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Abstract

In order to clarified characteristics and function of internalin G
(inlG) in Listeria monocytogenes ATCC°19111 (1/2a) (LM), the
immune protection of the inlG was evaluated in mice, the homolo-
gous recombination was used to construct inlG deletion strains, and
their biological characteristics were studied by the transcriptom-
ics analysis. As a result, the immunization of mice with the puri-
fied protein achieved a protective effect against bacterial infection.
The deletion strain LM-AinlG was successfully constructed with
genetic stability. The mouse infection test showed that the virulence
of LM was decreased after the deletion of the inlG gene. The dele-
tion strain showed enhanced adhesion to and invasion of Caco-2
cells. Compared to the wild strain, 18 genes were up-regulated, and
24 genes were down-regulated in the LM-AinlG. This study has laid
a foundation for further research on the function of inlG and the
pathogenesis of LM.

In this study, immunization of mice with the purified inlG protein achieved
a protective effect against Listeria monocytogenes infection. The virulence of
LM-AinlG was decreased by mouse infection. However, the adhesion and invasion
ability to Caco-2 cell were enhanced. Compared to the wild strain, 18 genes were
up-regulated, and 24 genes were down-regulated in the LM-AinlG. This study has
laid a foundation for further study of the function of the inlG and the listeriosis.
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Introduction

Listeria monocytogenes (LM) is an important zoo-
notic pathogen and one of the four food-borne patho-
gens, with a fatality rate of up to 30% (Wang et al. 2017;
Radoshevich and Cossart 2018). Sixteen serotypes have
been identified, and three are commonly involved
in the infection, 4b and 1/2b in lineage I and 1/2a in
lineage II (Datta and Burall 2018). As an intracellu-
lar bacterium, LM can stimulate the host’s immune
response and induce specific CD8+ and CD4+ T cell
immune responses (Dowd et al. 2016). At present, LM
poses a severe threat to human and animal health, pri-
marily through frozen food, causing foremost food
safety and public health concerns. Pregnant women,
newborns, and the elderly are vulnerable to LM infec-

tion. Humans are mainly infected with LM through the
fecal-oral route, and through eyes, mucous membranes,
and damaged skin (Matle etal. 2020). The process of
LM invasion into host cells is complex and involves
multiple protein molecules such as pathogenic factors,
adhesion molecules, and internalins (Pizarro-Cerda
and Cossart 2018).

Internalins are a protein family of LM. At present,
there are 25 members, among which inlA and inlB are
the earliest identified proteins related to bacterial inva-
sion and are the main factors involved in bacterial inva-
sion of host cells (Ireton et al. 2021). InlA mediates the
internalization of LM through its interaction with the
host-specific receptor E-cad, enabling LM to be endo-
cytosed and enter the host epithelial cells (Drolia and
Bhunia 2019). InlB can interact with multiple receptors
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on the surface of host cells to mediate LM adhesion and
invasion of hepatocytes and nonphagocytes (Al-Obaidi
and Desa 2018). Only some internalins play a role in
mediating LM invasion (Gouin etal. 2019; Mir 2021).
Balandyté etal. (2011) found that the inlG protein was
mainly present in environmental isolates and rarely in
strains isolated clinically from human and animal sam-
ples, suggesting that inlG is closely related to LM sur-
vival in the external environment. Jia et al. (2007) found
that the inlG accounted for 41.1% of the 236 isolates of
LM. Jiang etal. studied 133 isolates of LM and found
that inlG did not exist in lineage I but was present in
74.2% of lineage II, and 30.7% of lineage III (Jianjun
2011). However, there have been few studies on the role
of inlG in LM invasion of host cells.

In the present study, inlG was expressed in a prokar-
yotic system. After immunizing mice with the expressed
product, its protection was evaluated. An inlG deletion
strain was constructed, and the phenotype of the dele-
tion strain was studied through growth characteristics,
hemolysis test, cell adhesion, cell invasion, and mouse
infection to achieve a preliminary understanding of the
biological function of inlG.

Experimental
Materials and Methods

Cell and plasmid. The reference strain of LM
ATCC®19111 (1/2a) and human colorectal adenocar-
cinoma (Caco-2) cells were purchased from the China
Culture Collection Center. Escherichia coli competent
cells BL21 (DE3), prokaryotic expression plasmid
pET-28a (+), and LM shuttle plasmid pKSV7 were
preserved in our laboratory. The primers used for clon-
ing inlG and the construction of the deletion strain
LM-AinlG are shown in Table .

Prokaryotic expression of inlG. To grow LM
ATCC®19111 strains, overnight cultures were diluted
100-fold in Brain Heart Infusion medium (BHI, China)

and shaken at 37°C. The recombinant plasmid pET-28a
(+)-InlG was constructed, which was transformed
into the expression strain BL21 (DE3). We carried
out IPTG induction to positive recombinant plasmid
pET-28a (+)-InlG and optimization of the expres-
sion conditions, SDS-PAGE analysis of the expression
product size, and western blotting to verify the anti-
genicity of the expressed protein.

Immunoprotection test of inlG in mice. Thirty-two
7-week-old male BALB/c mice were obtained from the
Experimental Animal Center of the Chinese Academy
Agricultural of Sciences (Lanzhou, China) and main-
tained in cages with food and water ad libitum. They
were divided into two groups of 16 mice, respectively.
Groups were immunized with 100 pg of recombinant
inlG mixed with complete Freund’s adjuvant (Sigma,
USA) for priming and incomplete Freund’s adjuvant
(Sigma, USA) for boosting. Immunizations were car-
ried out on days 1, 15, and 30. Blood was collected by
tail vein bleeding before immunization. The antibody
titer was measured after each immunization by indirect
ELISA. When the titer increased more than 1:52,000,
mice were intraperitoneally infected with LM at twice
LD, , and the immunoprotective effect of inlG on mice
was evaluated by measuring the survival rate of mice.

Histopathological observation of mice. Mice in
the three groups (unchallenged, unimmunized-chal-
lenged, and immunized-challenged) (n=3, respec-
tively) were dissected after death, and brain and liver
tissues were removed and prepared in paraffin sec-
tions. After hematoxylin-eosin staining, pathological
changes were observed under an optical microscope
(Olympus, Japan).

Construction of the inlG deletion strain. The prim-
ers were designed to amplify the upstream and down-
stream homologous arms of the inlG gene. The homolo-
gous arm of AinlG was amplified with gene splicing by
overlap extension PCR (SOE-PCR). After sequencing,
the homologous arm of AinlG was linked to the shut-
tle plasmid pKSV7 to form the recombinant plasmid
pKSV7-AinlG. The pKSV7-AinlG was transferred into

Table I
PCR primers used in the experiments.

Primer Sequence Product (bp)
AInlG-F1 | CGGGATCCGCTTATGATACAGTAGAAGAA (BamHI) 633
AInlG-R1 | CCTCCGATGAAAAGCGTTCCTAAAATAGTAGGAATAATTCCCAAGATAGCTGTCACT
AInlG-F2 | ATGTTTTACTTGTAGTGACAGCTATCTTGGGAATTATTCCTACTATTTTAGGAACGC 596
AInlG-R2 | GCTCTAGAAGATAATTCAAGTTCTGTTA (Xbal)

D-F TGTCCGCAACAGCTAGCCCAG

1,644/3,100
D-R GCAAGTGGGGTTAAATCACTT
Hly-F GATGCATCTGCATTCAATAA 1510
Hly-R TTATTCGATTGGATTATCTAC '
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LM competent cells by Gene Pulser MXcell™ (BioRad,
USA), and the positive bacteria were screened. Homol-
ogous recombination was carried out at 41°C in the
presence of chloramphenicol. After complete recom-
bination, the pKSV7 plasmid was lost under 30°C and
no-chloramphenicol conditions. The genetic stability of
the gene deletion strain was tested by PCR.

Phenotypic identification of LM-inlG. The growth
of wild-type LM and LM-inlG was evaluated by meas-
uring OD_ at 30°C, 37°C, and 41°Cand pH 5, 7, and 9.
The adhesion and invasion rates of the two strains
were calculated as described previously (Medeiros
etal. 2021; Pereira etal. 2021). Human colon car-
cinoma cells (Caco-2) were cultured in Dulbecco’s
modified Eagles medium (DMEM) (Gibco, China)
with high glucose, supplemented with10% fetal bovine
serum (FBS) (Gibco, China). They were then seeded in
12-well plates at a density of 1 x 10° cells/well and incu-
bated at 37°C in the presence of 5% CO,. For the adhe-
sion assay, overnight (18 h)-grown bacterial cultures
were washed thrice with PBS, adjusted to OD_ ,=0.12,
and suspended in DMEM to a final concentration of
1x10® CFU/ml. The Caco-2 cell monolayer was washed
three times using DMEM, then exposed separately to
the LM and LM-inlG and incubated for 2h at 37°C
under the atmosphere with 5% CO,. After incuba-
tion, cells were washed three times with PBS and lysed
using 500 pl of cold 0.5% Triton X-100. For the inva-
sion assay, the monolayers were exposed to LM and
LM-inlG, washed as performed in the adhesion assay,
and treated with gentamicin (100 pg/ml, 1 h) and with
0.5% Triton X-100 (37°C, 10 min). The lysed cell sus-
pensions from both adhesion and invasion experiments
were serially diluted in PBS, and the bacterial concen-
tration in the samples was determined by the number
of colony-forming units (CFU). The adhesion/inva-
sion efficiency (%) for each strain was calculated as the
number of bacteria attached/invaded to the cells com-
pared with the total number of CFU provided in the
inoculation samples multiplied by 100. However, the
LD, of mice for the deletion strain was determined
the same as the wild strain.

Transcriptomics analysis of LM and LM-AinlG.
Total RNA was extracted from LM and LM-AinlG sam-
ples using the RNAprep Pure Kit (Tiangen, China), fol-
lowing the manufacturer’s instructions. In total, 5 pg
RNA/sample was sent to Beijing Novogene Techno-
logy Co., Ltd., China for RNA sequencing. Accord-
ing to the instructions, the Library Prep Kit (Tiangen,
China) was used to construct the chain-specific library
for RNA samples. The library was sequenced using the
[lumina sequencing platform (HiSeq 4000). Raw data
(raw reads) of FASTQ format were firstly processed
through in-house Perl scripts. The LM reference
genome (NC_003210) and associated gene annotation

information were downloaded from the NCBI database.
The sequence alignment software, Bowtie2 (2.3.4.3) was
used for genome location analysis of clean reads.

The number of gene counts per sample was stand-
ardized using DEGSeq2 (1.20) software. We then per-
formed hypothesis testing and set the threshold as |log2
Fold Change|>1,p_ g value (corrected p-value) <0.05 to
screen out DEGs between LM and LM-AinlG. To sys-
tematically analyze gene biological function and genome
information, the clusterProfiler (3.8.1) software was
used for Gene Ontology (GO) function enrichment and
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis for DEGs. p-Values were calculated
and selected p_ 4 values were set to < 0.05 to determine
the significant gene enrichment (Liao etal. 2019).

Results

Prokaryotic expression of inlG. The molecular
weight of the inlG protein was estimated to be 53 ku,
but the size of the inlG protein was about 70 ku accord-
ing to SDS-PAGE. Therefore, the expressed protein was
identified by mass spectrometry. The mass spectrom-
etry results matched the LM reference sequence to the
highest degree, and the protein was confirmed to be
an expression product of the inlG gene. LM-positive
serum was used as the primary antibody, and sheep
anti-rabbit IgG was used as the secondary antibody.
Western blotting showed that the induced protein had
potential reactogenicity (Fig. 1).

M 1 2 3 4 5

170 ku
130 ku

100 ku

70ku 70 ku

55 ku

40 ku

35 ku

25 ku

Fig. 1. Analysis of the recombinant protein. M - Protein marker,

1 - bacteria before the induction with IPTG, 2 - the induced

bacteria, 3 — supernatant of lysed induced bacteria, 4 — precipita-

tion of induced bacteria, 5 - purified InlG recombinant protein,

6 - uninduced bacteria reaction with positive serum, 7 - induced
bacteria reaction with positive serum.



66 Gou H. etal. 1

Table II
Determination of the median lethal dose of the bacteria (BACT)
in mice.
BACT (CFU) Death/Total Mortality (%)

10° 9/10 90

108 8/10 80

107 6/10 60

10° 4/10 40

10° 2/10 20

0 0/10 0

Immunoprotection test of inlG in mice. The
mortality of mice infected with LM is shown in
Table II and was calculated according to the formula:
logLD, =[Xm-i (XP-0.5)]. Finally, the LD, of LM
was 1.0x10% CFU. The antibody titer of inlG was
more than 1:52,000 in mice by indirect ELISA. After
intraperitoneal infection of mice with LM, the control
group had rough hair and were huddled and listless.
Individual mice gradually developed tremors, increased
secretion at the canthus, and accelerated respiratory
rate. Fifteen mice died within 72h, and one survived.
However, eight mice in the test group developed similar
symptoms and died. The remaining eight mice became
normal at 48 h after the challenge (Table II).

Histopathological observation of mice. Compared
with the brain tissue of the normal group (Fig. 2a), the

challenge group after immunization with saline was
filled with red blood cells, and a large number of lym-
phocytes were infiltrated in the pons (Fig. 2b). After
protein immunization, the interface between the cortex
and medulla in the brain tissue of mice in the challenge
group was clear, and there were fissure vacuoles in the
medulla (Fig. 2c). Brain tissue damage in the immuno-
protein group post-challenge was milder than that in
the normal saline group.

Compared with liver tissue in the normal group
(Fig. 2d), mice in the challenge group after immuniza-
tion with saline (Fig. 2e) suffered a severe liver injury,
irregular arrangement of hepatic lobules, and dilated
central veins. The hepatic cord of mice in the chal-
lenge group disappeared after protein immunization
(Fig. 2f). As in the brain, liver injury in the protein
challenge group was milder than in the normal saline
challenge group.

Construction of LM-AinlG. The amplified upstream
and downstream homologous arms of inlG were 633
and 596 bp, respectively. The homologous arms of
the inlG were fused by SOE-PCR, and a fragment
of 1,229bp was obtained, which was named AinlG.
The pKSV7 plasmid was ligated with AinlG by BamHI
and Xbal double digestion, and the product was trans-
formed into DH5a competent cells. The recombinant
plasmid pKSV7-AinlG was transformed into LM
competent cells by electric shock and cultured at 30°C

Fig. 2. Pathological changes in the tissue of infected mice stained with hematoxillin-eosin. a/d - Normal mouse,
b/e - the mice immunized with normal saline, c¢/f - the mice immunized with protein and challenged with bacteria.
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Fig. 3. Relative adhesion and invasion of LM and LM-AInlG

in Caco-2 cells. This test was done in triplicate in each run and

repeated for three times. The cell assay rates of LM19111 were set
at 100%. * p<0.05; ** p<0.01.

with chloramphenicol. The positive transformants were
screened and amplified as 1,229 bp. At the 70 th genera-
tion, the homologous recombination was completed.
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The shuttle plasmid was lost successfully at the 30 th
generation under the condition of 30°C and no anti-
biotics. The recombinant strain was cultured at 37°C
for 20 generations, and a genetically stable deletion
strain was finally obtained.

Biological characteristics of LM-AinlG. There
was no significant difference in growth characteristics
and biochemical and hemolysis test results between
wild-type LM and LM-AinlG. The LD, of the deleted
strain LM was 1.0 x 10%° CFU, and the wild strain LM
was 1.0 x 10 CFU. The adhesion rate of LM-AinlG to
Caco-2 cells was 1.3 times higher than the wild-type
strain, and the invasion rate was about 2.45 times
higher than the wild-type strain (Fig. 3).

Transcriptomic results of LM and LM-AinlG. The
transcribed genes were classified into gene ontology
(GO) categories: 45 genes were classified into biological
processes, 19 to cellular components, and 29 to molecu-
lar functions. Compared to the wild strain, 18 genes
were up-regulated and 24 genes were down-regulated
in the LM-AinlG (Fig.4). The DEGs were compared

pvalue <0.05

llog2 Fold Change |>0
» UP18
o DOWN 24
» NO 2765

log2 Fold Change

Fig. 4. Differentially expressed genes in LM-AInlG compared to LM. The abscissa indicates the fold change of gene expression, and the
ordinate indicates the significance of the gene difference. The red dots indicate the up-regulated genes, the green dots indicate the down-
regulated genes, and the blue dots indicate the genes that are not significantly different.
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Fig. 5. KEGG pathway analysis of differentially expressed genes in LM-AInlG compared to LM. The enriched KEGG categories
are on the vertical axis. The ratio of the enriched DEGs in the KEGG category to the total genes in that category is shown
on the horizontal axis.

with the Kyoto Encyclopedia of Genes and Genomes
(KEGG, http://www.genome.jp/kegg) and GO data-
bases (http://www. geneontology. org). In Fig.5, the
abscissa represents the enrichment factor; the verti-
cal coordinate represents the enriched function of the
KEGG term. The larger the circle, the more differential
genes are enriched to this function. Twenty metabolic
pathways were enriched in the LM-AinlG (Fig.5).
Quorum sensing, Propanoate metabolism, Valine,
leucine, and isoleucine degradation, Glycerophospho-
lipid metabolism, Butanoate metabolism are the five
significant KEGG enriched pathways from LM-AinlG
compared LM (Table III).

Discussion

The inlG gene product consists of 490 amino acids,
and the predicted molecular weight was about 53 ku.
However, SDS-PAGE found the inlG protein to be
about 70 ku, with a difference of 17 ku from the pre-
dicted molecular weight. After identifying inlG protein
by mass spectrometry, the highest matching score was
the LM reference sequence. The reason for this devia-
tion between the experimental results and the predicted
molecular weight may be the influence of the molecular
weight standards of proteins at different concentrations
of SDS-PAGE. After boiling, the denatured protein
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Table III
Differentially expressed genes in related KEGG pathways in LM-AInlG compared to LM.

Term Gene ID Name Log,FC Type Description
1mo0205 plcB 1.89 up phospholipase C
Imo00202 hly 1.77 up listeriolysin O precursor
. Novel00001 no 1.76 up thiol-activated cytolysin
Quorum sensing
Novel00002 no 1.64 up thiol-activated cytolysin beta sandwich domain
Imo2363 no -1.35 down | glutamate decarboxylase
Imo0447 no 1.66 up pyridoxal-dependent decarboxylase conserved domain
Imo1373 no -1.86 down | transketolase, pyrimidine binding domain
Imo1153 no 1.88 up propanediol dehydratase subunit alpha
Propanoate metabolism Imo2720 no -2.02 down | AMP-binding enzyme C-terminal domain
lmo1374 no -1.52 down | biotin-requiring enzyme
Imo1371 no -1.28 down | pyridine nucleotide-disulphide oxidoreductase
Imo1373 no -1.86 down | transketolase, pyrimidine binding domain
Valine, leucine, Imol374 152 ) bioti -
nd isoleucine degradation mo no -1 own iotin-requiring enzyme
Imo1371 no -1.28 down | pyridine nucleotide-disulphide oxidoreductase
| hosoholiod 1mo00205 plcB 1.89 up phospholipase C
G .
yCEropiospRotip! Imo1176 eutC 3.18 up ethanolamine ammonia-lyase small subunit
metabolism
Imo1175 eutB 1.87 up ethanolamine ammonia-lyase large subunit
Imo1369 no -2.94 down | phosphate acetyl/butaryl transferase
Butanoate metabolism Imo2363 no -1.35 down | glutamate decarboxylase
lmo0447 no 1.66 up pyridoxal-dependent decarboxylase conserved domain

forms a rod-like structure, and the surface uniformly
adsorbs ions. Due to amino acid composition and other
reasons, different proteins do not conform to this basic
assumption (Matsumoto etal. 2019).

In the mouse protective test, the mortality was
93.75% in the control group and 50% in the experi-
mental group, indicating that inlG protein conferred
some antigenic protection after immunization. The
cause of death of mice in the experimental group was
analyzed. The LM used in this study was the highly
pathogenic 1/2a serotype. Studies have reported that
>98% of listeriosis is caused by serotype 1/2b, 4b, and
1/2a strains, and serotype 1/2a is the dominant strain
in China (Chen etal. 2020; Liu etal. 2020). In addi-
tion, it may be related to the weak protection of mice
immunized with inlG protein. Bu etal. (2017) found
that the protection of recombinant fusion antigen was
better than that of a single protein in mice challenged
with LM. Therefore, the genes with dominant epitopes
in the internalin family can be expressed in the future
to study whether they have good antigenicity.

The internalins are closely related to LM virulence
and are unique to LM for adhesion and invasion of host
cells. In this study, inlG deletion had little effect on the
growth characteristics and environmental tolerance of
LM. The LD, of LM-AinlG was 1.0 x 10°° CFU and that
of LM was 1.0 x 10°¢ CFU, indicating that the toxicity of
LM-AinlG was decreased. However, after the deletion

of inlG, the adhesion to and invasion of Caco-2 cells
were enhanced, which was consistent with that after the
deletion of inlC (Jianjun 2011). During LM intracellular
infection cycle, listeriolysin O (LLO, encoded by the hly
gene) mediates LM escape from phagosomes through
lysed phagocytic vacuole and membrane perforation
(Lecuit 2020). PIcB can help LM escape from host
autophagy clearance by inhibiting the maturation of
autophagy precursors or preventing target recognition
by autophagy mechanisms (Mitchell et al. 2018). ActA
recruits actin nucleated complexes in the cytoplasm to
induce actin aggregation to form pseudopod-like struc-
tures termed ‘listeriopods), enabling LM to escape from
autophagy of the host, driving the movement of LM in
the cytoplasm and between cells, and entering neigh-
boring host cells for a new round of adhesion and inva-
sion (de las Heras et al. 2011). InlC, as a member of the
internalins family, relaxes junctional tension through
interaction with a regulator of the tight junction com-
plex (TUBA), and aids LM to invade neighboring cells
(Costa etal. 2020).

From the transcriptomics result of LM-AinlG com-
pared to LM, the expression level of LLO, PlcB, ActA, and
InlC were up-regulated. So, this result explains why the
adhesion to and invasion of Caco-2 cells were enhanced
for LM-AinlG. KEGG annotation results indicated that
quorum sensing, propanoate metabolism, valine, leu-
cine, and isoleucine degradation, glycerophospholipid



70 Gou H. etal. 1

metabolism, and butanoate metabolism are significant
pathways from LM-AinlG compared to LM. The quo-
rum sensing (QS) pathway refers to the ability of bac-
teria to secrete signal molecules to the outside world
continuously. By detecting the concentration of signal
molecules, we can sense the population density of bac-
teria. QS regulates many biological characteristics, such
as motility, biofilm formation, colonization, adhesion,
virulence factor secretion, and bioluminescence, which
are necessary for the survival or virulence of many bac-
teria (Younis etal. 2016). Amino acid metabolism, such
as valine, leucine, and isoleucine metabolism, is likely
critical for protein synthesis. However, the study also
demonstrated that valine, leucine, and isoleucine degra-
dation might be related to cell adhesion (Chandrashekar
etal. 2020). Enrichment of propanoate metabolism may
affect energy metabolism. These KEGG pathways were
also observed in other bacteria and human cells, sug-
gesting that propanoate may control the activity or sta-
bility of enzymes involved in pathways and affect energy
metabolism regulation (Yi and Xie 2021).

Conclusions

This study evaluated the potential of inlG as a vac-
cine candidate to protect against LM infection. In addi-
tion, by constructing the gene deleted strain, it was
verified that inlG was related to the virulence of LM.
We also clarified the mechanism of LM-AinlG from
the transcriptomics analysis. The next step will be to
explore the detailed functional mechanism of inlG
by analyzing the receptor for inlG and whether it acts
synergistically with other internalins.
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