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MATERIALS AND METHODS

Bacterial Strains

A total of 32 Listeria strains were examined in this study (Table 1).
These included 25 L. monocytogenes strains/isolates, four of which
came from reference collections, and 21 were isolated from food
products and processing plants and vessels [41]. In addition, two L.
innocua (ATCC 33090 and AB2497), one L. ivanovii (Li01), one L.
welshimeri (C15), one L. seeligeri (ATCC 35967), and two L. grayi
(Li07 and Li0O8) strains were acquired from reference collections
(Table 1). Listeria strains were refreshed from glycerol stocks
maintained at -80°C and cultured on tryptic soy agar plates with 7%
sheep blood, followed by growth in brain heart infusion broth (BHI;
Oxoid, Hampshire, England) at 37°C.

Mouse Virulence Assay

The virulence potential of 25 L. monocytogenes and one L. innocua
(ATCC 33090) strains was assessed in accordance with a previously
reported protocol [17]. Briefly, female ICR mice at 20-22 g (Zhejiang
College of Traditional Chinese Medicine, Hangzhou, China) were
allowed to acclimatize for 3 days. Five groups of mice (six per group)
were inoculated intraperitoneally with 0.2-ml aliquots of appropriately
diluted Listeria strain resuspended in phosphate-buffered saline (PBS,
0.01 M, pH7.2). Mice in the control group were injected with
0.2 ml of PBS. The LDy, values were calculated by using the trimmed
Spearman-Karber method on the basis of mouse mortality data recorded

during a 10-day post-injection period, and the relative virulence (%)
of these strains was determined as described previously [19].

Plaque-Forming Assay

The ability of L. monocytogenes strains to form plaques on mouse
fibroblasts 1.929 cells was assessed as described previously [16]. Cell
monolayers were grown to 80% confluence in 2 ml of DMEM
containing 10% fetal bovine serum in 6-well plates (Corning, U.S.A.).
The overnight Listeria cultures were centrifuged and resuspended in
PBS. For each strain tested, one well was infected with 5x10° CFU
and the other was infected with 1.5x10° CFU. Upon 1-h incubation
at 37°C, the cell monolayers were washed three times with PBS and
overlaid with 3 ml of DMEM containing 20 pig/ml gentamicin and 1.4%
agarose (Oxoid Ltd., Hampshire, England). Following a 3-day incubation
at 37°C, a second 2-ml overlay of DMEM containing 0.02% neutral red
solution and 1.4% agarose was added. After a final day of incubation,
plaques were photographed by a digital camera. The diameters of 25
plaques were measured using Adobe Photoshop software for each
strain. The plaque size of reference strain 10403S was set at 100%.

Assays for Hemolytic and Phospholipase Activities

Hemolytic activity of Listeria strains was assayed in sheep blood
agar plates as previously described [8]. To titrate the hemolytic
activity, supernatant from Listeria BHI broth cultures was serially
diluted by 2-fold in a 96-well V-bottom microplate with saline
(8.5 g/l NaCl). An equal volume of sheep red blood cells in saline
was added to each well and the microplates were incubated at 37°C
for 1h. The hemolytic titer of each Listeria strain is expressed as
the reciprocal of the corresponding dilution of the supernatant required
to lyse 50% of the erythrocytes in triplicate wells [16]. Phospholipase
activity of Listeria strains was examined with the egg yolk assay of
Ermolaeva et al. [6] without charcoal activation. The BHI agar
plates were supplemented with 5% fresh egg yolk suspension in
saline. Listeria cultures were streaked onto the plates and incubated
at 37°C for 48 h, with L. ivanovii Li0l being applied as the positive
control displaying an opacity zone surrounding the streak [9].

PCR

One ml of each Listeria broth culture was transferred to an Eppendorf
tube and centrifuged at 12,000 xg for 3 min. The cell pellet was washed
twice with milli-Q water (Millipore China Ltd, Beijing, China) and
then resuspended in TZ buffer (2% Triton X-100, 2.5 mg/ml NaN;,
and Tris-HCI, pH 8.0). After boiling for 10 min, the bacterial suspension
was cooled on ice for 5 min and subsequently centrifuged at 12,000 xg
at 4°C for 1 min. The resulting supernatant was used as template DNA.
The PCR mixture (in a volume of 30 pl) was made up of 3 pl of
10xPCR buffer [200 mM Tris-HCI, pH 9.0, 100 mM KCI, 20 mM
MgCl,, 100 mM (NH,),SO,, and 1% Triton X-100], 0.6 pl of dNTPs
(10mM), 0.6 ul of each primer (5uM, custom synthesized by
Invitrogen Biotechnology Co. Ltd., Shanghai, China), 0.8 ul of Tag
DNA polymerase (2 U/pl; TaKaRa Biotech Co. Ltd., Dalian, China),
and milli-Q water to a final volume of 28 pl, and 2 pl template DNA.
To amplify products larger than 4 kb, LA Tag DNA polymerase
(TaKaRa) was utilized. The reaction mixtures were subjected to a
hot start at 95°C for 3 min prior to 25 cycles of amplification, with a final
extension at 72°C for 5min in a thermal cycler (MJ Research Inc.,
Boston, MA, U.S.A.). The annealing temperatures varied with specific
primer pairs (Supplementary Table 1), and the duration of extension
depended on the length of amplicons (1 min per kb, at 72°C). The PCR-



Table 1. Characteristics of Listeria strains used in this study.

EVOLUTION OF LISTERIA SPECIES 240

Hemolytic

Relative size  Mouse mortality — Relative

H d
Strain Serovar  Source titer of plaque (%)*  (dead/tested)®  virulence* logLD;,
L. monocytogenes EGD 1/2a  Reference strain 22 ND 11/30 36.6% 6.64
10403S 1/2a  Reference strain 22 100+0 18/30 60% 5.49
NICPBP54006 4a  Reference strain 22 0 1/30 3.3% 8.35
NICPBP54007 4b  Reference strain 22 ND 11/30 36.6% 6.79
mLm3 4b  Raw milk 2} 108.3+5.8 28/30 93.3% 3.86
mLm4 4a Pasteurized milk 2} 0 2/30 6.6% 8.14
mLm10 1/2a  Pasteurized milk 22 95.7+13.1 18/30 60% 5.55
fLml 1/2a  Beef 22 96.3+1.2 14/30 46.6% 6.26
fLm2 1/2b  Pork chops 22 88.8+1.3 13/30 43.3% 6.45
fLm3 1/2a  Raw pork 22 98.3+3.4 15/30 50% 6.07
fLm4 1/2c  \egetable 2’ 85.0+1.3 15/30 50% 6.11
fLm5 1/2b  Chicken 2! 92.0+1.5 16/30 53.3% 5.83
eLml 1/2a  Seafood plant sewage 2} 103.7+7.8 18/30 60% 5.53
eLm2 1/2b  Milk plant vessel 22 102.8+8.2 12/30 40% 6.46
eLm3 1/2b  Milk plant sewage 22 83.7+0.4 12/30 40% 6.43
eLm4 1/2b  Milk plant sewage 22 97.0+0.7 13/30 43.3% 6.32
eLm5 1/2a  Milk plant vessel 2’ 89.3+2.3 18/30 60% 5.45
sLml 4b  American red drum 22 84.5+3.9 11/30 36.6% 6.74
sLm2 1/2c American red drum 2! 92.0+0.6 14/30 46.6% 6.19
sLm3 4b  American red drum 22 85.6x4.5 11/30 36.6%  6.72
sLm4 1/2b  Shelled shrimps 22 102.3+3.5 16/30 53.3% 5.94
sLm5 4b  Shelled shrimps 22 90.1+0.7 25/30 83.3% 4.40
sLmé6 1/2b  Shelled shrimps 2’ 91.9+3.1 17/30 56.6% 5.79
sLm7 1/2h  Shelled shrimps 2’ 100.4+2.2 21/30 70% 5.08
sLm8 1/24 Shelled shiimps 22 98.8+1.4 13/30 43.3% 6.31
L. innocua ATCC|33090 63 Reference strain <2’ 0 0/30 0% ND
AB2497 63 Reference strain <2’ ND ND ND ND
L. ivanovii LiO1 5 Reference strain 2! ND ND ND ND
L. welshimeri €15 Reference strain <2’ ND ND ND ND
L. seeligeri ATC(Q 35967 Reference strain 2! ND ND ND ND
L. grayi Li07 Reference strain <2’ ND ND ND ND
Lio8 Reference strain <2’ ND ND ND ND
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amplified products were electrophoresed on 1.0% agarose gel in the
presence of ethidium bromide (0.5 pg/ml) and visualized under UV
transillumination. The L. monocytogenes Imo0029-lmo0042 cluster (and
its equivalent in other Listeria strains) and three L. monocytogenes-
specific internalin gene clusters (inlAB, inlC, and inlC _Kk were
amplified with primers targetlng their flanking genes (i.e., Imo0029/
Imo0( € scB e _Kk The ﬁ111 length
SGWW h were covered by five
fragments in separate PCRs In addltlon prlmerszwere derjved from
L. innocua-specific genes linD Ylin I) lzn <, lin0 ¥, lin0
lin04 D, lin2A4, lin2 9 2 linO! 4, and lm&( [10] for sequence
comparison among Listeria species (Supplementary Table 1).

Cloning and Sequencing of PCR Products

PCR fragments were purified by using the AxyPrep DNA Gel
Extraction Kit (Axygen Inc., U.S.A.) and inserted by T-A cloning
strategy into the pMD18-T vector (TaKaRa). The recombinant plasmids

w4 o 0y, cLDsqu t;c" oe pp gyl 0

Sy e

were introduced into _ &herichia coli DH50. and confirmed by PCR
and restriction digestion with EcoRI and HindIIl. The positive
clones were selected and sequenced by the dideoxy method on an
ABI-PRISM 377 DNA sequencer.

Genome Walking

Additional primers for genome walking were designed from the
gene regions whose sequences became available in the study. Nested
PCR was performed by using the TaRaKa Genome Walking Kit in
accordance with the procedures recommended by the manufacturer.

Phylogenetic Analysis

Deduced amino acid sequences of the ORFs under investigation were
aligned by ClustalX software (version 1.8). The corresponding
nucleotide sequences were then trimmed and aligned [32]. Phylogenetic
and molecular analyses were undertaken by using the Molecular
Evolutionary Genetics Analysis software (MEGA version 3.0) (http:/
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/www.megasoftware.net). Phylogenetic trees were constructed and
compared by using neighbor-joining (NJ), maximum parsimony (MP),
minimum evolution (ME), and UPGMA methods [17,36]. The
robustness of the branching pattern was tested by bootstrap analyses
through 1,000 replications.

GenBank Accession Numbers

Forty-five nucleotide sequences covering the genes of Listeria strains
examined in this study have been deposited in GenBank (Accession
Nos. EF392667 to EF392669, EF690661 to EF690672, EU073135 to
EU073161, and EU444834 to EU444836) (Supplementary Table 2).

RESULTS

Virulence to Mice
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Fig. 1. A. Genetic structures of the L. monocytogenes Imo0029-0042 region and its orthologs in Listeria species. B. Genetic
organization of the Imo0035-Imo0042 intergenic spacer region (ISR) of L. monocytogenes serovars 1/2a and 4b in relation to those of L.
monocytogenes serovar 4a and L. innocua. The Imo0035-Imo0042 ISR of L. monocytogenes serovar 4a contains three segments from
different origins (see text for details). C. Alignment of segment A of the Imo0035-Imo0042 ISR with putative insertion junctions.
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Table 2. Comparison of nucleotide sequences in the Imo0029-0042 locus among Listeria species.
Nucleotide identity (%)
Strain Length (bp) L. monocytogenes L. innocua L. welshimeri
EGD (1/2a) F2365 (4b) CLIP11262 SLCC5334

L. monocytogenes 54007 (4b) 15,391 95.3 98.4 85.3 82.6

L. monocytogenes 54006 (4a) 8,735 87.8 88.5 89.2 78.0

L. monocytogenes mLm4 (4a) 8,735 87.6 88.4 89.1 78.1

L. innecua ATCC33090 8,735 85.9 85.8 99.6 77.5

L. welshimeri C15 1,189 82.6 82.2 76.8 98.6

L. seeligeri ATCC35967 1,189 80.8 80.1 724 89.1
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The i1e 1ali1 ged, itchdig 4, B, , @,
1(2), ard  yadvcaeedill. o4 0ge e

ge 1entd arde FibLtetJ.i'[‘ VEL‘lE’lCG [10, 28]. The

Table 3. Comparison of L. monocyftogenes serovar 4a segments in the Imo0035-0042 intergenic spacer regions (ISR) to corresponding
. monocytogenes EGD (1/2a), F2365 (4b), and NICPBP54007 (4b), and L. innocua CLIP11262

L. monocytogenes 4a segment* Length (bp)

Nucleotide identity (%)

CLIP11262 (6a) EGD (1/2a) F2365 (4b) 54007 (4b)
A 54 80.7 75.0 72.9 68.8
B 22" 325 -c - -c
C 112 81.4 83.7 83.8 83.8

"Lﬁ 4141(,%0
¢

b
Se e L. wfc ag 37 % o ’

ageove# g i (NIC B 54006 d L ) 4100% gl gy i ¢, e 0035-00428
]

sc et Beofla 41410]47 el ooV ad L it a ‘ﬁsa 0t fl" v La 04110)}41 edr 12 ad 4L
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A Scale: == 1kb

L. monocytogenes serovar 4b

L. monocytogenes serovar 1/2a

-}

e

ascB hyp ATP-binding/ inlC2 /nlD inlE dapE
S prUTrenTigEss il 'ﬁ<x]lﬁ‘\}j/ﬁ‘r\cl i sy
L S S Sy
ascB inlG  inlH inlE dapE

L. monocytogenes serovar 4a

=) =)

ascB dapE
L. innocua “
ascB dapE
B Scale: == 0.25kb
L. monocytogenes —

|~

serovars 1/2a and 4b

iC hyp. infC oIS hyp. ir
pro.* pro.
: — L. monocytogenes serovar 4a
orf3 orfv hvo. infC » olS orfo
(Imo1264 like)(Imo1265 like) pro.*
) L. innocua
plS  hyp. hyp. NAD(P)H hyp infC
pro. pro.  Oxidored- pro.*
uctase
Fig. 2. A schematic diagram of chromosomal regions carrying L. monocytogenes internalin genes and the corresponding loci in other
Listeria specigs.

i ol rg,tyoi cp,ecotcg(
&0 be e e ¢ dda e 0 ‘ched'.
fosey 9 wovea (2 M a4 da L whe a.

aad @, (2}‘#: gete cPu WoE f%eﬂlt i1 _he
S Pec ive o anal .egié1 e pe- £ aid € B-
7r Hz o & (05 N cad 1/2aa=1d4b,b1.t db e
i1l . “o & LA VS 4aaadl. & u (Fig 2A).
11 he Lec beweearpw aad 1 , a1d Jomkw
geﬂfe eﬂcmdmtg h p he ical Lr e _ee !*e e i1l .
oF jage o™ e .va\’; 1/2a aad 4b (Fig. 2B) I41.
Fu ,there eﬁted fot, gedd bet”eeﬂ ,pw aad £ ,
-e1¢ '8 emblitg a1 NAD(P)H -eideedica e aid h
e1c odng hv' he ical ¥ Qefa oo hlcthweré\ mloific
. th‘) NPttt dad he R3S 1m11 ha i11.
oF 0ge 6™ ov %/Za aad 4b (tF1g iB) [.
o F ;080 Ne o\,ar 4a & -eh b*edfol ORR i1 I
o t.
.eghel, Lih ﬂe( pro, fe hg P 9he ical %elﬂ) beiag
N imila, ol . & & ;g &N ¢ Jov t2a a1d'4b (97.9%
1uclegide 1deﬂ1 aad I . #u (98.8% iclegide
ide1i ) (Fig. 3Bt aﬂd Table 4), aad hree hép of o, o1,
a1d @7'y) beiag diffe e1 f-am Fa'e 11[ o F 08 &
™ g-aa 1/2aa1d4b a:u}l Fu (Fig. 2B) Iater% ingl,,
ofaardopf, heghit ede. , a*ac1 1o=1 atlﬂ
(Fig. 2B), & e & imila, (81.5-83.5%) -o e al2 taad
#1265 gedd ial .

t

o & 1oge & EGD, he} 1281 axd

chrr"‘d )ed g 1 € Lyeosmve Y q &
m‘ltavénr¢¢ sd$| t% W,

cs Llﬂrrao AR 0 b ¢ wee 3B d da E.B.
sf‘msb wu‘»e( l’its’oslt o a0 L

V1282 geds il o & ;0ge & F2365,a1d he 1303
aad 1304 getds ial. Su CLIP11262t (Table 4),
hich Le e 1e31 570 kb a a f;cn he lpw b IJ(%
Ya add1 1m aj{yaad heJHc o1 eglﬁ beweea ,pw aad
a];aaL*eared -ebe talmet o a F 0ge N e-e da

lth ’Poh(nﬁmg beitg ecegifed i17. o & ;0gc &
o, 1/2aa1d 4b-e - her bacterlathLecfe v BLAST
b‘\earch Fy hemee, he "daid = Bgede ej edbe ee1
V170 an} D473 151 o & ,ooea% ¢4 4a, hich
e hibi ed 91.5-97% ﬂucleqlde 1de}b Y h% e -of %GD
10403ts a1d F2365; asd he c.edb c1'it-ahe I s, ¢;

Pects (da a ﬂi\ hye, ‘l)

Comparison of rRNA Gene Sequences

Ba ed-e1 he full-leag h 16S a1d 23S RNA ge1® eyteacs
(Ge1Baik Accdh et Ko . X92948- X92954) (S™leme1a |,
Table 2) [31], he gefu [ s;e,. caibe diyided i ® .

mayg chn ép Jﬂecovép L. od ;0g06,l. u,l.
N FARp ge,,a1dl .wes e h Hg ﬂucl ide
bl 1mllarltfe beweeﬂl 99.5% a1d 99. 9%,a=1d hq c@ ™

o1 . Amﬁgthe fiyéviga e, etgl@a i1 he 235
RNA geﬂé\ eyreacs 8 deméa ae(’h uficied ya ia ie1
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R Yol

B°  ococcoctaoooocooBoa Beoooooktoooaaoa odflcccooococococanoana AT S VA TNE
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Region B
1051 1100
ACATATTACCGARACTGTGGATGAACCTCTTTabAGETTC T TAGE L.monocytogenes EGD
1 e T P o L.monocytogenes 10402
) 0ooo0o000NDOO0NoOaBOOoGa00aanaaac P P o L.monocytogenes F236¢
)/ 50000000060060000000600000000000 R Hhaooa L.monocytogenes F540(
b e P o L.monocytogenes mLm4
N S (1< R clo.... L.monocytogenes 5400€
e (1 P el L.monocytogenes mLm4
............................... S (1 TR L.innocua ATCC33090
............................... deef L.innocua AB2497
............................... O N T L.ivanovii LiO1
............................... P PP = L.seeligeri ATCC35967
............................... e P PP = R L. welshimeri C15
3 B P LU ol O o L. grayi subsp. grayi LiO¢
10 7/ - A R AR (ol N - L. grayi subsp. murrayi L
Fig. 3. The signature regions A and B of Listeria 23S rRNA gene sequences.
b egetescorln e, @ e EGDy g d o e aeesell e el e redio (¥ beldss wea¥ qats o i ¥ bylofed e

boker Vet o itis AW atrl ¢liVie ese i tle ey e a
L] " L)

fe i1¢-a1di1a Pecty diffeetiaier-of heget I s e, ,
':nggi~éa A B) ea”ﬁlicztlbltetm hel. o & ,a,_f;gre-
M s g-o (Fig.3).11,ccin AL. o0& 00 ¢
“e-a3 dadiffeed f-anl. o &  0ge e -ad 122
aid 4% _ell's ghe s, ¢ ™ Pech b hayitg a1 A

a "™siie1 33 ™ cad of G ¢ T. 11 egie1 B, aL'ar

-am hayiig a Liidie P e io1-¢fCa et 1,095,lt.

t R t
oF 0% N e-aa da aNimila el  Fu b
% ¥ i1g CG a ®uiier 1,083-1,084 P ead -of TA i1
L. o0& ;08 &N q~w$} 1/2a aad 4b,1 . o, ,a1dl .
see ge.,ad TG il .wes ¢, (Fig. 3).

Sequence Analysis of the)Virulence Gene Cluster LIPI-1
Dema caedb_ps aad 4, LIPI-1 h ™ iy i tleace-
) Jccaira ed ge{ye .’gIa he p€B aid 4 b}}‘ age){ilé\ 'f"acer
.egie1, hee ae feo addit ie1aby mall O (aﬂ , of 4,
o/ B, aid o1 4; .i’l gay 3, ). T.he ps aid of4 getd
delitea ed  he ‘q;taivé dele ie1 e -of LIPI-1 i11.

# u (Fig. 4). Ati'ar f -1 -emé™ evrence diye geace
bei1g +eed i1 _he € 4 aid p€ B gedd , -ehe, gefo (.e,

S D S . TS

pfA, p€4,  saxd p che vh tleace gee cPuter aad
feux mall ORR )1~ucelted bet ee1ps a1d 4 & & imila,
(94-99% a1d 82-96%, ' Pec iyel Jamergl . o & 1oge &

Table 4. Comparison of the orfe, orfg, and hyp.pro (hypothetical protein) genes in L. monocytogenes serovar 4a to those in L.

monocytogenes serovars 1/2a and 4b and L. innocua.

L. monocytogenes EGD (1/2a) L. monocytogenes F2365 (4b) L. innocua CLIP11262
L. monocytogenes : p :
Identity (% Identity (% Identity (%
serovar 4a gene Ortholog y (%) Ortholog ty (%) Ortholog y (%)
54006 mLm4 54006 mLm4 54006 mLm4
orfa Imo1264 81.6 81.6 F1281 83.9 83.9 1in1303 81.8 81.8
orfs Imo1265 81.9 82.1 F1282 81.9 82.1 1in1304 81.7 81.5
hyp.pro. hyp.pro. 97.9 97.9 hyp.pro. 97.9 97.9 hyp.pro. 98.8 98.8
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Fig. #. Analysis of DNA sequences of the virulence gene cluster (LIPI-1).
ove# acB o C(A)] f Olucgt ‘gtrf‘cdo s at Ot __c% F(B)-A[,

S ooits Uiar o Ubiglio § (L ela g el
it ciss, shr ejd (% )(©) & 474
Wyarl e dis @

™ e-a3d 4a, 1/2a, a1d 4b (S leme 3, yTable 3). It “fa
19¢,9 h ha he ¢, Agete-ol . o & age N e ad
42" (NICPBP54006 a1d mLm4) a1d 4b (F2365) e amited
i1 fiy 1d ha beeda 105-1iclegide dele io1a c~‘¢n5'ar ed
lihl V6 # o0 Neen Tna (EGD a1d 10403S),
Yéadiag ) edl.c‘iwﬂmf 35 amiveacid effec iyel o Ceyi1g
@ he P % dites ich, el (DFPPPBTDEEL), . hich
wqere‘al,ir ed fe biadiag-ef he %ocal celac L.r e V/ASP
aid Me1a t@\timl.late actiﬂl—bh ed m- lht #Sigaiﬁcaa
ml.tativ'h -of he p¢ B'gete i1l . o & ;0ge &N ¢ oD
42 (NICPBPY4006 a1d mLm4) poc fouada Meiien 1
(A #G)ada L'e.itm -26 (C - T) (Fig. 4A), _ hich
migh i1,-edicd hér 'a ceden hif i1 he ORF (Fig. 4B).
t L't .t t . N .
Tha & cha1gs mlgl['nt haye ‘s Ueditmee efﬁc1e1 v 6aiel
. t t
o hept Beetweill. o & ;0gc & c-od 4ai1celn
trt
o . o0& ;09 e 1/2aa1d 4By raPa 2 W¥vedb
U 2" "hei™ yeade ali o he s
v 27 e "hdi™a e a Sedieace aligime cfthep -
pfAISRardof4-ofBISRi1L. o &  age &N ¢ a3
4a, 1/2a, a1d 4b  eyealed reL'ea:'\ ese1cd (Fip . 4C aad
4D),  hich _ee™imila e he™ 1cy% _ihi1 he
20035- 00042 TSR a1d * h029-" #b030 1SR, efis ed
;e abee. E (ence -¢bY tch L'Ltative traéa. Po-01 2 ¢ o1
juacier im*lied he ™y ibili ' “ef HeF otal a1 fe of
h t. 1 t T 18 ty t
(e vit eice gele c ' & [18].

B D) ofLp oy ed ¢ ar defitiVa £ 80" sm i
s we e qets rhdio ¥ belste uy Lo 9,9 e EGD
" []

ets Oit;c"‘;fA
wies- 1 (© 4 Oyl e o
'gqcucCcsP dic cs ¢

Presence of L. innocua-Specific Genes in L. monocytogenes
Serovar 4a
Ameig he 10 I. # u™ Pecific getd atalZ ed
(S lemb a  Tablel), 0372aad 1073 eede et ed
1. 0 & dge ™ coaa 4y ah (NICPBP54006
a1d mLmd), b e i1l. o & joge N e ad 122
aad 4t * at (data T4\ he 1). The 0372 gead emiece
1. o & ;02 e ¢-a3 4an  aPr NICPBP54006
(EU073154) aad mLm4 (EU0731t55)b‘\ hared a 92.1%
zucle!ide ide’{ié‘v,[vothat ial . #u CLIP11262, he éa
e 7073 gt btehee i o e (o EUB73152
a1d EUO73153) e,hibied 79.3% aad 76.2% imilg,i |,
o Pecivel, e ha i1\ & u CLIPII262 t"
Phylogenetic Analysis of the L. monocytogenes-L. innocua
Group
The hén ekeeitg gete 'f'ai'; , #0029/ #0042 (aad
chej e he@ i1 ehe Isie NWeck), sCBAp
o o, aad ps/ 4°, flaskiag thelr fe “ecive vd.iable
Legidr e ecdgyed a he aclceideleyel St 'f'leme’{ar v
Table 4). Whe, €a the p>Nevediceill. o ;08¢ ¢
™ ¢ -ea 4a demer rged a highe™ imila.i e ha i1l
#u (99%) hai -e ha ial . :

¢ o F [age &N oo
12a aid 4b (84.718%7%), 20029, #0042, ¢ B,



100 | L. innocua ATCC33090

EVOLUTION OF LISTERIA SPECIES 246

98

100

" L. monocytogenes mLm4
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vioaen
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SEIOVar 40 CUSIET
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L. monocytogenes 10403S
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Fig. 5. A. Phylogenetic tree of L. monocytogenes serovars 4a, 1/2a, and 4b and other Listeria species based on the concatenated data
set 23S-rRNA-16S-rRNA-Imo0029-Imo0042-ascB-dapE-infC-rplS-prs-ldh. B. Phylogenetic tree of selected L. monocytogenes serovars
based on the concatenated data 23S-rRNA-16S-rRNA-Imo0029-Imo0042-ascB-dapE-infC-rplS-prs-ldh-prfA-plcA-hly-mpl-actA-plcB-orfX-
orfZ-orfB-orfA including the virulence gene cluster. The values above and below the horizontal lines (expressed as percentages) indicate the
robustness of the corresponding branches (which is rooted with L. monocytogenes serovar 1/2a strain EGD), as determined by a bootstrap

analysis evaluated from 1,000 replications.

n”"" 7SS aad 4 i11. o & ,agc/y\ 6,83, 4a
exhibi ed cana able ideqtiflfe coftveisl. o8 ogee
N er”‘v%-‘ 12aasd4ba _ellal. &u (S™lemeq |
Table 4). A cen*™ i e"&}geﬁe ic ee n cé1 , 1ced-oi
- . t ég ¥ ot
he Ba% -of he 11dlceiddy embade -of he cmcateﬂated
938, RNA-tl 6S- RNA- 00029- 00042-5¢ B*4 p -
£ o-psps-4 gete cfv e (Fig 5A). 1% L'ectivg
o he me‘h@d em”le ed licludiag 1eighb-g -j-ei1i1g,
ma,imu a—'f%\ im-e1,, milimum ey ¢ ie1, a1d UPGMA),
I. o0& 0gcc™Necey 4 adl. Su _ee
ce™ e:%_llvulaced*a a?'«§'1'ter hawch,I. o & ;0gce

5 e;mve% /2a aad 4b fqmed aﬂ~%her, aad }Ther L s e

S Pecty -ecciMied he mbe, & iﬁct baich (Fig. 5A). Te
fu_he illumitae he eydy iea M -¢  ameig I .

t v by &

s s oge "%ttr aty cmveri’}g\ erdo'\';é; 1124, 4b, axd 4a,
L'hvlmgeae ic i1fema ie1i1 the abee gead ¢ 2 _elln
10 geds (ppap B - p-C gt BaflaBarn
o7 A) cegitg he L hee LIPL-1 o cembited. I1 tﬁi

™ chemeiy ¢ o, a7 4a a1d 46y  aPr cer el fell i1-0

r th t t, ¥ %
wochoel elaedbatchy , Che éa™ e e 123y a
Y t (S Wt + tt
ad & e”'a, ae b.a1ch (Fig. 5B).

DiscussIoN

Tegai1fy he *h fegetcict ighy @1 hel . o & ;oge o-

Y tropwy L . i1ed h loeid

. u g-or,  ccan’aaiyel, eamised he 1iclegide

N eqe1ds o he 23S +RNA a1d 16S RNA aﬂldthe gede

o & p0029- 00042, B p \ pu- 7 atdps-2
t o e /

2 Lelldl. o F oge M Pecific Aard  Baid 10

L. & unPecificgedd i1l. o [ PZe N c-adr 1/2a,
4a,aad4baxdl. & u .Th “fa fdlq,ed b\fﬁ\ me1
of o hemd ic and leci hida e ac v fa “aad 2
ard 0 yi Uleace ~.ftlfe & traf’ . The' % vh Lgét
hal. ‘o & ;0ge & e-aa 4a e 01l Kool s man
tt . . Y y
geaetlc\ etle1cd cenmel -8\ e -aa 1/2a ad 4b, by
2t ‘o ha o™ -eme ge e dele i$1 a1dh tbdied aad

¥ u ,i1addi ie1 -eh3 beitga

b ib73).

v 2 v 1.1e1ce”ithl :
0372 aad

fep - Fu g (eg,

Molecular Characteristics of /mo0029-Imo0042, ascB-dapE,
and rplS-infC Clusters in L. monocytogenes Serovar 4a
O7e-of hemaj firdidy i1 AN 1d3  he gete ic diye geds

t . t. Yt t
betweeai'ath‘gemc ardle, i l.fe‘%[ .o F 0% & eed
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i1 _he #0029- 30042 chw e aid i1e 1alia chn ép ,
iﬂchdiﬂg he® 4 chy e be Lee s¢Baxdd p ,aadt
be_ ce1 pw a1d fg.”Ith AN able Pan -of he ~ #0036-
in ST, 00 G t ¢
20041 kel i1l . o & ;dge N e-aa daardl. Su
i1, elaior ol . o & ;02 & c-aqd 1/2aa1d 4b.1 .
see ge. a1l .wes e h b* aftr hq yeduced  @0030-
#0035 e (Fig. 1A a1d Table 2). THi™ 1gge™ ha
he 0029- 0042 lec™ Ha beein vedd ivelvéeltetecti
anl. oF ;0% e 1/2aa1d 4b -efeml .
o F o g daatd . Fu,aud hedr s ee g
a1dl .wes e Occy, edce-of, e‘*'ea:\ edieads (AAA-
AGACTGGAAAAACCCWAWA) i1_he a0035- 00042
ISR (Fig. 1C),  hich a e & -e-db ¢, yed iathep,g -p£ A ISR
atd og-a,B (SR flaskisg LIPI-1 (Fig . 4C a1d 4D),
# eide a emiade -01 he*a eyvel i1y dying ™3 ible
gete a1 fg, a1d v [25,26]."
Can'a o1ol. o & 0gc e ™
3 o & 108 He
ihl. o4& ;oge Ne-ag daardl.  Fu i1 he s B-
Y| P gete egiendl o ngehg i iagle delqt'}ﬂ evel i1,dyi1g
.\‘ (}" J (o) - (Fig. 2A). The geﬂletic ce1el bet ee1
pwe aad feveaP\ igaifica heter«geaei v i1 1ige L.
oF 0861, Su g-e” (Fig 2B). Thé PN
cegionedl . o & ;o2 ¢ oaa 41 eein (ohaye L1dg gete
a* ge-of geteicelemedy f-anl. o & ;0ge N LR
1/2a a1d 4b: ‘he cé e ved gete ecedig hVL'J he ical
L.r“‘ ef adjacet -0 7 Y maitaiteda o igei1 fi, egien,
aasv he, gedd etii ‘iﬂgiaaa(?etrall. Y ,ogctlé\ .am
“uch% i teace ‘wiged getle  , ge Pbt i\ ame
da cerdatl. o &  oge A o afa ( hich haye e -dyed
lag, i We-aa 4a) aid, ’laced b oo asd off, he
abde o 0264a1d 212659 Leln ofy The
afygeaeﬁ viiue ol . o F ,ogecgemvar 4a, _ih
1@ igaifica h~¢n~&.g L. o & 0z d{‘ RN Y/ha
a1d 4b-e -ehe, bactgiaﬁ\ Pecho ,» - idiag clt -0 (he, e
-of DNA * ake i1 he e, e ie1i1 hel . o & ;0g0 -
[. &u ge” Uteleced ﬂglmg—r ’ea emeacs
-¢ - ieh emaaly -of raﬁt ™ able eleme aier e.ved
i1 he cho e yicii |, aaéth“u €O ide hai\ tch feeiga
get migh haye beea iategratedthereia b, illegi ima e
recunbiﬂatlvﬂ, the mechai m -ef _ hich® “da c.ibed i1
e;am’ls “of he % ic ier-mudifica ie1 (RM) geds aad
s .egiér Jott:u, ,cg‘tf‘ic s us [33,35].

1/2a aad 4b

Genetic Features of the Virulence Gene Cluster LIPI-1
The LIPI-1 ge1e cPut (e1can™ itgprd,p€4, , p,
€, A4,a1dp¢ B feadiall. o & ;0ge6.1. o,
a1dl s ee ge;., by tered e} L. du.,.wes e,

2 t r
aadrl . g, [11].’1the lq, vite1l. o & ;0ge ra 6o

‘ . t,. T .
4a de cetaitall hegeds _1hi1 i "a icila civ e
. . t t ot Tt oot
2% hecae 1ththe~%he:\ qu:%\ . The -ecc, e1ce o~ L alye
ra*‘a%am 3 ertivo%\ etle1cd a pspfA ad of4-0/B
%aﬂkiﬂgthe vi Uece gee chy e lzgg\est\ hat i) gﬂ.l.!‘ o
vh Ueace geds migh hage bee, a1 fi edth,‘T‘tu all [18].
X . c 199 19 .

VVlthntPn cPutq,the 1A gete & el twbé\*‘u ceftlblefq

\%

1icleoide a qq[im [22,27,34]. Wheéa [. o & ;age e
bl e ea 1/2a mai1ata a cen’lee c%'vmfthe ¢, A gete,
Neod 4batd davancine habe’a deleier o 105

1clegids i1 B gete (Si*leme  Table 5). Remveal

o105 aucleqide i1 ¢, 4 i1 hév g aa 4b cliticah i1

F2365,  hich "2 -eigi1a ed f-en heJahi cechés eJ.Ltbr eak

o 1985"i1 Calite 1ia [28], im®ls ha a full-leag b €, 4

gede ma be ab -dvel Bve fal tfq h e ial cell--o

ceft  cad ;1?] Vi Ueced L'r"evi&\{iv hegh ‘A & 1a iyel
Tt SOtV

[. o8 0% Neoa 4B\trafa’ wih eletm‘a i1}y
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