www.nature.com/scientificreports

SCIENTIFIC
REPORTS

natureresearch

W) Check for updates

Molecular characterization

of megaplasmids encoding

the type VI secretion system

in Campylobacter jejuni isolated
from chicken livers and gizzards

Daya Marasini', Anand B. Karki*, John M. Bryant?, Robert J. Sheaff? & Mohamed K. Fakhr'**

Megaplasmids in Campylobacter spp. likely play important roles in antibiotic resistance, virulence,
and horizontal gene transfer. In this study, megaplasmids pCJDM202 (119 kb) and pCJDM67L (116 kb)
from C. jejuni strains WP2-202 and OD2-67, respectively, were sequenced and characterized. These
megaplasmids contained genes for tetracycline resistance [tet(O)], the Type IV secretion system,
conjugative transfer and the Type VI secretion system (T6SS). The T6SS genes in Campylobacter
plasmids encoded genes and proteins that were similar to those identified in Campylobacter
chromosomal DNA. When the megaplasmid pCJDM202 from C. jejuniWP2-202 was transferred via
conjugation to C. jejuni NCTC11168 Nal*, transconconjugants acquired tetracycline resistance and
enhanced cytotoxicity towards red blood cells. AT6SS mutant of strain WP2-202 was generated

and designated Ahcp3; the mutant was significantly impaired in its ability to lyse red blood cells

and survive in defibrinated blood. The cytotoxicity of Campylobacter strains towards the human
embryonic kidney cell line HEK 293 was not impacted by the T6SS. In summary, the T6SS encoded by
Campylobacter megaplasmids mediates lysis of RBCs and likely contributes to survival on retail meats
where blood cells are abundant.

The high prevalence of Campylobacter spp. in retail chicken products is associated with campylobacteriosis
outbreaks worldwide' and reflects the challenges in preventing Campylobacter contamination in retail meat
production and storage**. The consumption of undercooked liver dishes prepared from contaminated chicken
liver products was responsible for the multistate outbreaks of campylobacteriosis in the USA*®. The antimi-
crobial resistance and virulence genes in Campylobacter have substantially increased the difficulty in control-
ling campylobacteriosis’, and the transmission of drug-resistant foodborne pathogens through livestock, food
products and humans creates a huge public health burden®. Various aspects of Campylobacter contamination,
transmission, and pathogenicity remain unexplored®.

The genetic transfer of antimicrobial resistance and virulence genes between organisms in environmental
niches is a common route of acquisition by foodborne pathogens®. Plasmids in foodborne pathogens such as
Campylobacter often encode antimicrobial resistance genes such as tetracycline resistance (tetO); furthermore,
pVir plasmids in Campylobacter are frequently involved in virulence'®!!. Many Campylobacter plasmid sequences
have been deposited in GenBank'*"3, and these plasmids have been categorized according to size and genomic
composition'. The complete sequences for several C. jejuni megaplasmids are available but the potential role of
these genes in virulence and survival is not clear'.

The Type VI secretion system (T6SS) has been identified in diverse species of Gram-negative bacteria and
functions to kill competing bacteria via a bacteriophage-like invasion and injection mechanism'>'®. Various
foodborne pathogens, including Salmonella spp., Escherichia coli and Campylobacter spp., possess the T6SS!7!8,
The T6SS in Campylobacter was similar to the protein products encoded by the pathogenicity island in Helico-
bacter hepaticus'. Previous studies demonstrated that the Campylobacter T6SS was responsible for erythrocyte
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Chromosome size Accession

Strains Plasmids (bp) Plasmid size (bp) | Genes | Pseudogenes | RNA | G+C | number
C. jejuni WP2 202 1,681,907 - 1781 42 56 30.5 CP014742
pCJDM202 119,543 116 11 - 27.2 CP014743
C. jejuni OD2 67 1,672,837 - 1786 64 54 30.5 CP014744
pCJDM67L 116,833 108 9 - 26.9 CP014745
pCJDM67S 36,603 46 1 - 26.1 CP014746

Table 1. Genomic features of C. jejuni strains OD2-67 and WP2-202 and their plasmids.

cytotoxicity, host cell adherence and colonization'*?°. Among 13 T6SS genes in various isolates of C. jejuni and
C. coli, hep had a major role in virulence?'; furthermore hcp overexpression enhanced the invasiveness and
adherence of C. jejuni®.

Although the T6SS system has been identified in various foodborne and clinical pathogens, very few plasmids
are known to harbor a complete set of T6SS genes'>!*?>%, Since plasmids play a major role in horizontal gene
transfer, the potential transfer of T6SS genes among foodborne pathogens is possible; furthermore, horizontal
transfer of T6SS genes was recently demonstrated in Vibrio alginolyticus**. However, it is important to mention
that Campylobacter spp. do not readily exchange genetic material with other bacteria. The existence of restric-
tion barriers and genes such as CjI1051 in C. jejuni can prevent the incorporation of foreign bacteriophage
particles into Campylobacter genomes®. In general, Campylobacter plasmids exhibit very limited homology to
plasmid DNA in other gram-negative species'>?®. However, the plasmid-encoded tetracycline resistance genes
in Campylobacter and Streptococcus show similarity, which indicates possible genetic exchange between these
gram-negative and gram-positive genera”. With the exception of previous studies on the pVir plasmid of C.
jejuni, there is little information about the role of large plasmids in C. jejuni and Campylobacter coli'!. In this
study, we characterized two megaplasmids in C. jejuni isolates from chicken livers and gizzards; both megaplas-
mids encoded the type IV (T4SS) and type VI secretion systems. The relatedness of these plasmids with other
Campylobacter plasmids encoding the T6SS was evaluated, and the potential role of the plasmid-encoded T6SS
in transfer and survival was investigated.

Materials and methods

Bacterial strains and plasmids. Pulsed-field gel electrophoresis (PFGE) was previously utilized to show
that C. jejuni strains WP2-202 and OD2-67 harbor megaplasmids?®. Whole genome isolation and sequence anal-
ysis of these strains were briefly reported in a genome announcement'*. Genome size, G+ C content, number
of genes and accession numbers are listed in Table 1. The megaplasmids pCJDM67L (accession no. CP014745)
and pCJDM202 (accession no. CP014743) isolated from C. jejuni strains OD2-67 and WP2-202 were used
for genomic comparison and characterization. Bacterial strains were grown in Mueller-Hinton blood (MHB)
agar and MHB broth containing 16 ug/ml of tetracycline under micro-aerobic conditions for 72 h. C. jejuni
NCTC11168 (Nal +), a nalidixic acid resistant (Nal®) variant from our laboratory, was used for conjugation and
transformation experiments.

Whole genome and plasmid sequencing. The isolation of genomic and plasmid DNA and sequence
analysis was performed as described previously'?. Briefly, Campylobacter cells were transferred to MHB broth
and grown for 72 h with vigorous shaking (175 rpm) at 42 °C. Cells were harvested after centrifugation and
genomic DNA was isolated using the DNeasy Blood and Tissue Kit (Qiagen Inc., Valencia, CA). Plasmids were
isolated using the Qiagen plasmid midi-kit as recommended by the manufacturer. Library preparation for whole
genome and plasmid sequencing was conducted using the Nextera XT sample preparation kit according to
manufacturer’s instructions. Prepared libraries were sequenced in the Illumina Miseq platform with the Illumina
MiSeq V2 reagent kit 2 x 150 cycles (Illumina Inc., CA). Sequence assembly was performed in the CLC Genomic
Workbench v. 7.5.1 (Qiagen Inc.) Plasmid sequences were annotated using the RAST online tool (https://rast.
nmpdr.org/rast.cgi)®® and the NCBI Prokaryotic Genome Annotation Pipeline.

Comparative genomic analysis. Comparison of genomic DNAs from C. jejuni strains WP2-202 (Gene
bank accession no. CP014742) , OD2-67 (CP014744) and NCTC11168 (AL111168.1) was performed with
GView (https://server.gview.ca/). Sequences for the following Campylobacter plasmids with T6SSs were down-
loaded from GenBank on 11/14/2018 (accession numbers are shown in parenthesis): pCJDM202 (CP014743);
pCJIDM67L  (CP014745); pMTVDSCj13-2 (CP017417); pCOS502 (CP018901); pCOS503 (CP025282);
pCC14983A-1 (CP017026), and a plasmid from C. jejuni strain RM3194 (CP014345). Pangenome and core
genome analysis were carried out with GView. The BLAST nucleotide analysis used in GView had e-val-
ues < le—10, alignment length cutoff values =100 and percent identity cutoff values=80 .

Conjugation experiments. C. jejuni WP2-202 contains a single, T6SS-containing tetracycline-resistance
(Tet®) megaplasmid (pCJDM202) and was selected as a donor in conjugation experiments. The recipient strain
C. jejuni NCTC11168 Nal* was isolated by inoculating a bacterial suspension (~ 10® cells) to MHB agar contain-
ing 30 pg/ml of nalidixic acid. After 3 days, Nal® colonies were further selected on MHB agar containing 60 ug/
ml nalidixic acid. Heat-enhanced conjugation was performed as described previously™®. Briefly, a 72-h culture

SCIENTIFIC REPORTS |

(2020) 10:12514 | https://doi.org/10.1038/s41598-020-69155-


https://rast.nmpdr.org/rast.cgi
https://rast.nmpdr.org/rast.cgi
https://server.gview.ca/

www.nature.com/scientificreports/

of the recipient NCTC11168 Nal* (~ 10? cells) was incubated at 50 °C for 30 min and allowed to cool at 25 °C
for 3 min; recipient cells (0.5 ml) were then mixed with 0.5 ml of the donor C. jejuni WP2-202 (~ 108 cells; 72-h
culture); 25 pl of the mixture was inoculated to MHB agar. After a 48-h incubation period, cells from inoculation
sites were removed from the agar plates and suspended in 0.5 ml MH broth. Transconjugants were selected on
MHB agar containing nalidixic acid and tetracycline at 60 and 16 pg/ml, respectively.

Plasmid transfer in putative transconjugants was confirmed by PFGE as described previously®. Briefly, agar
plugs were digested with Smal and S1 nuclease and subjected to PFGE for 16 h*. The presence of the T6SS in
selected transconjugants was confirmed by PCR using primer pairs. Transconjugants TCF8 and TCF11 were
used in further experiments.

Construction of the hcp mutant. The cat gene, which encodes chloramphenicol acetyltransferase and
confers chloramphenicol resistance (Cm®), was used to disrupt hcp. The cat cassette with its native promoter
(798 bp) was inserted between nucleotides 60 and 460 in the hcp coding region, thus deleting a 400 bp frag-
ment. The mutated hcp was constructed and cloned in pBluescript SK+ (pBSK +Ahcp) as a commercial service
provided by Biomatik USA (Wilmington, Delaware).

Electroporation was used to introduce the mutant form of hcp into C. jejuni WP2-202. To prepare cells for
electroporation, WP2-202 was initially cultured on MHB agar at 42 °C for 48 h in microaerobic conditions;
cells were then removed and suspended in 1 ml MHB broth. After centrifugation at 10,000 rpm for 5 min, the
supernatant was discarded and the pellet was resuspended in 100 ul MHB; the suspension was then inoculated
to MHB agar as a lawn and incubated for 24 h at 42 °C in microaerobic conditions. Cells harvested from the
lawn were suspended in 1 ml MHB, pelleted by centrifugation, and washed four times with 272 mM sucrose
containing 15% glycerol. Cells were then resuspended in 272 mM sucrose containing 15% glycerol and 50 pl
aliquots were stored at — 70 °C.

Frozen WP2-202 cells were thawed on ice, and 2 pl of pBluescript SK + containing the mutant hcp gene
(pBSK + Ahcp) was added. This mixture was then subjected to electroporation in a Gene Pulser III (Bio-Rad,
USA) at 2.5 kV, 25 pF and 200 Ohms. Electroporation was also used to introduce a linear DNA fragment con-
taining the synthetic mutated hcp; this was amplified using pBSK + Ahcp) by the primers P1 and P4 (Table S1),
and a 2 pl amplified PCR product was introduced into electrocompetent cells. After electroporation, WP2-202
cells were quickly resuspended in 100 pl of SOC broth, inoculated to MHB agar, and incubated at microaerobic
conditions at 37 °C for 24 h. Transformants were selected on MHB agar containing chloramphenicol (20 pg/
ml) and tetracycline (16 pg/ml). Putative mutants containing deletions in hcp were screened using primers P5
(upstream of hcp) and P6 (downstream of hcp) and various combinations of primers P1, P2, P3, and P4 (Table S1);
potential mutants were further confirmed by sequencing. A hcp mutant designated Ahcp3 was selected for further
experiments.

Complementation experiments. For complementation, cloning vector pRY108*' and PCR-amplified
hcp by primers Hcp-com-F and Hep-com-R (Table S1) from pCJDM202 were digested with BamHI/Xbal and
ligated. The resulting constructs were used to transform E. coli DH5a and selected on Luria-Bertani (LB) agar
containing 100 ug/ml kanamycin; gel electrophoresis was used to confirm E. coli transformants containing hcp.
Prior to transformation, C. jejuni Ahcp3 cells were grown on MHB agar containing chloramphenicol (20 pg/ml)
and tetracycline (16 pg/ml) for 48 h at 42 °C in microaerobic conditions. Multiple attempts were undertaken to
introduce hcp into the C. jejuni Ahcp3 mutant by electroporation, and transformants were screened on MHB
agar containing chloramphenicol (20 pg/ml), tetracycline (16 pg/ml), and kanamycin (100 pug/ml).

Assays for confirmation of functional T6SS in megaplasmid pCJDM202. Cytotoxicity assay, sur-
vival in blood and human cell viability assay of wild type strain carrying megaplasmid pCJDM202 (C. jejuni
WP2-202), hep gene mutant (C. jejuni Ahcp3) and transconjugants were carried out as described previously®
with few modifications. These assays were used in our study for the confirmation of a functional T6SS found in
megaplasmid pCJDM202 as similar experiment was used in a previous study' to characterize functional T6SS
in the chromosome of C. jejuni 108.

a. Cytotoxicity assays. C. jejuni NCTC11168 Nal*, transconjugants TCF8 and TCF11, WP2-202, and
Ahcp3 (hep mutant) were grown on MHB agar for 72 h and transferred to liquid media for an additional
48 h-incubation at 42 °C in microaerobic conditions. The wild-type WP2-202 was grown in MHB agar with
tetracycline (32 pg/ml), whereas Ahcp3 was grown in MHB agar containing tetracycline (32 ug/ml) and chlo-
ramphenicol (20 pug/ml) for 72 h and 7 days, respectively. The extracted cells were then pelleted and resuspended
in fresh MHB broth, and the ODy, was adjusted to 1.5. Red blood cells (RBCs) were pelleted from 12.5 pl defi-
brinated horse blood (Hemostat, Dixon, CA) by centrifugation at 10,000 rpm for 5 min, and the supernatant was
discarded. The pelleted RBCs were resuspended in 250 pul PBS containing 0.4 mM CaCl,". Bacterial suspensions
(1 ml) were added to the blood cells and incubated microaerobically at 42 °C for 6 h. After six hours, the A,
was measured to quantify the degree of hemolysis. Water and PBS were used as positive and negative controls,
respectively. All experiments were carried out at least twice with technical triplicates.

b. Survival of C. jejuni in blood. WP2-202 and Ahcp3 cells from 18-h cultures grown at 42 °C on MHB
agar in microaerobic conditions were harvested and pelleted. Cell suspensions (A, ~0.1) were prepared in PBS
(pH 7.34), and 100 pl aliquots were inoculated into 10 ml defibrinated horse blood (Hemostat, CA) and incu-
bated in 50 mm petri dishes (microaerobic conditions, 72 h, 42 °C). Samples (100 pl) were removed at 0, 24, 48,
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and 72 h, and viable cells counts were determined. Experiments were performed in triplicate. One end t-test was
carried out for statistical analysis of all the experimental data.

c. Human cell viability assay. The human embryonic kidney (HEK 293) cell line [American Type Culture
Collection (ATCC), Manassas, VA, USA] was used to study the effect of plasmid pCJDM202 on cell cytotoxicity.
Three-day-old liquid cultures of C. jejuni NCTC11168 Nal*, TCF8, TCF11, WP2-202 and Ahcp3 were obtained
from cells grown in MHB (microaerobic conditions, 42 °C) and separated by centrifugation into bacterial cell
and supernatant fractions. Various concentrations of each strain were incubated with HEK 293 cells at 37 °C
in 5% CO, for 6 h, and cell viability was determined®. The Cell-Titer Blue assay (Promega, Madison, WI) was
used to measure viability; in this assay, living cells convert resazurin to the fluorescent resorufin, and the signal
is measured with a TECAN Safire plate reader.

Tetracycline resistance. C. jejuni WP2-202 and transconjugants TCF8 and TCF11 and were grown micro-
aerobically on MHA plates containing tetracycline at 1, 2, 4, 8, 16, 32, 64, 128, 256 and 512 pg/ml, and the growth
of strains was measured after 48 h.

Results

Comparative genomics of C. jejuni WP2-202 and OD2-67. The genome sizes of C. jejuni WP2-202
and OD2-67 were similar to other sequenced C. jejuni strains, which ranged from 1.6-1.8 Mb in size'**%. Over-
all, the sequences of these two genomes shared a great deal of homology, and the organization of ORFs was
similar. Chromosomally-encoded genes in the two strains were highly homolgous (99-100% sequence iden-
tity). C. jejuni WP2-202 and OD2-67 lacked a few transferase genes that were present in the reference strain
NCTC11168; other differences between these two strains (WP2-202 and OD2-67) included hypothetical and
phage-related proteins (Fig. 1a). Detailed results of BLAST analysis and differences in coding sequences (CDS)
are shown in Table S2.

Plasmids harboring the T6SS. C. jejuni WP2-202 contains a 119,543-bp megaplasmid designated
pCIDM202, whereas OD2-67 contains pCJDM67L and pCJDM67S, which are 116,833 and 36,603 bp, respec-
tively (Table 1). The smaller plasmid, pCJDM67S, shares homology with the previously identified virulence
plasmid, pVir'". Blast analysis revealed that the two megaplasmids, pCJDM202 and pCJDM67L, have similar
genomic compositions and a high level of sequence homology (Table S3). A few hypothetical proteins were
identified that distinguished the two plasmids, and detailed differences are shown in Table S3. pCJDM202 and
pCIDM67L contain genes encoding the T6SS, the type IV secretion system (T4SS), conjugative transfer and
tetracycline resistance (Fig. 1b).

Analysis of the C. jejuni and C. coli plasmids harboring the T6SS in Genbank showed the presence of 13
conserved T6SS genes in all plasmids (Table S4; Fig. 1c, 1d). The genomic arrangement of T6SS genes found in
megaplasmids (for example: pCJDM202) was similar to the T6SS cluster in the genome of C. jejuni 108, however
it differed slightly from the T6SS in Helicobacter hepaticus ATCC 51,449" (Fig. 1d). pCJDM67L and pCJDM202
encoded T4SS genes and tet(O), which are also borne on the C. coli plasmid pCC14983A-1(Fig. 2) (Table S5).
Genes encoding the T4SS, conjugative transfer and tetracycline resistance were not common to all plasmids.

Transfer of C. jejuni megaplasmids via conjugation. Heat shock was used to induce conjugal trans-
fer of megaplasmid pCJDM202 from the donor WP2-202 to the recipient NCTC11168 Nal*. The presence of
pCJDM202 in transconjugants TCF8 and TCF11 was confirmed by PFGE. The Smal digest shows an extra
fragment in the donor and transconjugants that was not present in NCTC11168 Nal*. The presence of the T6SS
gene, hcp, was confirmed by PCR amplification of amplicon size of 1,420-bp in the transconjugants with primers
P1 and P4 (Table S1).

Mutagenesis and complementation. Homologous recombination was used to delete a 400-bp region of
hcp and replace it with cat, which encodes Cm®. The mutant Ahcp3 was confirmed by PCR and sequence analysis
using primers P5 and P6 and various combinations of primers P1-P4, C1 and C2 (Table S1). PFGE was used
to confirm that pCJDM202 was present in the Ahcp3 mutant. Complementation of the C. jejuni Ahcp3 mutant
involved attempts to introduce pRY108 containing hcp into the mutant by electroporation. All attempts to trans-
form the mutant were unsuccessful.

Cytotoxicity, survival in blood cells, and human cell viability assay. Transconjugants TCF8 and
TCF11 were slightly more hemolytic than the recipient NCTC11168 Nal*, which lacks pCJDM202 (Fig. 3a).
C. jejuni WP2-202 and the Ahcp3 mutant showed similar hemolytic activity at three days (Fig. 3c), but Ahcp3
showed significantly less hemolysis than the wild-type WP2-202 at seven days (Fig. 3b, ¢). When compared to
the wild-type WP2-202, the Ahcp3 mutant showed a significant decrease in survival when incubated in defibri-
nated horse blood (Fig. 4). Survival of the wild-type WP2-202 was significantly higher (P<0.05) than Ahcp3 at
24, 48, and 72 h (Fig. 4).

C. jejuni NCTC11168 Nal* and transconjugants TCF8 and TCF11 did not differ significantly in their ability
to cause lysis of HEK 293 cells (Fig. S1). Similarly, both C. jejuni WP2-202 and the Ahcp3 mutant showed no
significant differences in cytotoxicity relative to the control when incubated with HEK 293 cells (Fig. 5).

SCIENTIFIC REPORTS |

(2020) 10:12514 | https://doi.org/10.1038/s41598-020-69155-



www.nature.com/scientificreports/

Integrase-recombinase protein,

Vare

conserved hypothetical protein
conserved hypothetical protein
predicted secreted protein
predicted membrane-associated
VgrG protein

250 kb Erythrocyte membrane-associated ... ImpHVasB
P transcriptional regulator (Cro/Cl) ImpGiVasA

conserved hypothetical protein protein similar to VCA0109

conserved hypothetical protein ImpC

conserved hypothetical protein ImpB.
)—~HI ImpA

TraG: Type Vi secretion lipoprotein/VasD

ImpJIVasE

»redicted membrane-associated ImpK/VasF, OmpA/Mot8 domain

I nNcTc11168
Il pangenome
Il GC content

<500 kbp

Giycerate kinase
PCJDM202
119,543bp

TraR (pTi VirD2 homolog)
Ribbon-helix-helix protein:

hep protein
lemF

predicted membrane-associated
conserved hypoth. membrane protein

DNA primase
helicase, Snf2 family

- DNA primase [/ YN W TolA protein
1250 kbp TraG replication protein
Site-specific recombinase! TolA protein
Virulence-associated protein 2/ Teto
VirB2! DNA topoisomerase Il

virg4/
Phage Rha protein
$SD binding protein

DNA topoisomerase il
TraQ
cag12

VirBs VirD4
Virss Phage Rha protein
Virg7
. 750 kb vigs
1000 kbo ' P vires
Vir810
Virg11
-
Erythrocyte membrane N &
MCore genome (plasmids with T6SS) associated antigen Integrase/recombinase PN §Y
WpCJDM202 N M VorG é’h %’J N
GC content PR LS & S 88898 2
$ § FEFFEEFESE E ¢
WGC skew S o0 Lo oy Sy 8 B ?
> $ $ 888 FeF &S ) S
& & ¢ e ¢ g & &

@ &
TraG
pCJDM202
N
~ $
v“
Predicted membrane & ¥
N > i & g 9
associated protein 'ti' T6SS proteins N gw g \\Q\\ é} ‘?\ ‘?\ o P o s
S o§ «§«,§ oSs Q§ & {'e’. ¢ oéﬁ S Q
§ & EgESFeF s & 0@

Glycerate kinase —» ;

4
‘. -
; N DNA primase
)

DNA primase 7

e
> S &3 >
o0 &fF & LS &
& ¢ S ¢ &
S S FssrF s &
K K R A &

H. hepaticus ATccs1a49 IRl <} m O mmmhu

Figure 1. (a) Pangenome analysis of the chromosomal DNA in C. jejuni strains NCTC11168, WP2-202 and
0D2-67. (b) Functional map of the genes encoded by the megaplasmid pCJDM202. (c) Core genome analysis
of all Campylobacter plasmids encoding the T6SS. (d) Organization of T6SS genes encoded by pCJDM202,

C. jejuni strain 108 and H. hepaticus ATCC51449. The organization of the T6SS gene cluster encoded by
pCJDM202 was conserved in all C. jejuni and C. coli plasmids.

Tetracycline resistance. C. jejuni NCTC11168 Nal* was highly susceptible to tetracycline, and growth
was inhibited beginning at 2 pg/ml (data not shown). Transconjugants TCF8 and TCF11 containing pCJDM202
showed a much greater tolerance to tetracycline (up to 256 ug/ml); this level is much higher than the donor
WP2-202, which showed a MIC =64 pg/ml.

Discussion

The sequenced genomes of C. jejuni WP2-202 (isolated from chicken liver) and C. jejuni OD2-67 (chicken
gizzard) revealed the presence of circular chromosomes and megaplasmids pCJDM202 and pCJDM67L respec-
tively. The genome sizes of WP2-202 and OD2-67 were similar to strains isolated from retail meats and clinical
sources'>*>% and were highly homologous to reference strain NCTC11168. All three genomes harbored the
multidrug efflux pump encoded by cmeABC, which has been characterized in other C. jejuni strains®**>. Both
WP2-202 and OD2-67 encoded virulence factors that were present in NCTC11168, which indicates the potential
pathogenicity of these strains. It is important to mention that campylobacteriosis outbreaks have been associ-
ated with poultry liver products, and the incubation time of campylobacteriosis originating from these products
was short®.
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Figure 3. Hemolysis of red blood cells by C. jejuni strains. Suspensions with darker coloration have a high

level of hemolytic activity. (a) Hemolytic activity in seven-day-old cultures of C. jejuni NCTC11168 Nal* and
transconjugants TCF8 and TCF11 containing pCJDM202. (b) Hemolytic activity in seven-day-old cultures of C.
jejuni WP2-202 and the Ahcp3 mutant. PBS and water were used as negative and positive controls. (¢) Diagram
showing the absorbance (A4,,,) of supernatants after incubating red blood cells with bacterial suspensions of C.
jejuni WP2-202 and the Ahcp3 mutant. Column labeled with an asterisk (*) is significant at P<0.05.
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Campylobacter spp. harbor plasmids that vary in size'; however, few Campylobacter strains possess
megaplasmids'>*>*. The megaplasmids characterized in this study, pCJDM202 and pCJDM67L, are similar
to the pTet plasmids and encode conserved proteins for conjugation and the T4SS'. Plasmids pCJDM67L and
pCJDM202 encoded tetracycline resistance; other antibiotic resistance genes were not identified in the mega-
plasmids. However, megaplasmids from C. jejuni (turkey isolates) contained genes encoding aminoglycoside
resistance’®. Megaplasmids pCJDM67L and pCJDM202 also encode the T6SS, and core genome analysis of
selected C. jejuni/coli plasmids revealed the presence of 13 conserved T6SS genes. These megaplasmids also
harbor genes encoding DNA primase, erythrocyte-associated membrane protein, TraG, glycerate kinase and
hypothetical proteins. Based on the conserved structure among these plasmids, we predict that additional, novel
sequences were acquired from other sources (e.g. prophages, pathogenicity islands, secretion systems) and/or
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Figure 4. Survival of the C. jejuni WP2-202 and the Ahcp3 mutant in defibrinated fresh horse blood. Error bars
represent standard error of the mean (LogN/No). Columns labeled with an asterisk (*) represent significance at
P<0.05.

Concentration of
40000 | O el > mOul Oul m2pl O4pl msul mA6pl m32ul me4pl

suspension

35000

30000
25000
20000
> 15000
10000
5000

Control WP2-202 Ahcp3

Viable cells

=)

Figure 5. Viability of HEK 293 cells after a 6-h incubation with C. jejuni WP2-202 and the Ahcp3 mutant.
Viability was measured using the resazurin assay as described in Methods.

retained by selected plasmids. Pangenome analysis revealed various CDS that differed among C. jejuni and C. coli
plasmids and showed species-specific clustering of plasmids with the T6SS. Plasmids pCJDM202, pCIDM67L
and pCC14983A-1 (C. coli plasmid) are pTet-like plasmids that harbor tet(O) and the T4SS. We previously
demonstrated that Type 1 (pTet), Type 2 and Type 3 plasmids in Campylobacter spp. were primarily of C. jejuni/
coli origin'*. However, further analyses with additional megaplasmid sequences is needed to conclusively show
species-specific clustering since only seven megaplasmid sequences were used in the current study.

Our results show that megaplasmid pCJDM202 was conjugally transferred from C. jejuni WP2-202 to
NCTC11168 Nal*, which indicates that the T6SS borne on pCJDM202 was mobilized between the two strains.
In addition to an extrachromosomal location, various reports have documented the presence of the T6SS in
the chromosomes of C. jejuni and C. coli'®*!. The organization and relatedness of T6SS genes is conserved in
Campylobacter plasmid (this study) and chromosomal DNA'*%%7 which supports the transmissibilty of the T6SS
in Campylobacter spp. The transfer of pTet plasmids and tet(O) in Campylobacter spp. is well-documented?®,
and the acquisition of tetracycline and kanamycin resistance had been reported via natural transformation of
C. jejuni in mixed populations of Campylobacter®’; the latter might be enhanced in the biofilms that form dur-
ing retail meat processing and storage®’. Plasmids pCJDM202, pCJDM67L and pCC14983A-1 harbor conjugal
transfer proteins that might have roles in transmission of the T6SS; however, further studies are needed to define
the mechanistic basis of T6SS mobilization in Campylobacter spp.

The T6SS is a versatile weapon in bacterial pathogens'® and exhibited contact-dependent cell cytotoxicity
in Vibrio spp., E. coli and Salmonella'”*!. Interestingly, the contact-dependent toxicity of the T6SS was less
pronounced in a Vibrio cholerae clinical isolate as compared to environmental isolates*!. The hcp gene product
of the T6SS is thought to play a major role in cell death, and hcp + strains of C. coli and C. jejuni from retail
chicken had increased virulence®!. Since the T6SS is similar in chromosomal and plasmid DNA of Campylobac-
ter, we speculate that the plasmid-borne T6SS functions in the virulence of Campylobacter. In support of this
hypothesis, we show that transconjugants TCF8 and TCF11 (containing the T6SS on pCJDM202) exhibit greater
hemolysis towards RBCs than the recipient C. jejuni NCTC11168 Nal*, which is a clinical isolate capable of RBC
cytotoxicity. Thus, the enhanced RBC cytotoxicity in the transconjugant indicated the possible involvement of
the plasmid-borne T6SS in hemolysis. Previous studies have shown that the T6SS is largely responsible for the
contact-dependent cytoxicity towards RBCs'?, which is supported by our results with transconjugants and RBC
cytotoxicity. However, it is important to mention that the T6SS did not impact toxcity towards the HEK 293 cell
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line in this study. We also compared C. jejuni WP-202 and the Ahcp3 mutant in RBC assays; a seven-day-old
culture of WP2-202 showed significantly higher levels of RBC cytoxicity than the Ahcp3 mutant; however, no
significant differences were observed with three-day-old cultures. Our results using seven-day-old inoculum in
RBC toxicity assays agrees with previous results'’. The observed differences in cell cytotoxicity using older cul-
tures might be due to increased expression of the T6SS genes in late stationary phase when nutrients are depleted.

A limitation of the current study is the failure to complement the Ahcp3 mutant. One possibile explanation is
the potential incompatibility of the vector pRY108 with pCJDM202. pRY 108! was derived from the cryptic C.
coli plasmid pIP1455* and was shown to replicate in C. jejuni, C. coli and E. coli hosts. Most shuttle vectors that
are derived from pIP1455 share the same incompatibility group*>-*°. Efforts to complement the Ahcp3 mutant
are sill needed, and other vectors such as pCJ419* are under consideration.

We show that pCJDM202 and pCJDM67L harbor the tet(O) gene that confers tetracycline resistance, which
is often plasmid-mediated in Campylobacter spp.*. Transconjugants TCF8 and TCF11 exhibited elevated tetra-
cycline resistance when they acquired megaplasmid pCJDM202; furthermore, the transconjugants exhibited a
higher level of tetracycline resistance (up to 256 pug/ml) than the donor C. jejuni WP2-202 (MIC=64 pg/ml). The
recipient strain, C. jejuni NCTC11168, was shown to encode a functional CmeABC efflux pump responsible for
multidrug resistance®. The inactivation of cmeB resulted in a 16- to 128-fold decrease in tetracycline resistance
in C. jejuni strains containing tet(O)*. Since the crneABC genes are present in the transconjugants, the elevated
level of tetracycline resistance might be due to variable expression of the tet(O) gene borne on pCJDM202.

In conclusion, the megaplasmids described in this study encode tetracycline resistance and the T6SS, which
might facilitate survival and virulence of the C. jejuni host. The enhanced hemolytic activity of the donor WP2-
202 and transconjugants indicate a potential role for the T6SS in RBC cell cytotoxicity. It had been proposed
that Campylobacter might use the T6SS to lyse blood cells and then use blood components as a nutrient source'’.
Hence, the T6SS and tetracycline resistance encoded by megaplasmids are likely factors that facilitate Campy-
lobacter survival in retail meats.

Received: 26 February 2020; Accepted: 29 June 2020
Published online: 27 July 2020

References

1. Kaakoush, N. O., Castaiio-Rodriguez, N., Mitchell, H. M. & Man, S. M. Global epidemiology of Campylobacter infection. Clin.
Microbiol. Rev. 28, 687-720 (2015).

2. Cools, 1. et al. Persistence of Campylobacter jejuni on surfaces in a processing environment and on cutting boards. Lett. Appl.
Microbiol. 40, 418-423 (2005).

3. Gibbons, I. S., Adesiyun, A., Seepersadsingh, N. & Rahaman, S. Investigation for possible source(s) of contamination of ready-
to-eat meat products with Listeria spp. and other pathogens in a meat processing plant in Trinidad. Food Microbiol. 23, 359-366
(2006).

4. Farmer, S., Keenan, A. & Vivancos, R. Food-borne Campylobacter outbreak in Liverpool associated with cross-contamination
from chicken liver parfait: Implications for investigation of similar outbreaks. Public Health 126, 657-659 (2012).

5. Jones, A. K. et al. Restaurant cooking trends and increased risk for Campylobacter infection. Emerg. Infect. Dis. 22, 1208-1215
(2016).

6. Centers for Disease Control and Prevention (CDC). Multistate outbreak of Campylobacter jejuni infections associated with under-
cooked chicken livers-northeastern United States, 2012. MM WR. Morb. Mortal. Wkly. Rep. 62, 874-6 (2013).

7. Bolton, D. J. Campylobacter virulence and survival factors. Food Microbiol. 48,99-108 (2015).

8. Caniga, M., Manageiro, V., Abriouel, H., Moran-Gilad, J. & Franz, C. M. A. P. Antibiotic resistance in foodborne bacteria. Trends
Food Sci. Technol. 84, 41-44 (2019).

9. Hansson, I., Sandberg, M., Habib, I., Lowman, R. & Engvall, E. O. Knowledge gaps in control of Campylobacter for prevention of
campylobacteriosis. Transbound. Emerg. Dis. 65, 30-48 (2018).

10. Bacon, D. . et al. Involvement of a plasmid in virulence of Campylobacter jejuni 81-176. Infect. Immun. 68, 4384-4390 (2000).

11. Bacon, D.]. et al. DNA sequence and mutational analyses of the pVir plasmid of Campylobacter jejuni 81-176. Infect. Immun. 70,
6242-6250 (2002).

12. Marasini, D. & Fakhr, M. K. Complete genome sequences of Campylobacter jejuni strains OD267 and WP2202 isolated from
retail chicken livers and gizzards reveal the presence of novel 116-kilobase and 119-kilobase megaplasmids with type VI secretion
systems. Genome Announc. 4,e01060-e1116 (2016).

13. Miller, W. G., Huynbh, S., Parker, C. T., Niedermeyer, J. A. & Kathariou, S. Complete Genome Sequences of Multidrug-Resistant
Campylobacter jejuni Strain 14980A (Turkey Feces) and Campylobacter coli Strain 14983A (Housefly from a Turkey Farm), Har-
boring a Novel Gentamicin Resistance Mobile Element. Genome Announc. 4, (2016).

14. Marasini, D., Karki, A. B., Buchheim, M. A. & Fakhr, M. K. Phylogenetic relatedness among plasmids harbored by Campylobacter
jejuni and Campylobacter coli isolated from retail meats. Front. Microbiol. 9, 2167 (2018).

15. Cianfanelli, E. R. et al. VgrG and PAAR proteins define distinct versions of a functional type VI secretion system. PLOS Pathog.
12, €1005735 (2016).

16. Hachani, A., Wood, T. E. & Filloux, A. Type VI secretion and anti-host effectors. Curr. Opin. Microbiol. 29, 81-93 (2016).

17. Cascales, E. & Journet, L. The type VI secretion system in Escherichia coli and related species. EcoSal Plus 7,1 (2016).

18. Siddiqui, F. et al. Molecular detection identified a type six secretion system in Campylobacter jejuni from various sources but not
from human cases. J. Appl. Microbiol. 118, 1191-1198 (2015).

19. Bleumink-Pluym, N. M. C,, van Alphen, L. B., Bouwman, L. I, Wosten, M. M. S. M. & van Putten, J. P. M. Identification of a
functional type VI secretion system in Campylobacter jejuni conferring capsule polysaccharide sensitive cytotoxicity. PLoS Pathog.
9, 1003393 (2013).

20. Lertpiriyapong, K. et al. Campylobacter jejuni type VI secretion system: Roles in adaptation to deoxycholic acid, host cell adher-
ence, invasion, and in vivo colonization. PLoS ONE 7, 2 (2012).

21. Corcionivoschi, N. et al. Virulence characteristics of hcp + Campylobacter jejuni and Campylobacter coli isolates from retail chicken.
Gut Pathog. 7, 20 (2015).

22. Gunther, N. W, Reichenberger, E. R. & Bono, J. L. Complete genome sequence of UV-resistant Campylobacter jejuni RM3194,
including an 81.08-kilobase plasmid. Genome Announc. 4, 305-316 (2016).

SCIENTIFIC REPORTS |

(2020) 10:12514 | https://doi.org/10.1038/s41598-020-69155-



www.nature.com/scientificreports/

23. Ghatak, S., He, Y., Reed, S., Strobaugh, T. & Irwin, P. Whole genome sequencing and analysis of Campylobacter coli YH502 from
retail chicken reveals a plasmid-borne type VI secretion system. Genomics Data 11, 128-131 (2017).

24. Salomon, D. et al. Type VI secretion system toxins horizontally shared between marine bacteria. PLOS Pathog. 11, 1005128 (2015).

25. Holt, J. P,, Grant, A. J., Coward, C., Maskell, D. J. & Quinlan, J. J. Identification of Cj1051c as a major determinant for the restriction
barrier of Campylobacter jejuni strain NCTC11168. Appl. Environ. Microbiol. 78, 7841-7848 (2012).

26. Taylor, D. E., De Grandis, S. A., Karmali, M. A. & Fleming, P. C. Transmissible plasmids from Campylobacter jejuni. Antimicrob.
Agents Chemother. 19, 831-835 (1981).

27. Taylor, D. E. Plasmid-mediated tetracycline resistance in Campylobacter jejuni: expression in Escherichia coli and identification of
homology with streptococcal class M determinant. J. Bacteriol. 165, 1037-1039 (1986).

28. Marasini, D. & Fakhr, M. K. Exploring PFGE for detecting large plasmids in Campylobacter jejuni and Campylobacter coli isolated
from various retail meats. Pathogens 3, 834-844 (2014).

29. Overbeek, R. et al. The SEED and the rapid annotation of microbial genomes using subsystems technology (RAST). Nucleic Acids
Res. 42, D206-D214 (2014).

30. Zeng, X., Ardeshna, D. & Lin, J. Heat shock-enhanced conjugation efficiency in standard Campylobacter jejuni strains. Appl.
Environ. Microbiol. 81, 4546-4552 (2015).

31. Yao,R., Alm, R. A, Trust, T. J. & Guerry, P. Construction of new Campylobacter cloning vectors and a new mutational cat cassette.
Gene 130, 127-130 (1993).

32. Carvajal, D. et al. Induction of cell death by a novel naphthoquinone containing a modified anthracycline ring system. Chem. Biol.
Drug Des. 78, 764-777 (2011).

33. He, Y. et al. Complete genome sequence of Campylobacter jejuni YH001 from beef liver, which contains a novel plasmid. Genome
Announc. 3,7-8 (2015).

34. Gibreel, A., Wetsch, N. M. & Taylor, D. E. Contribution of the CmeABC efflux pump to macrolide and tetracycline resistance in
Campylobacter jejuni. Antimicrob. Agents Chemother. 51, 3212-3216 (2007).

35. Pumbwe, L. & Piddock, L. J. V. Identification and molecular characterisation of CmeB, a Campylobacter jejuni multidrug efflux
pump. FEMS Microbiol. Lett. 206, 185-189 (2002).

36. Hope, K. G., Merritt, T. D. & Durrheim, D. N. Short reports: Short incubation periods in Campylobacter outbreaks associated with
poultry liver dishes. Cdi 38, 20-23 (2014).

37. Marasini, D. & Fakhr, M. K. Complete genome sequences of plasmid-bearing multidrug-resistant Campylobacter jejuni and
Campylobacter coli strains with type VI secretion systems, isolated from retail turkey and pork. Genome Announc. 5,1 (2017).

38. Avrain, L., Vernozy-Rozand, C. & Kempf, I. Evidence for natural horizontal transfer of tetO gene between Campylobacter jejuni
strains in chickens. J. Appl. Microbiol. 97, 134-140 (2004).

39. Jeon, B., Muraoka, W,, Sahin, O. & Zhang, Q. Role of Cj1211 in natural transformation and transfer of antibiotic resistance deter-
minants in Campylobacter jejuni. Antimicrob. Agents Chemother. 52, 2699-2708 (2008).

40. Bae, ], Oh, E. & Jeon, B. Enhanced transmission of antibiotic resistance in Campylobacter jejuni biofilms by natural transformation.
Antimicrob. Agents Chemother. 58, 7573-7575 (2014).

41. Bernardy, E. E,, Turnsek, M. A, Wilson, S. K., Tarr, C. L. & Hammer, B. K. Diversity of clinical and environmental isolates of Vibrio
cholerae in natural transformation and contact-dependent bacterial killing indicative of type VI secretion system activity. Appl.
Environ. Microbiol. 82, 2833-2842 (2016).

42. Labigne-Roussel, A., Harel, ]. & Tompkins, L. Gene transfer from Escherichia coli to Campylobacter species: development of shuttle
vectors for genetic analysis of Campylobacter jejuni. J. Bacteriol. 169, 5320-5323 (1987).

43. Guerry, P, Alm, R. A, Power, M. E., Logan, S. M. & Trust, T. J. Role of two flagellin genes in Campylobacter motility. J. Bacteriol.
173, 4757-4764 (1991).

44. Miller, W. G. et al. Detection on surfaces and in Caco-2 cells of Campylobacter jejuni cells transformed with new gfp, yfp, and cfp
marker plasmids. Appl. Environ. Microbiol. 66, 5426-5436 (2000).

45. Wang, Y. & Taylor, D. E. Natural transformation in Campylobacter species. J. Bacteriol. 172, 949-955 (1990).

46. Wang, Y. & Taylor, D. E. Chloramphenicol resistance in Campylobacter coli: nucleotide sequence, expression, and cloning vector
construction. Gene 94, 23-28 (1990).

47. Alfredson, D. A. & Korolik, V. Sequence analysis of a cryptic plasmid pCJ419 from Campylobacter jejuni and construction of an
Escherichia coli-Campylobacter shuttle vector. Plasmid 50, 152-160 (2003).

48. Pratt, A. & Korolik, V. Tetracycline resistance of Australian Campylobacter jejuni and Campylobacter coli isolates. J. Antimicrob.
Chemother. 55, 452-460 (2005).

Acknowledgements

The authors acknowledge financial support from the Research Office of The University of Tulsa for granting Daya
Marasini a student research grant. The authors thank Marineth Dos Santos for technical support. The authors
would also like to thank Dr. Qijing Zhang for kindly providing cloning vector pRY108. The authors would also
like to thank Dr. Ty Johannes for kindly providing an access to his laboratory to use the electroporator.

Author contributions
Research design: D.M. and M.K.E Experimental procedures: D.M., A.B.K., ].M.B. and R.J.S. Manuscript prepara-
tion: D.M., A.B.K,, RJ.S. and M.K.E.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/541598-020-69155-z.

Correspondence and requests for materials should be addressed to M.K.E

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFIC REPORTS |

(2020) 10:12514 | https://doi.org/10.1038/s41598-020-69155-


https://doi.org/10.1038/s41598-020-69155-z
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |  (2020) 10:12514 | https://doi.org/10.1038/541598-020-69155-z


http://creativecommons.org/licenses/by/4.0/

	Molecular characterization of megaplasmids encoding the type VI secretion system in Campylobacter jejuni isolated from chicken livers and gizzards
	Anchor 2
	Anchor 3
	Materials and methods
	Bacterial strains and plasmids. 
	Whole genome and plasmid sequencing. 
	Comparative genomic analysis. 
	Conjugation experiments. 
	Construction of the hcp mutant. 
	Complementation experiments. 
	Assays for confirmation of functional T6SS in megaplasmid pCJDM202. 
	a. Cytotoxicity assays. 
	b. Survival of C. jejuni in blood. 
	c. Human cell viability assay. 
	Tetracycline resistance. 

	Results
	Comparative genomics of C. jejuni WP2-202 and OD2-67. 
	Plasmids harboring the T6SS. 
	Transfer of C. jejuni megaplasmids via conjugation. 
	Mutagenesis and complementation. 
	Cytotoxicity, survival in blood cells, and human cell viability assay. 
	Tetracycline resistance. 

	Discussion
	References
	Acknowledgements


