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Abstract

Background. Listeria monocytogenes is characterized by the presence of epidemic hypervirulent clones. A key
feature of L. monocytogenes is its capacity to invade non-professional phagocytic cells. Hypervirulent clones are
strongly associated with the increased production and/or the presence of certain isoforms of invasion factors InlA
and InilB.

The purpose of the study is to create a test system for InlA and InIB detection and to measure the InlA and InIB
production levels in L. monocytogenes isolates belonging to clonal groups with different virulence potential.
Materials and methods. The study was performed using 32 L. monocytogenes strains belonging to epidemic
clones ECII, ECIV, ECVII (clonal complexes CC1, CC2, CC7) and hypovirulent clonal complex CC9. Sequencing
of inlA and inIB genes was performed. The indirect enzyme-linked immunosorbent assay was used to analyze the
production levels of InlA and InIB proteins.

Results. The variability of InlA was revealed among strains belonging to the same clonal complex: 3 InlA isoforms
were identified among strains belonging to CC7; out of 8 strains belonging to CC9, one strain had a stop codon
in the inlA gene, leading to the loss of function of the InlA protein. The differences between in/B alleles correlated
with the specificity of strains belonging to a certain clonal complex. Differences in production levels of invasion
factors were measured. In strains belonging to CC9, the InlA production level was 2.5 times as low compared to
strains belonging to CC1, CC2, and CCY7. In strains belonging to phylogenetically related CC1 and CC2, the InIB
production level was on average 4 times as high compared to strains belonging to CC7 and CC9.

Conclusion. The obtained results confirm the variability of major invasion factors both among clonal complexes
and strains of the same complex. The increased production of invasion factors InlA and InIB correlates with the
potential virulence of strains.
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AHanus ypoBHsa npoaykuun ¢pakropos nieasuu inlA n IniB
y nsonaros Listeria monocytogenes, BbifeneHHbIX
Ha TeppuTopun Poccunckon Pepepauyun

KanuHuH E.B.%, YaneHko A.M., Cadapoa .B., Depoposa B.A., Epmonaesa C.A.

HauvoHanbHbIN nccnenoBaTenbCKuin LEHTP SNuaemMmmuonorim n mukpobuonoruv nmenn H.®. famanen, Mockea, Poccusa

AHHOMayus

AkTyanbHoCTb. Listeria monocytogenes xapakTepu3yeTcsi Harnm4ymem anuaeMmyYeckn BblCOKOBUPYIEHTHBIX KO-
HOB. /IHBa3uns B HenpodeccnoHarnbHble harounTbl — KYEBOM MOMEHT JIMCTEPUMO3HOM UHekumnn. Popmmpo-
BaHWe BbICOKOBUPYMNEHTHbIX KITOHOB 0BYCNOBMEHO MOBbILIEHHOW NPOAYKUMEN U/UMKM Hannunem onpeaenéHHbIX
nsogopm caktopos nHBasum 6enkos InlA u IniB.

Llenb uccnegoBaHust — cosgatb TecT-cuctemy ansa obHapyxenus InlA n InlB 1 Ha e€ 0CHOBE OLIEHUTb YPOBHMU
npoaykuun InlA n InlB y n3onatos L. monocytogenes, OTHOCALLMXCA K KIMOHamMbHbLIM rpynnamM ¢ pasnnyHbIM BUPY-
NEHTHBIM NOTEHLMATOM.

MaTtepuanbl 1 MeToAbl. B paboTe ncnonb3oBaHbl 32 wtamma L. monocytogenes, OTHOCALLMXCA K anngemmnye-
ckum knoHam ECII, ECIV, ECVII (knoHanbHble komnnekesl CC1, CC2, CC7) 1 runoBnpyneHTHOMY KIoHanbHOMY
komnnekcy CC9. NMpoBeaeHo cekBeHMpoBaHUe reHoB inlA v inlB. Ons aHanv3a ypoBHS npoaykummn 6enkos InlA n
InIB ncnonb3oBaH HENPSMON MMYHOEPMEHTHbIA aHanus.

Pesynbratbl. BeisBneHa BapuabenbHocTb InlA cpegu LWITaMMOB, OTHOCALUMXCA K OAHOMY KIOHaNbHOMY KOM-
nnekcy: B TOM 4ucne cpeau wrtaMmmoB, npuHagnexawmx k CC7, BoisneHbl 3 nsogopmsl InlA; n3 8 wrammos,
npyvHagnexatwmx k CC9, y ogHoro BbIsiBUNMN CTOM-KOAOH B reHe inlA, NpUBOAALLNIA K yTpaTe (OYHKLMOHANBHOCTH
6enka InlA. Pasnuuua mexagy annenamu inlB koppenupoBanu ¢ NPUHaANEXHOCTHbI0 LWTAMMOB K KOHKPETHOMY
KrNoHaneHOMY KOMMMEKCY. YCTaHOBMNEHb! pa3nunynsi B ypoBHE NPOAYKLUMM hakTOPOB MHBa3WUMK. Y LUTAMMOB, OTHO-
cawmxcsa k CC9, ypoBeHb npoaykuum InlA 6bin B 2,5 pasa HMKe N0 CpaBHEHMIO CO LUTAMMaMu, OTHOCSALLMMMCS
k CC1, CC2 n CC7. YpoBeHb npogykuun InIB 6bin B cpegHem B 4 pasa Bbille y LUTAMMOB, NpUHaanexamnx K
dunoreHeTnyeckun pogcteeHHsiM CC1 1 CC2, no cpaBHEHUIO CO WITamMamu, oTHocswmmmnes k CC7 n CC9.
3akntoyeHue. NonyyeHHble pesynbTaTbl CBMAETENLCTBYIOT O BapnabenbHOCTU OCHOBHbIX (haKTOpOB UHBa3WUu
Kak Mexay KroHanbHbIMW KOMMIIeKcamu, Tak U Mexay LWTammamu oaHOro komnnekca. NoBbileHHast NpoayKumus
dakTopoB uHBasuu InlA u InIB koppenupyeT ¢ noTeHUMarnbHON BUPYNEHTHOCTbIO LUTaMMOB.

KnroueBble cnoBa: Listeria monocytogenes, InlA, InIB, ummyHogbepmeHmHbIl aHanu3

Amuyeckoe ymeepxdeHue. ABTOpbI NOATBEPXKAAIOT COBMNoAEeHNE MHCTUTYLMOHANbHBIX U HaLMOHanbHbIX CTaHaap-
TOB MO UCMONb30BaHMI0 NabopaTopHbIX XMBOTHLIX B cootBeTcTBMM ¢ Consensus Author Guidelines for Animal Use
(IAVES, 23.07.2010). MNMpoTokon nccrnenosaHust ogobpeH 3Tn4eckmm kommteTom HaumoHanbHOro nccnegosaTenbeKo-
ro LeHTpa anMaemMuonorum u mukpobuonorum um. H.®. Mamanen (npotokon Ne 54 ot 24.07.2023).

HUcmoyHuk puHaHcupoeaHusi. Pabota nogaepxaHa rpaHtom PH® Ne 21-74-00105.
KoHgbnnukm unmepecos. ABTOpbI AeKNapupyoT OTCYTCTBME ABHBIX M MOTEHUMANbHbIX KOH(MMKTOB UHTEPECOB, CBS-
3aHHbIX C Nybnvkaumen HacTosLLen cTaTbu.
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Introduction

Listeria monocytogenes causes a dangerous
foodborne infection with a high (around 30%) mortal-
ity rate in high-risk individuals as well as in domestic
and wild animals [1, 2]. The genetic structure of the L.
monocytogenes species is divided into 4 phylogenetic
lineages [3].

Phylogenetic lineage I includes clonal complexes
(CCs) CCl1, CC2, CC4, and CC6 most frequently as-
sociated with listeriosis in humans [4]. Using different
methods, CC1 and CC2 strains were assigned to epi-
demic clones ECII and ECIV, respectively, which were
involved in large listeriosis outbreaks in different coun-
tries, including Russia. In Europe and the United States,
the strains isolated from clinical cases are mostly repre-
sented by CC1 strains accounting for 11.4% [5].

Until 1980, in Russia, lineage II strains isolated
from human and animal listeriosis cases as well as from
natural sources prevailed; most of them belonged to
CC7 (also known as epidemic clone ECVII) [6]. CC7
strains still prevail in natural foci in the European part
of Russia; they are also frequently isolated from spo-
radic cases of listeriosis in humans and animals [7].
Lineage II CC9 strains are often isolated from food
and environmental sources; they are also well repre-
sented in Russia [7]. In the infectious disease pathol-
ogy classification in Europe and North America, CC7
strains are assigned to medium virulent strains, while
clonal complex CC9 is considered low virulent [8].
The difference in the occurrence frequency among
clinical isolates and, consequently, the difference in
the potential virulence of strains belonging to differ-
ent CCs and/or phylogenetic lineages are associated
by multiple researchers with the presence of addition-
al virulence factors [9], allelic variation of virulence
factors [10], and their expression levels [11].

The initial stage of infection starts with the interac-
tion between Listeria and non-professional phagocytes,
involving proteins belonging to the internalin family
— InlA and InlB, which promote the L. monocytogenes
invasion of intestinal enterocytes and epithelial cells
through an interaction with target receptors. E-cadherin
is a specific receptor for InlA. InlB specifically inter-
acts with two receptors: c-Met and gC1qg-R [12]. The
presence of functional InlA is sufficient for invasion in-
to enterocytes [13]; the entry into hepatocytes requires
InIB [14], and the coordinated action of InlA and InlB
mediates the crossing of the placental barrier [15].

Sequencing is performed to identify allelic varia-
tion of inl4 and in/B genes. The study results show that
clinical strains and, most importantly, strains causing
fetal and neonatal infections express full-length InlA
more often than strains of food origin. Truncated In-
1A was detected in most of the hypovirulent CC9 and
CC121 isolates [16] and in other clonal complexes of
phylogenetic lineage II (for example, CC331, CC199,
and CC321) [4].

ORIGINAL RESEARCHES

Earlier it was found that clinical and food isolates
differed in inl4 and in/B gene expression levels [11].
The expression of key pathogenicity factors is activated
during cell infection and depends on transcriptional reg-
ulator PrfA. L. monocytogenes has an extensive cross-
talk system between o® and PrfA regulatory networks,
providing optimal expression of genes required in ex-
trahost environments, including repression of genes
associated with virulence. Conversely, in intrahost en-
vironments, this regulatory network provides elevated
expression of genes associated with virulence, enabling
successful invasion [17]. The PrfA activity decreases
when L. monocytogenes is grown in rich media. Hy-
drophobic adsorbents included in the culture medium
activate PrfA and induce enhanced activity of virulence
factor genes [18]. However, the mechanisms regulating
production levels of the respective proteins-pathoge-
nicity factors remain unknown.

Various techniques are used to detect and measure
levels of protein expression, including enzyme activity
assays and immunoblotting. Enzyme activity measure-
ment cannot be used if proteins are not biocatalysts.
Immunoblotting is a labor-intensive process unsuitable
for testing large sample sizes. A test system based on
the enzyme-linked immunosorbent assay (ELISA) was
developed as an alternative method for the qualitative
and quantitative assessment of InlA and InIB. Using
this ELISA test system, we assessed L. monocytogenes
isolates from the collection of the Gamaleya Research
Center of Epidemiology and Microbiology (Gamaleya
RCEM) for InlA and InlB expression levels and their
correlation with the phylogenetic status of the strains.

Materials and methods

Bacterial strains and bacteria culturing conditions

The study was performed using Listeria spp.
strains from the collection of Gamaleya RCEM (Ta-
ble 1). Microorganisms were grown in a BHI liquid me-
dium (Becton Dickinson) at 37°C with constant shaking
at 180 rpm. PrfA was activated by supplementing the
BHI broth with 1% (w/v) Amberlite XAD 4 hydropho-
bic adsorbent (Sigma-Aldrich).

PCR analysis

The collection-derived L. monocytogenes isolates
were lysed with lysozyme ata concentration of 20 pg/ml
for 1 hour at 37°C; then, the lysates were treated with
proteinase K at a concentration of 25 pg/ml at 56°C
for 1 hour. The obtained samples were boiled in a
water bath for 10 min. The amplification of in/4 and
inlB genes was performed in a Tertsik thermal cy-
cler (DNA-Technology) using TransStart Taqg DNA
Polymerase (TransGen): stage 1 (1 cycle): 94°C —
4 min; stage 2 (30 cycles): 94°C — 30 sec, 52°C —
30 sec, 72°C — 2 min; stage 3 (1 cycle): 72°C — 10
min. Primers were selected using the Ugene v. 40.1
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Table 1. Listeria spp. strains used in the study

Strain Characteristics Source Reference
L. monocytogenes
EGDe CC9 Type strain BIGSdb ID = 1
EGDeAinIB inlB deletion Kindly provided by Prof. J. Vazquez-Boland
EGDeAinlIA inlA deletion
VIMHA004 CC2 Newborn BIGSdb ID = 3449
VIMHA007 CC2 Newborn BIGSdb ID = 3450
VIMHA006 CcC2 Newborn BIGSdb ID = 3606
VIMHA009 CC1 Newborn BIGSdb ID = 3452
VIMHAO11 CC1 Newborn BIGSdb ID = 3454
VIMHAO010 CC1 Newborn BIGSdb ID = 3453
VIMHAO012 CC1 Newborn BIGSdb ID = 3607
VIMHAO17 CC1 Newborn BIGSdb ID = 3609
L.mo25 CC1 Chicken BIGSdb ID = 79358
L.mo70 CC8 Chicken BIGSdb ID = 78808
L.mo78 CC37 Chicken BIGSdb ID = 79363
VIMPHO006 CC7 Carrier BIGSdb ID = 3464
L.mo71 CC59 Chicken BIGSdb ID = 78809
GIMC2010:LmcUH8 CC7 Carrier BIGSdb ID = 42978
GIMC2032:LmcINH-1 CcC7 Carrier BIGSdb ID = 45728
GIMC2007:LmcIH1_3 CC7 Carrier BIGSdb ID = 42975
766 CC7 Swine BIGSdb ID = 5803
VIMPR134 CC7 Rodent BIGSdb ID = 3459
VIMPR422 CC7 Rodent BIGSdb ID = 3460
VIMPA064 CC7 Newborn BIGSdb ID = 3455
L.mo84 CC37 Meat BIGSdb ID = 79367
L.mo49 CC9 Chicken BIGSdb ID = 79359
L.mo129/3 CC9 Dairy products BIGSdb ID = 78797
L.mo75 CC9 BIGSdb ID = 79362
GIMC2035:Lmc7218 CC9 Fish BIGSdb ID = 45731
GIMC2017: Lmc921 CC9 Meat BIGSdb ID = 42987
L.mo98-20 CC9 Dairy products BIGSdb ID = 78795
LO28 CC9 Type strain BIGSdb ID = 3364
L. ivanovii
ATCC 19119 Type strain American Type Culture

Collection

software and synthesized by the Syntol Company.
For the inlA4 gene, the primers were as follows: InlAl
5’-ggttgaaaagtatactagtagc-3’; InlA2 5’-ggaagatatt-
agcccaatttc-3°, for the InlB gene: InIBF 5’-gcttatg-
gatcctataattcaaaagaag, InIBR 5’-gaaaagctgcagaaaatc-
cgeette. Gel electrophoresis was used for detecting
amplification products. Target DNA fragments were
purified using a Dia-gene kit (Dia-M).

Sequencing

Samples were prepared for sequencing following
the recommendations of the Genome Shared Resource
Center. The DNA sequencing was performed using an
ABI PRISM BigDye Terminator v. 3.1 reagent kit; the
reaction products were analyzed using an automated
sequencer — Applied Biosystems 3730 DNA Analy-
zer. To identify gene sequences, the following primers
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Fig. 1. 96-well plate and test results.

were used: InlA1 5’-ggttgaaaagtatactagtagc-3’; InlA2
5’-ggaagatattagcccaatttc-3’;  InlA-R  5’-cttcttttgaat-
tataggatccataagce-3’, InlA3 5’-ccaatatcccgggaaaage-
tat-3°,  5’-gcttatggatcctataattcaaaagaag-3°,  InlBR
5’-gaaaagctgcagaaaatcegecttc-3’  InlB1  5°-gaagcag-
gatcccggataactgecac-3’, InlB2 5’-atagcgggttaagttgact-
gc-3°. The nucleotide sequences were analyzed using
the Ugene v. 40.1 software and the BigSdb-Pasteur da-
tabase'.

Production of polyclonal monospecific antibodies
against InlA and InlB

Rabbits were immunized with purified recombi-
nant InlA and InlB proteins, as previously described
[19]. The work with laboratory animals was performed
in compliance with ethical principles. The research
protocol was approved by the Ethics Committee of the
Gamaleya Research Centre of Epidmiology and Micro-
biology (protocol No. 54, July 24, 2023).

The globulin fraction of hyperimmune sera was
precipitated by adding a saturated (NH,),SO, solution
(Ruskhim). The precipitate containing IgG was dis-
solved in 0.01 M Na-phosphate buffer (pH 6.5) and di-
alyzed against the same buffer. The obtained solution
was passed through a DEAE Sephadex A-50 column
and the IgG fraction was collected in the void volume.
The affinity column was used to separate antibodies
against the respective recombinant InlA and InlB pro-
teins immobilized on an activated BrCN Sepharose
(GE Healthcare). The fraction obtained from the DEAE
chromatography was washed with 0.3 M NaCl and elut-
ed with 4.5 M MgCl, (Ruskhim). The obtained samples
were dialyzed against phosphate-buffered saline (Sig-
ma-Aldrich), pooled, mixed with glycerol to a concen-
tration of 50% and stored at —20°C.

Western blot analysis of L. monocytogenes lysates

Cell wall proteins were obtained from an over-
night culture grown in a BHI broth supplemented with
1% Amberlite XAD-4. The lysates were separated by
SDS-PAGE in a 10% gel under Laemmli denaturing
conditions and transferred onto a 0.45 um pore-size
nitrocellulose membrane (Bio-Rad). The nitrocellulose

! URL: https://bigsdb.pasteur.fr/listeria

membranes were incubated with obtained antibodies
against InlA or InlB, respectively, at 1:10000 dilution
for 1 hour. Then, the membranes were washed 3 times
with TTBS buffer (Bio-Rad) and anti-rabbit IgG sec-
ondary antibodies (at 1:20000 dilution) were added.
The target InlA and InIB proteins were visualized on the
membrane using the TMB substrate (Thermo Fisher Sci-
entific). GAPDH antibodies were used to control protein
loading (at 1:1000 dilution (Thermo Fisher Scientific).

Indirect enzyme-linked immunosorbent assay

Bacterial cells were grown in a BHI medium for
24 hours; then, they were centrifuged and washed three
times with phosphate-buffered saline. The obtained
samples reached an optical density of OD,, = 0.2. To
verify that the number of cells has not changed, the cell
cultures were seeded in an agar medium. The wells
of a 96-well plate were coated with aliquots contain-
ing 100 pl of the respective tested L. monocytogenes
strains. The plates were incubated at 37°C for 1 hour;
then, they were washed three times with Tris-buffered
saline containing 0.05% Tween 20 (TTBS) (Ruskh-
im); the unoccupied sites in the wells were blocked by
adding 200 pl of 2% bovine serum albumin (Dia-M)
diluted in phosphate-buffered saline for 30 min. Upon
completion of the incubation, the blocking buffer was
removed and 100 pl of anti-InIB or anti-InlA antibodies
were added at 1:4000 dilution in TTBS and incubated
for 1 hour at room temperature with continuous shaking
at 140 rpm. Then, the wells were washed three times
with TTBS and 100 pl of secondary antibodies (goat
anti-rabbit IgG antibodies conjugated to horseradish
peroxidase, Bio-Rad), were added to TTBS. Then, the
plates were washed 6 times with 250 ul of TTBS and
developed by adding 100 pl of TMB substrate. To stop
the reaction, 100 ul of 2 M H,SO, (Ruskhim) was used.
The optical density was measured at the wavelength of
450 nm using an iMark spectrophotometer (BioRad).
The InlA and InlB concentration was measured using
the calibration curve (Fig. 1).

Statistical analysis
All tests were repeated at least 3 times. The statis-
tical analysis included one-way ANOVA and Tukey's
test. Values of p < 0.05 were considered statistically
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significant.
Results

Analysis of the occurrence frequency of isolates
deposited in the BigSdb-Pasteur database depending
on the phylogenetic status and the region of isolation

A total of 111 isolates collected in Russia from
farm animals and humans infected with L. monocyto-
genes have been deposited in the BigSdb-Pasteur data-
base. Out of them, 83 isolates were collected in 1958-
2019 by researchers of the Somov Research Institute
of Epidemiology and Microbiology, the Federal Re-
search Center of Virology and Microbiology, Gamaleya
RCEM and the State Scientific Center for Applied Mi-
crobiology and Biotechnology, using clinical materials
collected from stillborn infants with perinatal listerio-
sis, from pregnant women without clinical signs of in-
fection, and from samples collected from patients with
neurolisteriosis and lung tissue lesions. The analysis of
the database showed that human listeriosis cases were
mostly caused by strains belonging to CC7 (phyloge-
netic lineage II), CC1, and CC2 (phylogenetic lineage
I) accounting for 16, 11, and 8% of the isolates, respec-
tively. Isolates belonging to CC9 (phylogenetic lineage
II) accounted for 2% (Fig. 2).

Then, we analyzed the distribution with reference
to CCs for isolates collected in Europe (excluding coun-
tries of the former Soviet Union) from clinical material
of patients with listeriosis. A total of 747 isolates were
deposited in the database. Note that 723 isolates rep-
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3% 4% 11%
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cc2
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| —
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Ccc37 1%
3%
cc21 C7§/§
3%
cci4
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2% Ccc8
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Poccus | Russia

resent the same clonal complexes that are identified in
Russia. However, the percentage of some CCs among
clinical isolates collected in Europe differed from those
in Russia. Most of the European isolates belonged to
CC1, CC6, and CC2 (23, 15, and 14%, respectively).

Assessment of the inlA and inIB diversity among
L. monocytogenes isolates originated from Russia,
Gamaleya RCEM collection

The database analysis showed that among phylo-
genetic lineage Il strains prevailing in Russia, strains
belonging to CC7 are more common among clinical
isolates compared to strains belonging to CC9. To gain
an insight into mechanisms responsible for these differ-
ences, we sequenced inl4 and inlB genes of 32 strains
belonging to the above CCs identified in Russia.

Among the strains belonging to CC7, we identi-
fied 3 inlA allelic variants; 15 strains had allele 2 of the
inl4 gene, which was presented in the BigSdb-Pasteur
database. However, in 2 strains, inlA differed from the
alleles deposited in the above database. The detected
mutations were nonsynonymous, thus suggesting that
substitutions may be of functional significance. The
VIMPAO064 isolate contained 1 nonsynonymous substi-
tution leading to the substitution of glutamine at posi-
tion 364 for proline in the internalin domain involved
in the protein-protein interaction with the E-cadherin
eukaryotic receptor. VIMPHO006 contained 3 nonsynon-
ymous substitutions at positions 618, 620, and 621 (pro-
line, lysine, and glutamine instead of alanine, glutamine,
and serine) outside the internalin domain. None of the

C
CC37  ccs¢ g

cc21
w2l 1%
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3%

Espona n CesepHas Amepuka | Europe and Northern America

Fig. 2. CC occurrence frequency among L. monocytogenes strains from the ListiList database (Institut Pasteur, France),
for Russia, countries of Europe and North America.
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alleles of CC7 strains contained premature stop codons.

Among 9 strains belonging to CC9, 1 strain had a
stop codon in the inl4 gene. The stop codon was located
outside the internalin domain; however, it prevented the
synthesis of the full-length protein and, specifically, the
binding of the protein to the bacterial surface, which is
essential for the functional activity of InlA as an inva-
sion factor. The other 8 CC9 strains encoded the full-
length in/A allele 1 variant. The data on sequences of
inlA genes are available in the GenBank database under
accession numbers OQ865090-0Q865119.

The inlB gene sequencing in 32 strains did not re-
veal any specific features within the clonal complexes.
Allele 2 was identified for strains belonging to CC7,
and allele 1 was identified for CC9 strains.

Thus, the analysis of inl4 and in/B sequences
showed that strains belonging to CC7 and CC9 were
characterized by intraclonal variability of in/4, while
inlB was conserved for all strains belonging to a spe-
cific clone. The alleles identified among highly virulent
CC7 strains encoded different InlA isoforms, thus sug-
gesting that there may be differences in their interac-
tion with the target receptor on the surface of human
cells. The variant encoded by the alternative inlA4 allele,
which was identified among CC9 strains rarely found
among clinical isolates, encoded a nonfunctional trun-
cated protein.

Expression levels of the L. monocytogenes InIB
pathogenicity factor in strains CC1, CC2, CC7, and CC9

Two ELISA-based test systems were designed to
assess the correlation between the production levels of
invasion factors InlA and InlB and the occurrence fre-
quency of strains belonging to the above CCs among
clinical isolates. The protein concentration was mea-
sured using calibration curves from 5 to 1000 ng/ml.
Recombinant InlA and InlB were used as reference
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standards (Fig. 3).

The PrfA regulator controls the transcription of
both genes encoding InlA and InlB proteins [12]. When
L. monocytogenes are grown in nutrient media, the Pr-
fA activity increases in the presence of hydrophobic ad-
sorbents (activated carbon or Amberlite XAD4), reach-
ing levels typically demonstrated by bacteria during
infection [18]. To analyze changes in the invasin levels
depending on the PrfA status, we measured InlA and
InIB levels without activation and with activation of the
PrfA regulon, depending on the presence of the Am-
berlite XAD4 adsorbent in the medium. Without PrfA
activation, the InlA level in L. monocytogenes strains
ranged from 5 to 65 ng/ml (Fig. 4). On average, the
strains belonging to CC1, CC2, and CC7 demonstrated
higher InlA levels compared to the strains belonging to
CC9 (53.5 £ 5.3 ng/ml compared to 21.1 = 3.2 ng/ml;
p <0.05). The L.mo0129-3 strain belonging to CC9 was
an exception, demonstrating the level comparable with
CCl1, CC2, CC7 strains (59.1 £ 1.5 ng/ml).

The medium supplemented with the Amberlite
XAD4 adsorbent and the resulting activation of PrfA
led to increased InlA concentration in all strains by 31%
on average. In some strains the concentration reached
the highest levels: VIMHAO017 (CC1) — 99 ng/ml, VI-
MHAO007 (CC2) — 93 ng/ml, L.mo71 — 107 ng/ml
(CC7), L.mo129-3 (CC9) — 90 ng/ml.

Among the strains, InlB levels ranged from 15
to 958 ng/ml without activation of the PrfA regulon
(Fig. 5). On average, the concentration in CC1 and CC2
strains was 740.5 ng/ml, being significantly higher than
in CC7 and CC9 strains (209.5 and 177.9 ng/ml, re-
spectively). However, compared to InlA, the InIB level
in L.mo129-3 strain did not reach values typical of CC1
and CC2 strains and was twice as low (p < 0.05).

When PrfA was activated, the InlB concentration
reached the highest levels of 1,353 ng/ml for CC1 and

6|b
1 2 3 4 5

Fig. 3. Immunoblot of Listeria spp. cell lysates.

a — monospecific antibodies against InlA; b — monospecific antibodies against InIB. 7 — L. monocytogenes EGDe AinlA;
2 — L. ivanovii ATCC 19119; 3 — L. monocytogenes EGDe (CC9); 4 — L. monocytogenes EGDe AinlB;
5 — L. monocytogenes L.mo49 (CC9).
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CC2 strains, 917 ng/ml — for CC7 strains, 835 ng/ml —
for CC9 strains. The highest InlB levels were demon-
strated by CC7 strains (a 3.29-fold increase compared
to the levels without activation). In the strains belong-
ing to CC9 and phylogenetic lineage 1 (CC1, CC2), the
InIB levels increased 2.93 and 1.54 times, respectively,
in the presence of the adsorbent.

Discussion

In L. monocytogenes, like in most of the other
pathogenic bacteria, clonal groups and lineages differ in
their virulence potential [20, 21]. For example, phylo-
genetic lineage Il strains are frequently associated with
food products, while phylogenetic lineage I strains are
commonly found in clinical isolates. However, the dis-
tribution among sources is different even within phylo-
genetic lineages. For example, phylogenetic lineage 11
strains belonging to CC7 are more frequently isolated
from clinical samples than strains belonging to CC9
[20]. The underlying causes of this heterogeneity must
be identified to understand the mechanisms of evolu-
tion and development of highly virulent strains.

In some pathogenic bacteria such as enteropatho-
genic Yersinia, the differences in virulence are associat-
ed with the presence of additional pathogenicity factors,
which can be located on plasmids and mobile genetic
elements [22]. The search of additional pathogenicity
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factors in L. monocytogenes strains belonging to clon-
al complex CC1 resulted in the discovery of LLS bac-
teriocin, which, presumably allows Listeria to survive
longer in the presence of normal microbiota, though it
is not a true pathogenicity factor and is absent in other
highly virulent strains belonging to other CCs [23].

We have proposed an alternative hypothesis on the
role of variability of major pathogenicity factors as the
main mechanism responsible for development of highly
virulent L. monocytogenes strains and other sapronotic
pathogens [24]. Natural InlB isoforms differ from each
other both in the kinetics of activation of intracellular
signaling pathways and in the binding constant to their
target receptors c-Met and gC1qR [25, 26]. Strains that
differed only in the InIB isoform differed in their abil-
ity to support gastrointestinal infection in mouse-like
rodents, while InlB isoforms were responsible for dif-
ferent invasion of these strains into animal epithelial
cells (sheep kidney cells, shKEC) [10]. In our study,
we demonstrated the variability of another invasion
factor — the InlA protein among strains belonging to
phylogenetic lineage II CCs: CC7 and CC9. Among the
analyzed strains, we identified one strain with a non-
functional InlA protein, thus demonstrating a relatively
insignificant role of CC9 in the clinical spread of liste-
riosis and being consistent with the findings of other
researchers [27].

OInlA +Amb

LWrammebl | Strains

Fig. 4. Levels of InlA isolates belonging to different CCs.

The InlA concentration was measured using the new ELISA test system. Bacteria were grown in a BHI medium without and with the addition
of 1% Amberlite XADA4.
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Fig. 5. Levels of InIB isolates belonging to different CCs.

The InlA concentration was measured using the new ELISA test system. Bacteria were grown in a BHI medium
with and without 1% Amberlite XAD4.

The production level of major pathogenicity fac-
tors can be seen as another mechanism playing a sig-
nificant role in the virulence potential of a strain [11].
It was previously found that the InlB production level
affects the interaction of L. monocytogenes with mac-
rophages [28]. In L. monocytogenes, the production of
pathogenicity factors is controlled by the PrfA protein,
which lacks activity in the growth environment outside
the host (low temperature, presence of plant sugars and
hydrophobic peptides) [22]. This regulatory mecha-
nism is justified, as it eliminates the redundancy of the
synthesis of pathogenicity factors for sapronotic patho-
gens, when they exist in the abiotic environment. At the
same time, high production levels of factors required
for crossing the intestinal epithelial barrier should have
a positive effect on bacterial virulence. Following this
hypothesis, this study demonstrated that the produc-
tion level of the InIB invasion factor without PrfA ac-
tivation was 4 times as high in phylogenetic lineage I
strains (CC1 and CC2) compared to phylogenetic lin-
eage Il strains (CC7, CC9). The InlA production levels,
without and with PrfA activation, in CC1, CC2, CC7

isolates were higher than the levels in CC9 isolates.
This is consistent with the fact that CC1, CC2, CC7
are most often found in clinical samples in Russia. In
CC9 strains, which are most common for food prod-
ucts, the InlA level was 2.5 times as low, except for the
L.mo129-3 strain, which demonstrated levels similar to
those observed in CC1 and CC2. Thus, our study has
shown that strains highly virulent for humans are char-
acterized not only by specific isoforms, but also by in-
creased production of InlA and InlB. Our findings con-
firm the results obtained by other researchers who have
found that clinical isolates differ from food isolates in
inlA expression levels [11].

Conclusion

In total, our findings are consistent with the epi-
demiological monitoring data and demonstrate possible
mechanisms of the formation of L. monocytogenes CCs
with different virulence potentials. The obtained results
are of fundamental importance; they can also serve as a
basis for classifying newly collected isolates into viru-
lent and hypovirulent clones.
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