well as

those innon-pathogenid.isteria species and phages.

MATERIALS AND METHODS
Collection and comparison of the RM systems ihisteriaspecies and pages The
DNA and protein sequences of the RM systems examined in this study were retrieved from

REBASE (http://rebase.neb.com/rebase/rebase)(i) with the keyword ot istera as the
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organismnameon Jun22, 2010.Methyltransferases without cognate restriction
endonucleases were regarded as solitary methyltransferases and included in the analysis. All
these RM systems are listed in Table 1.

When alListeriastrain or phage vgasequenced at the genomic level, the RM systems
from this strain or phage were assumed to represent all the RM systems in the genome.
Redundant or nohisteria RM systems were manually eliminatealsied on the information
on the REBASE and literature selardypes of RM systems, functions, methylation types
and putative or verified recognition sites were obtained from REBASE and GC contents of
the genes were calculated with Oligonucleotide Properties Calculator

(http://www.basic.northwestern.edu/biotools/oligocalc.htfa0). Genes encoding the RM

systems followed the information presented by REBASE but their names were confirmed and
corrected according to the National Center for Ribtelogy Information{(NCBI,

http://www.ncbi.nlm.nih.goVy/database and the relevant literature.

For comparison, components of RM systems were classified into three criteria of
methyltransferases, restrictiondonucleases and specificity subunits, and each division was
compared both at DNA and protein levels with ClustalWw

(http://www.ebi.ac.uk/Tools/msa/clustalyZb). In addition to the RM systems cetited

from REBASE, we added novel RM systems that we identified in Probe 85 region in the
previous study: two Type Il methyltransferases (M.LmoJ2P and M.LmoJ3P); two Type Il
restriction endonucleases (R.LmoJ2P and R.LmoJ3P); and one HsdS (S.LmoJ3976P). The
phylograms obtained from these comparisons are exhibited in Figure 1 and the homologous

RM systems were listed in Table 1. The DNA sequences encompassing the homologous RM
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systems and three kb flanking regions upstream and downstream were compareel with th

online Artemis Comparison Tool (WebACiHitp://www.webact.org/\WWebACT/homé3).

Analysis of the flanking regions of the RM systemd-or the RM systems encoded
in the sequenced genomes, three kb DNA secpseflanking the RM systems both in the
upstream and downstream were retrieved from NCBI database. When multiple RM systems
were present in one genomic region, flanking regions referred to three kb DNA sequences
upstream to the gexnter ead m tplommalgére. d6edk flamkind d o wn
regions were compared with ClustalW and the resulting phylogram is displayed in Figure 2.
For a putative ICR, the syntenic genomic regions were compared with the WebACT
and major homologous regions were wakzed in Figure 3APhylogeny ofthe genes in
Figure 3A was determined by comparing DNA sequences with ClustalW and compared with
the phylogeny of the concatenated DNA sequence of the seven housekeeping genes targeted
by Ragon et al. for multilocus sequentyping (MLST)(38), which represents the
phylogenetic relationship of the entire genome (Fig. 4). Protein homologs were identified via
BLASTp at NCBI homepage

(http://blast.ncbi.nim.nih.gov/Blast.cgi?PROGRAM=blastp&BLAST PROGRAMS=blastp&

PAGE_TYPE=BlastSearch&SHOW_DEFAULTS=0n&LINK_LOC=Dblasthgr(i®. Rhc

independent terminators were searched for by meamsadable genome annotation and
manual inspection. Inverted repeats (Fig. 4B, C and D) were identified with einverted

program provided by European Bioinformatinstitute fittp://www.ebi.ac.uk/soaplapp(43).
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RESULTS

Number of RM systems inListeria species and phagedhe search against
REBASE with the keyword dfisteria asthe organism name revealed 103 proteins
comprising RM systemisi Listeria species and phages. Sirfoar were found to be
redundant ashanotherfour were harbored by another microorganism thiateria, 95
proteins were further analyzed (Table 1). A majority of these RM system proteins (81
proteins) were encoded by genes of the GC content lower thanri@ocytogenegenome
average 088%(33) (Table 1).

Analysis with 11L.. monocytogenesequenced strains revealed that serotype 1/2a
strains harbored one (10403S) to six-B88) RM systems and solitary methyltransferases
and serotype 4b strains bore one (F2365) to two (H7858 and)pRMrsystems and solitary
methyltransferases. Serotype 4a strain HCC23 possessed one RM systems and two solitary
methyltransferases (Table 2). Of the sequehcedonocytogenesrains, strains 68578
and 085923 were implicated in the same outbreak titcgurred in Canada in 2008; thus,
both strains are closely related except for a few differefidg¢sAnalysis with othetL.isteria
species genomes revealed that these strains containeld. twelghimeriSLCC5334) to four
(L. innocuaCLIP11262 and.. seeigeri SLCC3954) RM systems and solitary
methyltransferases (Table 2). A majority of plasnaidd phagencoded RM system proteins
were solitary methyltransferases (Table 2).

Comparison of Listeria RM system proteins.RM system proteins whose sequences
wereavailable in REBASE were compared both at DNA and protein levels (Fig. 1). These

analyses revealed that among Type | RM systémseeligeriSLCC3954 harbored two
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unique Type | RM systems wherealkthe other Type | RMystems possessed similar HsdM
andHsdRbut distinct HsdS (G1 in Fig. 1), suggesting that these Type | RM systems could be
assigned into one familynterestingly, these Type | RM systems except for thoge in
monocytogeneATCC19115 possessed twsdSgenes whose products will be termed
HsdS1 (encoded by the upstream gene) and HsdS2 (encoded by the downstream gene) in this
study (Table 1). Comparison of these HsdS subunits suggested that HsdS1 and HsdS2 are
generally clustered into two separate groups (Fig. E&)eptionsverefound in heHsdS
subunits inL. innocuaCLIP11252(S1.LInCORF522P and S2.LinCOR52ZRatwere
related to eacbther; and HsdSkh L. monocytogeneSLIP51849(S2.LmoORF544P) that
was distincfrom otherHsdS subuni (Fig. 1C) The Type | RM system in ATCC19115
cortained the specificity subunit that shared similarity with S1 proteins (Fig. 1C).
Meanwhile, the novel HsdS identified in Probe 85 region (S.Lmo0J3976P) was distantly
related to S.Lse39540RF279P, which comprised the Type | RM system of the potentially
samefamily (Fig. 1C).

Type Il RM systems and solitary methyltransferases, which all belonged to Type II
RM systems, were characterized with marked diversity in our analysis (Fig. 1). In fact, the
novel Type Il RM systems identified in Region 85 (LmoJ2P/M.L2kband
LmoJ3P/M.LmoJ3P) revealed close relationship with neither of the other RM system
proteins examined here (Fig. 1A and B). Within Type Il RM systems and solitary
methyltransferases, we identified nine homologous@3R in Fig. 1). The group G2
consised ofthe Sau3Allike RM systemghat previous studies confirmed its presef33

56) (Table 1). The group G3 was composed of M.Lm0191150RF1P/Lmol191150RF1P (
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monocytogeneATCC19115) and M.LmoORF679P/LmoORF672P ifnonocytogenes
CLIP81459) (Table 1). A attempt to investigate the flanking region of these RM systems
was hampered by the lack of the DNA sequence of the ATCC9115 RM system (Fig. 2A).
The group G4 included M.LmoAP/LmoAR.(monocytogengsnd
M.LweSORF291P/LweSORF291B. (welshimeriSLCC5334)Table 1). The upstream
flanking region sequences were available for both RM systems and shared similarity (Fig.
2B).

The group G5 consisted of paralogous solitary methyltransferakes in
monocytogenedCC23 (M.Lmo0230RF1402P and M.Lmo0230RF2958P) andjémes
encoding these proteins were located inside the inversion of ca. 3 kb (Fig. 2C). A pair of the
paralogous solitary methyltransferases (M.LINnCORF1262P and M.LInCORF1787P in
innocuaCLIP11262 (serotype 6a)) were also identified in the group G&Gamaversion was
also identified between the DNA sequences encompassing the genes encoding these proteins.
Another solitary methyltransferase member in G6 (M.LmoB0540ORFAP) originated from the
phage B054, which infects serotypes 5 and 6 (Tab(é)1Yhe fanking regions revealed
similarity among all these solitary methyltransferases, suggesting that the genetic regions in
M.LINCORF1262P and M.LinCORF1737P might originate from phages (Fig. 2D).

The group G7 is comprised of the solitary methyltransferaseiimocua
CLIP11262 plasmid pLI100 (M.LINCORF29P) and the Type Ill RM system in
monocytogened 7858 plasmid pLM80 (M.LmoHORF56P/LmoHORF56P) (Table 1).
Comparison of the genetic regions where these proteins reside revealed two inversions

involving themethyltransferase genes and transposase genes, respectively (Fig 2E). In
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addition, the transposase gene was duplicated in pLI100, resulting in mirror repeats (Fig. 2E).
Downstream to the gene encoding M. LmoHORF56P, we found a gene encoding a Type IlI
methyltransferase gene, which might have not been identified by the REBASE (Fig2. E).

The group G8 consisted of M. LInCORF88P ihnocuaCLIP11262), M.
LmoEORF2316PL. monocytogenesGDe (1/2a)), M.

LmoF60RF2379P/LmoF60ORF2379P. monocytogends6854 (1/28) and M.
LmoPSAORF38P/LmoPSAORF38P (phage PSA infecting serotypeash)e 1)(7).

Between the phage PSA ahdinnocuaCLIP11262, some parts of the flanking regions as

well as the methyltransferase genes revealed similarity (Fig. 2F). Meanwhile, multiple
inversions were observed betwdennnocuaCLIP11262 and.. monocytogenesrains (Fig.

2F). Upstream to the gene encoding M. LmoEORF2316P, we identified a gene homologous
to the LmoF6ORF2379P, suggesting that this gene might be a restriction endengeleas
which has not been identified by REBASE (Fig. 2F).

The group G9 included two phagacoded solitary methyltransferases
M.LmoAOO60ORFAP in A006 (host range of serotyp€?) and M.LmoA118l in A118 (host
range of serotype ¥7)) along with the chronemmeencoded M.Lmo855780RF677P in
serotype 1/2&. monocytogene38-5578 (Table 1). As revealed by the previous study that
AOO6 and A118 shared nearly geneso involved
state of phage infection, e.g., DNA riggltion, recombination and modificati¢r), the
flanking regions of the methyltransferase genes were highly similar between A006 and A118

(Fig. 2G). However, the homologous DNA sequence was limited to the solitary
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methyltransferase gene and some partee@tiownstream flanking region betwden
monocytogeneB3-5578 and the phages (Fig. 2G).

The last Type Il homologous RM system group G10 included
LinCORF21P/S.LInCORF21R_(innocuaCLIP11262 plasmid pLI100) and
LmoDORFAP/S.LmoDORFAPL, monocytogeneBRDCS8 plasmid pCT100) that are
comprised of a protein capable of both restriction and methylation and a specificity protein
(Table 1). The main difference between these RM systems was found near the start of a
restriction/methyltransferase gene (Fig. 2H)narison of the genetic regions revealed
complicated genetic changes such as insertion/deletion and inversions (Fig. 2H).

Type Il RM systems were identified In monocytogenesrains involved in 2008
Canadian outbreak (68578 and 0&6923) and plasmidLM80 (Table 1)Type IV RM
systems irListeria speciesvere comprised adne Mr protein inL. seeligeriand multiple
McrB proteins thatvereidentified inL. seeligeriandL. monocytogeneglable 1). The McrB
proteins were highly homologous and formea@r 11 (Fig. 1).

Identification of ICRs. The availability of the genoraeide information provided an
opportunity to explore the genetic locations wherein RM systems often reside. The
comparison of the DNA sequences flanking RM systestisin sequencedisteria genomes
revealed two such genetic locations as depicted in FRy@ee location was inhabited by
one Type | RM system, Mrr and McrB in seeligeriSLCC3954; the Sau3Aike RM
system inL. monocytogends2365; and McrB in othdr. monocytogeng$ig. 3). In other

words, this locus corresponded to Region 85, the previously characterized ICR that is flanked
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by a PTA IIA gene in the upstream and a threonine aldolase gene in the downstream in
Listeria species.

In the other location lies the aforememed family of Type | RM systems that
contained two specificity subunits (Fig. 3 and 4R)is regionwasflankedin the upstream
by an EmrB/QacA family multidrugesistance gene encoding a Major Facilitator
Superfamily (MFS, pfam07690) protein, anttascription regulator geneoding for a ROK
family protein (pfam00480); and in the downstream byplésphebetaglucosidasgene
(Fig. 4A). At the end of each of these genes, a putativeiRtiependent terminator was
identified. BLASTp searches with thegbein products of these three genes i¥6688
identified homologs in manlisteria species including.. seeligerj L. marthii, andL.
ivanovii. In fact, even the most distansteria speciesl(. grayi) (42) harbored the homologs
of the multidrugresistace and ephosphebetaglucosidase proteins. However, the GC
contents of these genes ranged betwee#240, which is higher than the genome average,
suggesting that these genes might be introduced via horizontal gene transfer. Indeed, our
BLASTp results regaled that among microorganisms other thigteria species, various
Bacillusspecies contained homologs to the proteins encoded in these genes. In the meantime,
the DNA homologs of the transcription regulator gene exhibited relationships consistent to
thase of the concatenated MLST target genes (Fig. 5).

Between these flanking genes laid the Type | RM system and a bacteriophage
integrase gene was located betweenhsaSgenes (Fig. 4A). The DNA sequence
comparison suggested that two short DNA sequemeewithin eachhsdSgene, might be

conserved in spite of complicated homology patterns betive@®genes and that these
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conserved sequences might form mirror repeats (Fig. T3#8.integrase gene between the
hsdSgenes was generally conserved among diffelype | RM systems in Figure 3A.
However,an extensive inversion was observed in the integrase génenainocytogenes
CLIP81459 in comparison with the oth€Fsg. 4A). Two inverted repeats spanning up to

130 bp (Fig. 4D) were identified in the regsothat flank the integrase gene and constitute

t he 30 ehad8gene{Fig.etB ant C). Putative Rimalependent terminators were
identified between these inverted repeats and the integrase gene in most cases; however, no
Rho-independent terminator waliscovered between the integrase genenad82n

CLIP81459 (Fig. 4B and C).

All Type | RM systems and integrase genes revealed the GC contents that were lower
than the genome average in contrast to the flanking genes (Fig. 4A). The GC contents of
hsdRandhsdMgenes amounted to &3%¥% and those fdisdSand integrase genes further
decreased to 3233%. BLASTp for HsdR, HsdM and the integrase protein #5583
revealed that among ndristeria microorganisms, multiple strains Bhterococcus faecalis
possessed homologs of these proteins with high percent identity. For indEaf@ecalis
TX2134 possessed homologs tedRR(ZP_07555598.11sdM (ZP_08555597.1) and
integrase (ZP_07555595.1) that exhibited 84, 86 and 82% identities to the corresponding
proteins encoded in BB578. BLASTp results for HsdS proteins in the strains in Figure 3A
showed that these proteins shared similarity with various microorganisms and that half of the
protein often displayed homologs distinct from those for the other hakkhvidhindicative of

the mosaic characteristics of these HsdS pro{8)s Relationships of the Type | RM
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system genes and the integrase genes differed from those of the concatenated MLST target

genes (Fig. 5).

DISCUSSION

Quantity of RM systems inListeria speciesin this study, RM systems insteria
species and phages weaearched for in a public database andlyzed vian silico tools,
revealing intriguing featuresf these genetic systenrsListeria species and phagekhe first
finding is thatlListeria species harbored one to six RM systems. Previous studies indicated
that RM systems deviate in number from one bacterial species to ahothee. extreme,
RM systems were nearly or completely abseiRickettsia prowazekilTreponema pallidum
and ChlamydiaandBuchnera(23). On the other handjelicobacter pylorigenomes
contained almost two dozens of RM systé@ay. Extraordinarily many RM systems were
also identified inNeisseria gonoiioeae, Haemophilus influenza&l. meningitidisand
Xylella fastidiosa(22, 23). SinceNeisseria HelicobacterandHaemophiluspecies displayed
active natural competen¢#6, 28) andXylella fastidiosagenome contained a DNA
transformation transporté80), RM systems have been proposed to be important in
maintaning the integrity of the genomalthough the number of RM systemsliisteria
species was much less than the aforementionecaBRIMdant species, similar rationale might
be applied foListeria RM systems. For instangerevious studies suggested thaginent
recombination events contributed to the evolutioh.ahonocytogeneshus, the RM

systems irL.. monocytogenawmight result from the need to defend the genome from such

350



recombination event#n fact, the genome df. monocytogenesncoded putativBNA
transformation geng42).

Marked clonality of lineage | df. monocytogendsd us to the speculation that
lineage | strains might possess fewer RM systems than lineage Il strains. In our analysis,
serotype 1/2a strains (lineage 1) generally seemdxear more RM systems than serotype
4b (lineage ). This finding might reflect additional pressure for lineage Il strains to maintain
their genomic stability in agreement with the previous studies revealing that lineage Il
experienced more recombinatioreats in comparison with lineag€36). However, it
should be emphasized that only limited numbdr.ahonocytogenestrains was included in
our analysis; and further study is warranted to examine difference in the number of RM
systems among different polation lineages df. monocytogenes

Diversity and genetic locations of different types of RM systems aisteria
speciesln our previous study, we identified one family of Type | RM systems, two Type IV
RM systems (Mrr and McrB) and three differenyp€ Il RM systems that were exclusively
harbored in Region 85. In this study, we attempted to address (1) how diverse RM systems
are in the chromosome hbisteria species outside Probe 85 region; (2) whether RM systems
are shared amorigsteriachromosomesplasmids and phages; and (3) whether there is
another location rich in RM systems; and.

In our analysisl.isteria species harbored two additional families of Type | RM
systems as well as the one in Region 85. One of these newly identified familiesrehode
genetic location distant from Region 85 which will be discussed later in more detail. For

Type IV RM systems, no additional Type IV RM systems were discovered outside Region
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85, suggesting that all Type IV RM systemd.isteria species might inhabRegion 85. In
contrast, a noticeable variety of Type Il RM systems was identified in other multiple genetic
locations than Region 85 and those regions often revealed complicated genetic changes such
as inversions and insertions/deletions.

In our study, psmidencoded RM systems were shared only between plasmids;
however Listeriaphageencoded RM systems displayed similarity with the chromosomal
RM systems oListeria species, suggesting horizontal gene transfer bethisteria species
and phages. It worth mentioning that homologs of all phage solitary methyltransferases
were identified within the host range of the phages. These RM systems might have been
acquired by phages from their host as a strategy to counteract the action of the cellular
restrigion endonucleases. In this context, absence of restriction endonuclease genes might be
due to a lesser need for phages to have restriction endonucleases although this phenomenon
might still result from the failure of bioinformatics tools to identify cagnastriction
endonucleases. Conversely, phages might have acted as the donor of the homologous RM
systems on the chromosomelddteria species.

Evolution of the second ICR.Comparison of flanking regions suggested two ICRs
in Listeriaspecies: previols characterized Region 85; and a genetic region between a
transcription regulator gene and-pléosphebeta glucosidase gene that harbored Type | RM
systems of the same family possessing lta@Sgenes. Upstream to the transcription
regulator gene flankonthe second ICR, a mullirug resistance gene was located in various
Listeriaspecies that encoded a putative MFS protein similar to QacA/EmrA. MFS proteins

have been involved in muldrug resistance of Grapositive pathogens as exemplified in
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NorA in Sreptococcus aureuand PmrA inS. pneumonié&37). Some MFS proteins were

also reported to pump out biocides such as benzalkonium chloride and
cetyltrimethylammonium bromide, which were extruded by QacA and QaSBauareus

(34). Based on these previousdings, one might infer that this multidrugsistance gene
product might contribute to the ability farsteria species to colonize various environmental
niches by increasing tolerance to antimicrobial agents or biocides. Drug transporter genes are
frequently subjected to the control by a transcription regulator encoded by a nearby gene
(13). Previous identified regulators of drug exporter proteins have been classified into the
AraC, MarR, MerR and TetR familig¢$3). Although a ROK family protein was eoaed by

the putative transcription regulator gene next to the rdulify resistance gene of interest, its
sheer genetic location would suffice to consider this ROK family protein as a transcriptional
regulator of the muktdrug resistance gene. Regardlesthe presence of the Type | RM
systems, two Rhandependent terminators were predicted at the end of the-adnudji

resistance gene and transcription regulator gene, suggesting that these genes might be
transcribed into separate mMRNAs without influendimg transcription level of the Type |

RM system genes.

Clues for the evolution that occurred in this new ICR were found in the bacteriophage
integrase gene separating tieelSgenes and the inverted repeats in adjacent to this integrase
gene. Furuta ancblleagues reported in their genetic context analysis of RM systems
published in 2010 that both elements are often associated with RM sy$®nis addition
to this information, other lines of evidence such as GC content, comparison with other

proteinsand phylogenetic relationships allowed us to envision the following genetic events
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that might have occurred in this location: (1) horizontal transfer through which an ancestor of
Listeria species acquired the abenentioned three flanking genes frdacilus species;

(2) vertical inheritance of the flanking genes in the evolutionary coulsistefia species;

(3) integration of a bacteriophage that is capable of infectingthdtrecalisandListeria

species and possesses the Type | RM system; (40fitiss phage DNA except for the Type

| RM system and integrase gene; and (5) inversion of the integrase gene in certain strains and
diversification ofhsdSgenes. In fact, the intergenic region between the transcription

regulator gene and theghosphebet glucosidase gene might provide a site that phages

prefer to integrate in a similar manner that three diffdrestéeria phages A006, PSA and

B025 are present as prophages within tRi4ene(7, 26).

In conclusion, our systematic analysis of currentigilable RM systems and solitary
methyltransferases insteria species and phages revealed that one to six RM systems and
solitary methyltransferases were preseritigteria species. Types | and IV RM systems
featured relatively limited diversity and t#d to be confined in certain genetic locations
whereas Type Il RM systems considerably varied and exhibited evidence of complicated
horizontal transfers betweéisteria species, plasmids and phages. Another main finding of
this study is the identificatioof an additional ICR which harbored a family of Type | RM
systems presumably via phage integration.

All these observations were acquired throughinhslico analysis of the RM systems
in Listeriaspecies and phages available in the public databasee hiose included in this
analysis tended to be biased towards the RM systems vigorously examined in the previous

studies. In spite of this limitation, our study presents intriguing information on the diversity
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of RM systems and involvement of phagegramnsferring these genetic systems. Further
efforts to delve intd.isteria RM systems in particular in terms of prevalence and functional
characterization will enhance our understanding on the evolution and ecologteat

species and on the efficaciyghage solutions as a control measurd_-fanonocytogenes
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Table 6.1 List of RM systems in Listeria and phages retrieved from REBASE

-% = % 5 > £ g @ 3
| . welshimeri SLCC5334 6b Gl M.LweSORF478P M N6A lwe0478 34 NC_008555.1 (]
Gl LweSORF478P R lwe0477 36 NC_008555.1 (14)
Gl S1.L.weSORF478P S lwe0479 31 NC_008555.1 (19)
Gl S2.LweSORF478P S lwe0481 31 NC_008555.1 (14)
| . innocua CLIP11262 6a Gl M.LinCORF522P M N6A lin0522 35 NC_0032121 (12)
Gl LinCORF522P R lin0521 37 NC_003212.1 (12)
Gl S1.LInCORF522P S lin0523 33 NC_003212.1 (12)
Gl S2.LinCORF522P S lin0525 32 NC_003212.1 (12)
| . monocytogenes CLIP81459 4b Gl M.LmoORF544P M N6A Lm4b_00544 35 NC_012488.1 9)
Gl LmOORF544P R Lm4b_00543 37 NC_012488.1 ©)
Gl S1.LmoORF544P S Lm4b_00545 31 NC_012488.1 9
Gl  S2.LmoORF544P S Lm4b_00547 32 NC_012488.1 ©)
| . monocytogenes ATCC 19115 4b Gl Lmol91150RF3P R 36 AX416569
| . monocytogenes ATCC 19115 4b Gl M.Lmol191150RF2P M N6A 35 AX416623.1
Gl Lmol91150RF2P R 38 AX416623.1
Gl S.Lmol191150RF2P S 31 AX416623.1
| . monocytogenes (20)085923 1/2a Gl M.Lmo0859230RF544P M N6A LM5923 0544 35 NC_013768.1 (11
Gl Lmo859230RF544P R LM5923_®43 36 NC_013768.1 (11)
Gl S1.Lmo859230RF544P S LM5923_0545 31 NC_013768.1 (11
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Table 6.1 Continued

-% = % 5 > £ g @ 3
Gl S2.Lmo859230RF544P S LM5923_0547 33 NC_013768.1 (1)
L. monocytogenes (20)085578 1/2a Gl M.Lmo855780RF545P M N6A LM5578_0545 35 NC_013766.1 (11)
Gl Lmo855780RF545P R LM5578_0544 36 NC_013766.1 (11
Gl S1.Lmo855780RF545P S LM5578_0546 31 NC_013766.1 (11)
Gl S2.Lmo855780RF545P S LM5578_0548 33 NC_013766.1 (11)
| Listeria seeligeri SLCC3954 1/2b M.Lse39540RF1765P M NG6A Ise_1765 33 NC_013891.1 (46)
Lse39540RF1765P R Ise_1763 33 NC_013891.1 (46)
S.Lse39540RF1765P S Ise_1764 30 NC_013891.1 (46)
| Listeria seeligeri SLCC3954 1/2b M.Lse39540RF279P M N6A Ise_0279 35 NC_013891.1 (46)
Lse39540RF279P R Ise_0281 36 NC_01384.1 (46)
S.Lse39540RF279P S Ise_0280 35 NC_013891.1 (46)
1] L. monocytogenes F2365 4b G2  M.LmoFORF327P M C5 GATC LMOf2365_0327 33 NC_002973.6 (33)
G2 LmoFORF327P R GATC LMOf2365_0325 30 NC_002973.6 (33)
I1(S) L. monocytogenes F4565 4b G2 M.LmoF45651*¢ M C5 GATC AJ410373 (15)
1] L. monocytogenes FSL N3165 1/2a G2 M.LmoN3ORF1850P M C5 GATC LMIG_01850 33  NZ_AARQ02000010.1  (2)
G2 LmoN3ORF1850P R GATC LMIG_01848 30 NZ_AARQ02000010.1  (2)
1] L. monocytogenes A7 1/2a G2 M.LmoA70RFAP M C5 GATC 33 DQ003209 (56)
G2 LmMOA7ORFAP R GATC 30 DQ003209 (56)
1] L. monocytogenes CLIP81459 4b G3 M.LmoORF679P M C5 ACGT Lm4b_00679 33 NC_012488.1 9)
G3 LmoORF679P R ACGT Lm4b_00680 30 NC_012488.1 9

1] L. monocytogenes ATCC 19115 4b G3 M.Lmo191150RF1P M C5 ACGT 33 AX416366.1
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Table 6.1 Continued
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= o Aaa $HE & 2 T s & 8 0 a3 2
G3 Lmol91150RF1P R 30 AX416366.1
1 L. welshimeri SLCC5334 6b G4 M.LweSORF291P M C5 GZgG lwe0291 33 NC_008555.1 (]
G4 LweSORF291P R eee we0292 29 NC_008555.1 (14)
GTCG
1] L. monocytogenes G4 M.LmoAP M C5 AC lcmA 33 AJ302030.1
G4 LmoAP R GZ(C:G Hsp 30 AJ302030.1
I1(S) L. monocytogenes HCC23 4a G5 M.Lmo230RF2958P M C5 LMHCC_2958 39 NC_011660.1 (45)
I1(S) L. monocytogenes HCC23 4a G5 M.Lmo230RF1402P M C5 LMHCC_1402 43 NC_011660.1 (45)
I1(S) L.innocua CLIP11262 6a G6 M.LInCORF1737P M NN4ngr lin1737 36 NC_003212.1 (12)
I1(S) L. innocua CLIP11262 6a G6 M.LINCORF1262P M NN4ngr lin1262 36 NC_003212.1 12)
I1(S) Phage B054 5,6 G6 M.LmoBO54ORFAP M NN4§A°r LiPB054_gp77 35 NC_009813.1 @)
) L. innocua . .
I1(S) Plasmid pLI100 CLIP11262 G7  M.LinCORF29P M N4C plio029 33 NC_003383.1 (12)
I1(S) L. innocua CLIP11262 6a G8 M.LINCORF88P M NN4ngr lin0o8s 37 NC_003212.1 12)
1l L. monocytogenes F6854 1/2a G8 M.LmoF60ORF2379P M NNAngr LMOf6854 2379 37 NZ_AADQO01M0014.1  (33)
G8 LmOF6ORF2379P R LMOf6854_2378 38 NZ_AADQO1000014.1 (33)
I1(S) L. monocytogenes EGDe 1/2a G8 M.LmoEORF2316P M NN4ngr Imo2316 37 NC_003210.1 (12)
N4C or
1l Phage PSA 4 G8 M.LmoPSAORF38P M N6A ORF34 37 AJ312240.2 (57)
G8 LmoPSAORF38P R ORF35 39 AJ312240.2 (57)
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Table 6.1 Continued
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2 s 3 5 > 2 £ o
-~ = = = ]
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I1(S) L. monocytogenes (20)085578 1/2a G9 M.Lmo855780RF677P M ngAor LM5578_0677 38 NC_013766.1 11)
N4C or
II(S) Phage Al18 Y5 G9 M.LmoA118| M NGA A118054 37 NC_00325.1 @7)
N4C or .
I1(S) Phage A006 Y% G9 M.LmoAOO60ORFAP M NGA LiPA0O6_gp44 37 NC_009815.1 @)
L.
Il Plasmid pCT100 monocytoge G10 RM.LmoDORFAP RM  N6A pCT0012 34 U15554.3 (25)
nesDRDC8
G10 S.LmoDORFAP s pCT0013 31 U15554.3 (25)
. L. innocua . i
Il Plasmid pLI100 CLIP11262 G10 LinCORF21P RM N6A pli0021 35 NC_003383.1 (12
G10 S.LInCORF21P s pli0022 31 NC_003383.1 12)
1] L. monocytogenes HCC23 4a M.Lmo230RF2320P M C5 GGCC LMHCC_2320 31 NC_011660.1 (45)
Lmo230RF2320P R GGCC LMHCC_2321 30 NC_011660.1 (45)
N4Cor  GTAT
I L. monocytogenes H7858 4b M.LmoHORF2754P M NGA oC LMOh7858 2754 32  NZ_AADR01000037.1 (33)
LmoHORF2754P R Gg’éT LMOh7858 2753 32  NZ_AADRO1000037.1  (33)
Il L monocytogenes FSLN1017  *P (Slbl)zdb or M.LMONIORF1065P M Moo O LMHG_01065 44 NZ_AARPO4000008.1*  (2)
LmoN1ORF1065P R LMHG_01066 41  NZ_AARP0400008.1*  (2)
I1(S) L. monocytogenes FSLN1:017 4P ggb or LmoN1ORF1083P RM  N6A LMHG_01083 37 NZ_AARP04000008.1*  (2)
II(S) L. monocytogenes EGDe 1/2a M.LmoEORF1119P M NN4ngr IMmo1119 29 NC_003210.1 12)
I1(S) L. monocytogenes EGDe 1/2a M.LMOEORF470P M NN4§A°r CTgA Imo0470 35 NC_003210.1 (12)
II(S) L. monocytogenes (20)085923 1/2a M.Lmo859230RF1853F M NN4ngr LM5923_ 1853 45 NC_013768.1 (11
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Table 6.1 Continued
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I1(S) L. monocytogenes (20)085923 1/2a M.LmoB59230RF1805F M oo CTEC LM5923_186 28 NC_013768.1 (11
I1(S) L. monocytogenes (20)085578 1/2a M.Lmo855780RF1901F M NN4§A°r LM5578_1901 45 NC_013766.1 (11)
I1(S) L. monocytogenes (20)085578 1/2a M.Lmo855780RF1853F M NN460A°r chGsc LM5578_1853 28 NC_013766.1 (11

I1(S) L.welshimeri RFL131 Lwel* R g’((:é?g)

N\
II(S) Listeria murrayi 60 Lmu60I* R I\(I:,EGE
L.
I1(S) Plasmid pLM80 monocytoge M.LmoHORF40P M NN4§Aor LMON7858_pLM80_0040 39  NZ_AADRO1000006.1  (33)
nesH7858
L.
1] Plasmid pLM80 monocytoge G7 M.LmoHORF56P M N6A LMOh7858_pLM80_0056 34  NZ_AADR01000010.1  (33)
nesH7858
LmoHORF56P R LMOh7858_pLM80_0058 34  NZ_AADR01000010.1  (33)
I} L. monocytogenes (20)085923 1/2a M.Lmo859230RF1134F M N6A LM5923 1134 36 NC_013768.1 (11)
Lmo859230RF1134P R LM5923 1135 35 NC_013768.1 (11
I} L. monocytogenes (20)085578 1/2a M.Lmo855780RF1180F M N6A LM5578_ 1180 36 NC_013766.1 (11)
Lmo85%5780RF1180P R LM5578_1181 35 NC_013766.1 (11)
v Listeria seeligeri  SLCC3954 1/2b G1l1l Lse3954McrBP R Ise_0288 31 NC_013891.1 (46)
\Y) L. monocytogenes H7858 4b G11 LmoHMcrBP R LMOh7858_0337 31 NZ_AADR01000001.1  (33)
Intergenic region

IV L. monocytogenes FSL N3165 1/2a G11 LmoN3McrB2P R betweerLMIG_01852 32  NZ_AARQ02000010.1  (2)
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Table 6.1 Continued

S 0

% 0 - > §, 5 = g 5 © 8

2 82  2g¢ S 2 g £ ; 5
3 g f¥Fz 28z s : e 5§ 3 os 5% 2
= O noao nunI I z [ = n O [ORS (Al 14
\Y L. monocytogenes F6854 1/2a G11 LmoF6McrBP R LMOf6854_0319 31 NZ_AADQ01000021.1 (33)
\Y L. monocytogenes EGDe 1/2a G11 LmoEMcrBP R Imo0304 31 NC_003210.1 (12)
\Y L. monocytogenes 10403S 1/2a G11 Lmol0403McrBP R LMRG_00001 30 AARZ01000001.1 2)
\Y) L. monocytogenes (20)085923 1/2a G11 Lmo85923McrBP R LM5923 0349 31 NC_013768.1 (11)
\Y, L. monocytogenes (20)085578 1/2a G11 Lmo85578McrBP R LM5578_0350 31 NC_013766.1 (11)
\Y) Listeria seeligeri  SLCC3954 1/2b Lse3954MrrP R Ise_0282 34 NC_013891.1 (46)

4 N6A, methylation of nitrogen at position 6 of adenine; N4C, methylation of nitroge at position 4 of cytosine; and C5tiamethyla
of carbon &position 5 of cytosine.

P11 (S), solitary Typell methyltransferase.

¢ Asterisk represents that no sequence information was available for the RM system protein in REBASE.

4 Serotype within the parentheses was obtained from the multiplex PCR serotgypiserdy Doumith et aBj.

€S, CorG.
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Table 6.2 Number of the RM systems irListeria and phages retrieved from REBASE.

Type | Il Il \% Total
Chromosome 30 (9F 41 (12/17F 4 @F 9 (97 84 (46§
L. monocytogenes 16 (5) 32(10/12) 4(2) 7(7) 59(36)
(20)085578 (1/2a) 4 (1) 3(0/3) 2(1) 1(1) 10¢(e)
(20)085923 (1/2a) 4 (1) 2 (0/2) 2(1) 11 9 (5)
10403S (1/2a) 1(1) 1(1)
EGDe (1/2a) 3(0/3) 1(1) 4 (4)
F6854 (1/2a) 2 (1/0) 1(1) 3(2)
FSL N3165 (1/2a) 2 (1/0) 1(1) 3(2)
CLIP80459 (4b) 4 (1) 2 (1/0) 6 (2)
F2365 (4b) 2 (1/0) 2 (1)
FSL N21-017 (4b (1/2kor 3b) 3(1/1) 3(2)
H7858 (4b) 2 (1/0) 1(1) 3(2)
HCC23 (4a) 4 (1/ 2) 4 (3)
Otheré 4 (2) 7(3/1) 11 (6)
L. innocua 4 (1) 3(0/ 3) 7 (4)
CLIP11262 (6a) 4 (1) 3(0/3) 7(4)
L. murrayi 1(0/1) 1(2)
L. seeligeri 6 (2) 2(2) 8 (4)
SLCC3954 (1/2b) 6 (2) 2(2) 8 (4)
L. welshimeri 4 (1) 3(1/1) 7 (3)
SLCC5334 (6b) 4 (1) 2 (1) 6 (2)
Others 1(1) 1(1)
Phage 5(1/3) 5 (4)
A006 1(0/1) 1(1)
A118 1(0/1) 1(1)
B0O54 1(0/1) 1(1)
PSA 2 (1/0) 2 (1)
Plasmid 6 (2 2) 2(1) 8 (5)
pLI100 3(1/1) 3(2)
pLM80 1(0/1) 2(1) 3(2
pCT100 2 (1/0) 2 (1)
Total 30(9) 50(14/22) 6((3) 9(9 95(57)

% Numbers outside and inside parentheses indicate the number of individual RM system
proteins and RM systems, respectively.

® The number after the slash mark represent the number of solitary methyltrassferase
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Table 6.2 Continued

“ Numbersoutside and inside parentheses indicate the number of individual RM system
proteins andhe number oRM systemsand solitary methyltransferasesspectively.

4 This serotype was obtained from the multiplex PCR serotygéwised by Doumith et al
(8).

® Others category refers to the strains whose genome has not been sequenced.
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Figure 6.1 Comparison of methyltransferases (A), restriction endonucleases (B) and

specificity subunits (C) comprising RM systems irListeria and phages.
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Mehtyltransferases

M.LmoJ2P

—M.Lmo191150RF1P } G3
L M.LmoORF679P

r M.LmoAP
L M.LweSORF291P G4

M.LmoJ3P
M.Lmo230RF2320P

M.LmoA7ORFAP
M.LmoN3ORF1850P G2 (Sau3Al-

L M.LmoFORF327P like RM)
I M.Lmo230RF1402P G5

L M.Lmo230RF2958P
M.LinCORF1262P
T

M.LiInCORF1737P G6
{M.LmoBO540RFAP

—— M.LINCORF29P } G7
L M.LmoHORF56P

|M.Lmo855780RF1180P

|M.Lmo0859230RF1134P

M.LmoEORF470P
M.LmoHORF40P

M.LmoN10ORF1065P

M.LinCORF522P
M.Lmo855780RF545P
M.Lmo859230RF544P

M.LmoORF544P
M.LweSORF478P
M.Lse39540RF279P

LM.Lmo191150RF2P G1 (Type l)

M.Lse39540RF1765P
|M.Lmo855780RF1853P

|M.LM0859230RF1805P

M.LInCORF88P
.-E| M.LmoEORF2316P Gs

M.LmoF60RF2379P
M.LmoPSAORF38P
|M.Lmo855780RF1901P

IM.Lm0859230RF1853P
M.LmoEORF1119P

M.Lmo855780RF677P
I M.LmoAOOGORFAP } G9
M.LmoA118]
M.LmoHORF2754P
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