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Abstract. Listeria monocytogeneis a Gram-positive, facultative intracellular bacterium that causes
invasive, often fatal, disease in susceptible hosts. As a foodborne pathogen, the bacterium has emerged as
a significant public health problem and has caused several epidemics in the United States and Europe.
Three serotypes (1/2a, 1/2b, 4b)lofmonocytogenegre responsible for nearly 95% of all reported cases

of human listeriosisL. monocytogeneserotype 4b has caused all well-characterized foodborne epidemic
outbreaks in North America and Europe between 1981 and 1993. However, most of the genetic studies to
characterize virulence factors bf monocytogenesave been done by using serotypes 1/2a and 1/2c. In

this investigation, we examined three virulence-associated gdmgseficoding listeriolysin,plcA

encoding phosphotidylinositol-specific phospholipase C,alddencoding internalin) of two serotype 4b

and two serotype 1/2b strains. We chose these virulence-associated genes on the basis of published
sequence differences among strains ftdateriasubgroups containing serotypes 1/2a and 1/2c versus 4b,
respectively. They correspond to sequence homologies that include very highly consdyRgdhighly
conservedglcA) and mostly conservedn(A). We found by using nucleotide sequence analysis ofithe

plcA, andinlA genes, the twd.. monocytogenestrains (including a strain associated with a foodborne
disease outbreak in California in 1985) in this study, two serotype 1/2b strains from a study that we
recently reported, and other similar published data for serotypes 1/2a, 1/2c, and 4b, had a high degree of
sequence conservation at the gene and protein levels for all three genes. However, the sequences for the
hly gene ofL. monocytogenestrains of serotypes 1/2b and 4b were more closely related to each other and
showed significant divergence from serotypes 1/2a and 1/2c. A unigue nonsynonymous mutation was
found in thehly gene ofL. monocytogenésolates that were associated with the 1985 California outbreak

and were the epidemic phage type. When L5&onocytogendsolates from the collection at the Centers

for Disease Control and Prevention were screened, the mutation was found only in one other strain that
had been isolated in California 3 years before the epidemic. Although the California epidemic clone was
lactose negative, othér monocytogeneserotype 4b isolates that were lactose negative did not possess
the unique mutation observed in that epidemic clone.

Listeria monocytogeneis a Gram-positive, facultative
intracellular bacterium that is ubiquitously distributed in
the environment. It is capable of causing severe invasive
Use of trade names is for identification only and does not imply diseases such as septicemia meningitis or meningoen-
endorsement by the Public Health Service or by the U.S. Department of halitis i tible host ’ t of IZI .

Health and Human Services. cephalitis in susceptible hosts, most of whom are immu-
nocompromised with underlying conditions such as ac-

Correspondence td. Swaminathan quired immunodeficiency syndrome (AIDS), cancer, renal
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Table 1. Primers for amplification of virulence-associated genés mionocytogenes

Gene Primer set Nucleotide sequerigés-3') References

hly 1-LLO gagaggaggggctaaacagtat [30]
2-LLO tcgtgtgtgtgttaageggt

plcA pipinfront accaggtacacatgaatacga [25, 32]
pipoutback ccgaggttgctcggagatat

inlA inlafp2 ttgtaaaacgacggccagtggatatagacccgctt [13]
inlarpl aaacagctatgaccatgttctatttactactagcac

aM13 sequences underlined.

failure, or organ transplants [14]. monocytogeneslso At least seven different virulence-associated genes of
causes abortions and stillbirths in otherwise normallL. monocytogenekave been characterized [36]. In this
pregnancies. Over the past decade, the organism hasvestigation, we sequenced three virulence-associated
caused several epidemics in the United States andenes lily gene encoding listeriolysin [LLORICA gene
Europe. Epidemiologic studies have implicated contami-encoding phosphotidylinositol-specific phospholipase C,
nated foods such as poultry, dairy products, and frestandinlA gene encoding internalin) for four ETGB strains
vegetables in the transmissionlafmonocytogendg3]. of L. monocytogenethat included the 1985 California
Thus, the organism has become increasingly important in thepidemic strain. The nucleotide sequences were com-
clinical setting and a substantial problem for the food industrypared with published sequences for the same genes for

At least 13 serotypes &f monocytogendsave been ETGA strains (serotype 1/2a and 1/2c) and analyzed to
identified; however, only 3 (1/2a, 1/2b, and 4b) causedetermine the extent of evolutionary diversity among
95% of human listeriosis [14]. Despite a lower overall serotypes and the presence of unique mutations in the
frequency of isolation fronkisteria-contaminated foods epidemic-associated strain.
[35], L. monocytogeneserotype 4b appears to be more
associated with human disease than serotypes 1/2a aMgterials and Methods
1/2b. In fact, all six major outbreaks of foodborne gacterial strainsThe Listeria strains used in this study came from
listeriosis in North America and Europe since 1981 werehuman and environmental sources and were obtained from the collec-
caused by serotype 4b [4, 12, 27, 29, 39, 42]. A specifidions at the Centers for Disease Control and Prevention (CDC).
clone (identified by bacteriophage typing and mum'OCUSBaCter‘ial cultures were stored‘frozen in sheep bIood—30°C.‘ The

. bacteria were cultured by plating on tryptic soy agar containing 5%

enzyme elegtrophpre5|§ [MEE]) .of serotype.4b WaSgpcen blood at 35°C for 16-18 h.
associated with epidemic disease in outbreaks in Califor-  Four L. monocytogenestrains were used for sequence analysis
nia and Switzerland [3, 7, 33]. A very closely related and included an epidemic serotype 4b strain (F2365) associated with the
strain (by serotyping, phage typing, and DNA restriction 1985 California epidemic [3] and three nonepidemic strains that were chosen
patterns) was implicated in a French listeriosis outbreaPased on the frequency of isolation of the selected enzyme types (ET): F5782

. . . (serotype 4b); F6798 (serotype 1/2b); and F4233 (serotype 1/2b).
attributed to contaminated pork tongue in jelly [26, 39]. A battery of 158_.. monocytogendsolates from the collections at

Also, L. monocyt_ogeneserotyp_e 4b_ is _the mOSt_frequent CDC were used in a DNA probe assay to screen them for a specific
cause of sporadic foodborne listeriosis. Investigations ofnutation found in thehly gene of an epidemic strain. The following
foodborne listeriosis indicate foods that contain serotypeserotypes were represented in the strain set (numbers in parentheses
4b isolates are more Iikely to contain the patient_indicate the number of isolates in a specific serotype): 1/2a (17), 1/2b

. . . . 20), 1/2¢ (2), 3b (1), 4b (113), 4 (1), 4bX (3), and undetermined (1).
matChmg strain [35]' Because available evidence doe olates from the outbreaks in Nova Scotia (1), Massachusetts (8),

not indi(fate an overwhelming presence of serotype _4b_ ifcalifornia (11), Costa Rica (1), England and Wales (19), Switzerland
the environment to account for its increased associatiofB), and France (3) were included. The 158 isolates comprised 100
with human disease, serotype-specific differences thatinical and 58 food isolates. Oteinnocuaisolate from an environmen-
may enhance virulence must be explored. tal source' vyas _used as Fhe negative control for species identification in
. . —_— DNA hybridization experiments (see below).
MEE divides L. monocytogeneito two distinct
clusters (ETGA and ETGB), separable from each other aPNAisolation. Chromc_)somal DNAwas extracted frdasteriaspp. by
a genetic distance of approximately 0.45[3’ 33]_ ETGA is? m‘ethod d‘eveloped in our Iabpratory [1_6, 17]. For some polymerase
d of.. monocvtogeneserotvbes 1/2a and 1/2¢ chain reaction (PCR) amplication experiments, the target DNA from
compose o ytog yp ' Listeriastrains was prepared by a rapid cell lysis protocol [20].
and ETGB is composed of serotypes 1/2b and 4b. These _ _
data suggest an evolutionary divergence within theAmleflcatlon and sequencing of V|rulenc_e genesTh(_ath, plcA, and
iesl t aVheth t th diff inlA genes were amplified by PCR by using a Perkin EImer thermocy-
Species.. monocy Oger?e € er or no ese dirrer- cler and GeneAmp DNA amplification reagent kit (Perkin Elmer Cetus,
ences are related to virulence differences among serqorwalk, CT). The PCR reaction mixture contained 15 pmoles each of

types ofL. monocytogenes not known. two gene-specific primers (Table 1), 100 nd.isfteriatarget DNA or 10
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pl of cell lysate, PCR reaction buffer containing 5&riCl, 10 nm For labeling, each oligonucleotide probe was diluted with deion-
Tris-HCI (pH 8.3), 1.5 mu MgCl,, 0.001% (wt/vol) gelatin, 200 Nu ized water to a final concentration of 200 ng/pl, and 1 pl was mixed with
each of dATP, dGTP, TTP, dCTP, and 2.5 uriem) polymerase in a 6 pl of 10X elution buffer (1.0 mu Tris-HCI [pH 7.4], 0.01% SDS, 5.0
reaction volume of 100 pl. The reaction mix was overlaid with 100 pl of mm NacCl), 10 pl ofy - [32P]JATP (10 mCi/ml, New England Nuclear
mineral oil. Amplifications were carried out for 25—-30 cycles (96°C/30 s Research Products, Boston, MA), and 41 pl of deionized water. Three
denaturing, 45°-58°C/15-30 s for annealing, and 60°~72°C/1-2 mirunits of T4 polynucleotide kinase (United States Biochemical [USB],
extension, depending on the thermal denaturing characteristics of th€leveland, OH) were added. The reaction mix was incubated at 37°C
primer pair), with a final extension for 10 min at 60°C. Generation of for 45 min and used directly in hybridization experiments.
amplicons (PCR-amplified products) was verified by agarose gel Prehybridizations and hybridizations were done according to the
electrophoresis. Additional primers (20-mers) for sequencing of theprocedure of Wood et al. [51]. Briefly, prehybridization was done in 30
virulence-associated genes were made as needed by designing them of prehybridization solution containing Denhart’s solution (0.02%
from published data [9, 13, 25, 30]. Ficoll, 0.02% bovine serum albumin, and 0.02% polyvinylpyrrolidone)
Excess nucleotides and enzyme were removed from the PCRind 0.1 mg/ml of fish sperm DNA (USB). The hybridization was done
mixture with a Qiagen PCR purification spin kit (Qiagen, Chatsworth, in 3 ml of prehybridization solution containing the labeled probe at
CA). The double-stranded templates were sequenced by using thg7°C overnight. Washings were done in tetramethylammonium chloride
dideoxy chain termination method [41] arkaq Dye-Primer Cycle  (TMAC) solution (3w TMAC, 50 mm Tris-HCI [pH 8], 2 mv EDTA,
Sequencing kit ofaqDye-Terminator Cycle Sequencing kiton amodel (.19 SDS) at 37°C, 45°C, 58°C, and 65°C. After each wash, filters were
373A DNA sequencer (Applied Biosystems, Foster City, CA). Nucleo- exposed to X-ray film for 16—72 h at70°C by using Kodak X-Omatic

tide and protein sequences were analyzed by DNASTAR (DNASTAR fiim cassette (Kodachrome X-ray film; Kodak) with intensifying
Madison, WI) or DNASIS (Hitachi Software Engineering America, screens.

Brisbane, CA). A Biolmage DNA sequence analysis system (Biolmage,
Ann Arbor, MI) equipped with sequence assembly manager softward?NA probe assay to screeth.. monocytogenefor a specific mutation
was used for the assembly of nucleotide sequences. found in the epidemic isolatesDot blot hybridization was performed

The GenBank (GenBank, Los Alamos, CA) accession numberswith all Listeria strains listed above by using two probes derived from
for hly (F2365, 4b); (F5782, 4b); (F4233, 1/2b); (F6798, 1/2b) are ashly gene sequence. One probe, LLO-900MABTTTCATCCATAG-
follows: U25443, U25446, U25449, and U25452, respectively. The CACCACS3, contained the sequence from the 1985 California epidemic
accession numbers f@icA (F2365, 4b); (F5782, 4b); (F4233, 1/2b); strain and the other, LLO9OOAATTTCATCCATGGCACCACS,
(F6798, 1/2b) are: U25444, U25447, U25450, and U25453, respeccontained the sequence from a serotype 4b strain previously sequenced
tively. Accession numbers for partial sequences forittha gene for by Rasmussen et al. [38]. In addition, the 900 designation in the name of
these same strains are U25445, U25448, U25451, and U25454hese two oligonucleotides corresponded to the position ihithgene
respectively. of a L. monocytogeneserotype 4b strain [38], where the mismatch

_ ) ) between 4b (wild-type) and the epidemic-associated strain (F2365)

Phyloggnetlc analy5|s' of the genes coding for !_LO and other . curred. Probe LLO-100:'BTGAAAAAAATAATGCTAGT3 ' de-
cytolysins. The nucleotide sequences of the cytolysing afionocyto-  jyeq from a conserved area of théy gene specifically reacted with

genes L. ivanovii subsp.ivanovii, L. seeligerj Streptococcus pneu- | - monocytogenestrains and was used as a positive control for
moniag Bacillus alvej andClostridium perfringeng$9, 15, 19, 24, 30, hybridization.

31, 38, 45, 48] obtained from GenBank data base were aligned along

with the fourhly nucleotide sequences from monocytogenedeter- Lactose fermentation reaction.Lactose reactions were determined for
mined in this investigation by using the multisequence alignmentall L. monocytogenestrains by inoculating 10 pl of bacterial suspen-
program PILEUP [8; Genetic Computer Group (GCG), Madison, WI] sions into 5 ml of lactose fermentation media (Enteric Fermentation
running on a VAX computer. Sequence alignments were edited toMedia base [pH 7.2], supplemented with 1% lactose; Difco Laborato-
remove nucleotide sequence gaps at tharll 3 ends, leaving 1427 ries, Detroit, MI). The tubes were incubated at 35°C for 7 days. A
positions for calculation of evolutionary distance. The phylogenetic positive reaction was indicated by a color change to red.

relationship among the cytolysins was determined by using version 3.5

of the PHYLIP software package [11]. The bootstrap method for placing

confidence intervals on inferred phylogenies [10] was utilized with 100

samplings of the nucleotide sequences. A similarity matrix was Results

calculated by using the method of Jukes and Cantor [22]. The . . . .
neighbor-joining method of Saitou and Nei [40] was employed to Comparative sequence analyS|S of virulence-associ-
convert the similarity values to an (unrooted) phylogenetic tree. Toated genes.Nucleotide sequence analyses of thig,
generate an alternative (unrooted) phylogenetic tree, maximum parsiplcA, andinlA genes from the four ETGR. monocyto-
mony method was done with DNAPENNY from the same PHYLIP genesstrains ('[WO of serotype 1/2b and two of 4b) and
software package. two previously published sequences for ETGA strains
Dot blot hybridization. Listeriachromosomal DNA was denatured and (one of serotype 1/2a and one of 1/2c) showed significant

immobilized on nylon membranes as previously described by Kafatos e onservation of nucleotide and amino acid sequences
al. [23]. For each probe, experiments were repeated at least three time 0 .
The probes (20-mers) for hybridization witlisteria DNA were (5>97 /0) among these strains (Table 2)'

synthesized on Applied Biosystems model 380A or 380B DNA Although virulence-associated gene products from
synthesizers with standard phosphoramidite chemistry [2, 21]. ThedifferentL. monocytogenestrains may be identical, the
20-mers were purified to a single homogeneous band on a Waters W60@rimary nucleotide sequences that encoded them may not
high-performance liquid chromatographic system. Buffers and gradienbe because of silent or synonymous mutations. We
conditions used are described elsewhere [44]. The 20-mers Wweral5 therefore analvzed th leotid in the th
labeled with3?P, according to the methods described by Maniatis et al. y _e € nucleotide SeqL_JenC_eS In . e three
[28], except that after labeling, unlabeled and labeled probes were noYirulence-associated genes for the fdusteria strains.

separated. Most of the heterogeneity (including synonymous and
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Table 2. Nucleotide and amino acid sequence homologies between
the virulence-associated gened @fteria monocytogenes
used in this study

Amino acids
(total no. 529)

Nucleotides
(total no. 1590)

No. of No. of
Strain no. differences differences
(serotype)  from reference % from reference %
hly gene strair? homology strain homology
F236% (4b) 42 97.4 4 99.2
F4233 (1/2b) 43 97.3 3 99.4
F5782 (4b) 42 97.4 3 99.4
F6798 (1/2b) 43 97.3 3 99.4
12067 (4b) 42 97.4 3 99.4
Nucleotides Amino acids
(total no. 954) (total no. 317)
No. of No. of
differences differences
from reference % from reference %
plcAgene strairf homology strain homology
F236% (4b) 24 97.5 7 97.8
F4233 (1/2b) 23 97.6 7 97.8
F5782 (4b) 24 97.5 7 97.8
F6798 (1/2b) 23 97.6 7 97.8
Nucleotide$ Amino acids
(total no. 1027) (total no. 344)
No. of No. of
differences differences
from reference % from reference %
inlA gene strainf homology strain homology
F236% (4b) 19 98.8 4 99.2
F4233 (1/2b) 22 97.6 4 99.2
F5782 (4b) 23 98.6 5 98.1
F6798 (1/2b) 22 97.6 4 99.2

aDomann and Chakraborty, [9] (reference strain-serotype 1/2a).

b L. monocytogenestrain from 1985 California epidemic outbreak.

¢ Rasmussen et al. [38] (serotype 4b).

dMengaud et al. [32] (reference strain-serotype 1/2c).

¢inlA gene is 2232 bp long and encodes a protein of 744 amino acids.
fGaillard et al. [13].
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following ETGB strain-pairs for this gene: F6798 and
F5782, F5782 and F2365, and 12067 and F5782
(Table 3).

In the plcA gene, the two ETGB strains of serotype
4b (F2365 and F5782) had identical nucleotide se-
quences; however, no more than three nucleotide differ-
ences were present among all ETGB strains (Table 3).

Partial sequence analysis of tinéA gene in the four
L. monocytogenestrains from ETGB indicated greater
divergence in thénlA gene tharhly or pIcA genes from
L. monocytogene#és shown in Table 3, more nucleotide
changes were found in tel A gene than thély gene and
plcA gene among the four ETGB strains. The location of
specific deduced amino acid changes intthyeplcA, and
inlA genes is shown in Table 4. Three amino acid changes
were observed between the ETGA and ETGB strains in
the LLO sequence at positions 35, 438, and 523, respec-
tively, from the NH-terminal. Except for California
epidemic strain F2365, all ETGA and ETGB strains had
methionine at position 39 of LLO; F2365 had an isoleu-
cine at this location.

Three of the four ETGB strains (F2365, F4233,
F5782) had identical deduced amino acid sequences
encoded by theplcA gene. In one strain (F6798) a
different amino acid in theplcA gene product was
predicted at position 211 (Table 4). The deduced amino
acid at position 211 in that strain was asparagine, a
neutral amino acid. The weakly basic (positively charged)
histidine was present at that position in the other ETGB
strains (Table 4).

There was no specific pattern to the nonsynonymous
mutations in theinlA gene. In contrast, three of four
deduced amino acid sequenceskHbyror six or seven for
plcA were identical in the four ETGB strains (Table 4).

Comparative phylogenetic analysis of thiol-activated
cytolysins. The phylogenetic relationships of various
thiol-activated cytolysins are shown in Fig. 1. Because
both neighbor-joining and maximum-parsimony analyses
generated essentially the same phylogenetic trees, for
simplicity, Fig. 1 shows only the neighbor-joining tree.

nonsynonymous mutations) in the three virulence-1N€ hly genes encoding LLO irL. monocytogenes

associated genes was found between the two previous
identified subgroups fdr. monocytogenestrains: ETGA

?erotypes 1/2b and 4b formed a cluster that was separated
rom hly of L. monocytogeneserotypes 1/2a and 1/2c.

(serotypes 1/2a and 1/2c) and ETGB (serotypes 1/2b anfhe genes encoding seeligerolysin. (seeliger) and

4b) [3, 33]. Thehly genes from the four ETGB strains

ivanolysin L. ivanoviisubspivanovii) were more closely

showed one to five differences in their nucleotide selrelated tohly of serotypes 1/2a and 1/2c, which were

guences. The most nucleotide differences inttlyggene
from ETGB were found between F2365 (an epidemic-

identical. The other genes for cytolysins, including
streptolysin O, alveolysin, perfringolysin O, and pneumo-

associated strain) and F4233 (a high-frequency ET serdysin were found to all share a common line of descent
type 1/2b), which had five nucleotide differences (Tablewith the Listeria cytolysin genes. Alveolysin was the
3). Asingle nucleotide difference was found between themost distantly related.
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Table 3. Nucleotide sequence differences between pahtygblcA,andinlA gene sequences amohigteria monocytogeneserotypes

No. of nucleotide differences from serotype

Strain no. LO28/EGD F2365 F4233 F5782 F6798 12067

(serotype) Gene 1/2a, 1/2¢ 4b 1/2b 4b 1/2b 4b
hly

LO28, EGD (1/2a¥:c)? —

F2365 (4b) 42 —

F4233 (1/2b) 43 5 —

F5782 (4b) 42 1 4 —

F6798 (1/2b) 43 2 1 —

12067 (4bY 42 2 3 1 2 —
plcA

EGD* (1/2c) —

F2365 (4b) 24 —

F4233 (1/2b) 23 1 —

F5782 (4b) 24 0 1 —

F6798 (1/2b) 23 3 1 2 —
inlA

L0284 (1/2a) —

F2365 (4b) 19 —

F4233 (1/2b) 22 11 —

F5782 (4b) 23 4 7 —

F6798 (1/2b) 22 11 2 7 —

aDomann and Chakraborty [9]; Mengaud et al. [30].
b Rasmussen et al. [38].

¢ Mengaud et al. [32].

d Gaillard et al. [13].

Screening ofL. monocytogenessolates for the muta-  consisting of serotypes 1/2b, 3b, and 4b [3, 33]. Similar
tion found in the hly gene of the California epidemic  findings are also obtained by ribosomal DNA fingerprint-
strain. Using the oligonucleotide probe LLO-900M in a ing [18]. These observations suggest an evolutionary
dot blot hybridization format, we screened the 158divergence within the speciés monocytogenesesult-
isolates ofL. monocytogenefor the specific mutation ing in two lineages, one consisting of serotypes 1/2a, 3a,
found at position 117 of thaly gene. Eleven strains of and 1/2c, and the other consisting of serotypes 1/2b, 3b,
serotype 4b reacted with the probe indicating the presand 4b. Whether such a divergence is evident in virulence-
ence of the mutation (Table 5). Of these, 10 wereassociated genes among serotype&.ahonocytogenes
associated with the 1985 California epidemic and were th@vas not known.
epidemic phage type. The eleventh strain (F7188) was also  The clustering of epidemic. monocytogenestrains
from California but had been isolated from a case in 1982.  exclusively within ETGB prompted us to investigate
Of the 158 strains of.. monocytogenetested for  virulence-associated genes from that cluster. The four
lactose utilization that included the epidemic prototypel. monocytogenestrains selected for sequence analysis
strain (F2365), 17 were lactose negative (Table 5). Theyrom ETGB included the 1985 California epidemic strain
included all 11 strains that reacted with the LLO-900M (F2365) and three nonepidemic strains (F4233, F5782,

oligonucleotide probe. F6798). The nonepidemic strains were either serotype
1/2b or 4b and were selected on the basis of the frequency
Discussion of isolation of their ET from clinical specimens and

foods. F5782 (serotype 4b) is a low-frequency ET (6 of
Differences at the molecular level among serotypes ofl414 isolates from foods and cases characterized by MEE
L. monocytogendsave been reported by several investi-at CDC are this ET); F6798 (serotype 1/2b) is also a
gators. MEE, which samples approximately 1% of thelow-frequency ET (3/1414). F4233 (serotype 1/2b) is a
Listeria genome for nonsynonymous mutations that re-high-frequency ET (78/1414) (M.W. Reeves, CDC, unpub-
sult in changes in net charge of metabolic enzymeslished data).
dividesL. monocytogenesolates into two groups, one We recently reported for the first time data compar-
consisting of serotypes 1/2a, 1/2c, and 3a, and the otheng the nucleotide sequences for thlg andplcA genes
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Table 4. Differences in the deduced amino acid sequences of three virulence-associated lgstessaahonocytogenegtrains

Amino acid ir?

Amino acid Strain no.: F2365 F4233 F5782 F6798 12067¢ LO28d EGD®
Gene position Serotype: 4b 1/2b 4b 1/2b 4b 1/2a 1/2¢
hly
35 L L L L L S S
39 | M M M M M M
438 | | | | | \ \
523 S S S S S K K
plcA
13 \Y \% \Y \% \% L L
19 C C C C C Y Y
57 S S S S S N N
76 M M M M M | |
112 K K K K K N N
211 H H H N R R
220 S S S S P P
inlAf
68 S T S T T
113 S N S N N
119 F L L L F
179 L W L w L
218 R P P R S
342 E E E E A

a Amino acid symbols: Alanine (A), Cysteine (C), Glutamic acid (E), Phenylalanine (F), Arginine (R), Serine (S), Lysine (K), Leucine (L),
Methionine (M), Asparagine (N), Proline (P), Histidine (H), Isoleucine (1), Threonine (T), Valine (V), and Tryptophan (W).

b Rasmussen et al. [38hy andplcA, serotype 4b).

¢ Partial amino acid sequence information availablepfoA.

d Domann and Chakraborty [9hky/A, serotype 1/2a) and Leimeister-Watchter et al. [2HEA).

€ Mengaud et al. [30]Hly); Mengaud et al. [32] IcA); and Gaillard et al. [13]i(lA).

f Partial sequence analysis of inéA gene (i.e., only a third of one strand from thedihd was sequenced).

9 Position 523 (not 532 as reported [47]) is correct.

for two serotype 1/2b strains bf monocytogendd7].In  the epidemic-associated strain. However, isoleucine and
this report, we extend these studies to investigate obmethionine are both nonpolar and hydrophobic; there-
served differences between epidemic (4b) and nonepifore, this represents a neutral amino acid substitution.
demicL. monocytogenegl/2b and 4b) strains. In addi- Thus, the functional significance of this mutation is not
tion, we furnish nucleotide sequences forithid (partial ~ clear.
sequence only) gene. Three of the four ETGB.. monocytogenestrains

We found a high level of nucleotide sequencehad identical deduced amino acid sequences for phosphoti-
homology ¢&97%) in the three virulence-associated dylinositol-specific phospholipase C encoded figA.
genes for the fouk. monocytogenestrains. The deduced One (F6798; serotype 1/2b) strain had a honsynonymous
amino acid sequences for LLO from three of the fourmutation that changed the predicted amino acid at
ETGB strains (F4233, F5782, and F6798) were identicalposition 211 from histidine to asparagine. Because aspara-
One nonsynonymous mutation was found in the epidemicgine is uncharged (polar) and histidine is positively
associated ETGB strain, F2365. It predicted a change igharged, this substitution in phosphotidylinositol-specific
the deduced amino acid sequence for LLO at position 3®hospholipase C sequence results in a change in net
from methionine to isoleucine. Comparison of the de-charge.
duced amino acid sequences for LLOs and ivanolysin, a  When plcA sequences of ETGA and ETGB were
related thiol-activated cytolysin frorh. ivanovii subsp. compared, seven differences were observed in the amino
ivanovii, showed that methionine is also conserved at thisacid composition. Five of these had been previously
location in ivanolysin [19]. The nonsynonymous muta- identified by Rasmussen et al. [38].
tion in the hly gene of the California epidemic strain is Four or five amino acid differences were found in the
immediately downstream of the signal peptide in LLO partial sequence of thalA gene product in the four
and may affect processing of the mature LLO molecule inETGB strains when compared with an ETGA strain.
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., | HIi5782* Table 5. Correlation between lactose-negatiiseria monocytogenes
52% HIf2365" strains serotype 4b and their reactivity with LLO-900M prdbe
100% % Probe
Him 62709 Lactose  LLO-900M
100% ____ HIm 18638 Strain reactior? reactivity Comments
100%) Hix 52474
— VHIm 17717 F2365 - + California epidemic
Hix 60462 (;985_); epi_-pha_ge type
F2380 - + California epidemic
Hix 60461* (1985); epi-phage type
F2383 - + California epidemic
Hix 15127* (1985); epi-phage type
F2379 - + California epidemic
31% | Hif 4233* (1985); epi-phage type
47% | Hix 60035 F6823 - + California epidemic
62% | HIf 6798 (1985); epi-phage type
F7004 - + California epidemic
—— (1985); epi-phage type
Fig. 1. Phylogenetic tree showing the positionla$teria cytolysins F7394 - + California epidemic
among related thiol-activated cytolysins. The tree was inferred from (1985); epi-phage type
cytolysin-gene similarity data by the neighbor-joining method [40] with F6902 - + California epidemic
bootstrap analysis [10]. The percentage of bootstrap replications that (1985); epi-phage type
yielded each group is indicated. Horizontal length represents geneti¢7188 — + California sporadic
distance, and the bar represents 5% nucleotide difference. Vertical (1982); not phage
lengths are not meaningful. Thésteria cytolysin genes are indicated typed
with an asterisk. Branch designations: hix6008ly,serotype 4b [38]; F6955 — + California epidemic
hlf4233, hly (this study, serotype 1/2b); hif5782ly (this study, (1985); epi-phage type
serotype 4b); hlf679&ly (this study, serotype 1/2b); hif236Bly (this F7008 - + California epidemic
study, serotype 4b); him18638, streptolysin O gene [24]; him62709, (1985); epi-phage type
alveolysin gene [15]; him36704, perfringolysin O gene [45]; him17717 F6803 - — California sporadic
and hIx52474, pneumolysin gene [48]; hIx60462, seeligerolysin (1989); epi-phage type
gene[19]; hix60461, ivanolysin gene [19]; him241989y (serotype G2120 - — California sporadic
1/2¢,[30]); and hIx1512Hly (serotype 1/2a [9]). (1989); epi-phage type
F7209 - - California epidemic

(1985); phage type

. . . different from epi-
These amino acid differences were not always the same P

from strain to strain. Therefor@lA gene appears to be g»113 - - C;;irl‘]sieiatf;)iradic iso-
more divergent than the other two virulence-associated late (1989); not phage
genes. Poyart et al. [37] have recently identified DNA typed

polymorphism in an intragenic region a@flA, which ~ 62111 - - California sporadic iso-
spans a region not investigated in this study (Table 3). ';tpeegl%g)’ not phage
These mutations may contribute to the variability in go116 _ - California sporadic iso-
pathogenicity observed among viruleht monocyto- late (1989); not phage
genesstrains [34]. However, the Poyart et al. [37] study typed

could not determine a correlation between the genetic

. I . . 2LLO-900M: 5 AATTTCATCCATAGCACCACS..
polymorphism ofnlA and epidemic or sporadic behavior b7d2y20§35§c CATCCATAGCACCACS

of the L. monocy;ogenestrains. Gai”"_ird et _al- [13]  <phage typing data obtained from Prof. Dr. A. Audurier, Laboratoire de
suggested that thalA gene product (internalin) may Bacteiologie, Hipital Trousseau, Paris, France.

exhibit functional and antigenic variability. The func-
tional variability may explain why certain clones are genes encoding fdristeria cytolysins. The genes encod-
apparently more virulent than others [3, 5, 33]. Theing LLO in L. monocytogeneseparated into two clusters.
antigenic variability may aid.. monocytogeneism evad-  Cluster | consisted of serotypes 1/2a and 1/2c, and
ing the host’'s immune response mechanisms. Cluster Il consisted of serotypes 1/2b and 4b. The genes
Phylogenetic analysis of the gene sequences enco@ncoding seeligerolysin and ivanolysin were more closely
ing cytolysins revealed interesting information about therelated to Cluster |. Cluster I, which included the
relatedness ot.isteria cytolysins to each other and to epidemic strain, appears to have diverged the farthest
other thiol-activated cytolysins. The genes encodingfrom the otherListeria cytolysins (i.e., Cluster | LLO,
alveolysin were found to be most distantly related to theseeligerolysin, and ivanolysin).
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There was no pattern to the amino acid differencesecent California isolates tested had the unique mutation
found in theinlA gene from ETGA and ETGB strains. In in thehly gene.
contrast, sequence differences in titg andplcA genes All of the L. monocytogenestrains that had the
varied according to serotype (based on somatic an@nhutation were also lactose negative. However, no definite
flagellar antigens) or ET (based on variations in electro-correlation was found between the inabilitylofmonocy-
phoretic mobility of constitutive metabolic enzymes). togenestrains to utilize lactosdgc~) and the occurrence
Thus, inL. monocytogengsly andplcA genes appear to  of thehly mutation. All strains that had the mutation were
be evolving at approximately the same rate as the changesc—; however, not allac™ strains had the mutation. The
in the genes coding for essential cytoplasmic enzyme anghability of L. monocytogenestrains to utilize lactose
the immunogenic surface antigens that are utilized incoupled with the unique mutation found in thigA gene,
serotyping. In contrasinlA gene (belonging tanlAB  which correlated with the 1985 California epidemic
operon) appears to be evolving at a faster rate. Thetrain, may indicate phage involvement. However, both
evolution of theinlA gene inL. monocytogenemiay be  F803 and G2120 strains with the epi-phage type (Table
similar to the evolution of genetic diversity in uropatho- 5) did not utilize lactose nor have the mutation. It is
genicEscherichia coliln this organism, the pyelonephri- probably more likely that the correlation between epi-
tis-associated, pilus-related gene clusters that are assoghage type anthc- phenotype in the California epidemic
ated with virulence appear to be evolving at a faster ratg;rajn is just coincidental. Whether some other underlying
than ribosomal operons or the genes coding for constitugenetic defect, unrelated to lactose utilization, may have

tive enzymes [1]. o o _ __occurred in strains not phage typed is not known
In this investigation, epidemic and nonepidemic (Table 5).

L. monocytogenestrains were screened for the unique Becausel. monocytogenessolates belonging to

mu;[jatmn ",’e”t'f'ﬁd |hrhly %ene of eP'dem'C strain Flf%? ETGB have been responsible for several epidemics in
to .dete.rmlr;elw ?;Eher t tetmutatlon Was.f.a m<|’:1rfer thorNorth America and Europe, this group may contain
epidemic strains. The mutation was Specitic only 1or tN€q i g that have enhanced virulence [3, 5, 33]. Because
California epidemic strain. Although MEE subtyping and ) : . . : .
mutations unique to the epidemic-associated strains were

bacteriophage typing suggested that a single clone War?ot found in the three virulence-associated genes investi-

responsible for the California and Switzerland outbreaks ated in this study, further studies should be directed to

[3, 7, 33], none of the Swiss outbreak strains tested ha&n o . .
. o . the characterization of other known virulence-associated
the specific mutation in thély gene. Also, the strain

responsible for the recent French outbreak, which is ver)genes_ (e.g.actA prfA, plcB, _mIB) or new IV|ruIence_—

closely related to the California and Switzerland epi_assomated genes. Subtrgctlve hybr'|d|za§|on [46]. IS a
demic strains by serotyping, phage typing, and DNApow‘erful tool for. exploring the eplldemlc_-assomated
restriction patterns[26, 39], did not have the mutation.Strains for new virulence factors. Using this approach,

The only other isolate that had the unique mutation foundnvestigators may find unique sequences in the epidemic
in the California epidemic strain had been isolated instrain that include genes encoding other virulence factors

California 3 years before the California epidemic. The©F genes coding for factors that regulate the synthesis of
isolate was obtained from a 66-year-old man who had/irulence factors. In addition, subtractive hybridization
lung cancer and a dual infection with monocytogenes ©f a strain grown in vivo from the same strain grown on
and SalmonellaGroup D (serotype Dublin). This isolate laboratory culture media may provide information on
was indistinguishable from the Mexican-style cheesen€w and unique gene products expressed by the clone
isolate ofL. monocytogenewhen they were character- under in vivo growth conditions.

ized by DNA macrorestriction analysis by pulsed-field Finally, serotype-specific and strain-specific muta-
gel electrophoresis with two restriction enzymégd  tions in virulence-associated genesLofmonocytogenes
and Asd) according to the method of Brosch et al. [6] have been identified in this study. Methods such as PCR
(data not shown). The patient had a history of drinking[40], ligase chain reaction [50], and in situ hybridization
certified raw milk. Because contaminated, Mexican-style[49] could be developed by using oligonucleotides made
cheese responsible for the California epidemic wadrom regions that include specific mutations. These
presumably made from contaminated raw milk, it is methods could be used to rapidly screen a large number
possible that these cases may have resulted from dietaof isolates to identify a specific virulent clone such as the
exposure to the same clone from raw milk. It is not clearone that caused the epidemic in California in 1985. This
why this clone resurfaced after 3 years to cause thevould be beneficial in investigations of foodborne epi-
outbreak and why it disappeared after 1985. None of thelemic outbreaks and for screening of foods.



A. Vines and B. Swaminathan: Nucleotide Sequence Analysis nfonocytogeneStrains

ACKNOWLEDGMENTS

We thank Dr. Fred Quinn for helpful comments and Mr. Brian Holloway

and Mr. Eddie George for the preparation of oligonucleotide sequencing17

primers, and Ms. Peggy Hayes for verifying the information on the

strains used in this study. The advice and technical consultations of Mr.

Lewis Graves, Dr. Changmin Kim, Ms. Ann Whitney, Dr. Karen Potts,
and Dr. Claudiu Bandea are acknowledged. A special thanks to Dr. Pa

Rota for his assistance and expertise in maximum-parsimony analysis.

Literature Cited
1. Arthur M, Arbeit RD, Kim C, Beltran P, Crowe H, Steinbach S,
Campanelli C, Wilson RA, Selander RK, Goldstein R (1990)

Restriction fragment length polymorphisms among uropathogenic,

Escherichia colisolatespap-related sequences compared with
operons. Infect Immun 58:471-479

2. Becker CR, Efcavitch JW, Heiner CR, Kaiser NF (1985) Use of a
C,4 column for reverse-phase high-performance liquid chromato-
graphic purification of synthetic oligonucleotides. J Chromatogr A
326:293-299

3. Bibb WF, Schwartz B, Gellin BG, Plikaytis BD, Weaver RE (1989) 22.

Analysis ofListeria monocytogendsy multilocus enzyme electro-
phoresis and application of the method to epidemiological investi-
gations. Int J Food Microbiol 8:233-239

4. Bille J (1990) Epidemiology of human listeriosis in Europe, with
special reference to the Swiss outbreak. In: Miller AJ, Smith JL,
and Somkuti GA (edsfroodborne listeriosisNew York: Elsevier,
pp 71-74

5. Boerlin P, Piffaretti JC (1991) Typing of human, animal, food and
environmental isolates dfisteria monocytogeneby multilocus
enzyme electrophoresis. Appl Environ Microbiol 57:1624-1629

6. Brosch R, Brett M, Catimel B, Luchansky JB, Ojeniyi B, Rocourt J
(1996) Genomic fingerprinting of 80 strains from the WHO
multicenter international typing study dfisteria monocytogenes

via pulsed-field gel electrophoresis (PFGE). Int J Food Microbiol 2g.

32:343-355

7. Buchrieser C, Brosch R, Catimel B, Rocourt J (1993) Pulsed-field

gel electrophoresis applied for comparibigteria monocytogenes
strains involved in outbreaks. Can J Microbiol 39:395-401

8. Devereux J, Haeberli P, Smithies O (1984) A comprehensive set of

sequence analysis programs for the VAX. Nucleic Acids Res
12:387-395

listeriolysin gene from é&Listeria monocytogeneserotype 1/2a
strain. Nucleic Acids Res 17:6406

9.
10. Felsenstein J (1985) Confidence limits on phylogenies: an approacﬁ

using the bootstrap. Evolution 39:783—-791

sion 3.2). Cladistics 5:164-166
12. Fleming DW, Cochi SL, MacDonald KL, Brondum J, Hayes PS,
Plikaytis BD, Holmes MB, Audurier A, Broome CV, Reingold AL

(1985) Pasteurized milk as a vehicle of infection in an outbreak of31

listeriosis. N Engl J Med 312:404-407

13. Gaillard JL, Berche P, Frehel C, Gouin E, Cossart P (1991) Entry of

L. monocytogenemto cells is mediated by internalin, a repeat
protein reminiscent of surface antigens from gram-positive cocci.
Cell 65:1127-1141
14. Gellin BG, Broome CV (1989) Listeriosis. JAMA 261:1313-1320
15. Geoffroy C, Mengaud J, Alouf JE, Cossart P (1990) Alveolysin, the
thiol-activated toxin oBacillus alvej is homologous to listerioly-

sin O, perfringolysin O, pneumolysin and streptolysin O and 33.

contains a single cysteine. J Bacteriol 172:7301-7305
16. Graves LM, Swaminathan B (1993) Universal bacterial DNA
isolation procedure. In: Persing DH, Smith TF, Ternover FC, White

317

TJ (eds) Diagnostic molecular microbiology: principles and appli-
cations. Washington, DC: American Society for Microbiology, pp
617-621

. Graves LM, Swaminathan B, Reeves MW, Wenger J (1991)

Ribosomal DNA fingerprinting of.isteria monocytogenassing a
digoxigenin-labeled DNA probe. Eur J Epidemiol 7:77-78

L&S. Graves LM, Swaminathan B, Reeves MW, Hunter SB, Weaver RE,

Plikaytis BD, Schuchat A (1994) Comparison of ribotyping and
multilocus enzyme electrophoresis for subtypind.isteria mono-
cytogenessolates. J Clin Microbiol 32:2936-2943

19. Haas A, Dumbsky M, Kreft J (1992) Listeriolysin genes complete

sequence of ilo fromListeria ivanoviiand of Iso fromListeria
seeligeri Biochim Biophys Acta 1130:81-84

. Heller MJ, Burgart LJ, TenEyck CJ, Anderson ME, Greiner TC,

Robinson RA (1991) An efficient method for the extraction of DNA
from formalin-fixed, paraffin-embedded tissue by sonication. Bio-
Techniques 11:372-377

21. Heron EJ (1984) Systems for automated DNA synthesis. Am

Biotechnol Lab 2:52

Jukes TH, Cantor CR (1969) Evolution of protein molecules. In:
Munro HN (ed) Mammalian protein metabolism, 3rd edn, vol 3.
New York: Academic Press, Inc., pp 21-132

23. Kafatos FC, Jones CW, Efstratiadis A (1979) Determination of

nucleic acid sequence homologies and relative concentrations by a
dot hybridization procedure. Nucleic Acids Res 7:1541-1552

. Kehoe MA, Miller L, Walker JA, Boulnois GJ (1987) Nucleotide

sequences of the streptolysin O (SLO) gene: structural homologies
between SLO and other membrane-damaging, thiol-activated tox-
ins. Infect Immun 55:3228-3232

. Leimeister-Wachter M, Domann E, Chakraborty T (1991) Detec-

tion of genes encoding a phosphotidylinositol-specific phospholi-
pase C that is co-ordinately expressed with listeriolysihigteria
monocytogenedlol Microbiol 5:361-366

Lepoutre-Toulemon A, Rocourt J, Goulet V, Courtieu AL (1992)
Listeriosis in France, and update October the 8th, 1992. Med Mal
Infect 22, HS:31-34

. Linnan MJ, Mascola L, Lou XD, Goulet V, May S, Salminen C,

Hird DW, Yonekura ML, Hayes P, Weaver R, Audurier A, Plikaytis
BD, Fannin SL, Kleks A, Broome CV (1988) Epidemic listeriosis
associated with Mexican-style cheese. N Engl J Med 319:823-828

. 28. Maniatis T, Fritsch EF, Sambrook J (1982) Molecular cloning: a
9. Domann E, Chakraborty T (1989) Nucleotide sequence of the

laboratory manual. Cold Spring Harbor, NY: Cold Spring Harbor
Laboratory

McLauchlin J, Hall SM, Velani SK, Gilbert RJ (1991) Human

listeriosis and pate: a possible association. Br Med J 303:773-775

11. Felsenstein J (1989) PHYLIP-Phylogeny inference package (ver-30' Mengaud J, Vicente MF, Chenevert J, Pereira JM, Geoffroy C,

Gicquel-Sanzey B, Baquero F, Perez-Diaz JC, Cossart P (1988)
Expression inEscherichia coliand sequence analysis of the
listeriolysin O determinant ofListeria monocytogenesinfect
Immun 56:766-772

. Mengaud J, Vicente MF, Cossart P (1989) Transcriptional mapping

and nucleotide sequence of thisteria monocytogenes fyegion
reveal structural features that may be involved in regulation. Infect
Immun 57:3695-3701

32. Mengaud J, Braun-Breton C, Cossart P (1991) Identification of

phosphatidyl-inositol-specific phospholipase C activityisteria
monocytogenesa novel type of virulence factor. Mol Microbiol
5:367-372

Piffaretti JC, Kressebuch H, Aeschbacher M, Bille J, Bannerman E,
Musser JM, Selander RK, Rocourt J (1989) Genetic characteriza-
tion of clones of the bacteriurhisteria monocytogenesausing
epidemic disease. Proc Natl Acad Sci USA 86:3818-3822



318

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Pine L, Kathariou K, Quinn F, George V, Wenger JD, Weaver RE44
(1991) Cytopathogenic effects in enterocytelike Caco-2 cells
differentiate virulent from avirulenttisteria strains. J Clin Micro-

biol 29:990-996

Pinner RW, Schuchat A, Swaminathan B, Hayes PS, Deaver KA45.

Weaver RE, Plikaytis BD, Reeves M, Broome CV, Wenger JD, The
Listeria Study Group (1992) Role of foods in sporadic listeriosis Il.
Microbiologic and epidemiologic investigation. JAMA 267:2046—
2050

Portnoy DA, Chakraborty T, Goebel W, Cossart P (1992) Molecular46.

determinants ot.isteria monocytogenegathogenesis. Infect Im-
mun 60:1263-1267

Poyart C, Trieu-Cuot P, Berche P (1996) Tié gene required for
cell invasions is conserved and specifid.tsteria monocytogenes
Microbiology 142:173-180

Rasmussen OF, Beck T, Olsen JE, Dons L, Rossen L (1991)
Listeria monocytogeneisolates can be classified into two major

types according to the sequence of the listeriolysin gene. Infect48.

Immun 59:3945-3951

Rocourt J, Catimel B, Jacquet C, Brosch R, Buchrieser C (1992)
Listeriosis outbreak in France in 1992—microbial data. Med Mal
Infect 22, HS:35-40

Rossen L, Holmstrom K, Olsen J, Rasmussen OF (1991) A rapid
polymerase chain reaction (PCR)-based assay for the identification
of Listeria monocytogenes food samples. Int J Food Microbiol
14:145-151

Saitou N, Nei M (1987) The neighbor-joining method: a new
method for reconstructing phylogenetic trees. Mol Biol Evol
4:406-425

Sanger F, Nicklen S, Coulson AR (1977) DNA sequencing with 51.

chain-termination inhibitors. Proc Natl Acad Sci USA 74:5463—
5467

Schlech WF, Lavigne PM, Bortolussi RA, Allen AC, Haldane EV, 52.

Wort AJ, Hightower AW, Johnson SE, King SH, Nicholls ES,
Broome CV (1983) Epidemic listeriosis—evidence for transmis-
sion by food. N Engl J Med 308:203-206

47.

49.

50.

CURRENT MIicroBIOLOGY VoI. 36 (1998)

. Schuchat A, Deaver KA, Wenger JD, Plikaytis BD, Mascola L,
Pinner RW, Reingold AL, Broome CV, Theisteria Study Group
(1992) Role of foods in sporadic listeriosis, I: case-control study of
dietary risk factors. JAMA 267:2041-2045

Sinha ND, Biernat J, McManus J, Koester H (1984) Polymer
support oligonucleotide synthesis. XVIII. Use@tyanoethyl-N,N-
dialkylamino-/N-morpholino phosphoramidite of deoxynucleo-
sides for synthesis of DNA fragments simplifying deprotection and
isolation of the final product. Nucleic Acids Res 12:4539-4557
Tweten RK (1988) Nucleotide sequence of the gene for perfingoly-
sin O (theta-toxin) fronClostridium perfringenssignificant homol-

ogy with the genes for streptolysin O and pneumolysin. Infect
Immun 56:3235-3240

Utt EA, Brousal JP, Kikuta-Oshima LC, and Quinn FD (1995)
Identification of bacterial gene expression differences using mRNA-
based isothermal substractive hybridization. Can J Microbiol
41:152-156

Vines A, Swaminathan B (1997) Nucleotide sequence analysis of
two virulence-associated gened.iisteria monocytogeneserotype
1/2b and comparison with the same genes in other serotypes
important in human disease. Lett Appl Microbiol 24:166—-168
Walker JA, Allen RL, Falmagne P, Johnson MK, Boulnois GJ
(1987) Molecular cloning, characterization, and complete nucleo-
tide sequence of the gene for pneumolysin, the sulphydryl-activated
toxin of Streptococcus pneumonidafect Immun 55:1184-1189
Wallner G, Amann R, Beisker W (1993) Optimizing fluoresdant
situ hybridization with rRNA-targeted oligonucleotide probes for
flow cytometric identification of microorganisms. Cytometry 14:
136-143

Wiedmann M, Czajka J, Barany F, Batt CA (1992) Discrimination
of Listeria monocytogeneom other Listeria species by ligase
chain reaction. Appl Environ Microbiol 58:3443-3447

Wood WI, Gitschier J, Lasky LA, Lawn RM (1985) Base composi-
tion-independent hybridization in tetramethylammonium chloride:
a method for oligonucleotide screening of highly complex gene
libraries. Proc Natl Acad Sci USA 82:1585-1588



