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The iap gene of Listeria species encodes protein p60. The comparison of iap-related genes from different
Listeria species indicated common and variable regions within these genes which appeared to be specific for
each Listeria species. On the basis of the iap gene sequences, pairs of polymerase chain reaction (PCR) primers
which allowed the unambiguous identification of all members of the genus Listeria, of groups of related Listeria
species, and of L. monocytogenes, exclusively, were selected. The PCR primers specific for L. monocytogenes
yielded PCR products which represented essentially the repeat region of the iap gene. The size of these PCR
products allowed an estimate of the number of the TN repeat units within the repeat region of the p60 protein
of an L. monocytogenes strain. The data indicated that the number of repeat units differed among L.

monocytogenes isolates.

The genus Listeria comprises seven characterized species:
L. monocytogenes, L. ivanovii, L. seeligeri, L. welshimeri,
L. innocua, L. murrayi, and L. grayi (36). Among these
Listeria species, most of which seem to be widespread in the
natural environment, only L. monocytogenes is a human
pathogen which can cause severe infections, especially in
immunocompromised individuals, newborns, and pregnant
women (10, 35). Most L. monocytogenes infections can be
traced back to contaminated food, in particular milk prod-
ucts, where these gram-positive, motile bacteria multiply
even at low temperatures (13, 18, 34).

L. monocytogenes belongs to the facultative intracellular
bacteria and invades and grows in a variety of mammalian
cells, including macrophages, epithelial cells, and fibroblasts
(15, 25, 28). The cytolytic toxin listeriolysin has been un-
equivocally demonstrated to be an essential virulence factor
of L. monocytogenes which is apparently necessary for the
evasion of these parasites from the phagosome into the
cytoplasm (2, 16, 20, 39).

Recently, evidence that a metalloprotease and both phos-
phatidylinositol-specific phospholipase C and another phos-
pholipase C (lecithinase), which are coregulated with liste-
riolysin, are also virulence factors (8, 17, 26, 29, 30) has been
provided.

The transcription of the genes for these proteins is posi-
tively regulated together with still other genes by the regu-
latory protein PrfA (27, 29), which is present in all L.
monocytogenes strains but absent in the other Listeria
species (27).

The previously described protein p60 is a major extracel-
lular protein in L. monocytogenes which has been suggested
to be associated with the invasion of nonprofessional phago-
cytic cells (24). The gene encoding p60 was therefore desig-
nated iap (for invasion-associated protein) (23). We have
reported recently (22) that p60-related proteins occur in all
Listeria species. Comparison of the amino acid sequences
deduced from the nucleotide sequences of the corresponding
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iap genes demonstrated common and variable regions within
the p60 proteins. The variable domains appear to be specific
for a given Listeria species.

On the basis of these data we have used in this study
specific oligonucleotide primers derived from the iap-related
gene sequences of the different Listeria species to carry out
polymerase chain reactions (PCR). This procedure allowed
the unambiguous identification of all members of the genus
Listeria, of groups of closely related Listeria species, and of
L. monocytogenes alone.

MATERIALS AND METHODS

Bacterial strains. L. monocytogenes Svl/2a EGD was
obtained from S. H. E. Kaufmann, University of Ulm, Ulm,
Germany. The rough mutant RIII, derived from a smooth
strain of L. monocytogenes Svl/2a, was obtained from J.
Potel, Hannover, Germany. All other Listeria strains were
obtained from the Institute of Medical Microbiology and
Hygiene, University of Wiirzburg, Wiirzburg, Germany.
The L. monocytogenes strains belonging to the different
serovars were obtained from T. Chakraborty (Wiirzburg,
Germany).

Escherichia coli JM109 and the recombinant plasmid
pSKS5, which contains the iap gene of L. monocytogenes,
have been described earlier (23). E. coli DH5a (23) was used
in cloning experiments with the vector pTZ19R.

Media and reagents. Listeria strains were cultured in brain
heart infusion broth (Difco Laboratories, Detroit, Mich.) at
37°C. E. coli strains were grown in Luria-Bertani broth at
37°C, with ampicillin at a concentration of 50 ng/ml when
appropriate.

Restriction enzymes and the random priming labelling kit
were purchased from Boehringer Mannheim GmbH, Mann-
heim, Germany, and used according to the manufacturer’s
instructions. [a->?P]dATP (3,000 Ci/mmol) was supplied by
Amersham International.

DNA isolation. The procedures for isolating E. coli plasmid
DNA and E. coli and Listeria chromosomal DNAs were as
previously published (23).

Southern blot analysis. Following digestion with HindIII,
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chromosomal and plasmid DNA fragments were separated
on a 1% Tris-borate—agarose gel (Tris-borate is 90 mM Tris
base, 90 mM H,BO,, and 2 mM EDTA [pH 8.0]) and blotted
onto a nitrocellulose filter by the method of Southern (38).
DNA probes were labelled by the random priming technique
(11). Hybridization was carried out in a solution containing
6x SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate), 5x Denhardt’s reagent, 0.1% sodium dodecyl sul-
fate (SDS), 2 mM EDTA (pH 8.0), and 100 pg of denatured
salmon sperm DNA per ml in 50% deionized formamide at
40°C for 20 h. The blots were then washed twice in 2X
SSC-0.1% SDS at room temperature and then twice (30 min
each) in 0.2x SSC-0.1% SDS at 60°C (stringent conditions).
Nitrocellulose filters were exposed to X-ray films (Fuji-
RXNIF) for 5 to 15 h.

PCR. In order to amplify the entire iap gene or portions of
it from each Listeria species, PCR (32) was performed with
various oligonucleotides (see Fig. 3). In general, the reaction
volume of 100 pl contained either chromosomal DNA (about
1 ug) or crude bacterial lysate (108 bacterial cells heated for
5 min at 110°C), 2.5 U of Taq polymerase (Pharmacia) in
reaction buffer (10 mM Tris-Cl [pH 8.5], 1.5 mM MgCl,, 50
mM KCl), and 200 pM (each) dGTP, dATP, dTTP, and
dCTP. DNA amplification conditions varied in the annealing
and elongation step and are therefore explicitly indicated in
the figure legends. Each amplification reaction started with
an initial denaturation temperature of 94°C for 3 min and was
completed with a final elongation step at 72°C for 5 min. For
cloning experiments the amplificd DNA was purified on a
Sepharose CL-6B column (9) and precipitated in NH,-
acetate (2 M final concentration) and isopropanol (50% final
concentration).

Cloning and sequencing of PCR products. After purifica-
tion, the 3’ ends of PCR products were filled in with 1 U of
Klenow enzyme in a reaction mixture volume of 20 pl
containing 100 pM (each) dGTP, dATP, dTTP, and dCTP, 20
mM Tris-Cl (pH 7.5), 10 mM MgCl,, 50 mM NaCl, and 1 mM
dithiothreitol, for 15 min at 30°C. The reaction was stopped
by addition of 1 pl 0.5 M EDTA. The DNA fragments were
then phenol treated, precipitated, cleaved with Smal, ligated
in the plasmid vector pTZ19R (Pharmacia), and transformed
into competent E. coli DH5a cells by using standard tech-
niques (33).

DNA sequencing reactions were performed by using the
T7 sequencing kit (Pharmacia) with specific primers derived
from iap-related gene sequences. DNA sequences were
analyzed on a VAX computer system by using the Genetics
Computer Group sequence analysis software package 6.2
.

Nucleotide sequence accession number. The complete se-
quences of all iap-related genes are available under GenBank
(Los Alamos, N.Mex.) accession numbers M80349 for the
iap-re-
lated gene of L. innocua 6b, M80350 for the iap-related
gene of L. ivanovii, M80352 for that of L. murrayi, M80353
for that of L. seeligeri, and M80354 for that of L. welshi-
meri.

RESULTS

Identification of species-specific and common regions within
the iap genes of Listeria species by Southern hybridization.
Previous studies using the entire iap gene as a hybridization
probe for genomic DNA from different Listeria species
indicated the presence of iap-related genes in all Listeria
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species (23) except L. grayi. Similar results were obtained
(Fig. 1A and B) with iap gene fragments which were derived
from the 5’- and 3'-terminal parts of this gene. In contrast,
two fragments from the middle part of the iap gene hybrid-
ized specifically with genomic DNAs of all L. monocyto-
genes strains tested but not with those of the other Listeria
species (Fig. 1C and D).

Isolation of iap-related genes from the Listeria species by
PCR, cloning of the PCR products, and determination of their
nucleotide sequences. As shown in Fig. 2, the entire iap-
related genes from all Listeria species were amplified by
PCR when pairs of oligonucleotide primers derived from the
5’ and 3’ ends of the coding region of the iap gene from L.
monocytogenes (LislA and LislB [see Fig. 3]) were used.
The sizes of the iap-related genes thus obtained were esti-
mated by their migration rates in polyacrylamide gels (Fig. 2)
and varied from 1.45 kbp for L. innocua serotypes 6a and 6b
to 1.6 kbp for L. welshimeri, L. seeligeri, and L. ivanovii.
The L. monocytogenes EGD strain belonging to serotype
1/2a yielded a PCR product of about 1.5 kbp; similar sizes
were obtained for the iap-related genes of L. grayi and L.
murrayi. The resulting PCR product from each Listeria
species was cloned in E. coli and sequenced. The compari-
son of all iap-related genes showed extended homologies in
the 5'- and 3'-terminal parts but highly variable regions in the
middle part of these genes (Fig. 3). These sequence data
support the hybridization results described above. The
amino acid sequences of the corresponding p60-related pro-
teins derived from the iap-related genes and the character-
istic regions identified in these proteins were recently re-
ported (22).

Selection of PCR oligonucleotide primers for the unambig-
uous identification of all members of the genus Listeria. We
tested the two primers Lis1A and Lis1B used in the above-
described PCR protocol to determine whether they were
suitable for the specific, unambiguous identification of Lis¢-
eria species. For this purpose we carried out PCR with
genomic DNAs from a large number of frequently occurring
gram-positive and gram-negative bacteria. As shown in Fig.
4, only Enterococcus faecalis and Bacillus cereus also
yielded clear PCR signals with these two primers. The sizes
of these latter PCR products were, however, smaller than
those obtained with the Listeria species. To test whether
the gene products encoded by these amplified genes are
related to p60 of L. monocytogenes, we sequenced 300
nucleotides from the 3'-terminal end of the PCR product of
B. cereus and derived the amino acid sequence. We did not
detect any appreciable homology with the iap gene or the
p60 protein of L. monocytogenes or other Listeria species on
the nucleotide or on the amino acid sequence level (data not
shown).

We next tested another set of primers (UnilisA and
Lis1B). UnilisA is derived from the conserved 5'-coding
region of the iap-related genes. Figure 5 shows that these
primers yielded PCR products with all Listeria species but
not with E. faecalis and B. cereus. The sizes of the obtained
PCR products were as expected and differed only slightly
between the group consisting of L. monocytogenes and L.
innocua and the group consisting of L. ivanovii, L. seeligeri,
and L. welshimeri, in agreement with the nucleotide se-
quences of the corresponding genes (Fig. 3). In contrast, the
PCR products obtained from L. murrayi and L. grayi were
considerably smaller than expected, probably because of the
annealing of the UnilisA primer to the iap gene of these two
Listeria species at an internal sequence other than the
anticipated one.
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FIG. 1. Detection of hybridizing chromosomal fragments from various Listeria strains with four DNA probes derived from the iap gene of L.
monocytogenes EGD. After HindlIIl cleavage, DNAs were separated by agarose gel electrophoresis, transferred to a nitrocellulose membrane, and
hybridized to the following random priming *?P-labelled iap DNA probes: the 580-bp Ddel-PstI fragment (5’ end of the gene) (A); the 420-bp
HindIII-Ddel fragment (3’ end of the gene) and the 400-bp HindIII fragment (internal) (B); the 250-bp PstI-HindIlI fragment (internal) (C); and the
400-bp HindIlI fragment (internal) (D). Lanes: 1, L. monocytogenes Sv1/2a EGD; 2, L. monocytogenes Svl/2a (SLCC 5764); 3, L. monocytogenes
RIII (SLCC 5779); 4, L. monocytogenes Sv3a (SLCC 5015); 5, L. monocytogenes Sv3b (SLCC 5543); 6, L. monocytogenes Sv4b (SLCC 4013); 7,
L. welshimeri A; 8, L. innocua Sv6a (NCTC 11288); 9, L. innocua Sv6b; 10, L. ivanovii (ATCC 19119); 11, L. welshimeri B; 12, L. grayi; 13, L.
murrayi; 14, L. seeligeri; 15, E. coli IM109; 16, iap-carrying plasmid pSKS5 cut with HindIII.

PCR primers for the identification of specific groups of
Listeria species. On the basis of the previously described
amino acid sequences of the p60-related proteins obtained
from the different Listeria species, four groups of Listeria
species were distinguished (22). The corresponding nucleo-
tide sequences of the iap-related genes (Fig. 3) allowed the
selection of specific PCR primers for the identification of
these four groups. This was performed by changing the
5'-terminal PCR primer (Fig. 3) according to group-specific
nucleotide sequences but keeping the downstream PCR
primer (Lis1B) constant, as indicated in Fig. 3. This ap-
proach is exemplified for L. innocua in Fig. 6A and for the
Listeria group comprising L. ivanovii, L. seeligeri, and L.
welshimeri in Fig. 6B.

PCR primers for the specific identification of L. monocyto-
genes. The nucleotide sequences of the iap genes and the
deduced amino acid sequences of the p60 proteins from two
different strains of L. monocytogenes both belonging to
serotypes 1/2a (strains EGD and Mackaness) were virtually
identical in all regions of p60 but differed in the number of
the TN repeat units within the repeat region (19 TN repeats
in the repeat region of strain EGD and 16 in strain Mackan-
ess). Two PCR primers which were specific for L. monocy-
togenes (Fig. 3) were selected from sequences outside of the
repeat region. The expected PCR products should not only
be specific for L. monocytogenes but should also allow the
determination of the number of TN repeat units within the
repeat region since these PCR products included the whole
repeat region of p60.

Fourteen strains of L. monocytogenes belonging to all

kb 1 2 3 4 5 6 . 8 9 10 1.

FIG. 2. Genus-specific identification of Listeria species by PCR
with the oligonucleotide pair LislA and LislB (see Fig. 3). PCR
conditions were as follows: 30 cycles, each at 94°C for 45 s, 50°C for
1 min, and 72°C for 3 min. PCR products were separated on a 4%
polyacrylamide gel which was stained with ethidium bromide.
Lanes: 1, EcoRI-digested SppI DNA molecular mass standard; 2,
control reaction (all reaction ingredients except chromosomal
DNA); 3, L. monocytogenes Svl/2a EGD; 4, L. innocua Sv6a; 5, L.
innocua Své6b; 6, L. welshimeri A; 7, L. welshimeri B; 8, L.
seeligeri; 9, L. ivanovii; 10, L. grayi; 11, L. murrayi.
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Lis1A UnilisA

EGD 1 [ATGAATATGAAAAAAGCAACTATCGCGGCTACAGCTGGGATTGCGGTAACAGCATTTGCTGCGCCAACAATCGCATCCGCAAGCACTGTAGTAGTCGAAG 100
Inéb ..............................................WT..............A.....T.................A........T....
Ivan T o e P
Seel S O o | P S R FTTT
Wels ...................................c...........H..............A.....T..........................T....
Murr teeecascccsssasceseseeeeTTN.C6.Tevoe A AL T..LevveuesslCoune T, . T.GG.T.TC..A. ... AT. . A..G..T....C.T

EGD 101 CTGGTGATACTCTTTGGGGTATCGCACAAAGTAAAGGGACTACTGTTGACGCAATTAAAAAAGCAAACAATTTAACAACAGATAAAATCGTACCAGGTCA 200

Inéb S TR o - TS
Ivan e T P 7 S P o N < B P B P T YT TR TS PP
Seel [P VA (P PR 7 IS SR O PO Y TR ETTTY. - FETTTTRS PRPPIS P
Wels T e N PR oSS £ T R

Murr veesesseccBAeceaaeaaBaoa. TTCC.AA.CT..T.....C......CA.C.A...C..CTC..T..AC.TGACT.T....6.0cc.....Go AL
Siwi2
EGD 201 AAAATTACAAGTAAATAATGAGGTTGCTGCTGCTGAAAAAACAGAGAAATCTGTTAGCGCAACTTGGTTAAACGTCCGTAGTGGCGCTGGTGTTGATAAC 300
Inéb PR R St oSy VYV P - PPN 5 RS Y N TP TP o i
Ivan [ || N o LAG.TA.. T S o8 [ R ¢ P Y TR L o
Seel teecnsssecafea CoRRRREE AG TA, (GAGC..decceenrecnceceenannccecccnnccoccasseasAedTCAL i Abicnnnnns
Wels (RN AU ofiuiuttutad. 1 T 0. PURPY U c| cJ RPN PRI PR N [ TXT) Ry, P ol |
Murr ceeeessACLALC *¥%%x® A AA TA......Ce.c..GT. . Aieeeieene..To AL L.C.G..T..T...CA..CTC.. . AC.CAA. .G.A

EGD 301 AGTATTATTACGTCCATCAAAGGTGGAACAAAAGTAACTGTTGAAACAACCGAATCTAACGGCTGGCACAAAATTACTTACAACGATGGAAAAACTGGTT 400
Inéb T o o P e T Y B TR I T rN
Ivan eeeeslG.C..T..TT.AcveeaeeCiiBoninnnnncncnans ToTeGeeeGAlToneeeeTeeeee e e TAALLTGG ccAceecienanesss
Seel veeeeeGeCeaT aTT AL eeeeeeCaTiiennneneeeeas T TeAleGA T iAceee ettt TGGT. LA . ... LALLC.
Wels PP  FRP (Y o3 VAP o U P  JO 15 RS FTTRY . T RN TR | <[ P
Murr LAA, . AC....T...C.A.....CC.T...GTT..C.AA..A....GTT.T...G...ToeTu e dAce oG CT. L TTGL AL Te e eeeeees

1no2
EGD 401 TCGTTAACGGTAAATACTTAACTGACAAAGCAGTAAGCACTCCAGTTGCACCAACACAAGAAGTGAAAAAAGAAACTACTACTCAA***CAAGCTGCACC 497
Inéb Y PR | Y+ PP EARTT A deeennnecenanaeeea™® (G ALL¥** [ T.AAL..
Ivan ATeeeeeTeeCoueeenneGG.ACT.CT.T.AC,, H¥hadkadd  C_ . TG...Co0veue AieoGannnnn. Ac.oeee...GCG.....C.....
Seel AceeeeeTecCoveenee..GG.A.TGCT.T.AC...TG....GTC...TA..C..G. .. TTAAAC. .G.G.vu oo Jo¥™H"® *%  _ G..T..
Wels ATeeeeeTeeConeeeeeeeBG. e TGET.TGAC. .o TG e T e e e a®™ ™ T LA iieeeeacAriCuinnaa s G ALKRY 0% A ...
Murr AT AceeecAceeeeneaeTane*™*, AA.GT.G..6..CC..TCGTT..GA...C.....CCC.CA. .G.AGAAG.AA, . ***GTC.....TA.
Pt
EGD 498 TGCTGCAGAAACAAAAACTGAAGTAAAACA***AACTACACAAGCAACTACACCTGCGCCTAAAGTAGCAGAAACGAAAGAAA***CTCCAGTAGTAGAT 591
Inéb Y VRN - JAPRY PR | of oS o/ AP - 1O (PP WY . PP oS P 1T T TR o
Ivan veeeseTereeeBeeeCiluinnnnneee ™™ ToieeeaCunena e o GTT. T ***, .. ...CG.A.AC..AA.C....."** ... T.CT..... .
Seel eeesCAC . eTeenecAreseoToee ™ * G.ooooCue . .G.AL L TAL . LAAAAAG.T.C..T. . ... T.. .AC..CTG....T.CG. . et e e

Vels veecesccssseTeoeeeBecenaBeae e ™ * T ALLL.CT..CC...%**, ., .T..A....CuueGueu e TL LACLG*™** AL ieaaa.s
Mure I T W o o T 3 8 Bttt L L T W T

EGD 592 CAAAATGCTACTACACACGCTGTTAAAAGCGGTGACACTATTTGGGCTTTATCCGTAAAATACGGTGTTTCTGTTCAAGACATTATGTCATGGAATAATT 691
Inéb O o 1Y o o c e
Ivan Lo N B o L L L L1, TR R P
Seel Lo T P T o T o . e e o o o
Wels (o R S S S e Y o Y )
Murr ACG..C..eTuee e TTLLAAALAciiecnneeeeTeGeeCirnnennaaeTaeCineaTouCorConee s ALAT.G. . CGAL .ttt e C

Hindll MonoA
EGD 692 TATCTTCTTCTTCTATTTATGTAGGTCAAAAGCTTGCTATTAAACAAA***CTGCTAACACAGCTACTICCAAAAGCAGAAGTGAAAACGGAAGCTCCAGC 788
Insb Y 16 of Y oS i .Y VIR D 1Y Y Y of WA { oS I
Ivan [ Y AU ) L I PO el 7.V | B S L S 1 Yy
Seel cecececcccsscscescceasBacreces e TALCLLAGLA oo eGTG eeeeecALACA. .GuevvennneeTeaeCliiAiennnnnanns

Wels L Y N ] of c A N <

Murr eTeeeeeesaeaaBaalareeeTuuense.C.ALCLAG.A. . .G..G*** G...GCT.A....G......CLALT. T.AAAC. .G.C.CTC. .G.TAA

EGD 789 AGCTGAAAAACAAG***CAGCTCCAGTAGTTAAAGAAAATACTAACACAAATACTGCTACTACAGAGAAAAAAGAAACAGCAACGCAACAACAAA***CA 882
Inéb IPPRTTTT TR b SN £ T PRI £7 YA (1 Y PR FT i s
Ivan D Y I PPN o V5 tiaiaiuiel PP VPR oA () & F VIR o O S )
Seel ceeheeiii  clACAG.T Al eieiAneii et tBChii e TTC e AL AL T T eeeee e e e AL TG WAL ... L LCTTLT
Wels ol eeaneadGac AR * TT. A.TCC...GOT. A, (G *¥**dkkdeke | AAA..... eeeTeeaneeae s GT.ALT.LALLLAC. ... .CAAAC
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EGD 883 GCACCTAMGCACCMCAGMGCTGMCC‘GCTCCT sc‘cc‘t*."'tttt'tt'*ttttt'i"ﬁtt*tt&thtittt't*ti*'tttt'i'i' 927
Inéb A.TA. eeosssscess .Tc. censce ‘G. eesecssncsas .T . .G't"'tﬁ'i'&'t*tttt"t’tit'ii*t'tQ”’tit*t'ﬁttttt'tthi'

Ivan AATA.AC....ee.6G..CorucecerenecenesConer.Co . TGCTCCA*****ACTGTTAACACTAACGCTTCTTCTTACACAGTAAAAAGCGGCG

seel AccAAeeeeeeeeTBaTCuvuenceroncncocconcheaas JGCTCCAR**##% A T A ..c.ccecrecenccccnceaseneaTunes

vels ATAceeeeeeGeuTGTCoueeeeenececeneneeasleaT. e cGCGCCTGCACCA. (Ac e A T AL AL T Teee e T T,

EGD 927 RRERRRERRREERRRRERRRRRRERAERERRRERNAR LR RTR AT ENRRIRRTRRRP TR PRERRRRER R AR R i dird i i i drdrdrdrdr b 927

l néb RRERRR AR RERRR AR RN RN RN R AR RNR AR TR RTR AT R AN ErAARRAT R TR r bR b dhdd iy

Ivan ACACTTTAAGCAAAATTGCTACAACATTTGGAACTACAGTTTCCAAAAT TAAAGCACT TAATGGCT TAAATAGTGATAACCTTCAAGT TGGACAGGTGTT

seel 1S R VO - M 1S T P A - 7 T P N

vels IS & PO - J OV JUPRRRY {JUSPRY N - SN PP 7 | PN «SPNN SRS JY VORI X o SR

EGD 928 *¥#dwksmwdwkwadkkhhkakuhs st n]TCTACAAACACAAAT***GCTAATAAAACAAATACAAATACAAATACAAATACAAATACAAACAATACTAAT 996

1n6b RhEAREARRARARRREA SRR ERRRRRe T AAAA.A..C.C......C.AC.........G...GC...CCAT....A.....G..C

Ivan AAAAGTAAAAGGTACAGTACCAACTGCTAA........GT...***AGC...GCT..TGC.C...CA..G..C.......AT.....TTCA.....A.G.

Seel ceecesccescaaaaTa Cul G, ¥¥¥RRENER CA AT CC***AA..C.GC...TGC.C...CAucueennnana AT..e....GTTCAT.....

vels eeeessBoceaceeeTeeeeaee s sACTAAC.......AT..C***AG.....C...TGCAC...CA..........GC.AC..C.AT.CT.GCT.....

EGD 997 ACAAATACACCATCTAA***AAATACTAATACAAACTCAAATACTAATACGAATACAAACTCAAATACGAATGCTAATCAAGGTTCTTCCAACAATAACA 1093

Insb eeTeiCoulAATAL .o TAC...CovAeuee e TeeTA e iCoiAreeeeaTurneneeeeAeaeeeeaTeecAiA Cunnnna  CALT, Fwwdnus

Ivan RPN - PO PRI L L F S SN SRR S el ridoibdobdodbobdoiobiodiobboiode bbbtk ot d SURPRORIY Y T bbbl

seel ceee G. e T . .T cooe .*Q*G. .o .AC' . c. .T . .Tttt'ttttttitt**t*tt*i*i’ti'*t’*“*titit*it. . .A. e _MG. . .t’tt*'tt

Wels cee B T Ta AL ¥ %, CLLALCurn o JTAL T, LCHV R o Rbmbwdmdudbdbwdhrhb bk dhdbhindhdn  AAGC, F*awkkdn
MonoB HindTll

EGD 1094 GCAATTCAAGTGOAAGTGCTATTATTGCTGAAGCTCAAAAACACCTTG GCTTATTCATGGGGTGGTAACGGACCAACTACATTTGATTGCTCTGG 1193

1néb FEY N TSP 3V TN SUPPUPPS SURPPR o U - SN

lvan fa P o] R o N o o PR « PP o SRR oS

Seel LN 0% USRI VN PPN PP SUTTPPPIY VI SR o SRR

Wels LI o PPN SN VPP SN S VPP SE

Murr veeG.G....CTTCTC...AT.ATA...AceeeeeAueeneeeoToALCouuCuueueAuT e dALCauGAL.CoveiGCureneeeCannnnnnn

EGD 1194 TTACACTAAATATGTATTTGCTAAAGCGGGAATCTCCCTTCCACGTACTTCTGGCGCACAATACGCTAGCACTACAAGAATCTCTGAATCTCAAGCAAAA 1293

Inéb S ST SRS Jh SUUPIS J5 SRS PO P R .

Ivan S PP SF S0 » 2% 7 W ) 3 FOURUUDIPIE 0% SIG SURNIS SUPIPS 3 VY VRPN PP
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FIG. 3. Comparison of the nucleotide sequences of iap-related genes from different Listeria species. Each sequence is compared with that
of the iap gene of L. monocytogenes EGD. Dots indicate identical nucleotides; dashes show nucleotide deletions or gaps inserted in order
to maintain the highest degree of homology between the compared nucleotide sequences. Oligonucleotide sequences selected for PCR are
boxed and titled. The restriction sites for Ps¢I and HindlIIl in the iap gene are underlined. Abbreviations: EGD, L. monocytogenes Sv1/2a

EGD; In6b, L. innocua Sv6b; Ivan, L. ivanovii; Seel, L. seeligeri; Wels, L. welshimeri; Murr, L. murrayi (this sequence shows only the
regions with relatively high homology to the other iap gene sequences). The complete sequence of the iap-related gene of L. murrayi is

available in GenBank [Los Alamos, N.Mex.]).

known serotypes were tested together with representatives
of the other Listeria species. As shown in Fig. 7, only the L.
monocytogenes strains yielded PCR products. The obtained
products differed in size by about 0.1 kb. Assuming that the
observed size differences exclusively reflected variations in
the number of repeat units, the data suggested that, on the
basis of the known numbers of repeat units for L. monocy-

togenes EGD (19 units) and Mackaness (16 units), the largest
number of repeat units were present in the p60 proteins of
the L. monocytogenes strains belonging to serotypes 1/2c,
1/2a (EGD), 3c, and 4a/b, and the smallest number were
present in the p60 proteins of L. monocytogenes strains
belonging to serotypes 4a and 4c. The small number of
repeat units in p60 of these two serotypes was also confirmed
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1.55 kb,

FIG. 4. PCR amplification products obtained by using the oligo-
nucleotide pair Lis1A and Lis1B and lysates from E. faecalis (lane
2), B. cereus (lane 3), and Micrococcus flavus (lane 4). Lane 1, L.
ivanovii. PCR conditions: 30 cycles, each at 94°C for 45 s and then
55°C for 1 min and 72°C for 3 min.

by direct nucleotide sequence analysis, which yielded 11
repeat units (data not shown). The other L. monocytogenes
serotypes appeared to contain a number of repeat units
similar to that of L. monocytogenes 1/2a Mackaness (16
repeat units).

DISCUSSION

The classic microbiological assays, including serotyping
and phage typing (10), of Listeria species are time-consum-
ing and often not very reliable. More recently, hybridiza-
tions with gene probes and synthetic oligonucleotides were
employed for the more rapid detection of Listeria species.
These probes were derived from the genes for listeriolysin O
(1, 4, 6, 14), IRNA (1), delayed-type hypersensitivity (DTH)
factor (/maA) (31), and p60 protein of L. monocytogenes (3,
5, 12, 14, 21, 23).

As shown here, DNA fragments deriving from the 5'- and
3'-terminal regions of the iap gene hybridized with all
Listeria species except L. grayi and L. murrayi. In contrast,
internal iap gene fragments hybridized specifically with L.
monocytogenes only. The hybridization results were in
agreement with the nucleotide sequences of the iap-related
genes from these Listeria species which were obtained from
all Listeria species by PCR with two oligonucleotide primers
complementary to the 5’ and 3’ termini of the iap gene of L.
monocytogenes. These iap-related genes showed high se-
quence homology in the 5’ and 3’ regions but considerable
variations in the middle parts. The sequence data also
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FIG. 5. Genus-specific identification of Listeria species by PCR
with the oligonucleotide pair UnilisA and Lis1B. PCR conditions
were as follows: 30 cycles, each at 94°C for 45 s, 56°C for 30 s, and
72°C for 2 min. PCR products were separated on a 1% agarose gel
which was stained with ethidium bromide. Lanes: 1, L. monocyto-
genes Svl/2a EGD; 2, L. ivanovii; 3, L. seeligeri; 4, L. innocua
Svb6a; 5, L. innocua Svéb; 6, L. welshimeri A; 7, L. welshimeri B; 8,
L. murrayi; 9, L. grayi; 10, B. cereus; 11, M. flavus; 12, E. faecalis.

explained the specific hybridization of DNA from L. mono-
cytogenes isolates with a 500-bp gene fragment (12) and
several synthetic oligonucleotides, all of which derive from
the middle portion of the iap gene.

The comparison of the sequences of the iap-related genes
allowed the rational design of oligonucleotides for a versatile
identification protocol of Listeria species by using PCR.
Application of two primers from the 5'- and 3’-terminal
regions of the iap genes yielded PCR products for all Listeria
species but not for any other bacterial species that were
tested. The middle part of the iap gene, although highly
variable between L. monocytogenes and other Listeria spe-
cies, appeared to be constant for a given Listeria species or
for a group of related Listeria species. By fixing the 3’ PCR
primer which derived from the common 3’-terminal part of
the iap genes and varying the 5' PCR primer according to
species-specific sequences from the middle part of the cor-
responding iap gene, we were able to identify L. monocyto-
genes and L. innocua separately. L. seeligeri, L. ivanovii,
and L. welshimeri showed high homology within the middle
part of their iap genes, and a PCR primer deriving from this
region yielded a PCR product with only this group of Listeria
species. As our unpublished data showed, the iap-related
genes from L. murrayi and L. grayi were highly homologous
in this region, which differed from the corresponding regions
of the iap-related genes of the other Listeria species. This
allowed again the selection of a 5’ PCR primer which
identified these two Listeria species only.

As shown previously (23), part of the variable middle
section of the iap gene of L. monocytogenes determines a
repeat region which consists of two TNy repeat domains
separated by a PSK motif. This symmetrically arranged
repeat domain is virtually absent in all other Listeria species.
The PCR product generated by the L. monocytogenes-
specific PCR primers included this entire repeat region. The
nucleotide sequences of the iap genes from L. monocyto-
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FIG. 6. (A) L. innocua-specific PCR products with the oligonu-
cleotide pair Ino2 and Lis1B. PCR conditions were as follows: 30
cycles, each at 94°C for 45 s, 62°C for 60 s, and 72°C for 45 s. Lanes:
1, Sppl digested with EcoRI; 2, L. innocua Svéab; 3, L. innocua
Své6a; 4, L. innocua Svéb; 5, L. welshimeri A; 6, L. welshimeri B; 7,
L. ivanovii; 8, L. seeligeri; 9, L. monocytogenes Svl/2a EGD; 10, L.
grayi; 11, L. murrayi. (B) L. ivanovii, L. seeligeri, and L. welshimeri
group-specific PCR products with the oligonucleotide pair Siwi2 and
Lis1B. PCR conditions were 30 cycles, each at 94°C for 45 s, 58°C
for 45 s, and 72°C for 1 min. Lanes: 1, Sppl digested with EcoRI; 2,
L. ivanovii; 3, L. welshimeri A; 4, L. welshimeri B; 5, L. seeligeri;
6, L. innocua Své6a; 7, L. innocua Sv6b; 8, L. monocytogenes Svl/2a
EGD; 9, L. grayi; 10, L. murrayi.

genes EGD and L. monocytogenes Mackaness were highly
homologous in all regions but differed in the number of TN
repeat units (19 versus 16). This suggests that the size
difference observed in these PCR products obtained with L.
monocytogenes strains of different serotypes may reflect
variations in the number of the repeat units. On the basis of
this assumption, one can conclude that the analyzed repre-
sentatives of the different serotypes differ from L. monocy-
togenes 1/2 Mackaness (16 units) by plus or minus 1, 2, or 3
repeat units, with the exception of the representatives of
serotypes 4a and 4c, which seem to possess only 2 or 3 TN
repeat units. The rare 4a serotype behaved unusually in
other respects as well; e.g., the ImaA gene probe, which is
highly specific for L. monocytogenes, cannot recognize L.
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FIG. 7. L. monocytogenes-specific PCR products with the oligo-
nucleotide pair MonoA and MonoB. PCR conditions were 30 cycles,
each at 94°C for 45 s, 55°C for 30 s, and 72°C for 1 min. PCR
products were separated on a 6% polyacrylamide gel which was
stained with ethidium bromide. Lanes: 1, molecular size standards;
2, L. monocytogenes Svl/2a EGD; 3, L. monocytogenes Sv1/2a
Mackaness; 4, L. monocytogenes Sv1/2b; 5, L. monocytogenes
Sv1/2c; 6, L. monocytogenes Sv3a; 7, L. monocytogenes Sv3b; 8, L.
monocytogenes Sv3c; 9, L. monocytogenes Sv4a; 10, L. monocy-
togenes Sv4ab; 11, L. monocytogenes Svdb; 12, L. monocytogenes
Svdc; 13, L. monocytogenes Sv4d; 14, L. monocytogenes Svée; 15,
L. monocytogenes Sv7; 16, L. innocua Své6a; 17, L. welshimeri; 18,
L. seeligeri; 19, L. ivanovii; 20, L. murrayi.

monocytogenes strains belonging to serotype 4a (31). Fur-
thermore, L. monocytogenes strains of this serotype exhibit
only low virulence in mice (19). The strain-specific number
of TN repeats may be also useful as a characteristic marker
of L. monocytogenes in epidemiological studies.

The presented data show that the igp-related genes from
Listeria species can be used for the development of a more
versatile identification procedure for Listeria species by
PCR than the reported PCR protocols using mainly the
listeriolysin gene (1, 6). Because of the common and variable
regions within the iap-related genes of the different Listeria
species, a relatively low number of PCR primers may allow
the differentiation of Listeria species and possibly even a
partial serotyping of L. monocytogenes isolates. In contrast
to the listerolysin gene, the iap gene of L. monocytogenes
(and probably also the iap-related genes of the other Listeria
species) is essential for cell viability (40) and will be there-
fore always detectable in the genomes of the Listeria spe-
cies.
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