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A total of 55 food and clinical S. Schwarzengrund isolates were assayed for 
plasmid content, among which an IncFIB-IncFIC(FII) fusion plasmid, conferring 
streptomycin resistance, was detected in 17 isolates. Among the 17 isolates, 9 
were food isolates primarily collected from poultry meat, and 8 clinical isolates 
collected from stool, urine, and gallbladder. SNP—based phylogenetic analyses 
showed that the isolates carrying the fusion plasmid formed a subclade indicating 
the plasmid was acquired and is now maintained by the lineage. Phylogenetic 
analysis of the plasmid suggested it is derived from avian pathogenic plasmids 
and might confer an adaptive advantage to the S. Schwarzengrund isolates 
within birds. IncFIB-IncFIC(FII) fusion plasmids from all food and three clinical 
isolates were self-conjugative and successfully transferred into E. coli J53 by 
conjugation. Food and clinical isolates had similar virulome profiles and were 
able to invade human Caco-2 cells. However, the IncFIB-IncFIC(FII) plasmid did 
not significantly add to their invasion and persistence potential in human Caco-
2 cells.
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Introduction

Salmonella is an enteric pathogen that invades the gut through 
contaminated food (Hallstrom and McCormick, 2011; Fabrega and 
Vila, 2013). They are Gram-negative, facultative anaerobes with food 
animal reservoirs, such as chickens, cows, turkeys, and pigs (Andino 
and Hanning, 2015). There is an estimated more than 1 million human 
cases of Salmonella infection each year in the U.S. with approximately 
20,000 hospitalizations and 400 deaths (Scallan et  al., 2011). 
Salmonella infections can be classified as either typhoidal (human 
specific), or non-typhoidal Salmonellosis (broad host range; Aarestrup 
et al., 2007). A significant rise of the Salmonella Schwarzengrund 
serovar in countries such as Thailand, Slovakia, New  Zealand, 
Venezuela, the U.S., Japan, and Denmark has been reported (Aarestrup 
et al., 2007). For example, an increase in S. Schwarzengrund infections 
in humans from 0 to 2.4%, and in chickens from 0.3% to 26.2% from 
1993 to 2001 was observed in Thailand (Bangtrakulnonth et al., 2004). 
Similarly, in Japan, of the serovars collected from broiler chickens, 
S. Schwarzengrund was found to account for 28.1% of isolates in 2005 
compared to 0% in 2000. Asai et al. (2009) also reported an increasing 
trend of isolation of S. Schwarzengrund from human patients in Japan. 
Their findings showed that in just 2 years S. Schwarzengrund went 
from an uncommon serovar to the 10th most commonly reported. A 
more recent study, on 3,069 cecal samples collected from broiler 
chickens in a processing plant in Japan from 2013 to 2016, reported 
17.8% were positive for Salmonella and 21.3% of those were identified 
as S. Schwarzengrund. The prevalence of S. Schwarzengrund had 
increased from the 2.1% reported in their previous study from 2009 
to 2012 (Duc et al., 2020).

In the U.S., S. Schwarzengrund has risen to become one of the top 
five Salmonella serovars isolated from retail meat (Aarestrup et al., 
2007). For example, in 2019, a S. Schwarzengrund outbreak linked to 
ground turkey occurred in three states and resulted in 78,000 pounds 
of turkey being recalled [Center for Disease Control and Prevention 
(CDC); https://www.cdc.gov/salmonella/schwarzengrund-03-19/
index.html]. In 2007, S. Schwarzengrund outbreaks were also linked 
to dry pet food (Centers for Disease Control and Prevention, 2008).

This increase in the number of S. Schwarzengrund infections is 
not the only important factor to consider; there is also evidence of a 
higher frequency of antimicrobial resistance (AMR) within the strains 
of this serovar that is spreading internationally. Using antimicrobial 
susceptibility testing and pulsed field gel electrophoresis (PFGE) 
typing, Aarestrup et al. (2007) found that 7 of 14 strains isolated from 
humans in Denmark shared PFGE patterns with isolates from humans 
and chicken meat in Thailand, while 22 of 390 human-source isolates 
from the U.S. also had common profiles to those in Denmark and 
Thailand. These isolates showed a high frequency of resistance to 
nalidixic acid, along with a reduced susceptibility to ciprofloxacin 
(Aarestrup et al., 2007). The first reported instance of fluoroquinolone-
resistance in S. Schwarzengrund in the U.S. came from a strain isolated 
from a patient who had traveled to the Philippines (Akiyama and 
Khan, 2012). In a study conducted on raw chicken samples from 
marketplaces in Taiwan, most of the S. Schwarzengrund strains 
demonstrated a ACSSuT resistance type [resistant to ampicillin, 
chloramphenicol, streptomycin, sulfamethoxazole, and tetracycline 
(Chen et al., 2010)]. Many of these antibiotics are commonly used in 
a variety of treatments for animal and human infections. Consequently, 
antimicrobial resistance further complicates the treatment of 

Salmonellosis caused by S. Schwarzengrund, which can lead to higher 
morbidity and mortality (Nair et al., 2018).

Salmonella enterica possesses a wide range of virulence factors 
that facilitate the establishment of successful infections in animal and 
human hosts (Ochman et al., 1996; van der Heijden and Finlay, 2012). 
The majority of these virulence factors are encoded in the 
chromosome; however, some are harbored by plasmids (Waters and 
Crosa, 1991; Ochman et al., 1996; van der Heijden and Finlay, 2012; 
Khajanchi et  al., 2016, 2017; Khajanchi, 2022). A broad range of 
plasmid incompatibility groups (Inc) have been found in Salmonella 
serovars (Khajanchi et al., 2016, 2017; Khajanchi, 2022). Among them, 
IncFIB plasmids often possess functions associated with colicin 
production, the aerobactin siderophore and Sit iron acquisition 
systems, and persistence in intestinal epithelial cells (Khajanchi et al., 
2016, 2017; Khajanchi, 2022).

Johnson et  al. (2010) showed that horizontal gene transfer of 
IncFIB plasmids contributed to the acquisition of antimicrobial 
resistance. In their study, 902 Salmonella isolates that belonged to 59 
different serovars were examined for plasmids. The IncFIB plasmids 
were found in isolates of serovars Kentucky, Typhimurium, and 
Heidelberg. It was shown that a single PFGE clonal type of S. Kentucky 
harbored these plasmids and the acquisition of the plasmid allowed 
S. Kentucky to be more competitive in colonizing the chicken cecum 
compared to those lacking the plasmid. Evaluation of sequences from 
three IncFIB plasmids from S. Kentucky isolates that originated in 
different locations at different times from different sources showed 
almost identical genetic sequence. These findings point to the IncFIB 
plasmid being recently attained within the S. Kentucky serovar., with 
a rapid transfer among the population that improved colonization and 
fitness abilities (Johnson et al., 2010). In other research on horizontal 
gene transfer, two IncFIB plasmids (pAPEC-O2-ColV and pAPEC-
O2-R) were transferred into an avirulent and plasmid-less E. coli 
strain. The E. coli strain became virulent toward chick embryos and 
showed resistance to ampicillin, streptomycin, and several other 
antibiotics (Johnson et al., 2006).

IncFII and IncFIC plasmids contribute to the horizontal transfer 
of antimicrobial resistance genes including extended spectrum 
β-lactamases (ESBL; Yoon and Lee, 2022; de Jesus Bertani et al., 2023). 
Some IncFIC plasmids are fusion plasmids and carry both the IncFIC 
and IncFII replicons (Yoon and Lee, 2022). The formation and spread 
of fusion plasmids in Enterobacteriaceae is an emergent problem (Liu 
et al., 2021). Mobile genetic elements, such as insertion sequences and 
transposons can contribute to the formation of fusion plasmids (Liu 
et  al., 2021). Therefore, to better understand the spread of fusion 
plasmids, it is important to characterize Salmonella and other enteric 
bacteria that harbor them. The objectives of the study were: (i) to 
perform molecular characterization of the IncFIB-IncFIC(FII) fusion 
plasmid of S. Schwarzengrund isolated from food and clinical sources; 
(ii) to determine the role of IncFIB-IncFIC(FII) fusion plasmid in 
invasion and persistence of Salmonella.

Materials and methods

Bacterial strains

A total of 55  S. Schwarzengrund isolates, of which 36 were 
collected from human patients, were obtained from the Wisconsin 
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State Lab of Hygiene (WLSH; n = 15), Minnesota Department of 
Health (MDH; n = 18) and the Maryland Department of Health 
(MD; n = 3); while 19 food isolates were collected as part of the 
National Antimicrobial Resistance Monitoring System (NARMS) 
efforts. Food isolates were primarily collected from chicken, while 
clinical isolates were collected from stool, urine, and blood 
(Supplementary Table 1). The sodium azide resistant Escherichia 
coli J53 was used as a recipient for the conjugation studies (Jacoby 
and Han, 1996).

Whole genome sequencing using short 
read and long read methods

Of these 55 isolates, 17 fusion plasmid-containing 
S. Schwarzengrund isolates were sequenced using both short read 
Illumina and long-read Oxford Nanopore Technology (ONT; 
Sopovski et al., 2024). The remaining 38 isolates were only sequenced 
using the short read Illumina platform. CheckM was used to 
determine the completeness and contamination of the short read 
assemblies. Quality measurements of raw data and assembled 
genomes were previously published separately (Khajanchi et  al., 
2019a; Sopovski et  al., 2024) and also provided as 
Supplementary Table 2.

Short-read WGS was performed by a procedure described 
earlier (Khajanchi et  al., 2016). Briefly, genomic DNA from 
bacterial cells was extracted using a DNeasy Blood and Tissue kit 
(Qiagen, Valencia, CA, United States). The quality and quantity of 
the DNA were examined by Nanodrop (ThermoFisher Scientific, 
Grand Island, NY, United  States) and the Qubit BR assay kit 
(ThermoFisher Scientific). DNA libraries were constructed using 
1 ng of DNA from each sample using the Nextera XT DNA library 
preparation kit (Illumina, San Diego, CA, United States). Samples 
were multiplexed using combinations of two indexes of Nextera 
XT Index Kit. DNA samples were diluted, denatured, loaded and 
sequenced on an Illumina MiSeq instrument with 2 × 250 
pair-end chemistry.

For long-read ONT sequencing, the 1D native barcoding genomic 
DNA long read selection protocol was used with the SQK-LSK109 kit 
(Oxford Nanopore, Oxford, UK) as described earlier (Taylor et al., 
2019). Briefly, 1 μg of DNA was subjected to end repair and dA-tailing 
using the NEBNext® Ultra™ II End Repair/dA-Tailing module (New 
England Biolabs, Ipswich, MA, United States). End-prepped DNA 
fragments were barcoded using the EXP-NBD104 and EXP-NBD114 
kits (Oxford Nanopore). Equimolar amounts of each barcoded sample 
were pooled together, adapters were ligated, and the resulting library 
pools were sequenced on a MinION device using a FLO-MIN106 
(R9.4.1) flow cell for 48 h.

The nanopore reads were trimmed and filtered using NanoFilt 
(v2.3.0; De Coster et al., 2018). For NanoFilt, the parameters were set 
to filter out nanopore reads with a quality score (qscore) of less than 
10 or if the read was less than 500 bp long. The short and long-read 
sequences were assembled by hybrid assembly using UniCycler 
(v0.4.8; Wick et al., 2017). The FASTA files of the assemblies from each 
isolate were analyzed using PlasmidFinder (version 2.1) and ResFinder 
(version 4.1) to identify predicted plasmids and antimicrobial 
resistance genes, respectively (Supplementary Table 1; Zankari et al., 
2012; Carattoli et al., 2014).

Single nucleotide polymorphism analysis

WGS-based SNP analysis of the 55  Salmonella genomes was 
performed using the FDA Center for Food Safety and Applied 
Nutrition (CFSAN) SNP pipeline (Davis et al., 2015). The CFSAN 
SNP pipeline was used to find the pairwise SNP distances between the 
isolates. The hybrid assembly for isolate WLSH7 was used as reference 
for the SNP analysis. FastTree (v2.1.11), using the general time 
reversible model, was used to approximate the maximum likelihood 
phylogeny with 1,000 bootstraps. The phylogeny was visualized in 
FigTree (v1.4.4).

Plasmid annotation and phylogeny

Platon (v1.6) was used to annotate the assembly contigs for 
plasmids. NCBI’s online BLAST server was used to identify the best 
hits (≥99% identity and ≥ 70% query coverage) in the NCBI 
Nucleotide database to the IncFIB-IncFIC(FII) plasmid, which were 
downloaded. Genes were annotated in the plasmids using Prokka 
(v1.14.5). The pangenome was estimated with Roary (v3.12.0). For 
reference, the pangenome contained 631 genes of which 49 were core. 
MAFFT (v7.305) was used to align the concatenated 49 core genes. 
FastTree (v2.1.11), using the general time reversible model, was used 
to approximate the maximum likelihood phylogeny with 1,000 
bootstraps. The phylogeny was visualized in FigTree (v1.4.4). The 
plasmid annotations were visualized in SnapGene (SnapGene by 
Dotmatics, Boston, MA, United States). The tanglegram was created 
using R and the cophyloplot function from the ape package.

Bacterial conjugation

Conjugation experiments were carried out to determine the 
transferability of IncFIB plasmids in S. Schwarzengrund isolates either 
by plate mating or broth mating approaches (Khajanchi et al., 2019b). 
In plate mating strategy, IncFIB-IncFIC(FII) positive 
S. Schwarzengrund isolates (donors) and the sodium azide resistant 
recipient E. coli J53 were cross streaked on Luria-Bertani (LB; BD, 
Franklin Lakes, NJ, United States) agar plates. After 24 h of incubation, 
the cells from the intersection were collected and re-streaked onto 
selective plates containing sodium azide (350 μg/mL) and 
streptomycin (16 μg/mL). Individual colonies were picked and 
sub-cultured onto MacConkey agar to confirm E. coli colonies. 
Carriage of IncFIB-IncFIC(FII) plasmids by E. coli transconjugants 
were confirmed by PCR. Conjugation experiments that were 
unsuccessful by plate mating were subjected to a different approach 
described in our previous study (Khajanchi et al., 2019b). Briefly, a 
single colony of IncFIB-IncFIC(FII) containing S. Schwarzengrund 
isolates (donor) and E. coli J53 (recipient) was grown separately in LB 
broth overnight at 37°C. The recipient and the donor were 
subsequently mixed together in a 1:1 proportion and centrifuged at 
7,000 × g for 5 min to obtain the pellet. The pellets were dispersed in 
250 μL of LB broth and spotted onto a LB agar plate. The plate was 
incubated for 3–4 h at 37°C in upright position. The growth seen was 
suspended in 1 mL phosphate buffered saline (PBS) and 100 μL of cell 
suspension was spread onto a LB agar plate containing sodium azide 
(350 μg/mL) and streptomycin (16 μg/mL). Pink colonies were 
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selected after streaking on to selective MacConkey agar plate and 
presence of IncFIB-IncFIC(FII) was confirmed by PCR.

Virulome and plasmid transfer gene assay

The detection of virulence and plasmid transfer-associated genes 
encoded by the Salmonella isolates were predicted based on their 
whole genome sequences. Genome sequences from Salmonella donors 
and transconjugants (plasmids in E. coli J53) were trimmed, and de 
novo assembly was completed using CLC Genomics Workbench (ver. 
9.0, Qiagen, Redwood City, CA, United  States). FASTA files of 
sequence assemblies from each strain were analyzed using the multiple 
sequence Comparison tool within the FDA Virulence and AMR 
Plasmid Transfer Factor Database,1 which targets 594 putative 
Salmonella virulence genes and plasmid transfer genes from key AMR 
plasmid Inc. groups (Aljahdali et al., 2020; Tate et al., 2022; Algarni 
et al., 2023). The predicted presence and absence data for the putative 
virulence and plasmid transfer genes were downloaded from the 
database, transformed to binary data and imported into BioNumerics 
for phylogenetic analyses of the virulence and plasmid transfer genes. 
Based categorical (binary) difference calculations and dendrograms 
were generated using UPGMA (Applied Maths, Austin, TX, 
United States). The profiles of the presence/absence of virulence and 
plasmid transfer genes were further compared in BioNumerics using 
minimum spanning tree analyses to compare similarities of the 
wildtype and transconjugant strains.

Bacterial invasion assay

Bacterial invasion assays were performed using human intestinal 
epithelial cells (Caco-2) as described previously (Khajanchi et  al., 
2017). Briefly, 105 Caco-2 cells per well were seeded in 24-well tissue 
culture plates and incubated at 37°C overnight in a 5% CO2 incubator. 
Cells in one of the wells were counted using a Cellometer Auto T4 
(Nexcelom Bioscience, Lawrence, MA, United States) and the Caco-2 
cells were infected with different S. Schwarzengrund isolates at 
multiplicity of infection (MOI) of 10. After incubation for 1 h at 37°C, 
the cells were washed twice with PBS to remove bacteria that had not 
infected the Caco-2 cells and incubated with 200 μg/mL of gentamicin. 
After incubation for 1 h at 37°C, the cells were washed twice with PBS 
and lysed with 0.1% chilled Triton X-100, followed by dilution and 
plating on trypticase soy agar (TSA) to obtain colony forming unit 
counts (CFUs) of bacteria following overnight incubation at 
37°C. Three replicates per strain were included and the experiments 
were repeated three times.

Bacterial persistence assay

Caco-2 cells were infected as for the invasion assay. After 1 h 
incubation, the cells were washed twice with PBS and incubated with 
100 μg/mL of gentamicin for 48 h. After incubation, cells were washed, 

1 https://virulence.fda.gov

lysed, and CFUs were counted as in the invasion assay procedure, with 
three replicates per strain and experiments carried out in triplicate.

Results

SNP analyses

SNP analysis (Figure  1) showed that the 17 food and clinical 
isolates carrying the IncFIB-IncFIC(FII) fusion plasmid clustered 
within the same subclade (between 0 and 52 SNP differences), 
separated from the other isolates that lacked the fusion plasmids 
(Figure  1). This suggests the plasmid was acquired and has been 
maintained by that subclade lineage. The two exceptions were isolates 
CVM-6 and WLSH-27 which lacked the fusion plasmid but still 
clustered with the isolates carrying the fusion plasmid. These two 
isolates carried an IncFIC plasmid that was near-identical to the 
IncFIB-IncFIC(FII) fusion plasmid over ~63% of its length, indicating 
it had not undergone fusion or had lost the IncFIB portion of the 
fusion plasmid. Within the fusion plasmid subclade, isolates further 
separated into subclusters by human and chicken isolation sources. 
However, this difference might be  an artifact due to the time of 
collection because all the chicken isolates were collected in 2013, 
whereas the clinical isolates were collected between 2013 and 2017.

The concatenated core gene phylogeny of 
the IncFIB-IncFIC(FII) fusion plasmid

The topology of the IncFIB-IncFIC(FII) fusion plasmid phylogeny 
differed from the SNP tree in Figure  1, with no clear separation 
between the human and chicken isolates (Figure 2). Among the best 
BLAST hits in the NCBI Nucleotide database were plasmids from 
isolates that were recovered from animals (e.g., chicken, duck, pig, 
peafowl) with colibacillosis and respiratory disease. Further, several 
related plasmids were isolated from avian pathogenic E. coli (APEC). 
The gene annotation of the IncFIB-IncFIC(FII) plasmid can be seen 
in Figure  3. The pangenome of the IncFIB-IncFIC(FII) plasmid 
contained 631 genes of which 49 were core.

Bacterial conjugation

Among 19 food isolates, nine contained the IncFIB-IncFIC(FII) 
fusion plasmid (CVM-5, CVM-7, CVM-10, CVM-11, CVM-13, 
CVM-14, CVM-15, CVM-16, CVM-17; Supplementary Table 1). All 
nine isolates successfully conjugated with E. coli J53. Of the 36 clinical 
isolates, eight isolates contained the IncFIB-IncFIC(FII) fusion 
plasmid (MDH29, WLSH-3, WLSH-7, WLSH-13, WLSH-25, 
WLSH-26, MD-3, MD-4; Supplementary Table 1). Out of the eight 
isolates, three (WLSH 7, WLSH 13, WLSH 25) successfully conjugated 
with E. coli J53. The conjugation experiment was repeated for the five 
isolates that did not transfer the plasmid, but conjugation still did not 
occur, indicating they might not be  conjugative under the test 
conditions. When the sequenced plasmids in the wild type and 
transconjugant isolates (J53::CVM5, J53::CVM7, J53::CVM10, 
J53::CVM11, J53::CVM13, J53::CVM14, J53::CVM15, J53::CVM16, 
J53::CVM17, J53::WLSH-7, J53::WLSH-13, J53::WLSH-25) were 
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compared, they had the same gene content (Table  1), including 
antimicrobial resistance and iron acquisition genes, supporting the 
successful conjugation of the fusion plasmid.

Virulome and plasmid transfer gene 
analyses

The presence of the Salmonella-associated virulence genes are 
detailed in Supplementary Table 3 and the comparison of the virulence 

gene profiles are shown in Supplementary Figure  1. Overall, the 
S. Schwarzengrund isolates had very similar virulence factor profiles, 
with the exception of putative virulence genes associated with the 
IncFIB-IncFIC(FII) plasmids, including iucABCD and iutA of the 
aerobactin operon and traT. The transconjugants separated to a 
distinct clade, as they were E. coli and lacking many of the Salmonella-
associated virulence genes (Supplementary Figure  2). When the 
plasmid transfer genes were detected, the most common genes 
detected were the IncFIB-IncFIC(FII)-associated genes that were 
present in the transconjugants and their corresponding donor strains 

FIGURE 1

Single nucleotide polymorphism (SNP)-based phylogenetic analyses of Salmonella Schwarzengrund isolates from food and clinical sources. The SNP 
differences were identified with the CFSAN SNP Pipeline and the phylogeny was created with FastTree using the general time reversible model and 
1,000 bootstraps. The isolates carrying the IncFIB-IncFIC(FII) plasmid formed a closely related cluster (between 0 and 52 SNP differences). These 
isolates further separated into subclusters by human and chicken isolation sources. The clinical and food isolates carrying the fusion plasmid are 
highlighted in orange and blue, respectively.
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FIGURE 2

Core gene phylogeny of the IncFIB-IncFIC(FII) plasmid. Includes the plasmids from the 17 long-read sequenced isolates and the best BLAST hits from 
the NCBI Nucleotide database (≥99% identity and  ≥70% query coverage). Clinical isolates are in orange and food isolates are in blue. The pangenome 
of all the plasmids (including the 17 isolates from this study and the best BLAST hits in NCBI) had 631 genes, of which 49 were core. The median 
number of genes per plasmid sequence was 158.

FIGURE 3

The annotated IncFIB-IncFIC(FII) plasmid. The markers for the FIB and FIC replicons co-occurred in the plasmid from 1–344 bp to 59,325–59,519  bp, 
respectively, indicating it is a fusion plasmid.
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(top clade in Supplementary Figure  2). One of the donor strains 
(WLSH-3) carried the IncFIB-IncFIC(FII) along with IncI1 and IncI2-
associated transfer genes. A group of five other strains carried IncI1 
plasmid-associated genes, without the IncFIB-IncFIC(FII) plasmids 
(bottom group of Supplementary Figure 2), and two strains carried an 
IncHI2 plasmid. These results correlated with the plasmid replicon 
typing results (Supplementary Table  1). The relatedness of the 
virulence genes (Figure 4A) and plasmid transfer genes (Figure 4B) 

can also be displayed with the minimal spanning trees. The three 
largest groups of Salmonella differ by the presence of the 
aerobactin/traT genes (top group) and the absence of sopE and 
Salmonella genomic island (SGI)-1-associated insertion genes (int and 
xis; group to the right central group). The majority of the SGI-1 genes 
were absent in all of the strains in the study. The plasmid groups are 
largely separated by those with the IncFIB-IncFIC(FII) plasmid (top 
half of Figure 4B) and those lacking the plasmid (bottom groups).

TABLE 1 Sequence analyses of wild type and transcongugants of 12 IncFIB containing Salmonella Schwarzengrund food and clinical isolates.

Wild type isolates Transconjugants generated using Escherichia coli J53 as 
recipient

Wildtype 
Strain ID

Palsmid 
content

Resistance 
gene

Iron 
acquisition 
genes

Transconjugants 
ID

Plasmid 
content

Resistance 
gene

Iron 
acquisition 
genes

CVM −5 IncFIB(AP001918), 

IncFIC(FII)
aac(6′)-Iaa, 

aph(3″)-Ib, 

aph(6)-Id

iucABCD/iutA/

iroNB/sitABCD

J53::CVM-5 IncFIB(AP001918), 

IncFIC(FII)
aph(3″)-Ib, 

aph(6)-Id

iucABCD/iutA/

sitABCD

CVM-7 IncFIB(AP001918), 

IncFIC(FII)
aac(6′)-Iaa, 

aph(3″)-Ib, 

aph(6)-Id

iucABCD/iutA/

iroNB/sitABCD

J53::CVM-7 IncFIB(AP001918), 

IncFIC(FII)
aph(3″)-Ib, 

aph(6)-Id

iucABCD/iutA/

sitABCD

CVM-10 IncFIB(AP001918), 

IncFIC(FII)
aac(6′)-Iaa, 

aph(3″)-Ib, 

aph(6)-Id

iucABCD/iutA/

iroNB/sitABCD

J53::CVM-10 IncFIB(AP001918), 

IncFIC(FII)
aph(3″)-Ib, 

aph(6)-Id

iucABCD/iutA/

sitABCD

CVM-11 IncFIB(AP001918), 

IncFIC(FII)
aac(6′)-Iaa, 

aph(3″)-Ib, 

aph(6)-Id

iucABCD/iutA/

iroNB/sitABCD

J53::CVM-11 IncFIB(AP001918), 

IncFIC(FII)
aph(3″)-Ib, 

aph(6)-Id

iucABCD/iutA/

sitABCD

CVM-13 IncFIB(AP001918), 

IncFIC(FII)
aac(6′)-Iaa, 

aph(3″)-Ib, 

aph(6)-Id

iucABCD/iutA/

iroNB/sitABCD

J53::CVM-13 IncFIB(AP001918), 

IncFIC(FII)
aph(3″)-Ib, 

aph(6)-Id

iucABCD/iutA/

sitABCD

CVM-14 IncFIB(AP001918), 

IncFIC(FII)
aac(6′)-Iaa, 

aph(3″)-Ib, 

aph(6)-Id

iucABCD/iutA/

iroNB/sitABCD

J53::CVM-14 IncFIB(AP001918), 

IncFIC(FII)
aph(3″)-Ib, 

aph(6)-Id

iucABCD/iutA/

sitABCD

CVM-15 IncFIB(AP001918), 

IncFIC(FII)
aac(6′)-Iaa, 

aph(3″)-Ib, 

aph(6)-Id

iucABCD/iutA/

iroNB/sitABCD

J53::CVM-15 IncFIB(AP001918), 

IncFIC(FII)
aph(3″)-Ib, 

aph(6)-Id

iucABCD/iutA/

sitABCD

CVM-16 IncFIB(AP001918), 

IncFIC(FII)
aac(6′)-Iaa, 

aph(3″)-Ib, 

aph(6)-Id

iucABCD/iutA/

iroNB/sitABCD

J53::CVM-16 IncFIB(AP001918), 

IncFIC(FII)
aph(3″)-Ib, 

aph(6)-Id

iucABCD/iutA/

sitABCD

CVM-17 IncFIB(AP001918), 

IncFIC(FII)
aac(6′)-Iaa, 

aph(3″)-Ib, 

aph(6)-Id

iucABCD/iutA/

iroNB/sitABCD

J53::CVM-17 IncFIB(AP001918), 

IncFIC(FII)
aph(3″)-Ib, 

aph(6)-Id

iucABCD/iutA/

sitABCD

WLSH-7 IncFIB(AP001918), 

IncFIC(FII)
aac(6′)-Iaa, 

aph(3″)-Ib, 

aph(6)-Id

iucABCD/iutA/

iroNB/sitABCD

J53::WLSH-7 IncFIB(AP001918), 

IncFIC(FII)
aph(3″)-Ib, 

aph(6)-Id

iucABCD/iutA/

sitABCD

WLSH-13 IncFIB(AP001918), 

IncFIC(FII)
aac(6′)-Iaa, 

aph(3″)-Ib, 

aph(6)-Id

iucABCD/iutA/

iroNB/sitABCD

J53::WLSH-13 IncFIB(AP001918), 

IncFIC(FII)
aph(3″)-Ib, 

aph(6)-Id

iucABCD/iutA/

sitABCD

WLSH-25 IncFIB(AP001918), 

IncFIC(FII)
aac(6′)-Iaa, 

aph(3″)-Ib, 

aph(6)-Id

iucABCD/iutA/

iroNB/sitABCD

J53::WLSH-25 IncFIB(AP001918), 

IncFIC(FII)
aph(3″)-Ib, 

aph(6)-Id

iucABCD/iutA/

sitABCD
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Invasion and persistence assay

To assess the role of the IncFIB-IncFIC(FII) plasmid in invasion 
and persistence in host cells, human Caco-2 cells were infected with 
S. Schwarzengrund food and clinical isolates (Figure 5). The general 
trend, for both food and clinical isolates, was that the amount of 
surviving CFUs of fusion plasmid containing strains were lower after 
48 h (persistence) as compared to 1 h (Invasion). The difference 
between invasion and persistence rate was statistically significant for 
food isolates (p  = 0.007), however; this difference was statistically 
non-significant for clinical isolates (p = 0.1192). We observed that 
IncFIB-IncFIC(FII) plasmid did not significantly add to the invasion 

and persistence potential of isolates when compared to those without 
the plasmids (Figures 5,6).

Discussion

IncFIB plasmids can contain both antimicrobial resistance 
genes and a wide range of virulence factors, hence dissemination of 
these plasmids in food pathogens is a public health concern. IncFIB 
and IncFIB-like plasmids are more commonly harbored by 
Salmonella and APEC, which could serve as reservoir for the spread 
of these plasmids into other Gram-negative bacteria (Johnson et al., 

Clinical

Food Animal

Transconjugant

Recipient

Clinical

Food Animal

Transconjugant

Recipient

A

B

FIGURE 4

Minimum spanning tree analyses of the (A) Salmonella virulence factors and (B) the plasmid transfer genes. The colors correspond to the sample types 
and the size of the circles are representative of the number of strains sharing common virulence or transfer gene profiles. The distance between the 
circles is representative of the number of genes differences in the different groups. The closer the circles the more similar the gene profiles. In panel 
(A), the recipient and transconjugants are E. coli strains and as such lack many of the Salmonella virulence factors and are distinct from the Salmonella 
isolates. In Panel (B), those grouped closest the letter B are the strains that carry the IncFIB-IncFIC(FII) plasmid.
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2006, 2010; Khajanchi et al., 2017). In this study, we extensively 
characterized S. Schwarzengrund isolated from food and clinical 
samples, some of which contained IncFIB-IncFIC(FII) fusion 
plasmids. In the strains isolated from food samples, all the IncFIB-
IncFIC(FII) plasmid containing S. Schwarzengrund strains were 
isolated from chicken sources, indicating that IncFIB-IncFIC(FII) 
plasmids may be associated with host specific advantages. In clinical 
isolates, the majority of the IncFIB-IncFIC(FII) plasmid containing 
S. Schwarzengrund strains were isolated from stool and two strains 
were isolated from urine and the gallbladder. These data suggested 
that IncFIB-IncFIC(FII) plasmids might play a role in extra-
intestinal Salmonella infection; however, further study is warranted 
to provide an experimental basis for this speculation. In addition, 
acquisition of a similar plasmid such as ColV plasmid by 
S. Kentucky enabled its extraintestinal virulence in chickens 
(Johnson et al., 2010). It is interesting to note that isolates carrying 
the IncFIB-IncFIC(FII) fusion plasmid formed a subclade in the 
SNP phylogeny, separated from the isolates lacking the fusion 
plasmid. This result implies that the isolates with IncFIB-
IncFIC(FII) plasmid is a lineage defined by the acquisition of the 
IncFIB-IncFIC(FII) plasmid. These data agreed with our previous 
findings on S. Typhimurium in which IncFIB containing 
S. Typhimurium isolates were clustered together and separated from 
the isolates that did not carry IncFIB plasmids (Khajanchi et al., 
2017). Additionally, these findings indicate that there is a possible 
epidemiological link between IncFIB-IncFIC(FII) containing food 
and clinical isolates, which warrants further investigation. 

Additionally, out of eight IncFIB-IncFIC(FII) plasmid containing 
isolates from humans, two patients reported eating undercooked 
chicken; while the sources of the remaining six isolates were 
unknown, with patients either not remembering their exposures to 
food-related sources or did not agree to an interview.

A tanglegram showed the lack of congruence between the whole 
genome SNP analysis and the plasmid phylogenies 
(Supplementary Figure  3). The different topologies of the fusion 
plasmid carrying isolates in the whole genome phylogeny (Figure 1) 
and the concatenated core gene plasmid phylogeny (Figure  2) 
indicates that, although the lineage might have acquired and 
maintained the plasmid, the plasmid still might have been horizontally 
transferred within the lineage.

The association of the best NCBI BLAST hit plasmids with human 
and animal illness supports a possible association with virulence. The 
virulome analyses showed a similar virulence and plasmid profile for 
food and clinical isolates. These commonalities are quite evident in 
Figure 4, where each of the Salmonella groupings, for both virulence 
genes and plasmid genes, have a least three isolates from both food 
animal and clinical sources. In the virulome analyses, there was some 
separation of the isolate cluster carrying the IncFIB-IncFIC(FII) 
fusion plasmids vs. the isolates that lack the fusion plasmid. These 
differences were due to virulence-associated genes carried on the 
plasmids (aerobactin operon and traT, primarily). Among the isolates 
not carrying the fusion plasmid, there were two larger subgroups that 
differed in the carriage of sopE, int, and xis. The two latter genes are 
associated with SGI-1. Most of the other SGI-1 associated genes in the 
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Invasion and persistence of 19 wildtype Salmonella Schwarzengrund food isolates. Nine food isolates contained IncFIB-IncFIC(FII)are indicated by 
asterisks. The general trend was that the amount of surviving colony forming units were lower after 48  h (persistence) as compared to 1  h (Invasion). 
X-axis indicates the number of isolates (CVM 1 to CVM-19), SE819 [less virulent strain that lacked IncFIB-IncFIC(FII)], SE163A (virulent strain that 
contained IncFIB along with other virulence associated plasmids). Blue bars indicate invasion and red bars indicate persistence. Error bars indicate 
standard error of mean. The difference between invasion and persistence were analyzed by Student t-test (two-tailed). A p ≤  0.05 was considered 
significantly different between two groups. The difference between invasion and persistence rate for food isolates was statistically significant 
(p =  0.007).
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database, with the exceptions of res and yidY, were absent in all of 
the isolates.

The conjugation of IncFIB and IncFIB-like plasmids has been 
linked to enhanced virulence in the recipient bacteria. For example, 
avirulent avian E. coli in chick embryo models became virulent after 
acquiring IncFIB plasmids through transformation (Wooley et al., 
1996) and IncFIB transconjugants had increased colonization survival 
in host compared to recipients (Khajanchi et  al., 2017). The 
S. Schwarzengrund IncFIB-IncFIC(FII) fusion plasmids were 
conjugative as evidenced by their transferability to E. coli. The only 
exception were five clinical isolates whose fusion plasmid did not 
transfer to E. coli, after several attempts. The genetic cause of this 
could not be determined. Studies suggest that the spread of IncFIB 
plasmids may lead to improved survival in humans and food animals, 
increasing the chance for human infection (Johnson et  al., 2010; 
Khajanchi et al., 2017). The spread of antimicrobial resistance genes 
has also been linked to IncFIB plasmids (Han et  al., 2012). 
Dissemination of IncFIB plasmids along with antimicrobial resistance 
genes may decrease the effectiveness of antimicrobial therapies for 
diseases (Khajanchi et al., 2017).

As noted in previous studies, IncFIB plasmids possess several 
factors that enhance bacterial pathogenicity, such as the production of 
colicins that kill closely related species, the immunity gene that 
protects the bacteria from its own bacteriocin, plasmid transfer genes, 
and the aerobactin system that allows bacteria to combat the host’s 
immunity and to sequester iron for its own survival (Weinberg, 1978; 
Waters and Crosa, 1991; Khajanchi et al., 2017; Khajanchi, 2022). 

Various research has been conducted on the contribution of IncFIB 
plasmids on microbial pathogenesis. However, more work is needed 
to answer questions about host range, host specificity, environmental 
sources, and the role of virulence factors encoded by the IncFIB and 
similar plasmids in bacterial pathogenicity. One aim of this study was 
to evaluate the virulence capacity of IncFIB-IncFIC(FII) containing 
S. Schwarzengrund by conducting invasion and persistence 
assessments using tissue culture assay on Caco-2 cells. Previous 
studies have shown that IncFIB plasmids increased the colonization 
of chickens by E. coli (Ginns et al., 2000), and also enhanced the ability 
of S. Kentucky to colonize chickens (Johnson et  al., 2010). Our 
previous study showed that IncFIB transconjugants had higher 
invasion and persistence, suggesting that IncFIB plasmids can increase 
colonization of pathogens in the gut (Khajanchi et al., 2017).

In the present study, Figures 5, 6 show that the IncFIB-IncFIC(FII) 
plasmids did not significantly contribute to the invasion or persistence 
of S. Schwarzengrund strains isolated from food and clinical sources. 
The contribution of IncFIB encoded virulence factors in Salmonella 
pathogenesis is still not completely understood. IncFIB or similar 
plasmids could be diverse in nature and may play distinct roles in 
different Salmonella serovars.

Conclusion

The core gene phylogeny of the IncFIB-IncFIC(FII) fusion 
plasmid revealed that the S. Schwarzengrund isolates might 
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Invasion and persistence of 36 wildtype Salmonella Schwarzengrund clinical isolates. Eight clinical isolates containing IncFIB-IncFIC(FII) are indicated 
by asterisks. The general trend was that the number of surviving colony-forming units was lower in persistence as compared to invasion. X-axis 
indicates the number of isolates with sample ID and Y-axis represents the CFU/ml. Blue bars indicate invasion and red bars indicate persistence. Error 
bars indicate standard error of mean. The difference between invasion and persistence were analyzed by Student t-test (two-tailed). A p ≤  0.05 was 
considered significantly different between two groups. The difference between invasion and persistence rate for clinical isolates was statistically non-
significant (p =  0.1192).
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be  descended from the plasmids of avian pathogenic isolates, 
indicating it might confer adaptation to avian hosts. Further, the 
fusion plasmid carried several virulence factors that might increase 
the pathogenicity of its bacterial host. This study shows that the 
IncFIB-IncFIC(FII) fusion plasmids can be  transferred between 
Enterobacteriaceae species. Though the plasmid has virulence factors 
such as iron acquisition systems; toxin-antitoxin modules that should 
increase the pathogenicity of Salmonella, our assays showed that there 
was no difference in invasion and persistence for the isolates with or 
without of IncFIB-IncFIC(FII). More research is needed to determine 
the correlation between the virulence factors and the overall 
pathogenicity of S. Schwarzengrund. Future studies will explore the 
invasion and persistence of Salmonella transconjugants in tissue 
culture. This study highlights that a better understanding of the role 
of plasmids in Salmonella pathogenesis is needed, and that plasmids 
might be a significant microbiological hazard associated with food.
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