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A B S T R A C T

The zoonotic pathogen S. Infantis is of emerging importance, making detection in poultry critical. Phenotypic 
changes, which are significant for standardized control programs via EN/ISO 6579–1:2017, could lead to 
pathogens remaining undetected, increasing the risk of food-borne outbreaks. This study investigates an S. 
Infantis strain with both normal growth (NCP) and atypical H₂S-negative colony variant (ACV) from an Austrian 
broiler farm. NCP and ACV underwent comprehensive analyses, including stability tests, electron microscopy, 
whole-genome sequencing, transcriptomics, and proteomics. Our findings demonstrate a stable atypical colony 
variant exhibiting acquired resistance against cefoxitin in ACV. Genomic analysis identified 9 single nucleotide 
polymorphisms (SNPs) and two deletions, affecting genes involved in porphyrin and sulfur metabolism. Key 
factors were a mutation disrupting cysG, which is essential for siroheme biosynthesis and a vital cofactor in sulfur 
metabolism, and a stop codon in menD (2-oxoglutarate decarboxylase), crucial for small colony variant 
appearance. Consequently, we hypothesize that these mutations lead to a deficiency in siroheme, as well as 
anaerobic sulfur respiration altogether resulting in the H₂S-negative phenotype. Functional network analysis 
highlighted compensatory upregulation of alternative metabolic pathways, including nitrate metabolism, 
propanoate metabolism and mixed-acid fermentation, which may aid ACV’s persistence and adaptation under 
anaerobic conditions. Reduced flagellin expression suggests a mechanism for immune evasion. These genetic and 
metabolic adaptations likely respond to environmental stressors, such as oxidative stress from disinfectants or 
antimicrobial pressure, leading to the emergence of the H₂S-negative phenotype. Consequently, this study pro-
vides insights into the genetic and biochemical adaptations of an atypical S. Infantis variant.

1. Introduction

Salmonella (S.) enterica subsp. enterica is the causative agent of 
salmonellosis, the second most reported foodborne gastrointestinal 
infection in the European Union (EU) (EFSA and ECDC, 2024). To 
combat salmonellosis, the EU implemented enhanced food safety regu-
lations and control programs, resulting in a stabilization of infection 
rates over recent years (EFSA and ECDC, 2024). However, the 

distribution of serovars in humans and poultry has shifted over the last 
few years. The prevalence of the two main target serovars, S. Enteritidis 
and S. Typhimurium, has decreased in humans and in poultry due to 
implementation of strict control programs, e.g. mandatory vaccinations 
of breeders and layers against S. Enteritidis, while other serovars 
became more prevalent. Since 2014, there has been an increase in S. 
Infantis, now the most isolated Salmonella serovar in broiler production 
systems (EFSA and ECDC, 2024). In parallel, a global increased 
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incidence of this serovar has been reported associated with the emer-
gence of multidrug-resistant (MDR) strains, which possess a 
mega-plasmid containing antimicrobial resistance genes and enhancing 
adherence and fitness, the so-called pESI plasmid (Alvarez et al., 2023).

Phenotypic heterogeneity in Salmonella, often due to genetic changes 
like SNPs, has been well-documented and can occur even in genetically 
identical cells (Ackermann, 2015). Such changes are adaptation mech-
anisms in response to environmental factors, acidic conditions or anti-
microbial exposure (Ghoshal et al., 2023; Zhou et al., 2023a,b). 
Additionally, phenotypic changes can result from a shift in lifestyle from 
extracellular to intracellular (Liu et al., 2024; Powers et al., 2021; Wang 
et al., 2022). Screening of Austrian S. Infantis isolates showed substan-
tial phenotypic variations (Hess et al., 2023). For the first time we 
present the identification of a S. Infantis that exhibited both a normal 
colony phenotype (NCP) and an atypical colony appearance lacking H₂S 
production (atypical colony variant, ACV).

Such atypical variants are of public health concern as they might 
evade detection employing standardized monitoring programs. In 2019, 
an outbreak of salmonellosis was reported in Sweden caused by an H₂S- 
negative S. Typhimurium (Colombe et al., 2019), which led to 82 
nationwide cases within two months. The phenotypic variation was 
suspected as a possible cause for the outbreak, as H₂S production is a key 
feature in Salmonella detection using EN/ISO 6579–1:2017 standards.

The lack of H₂S production has been observed in various Salmonella 
serovars and the cause for the variation is attributed in the majority of 
cases to missense mutations in genes of the phs (production of hydrogen 
sulfide) operon or even absence of one of these genes (Kovac et al., 2017; 
Mourão et al., 2020; Müştak et al., 2020; Sakano et al., 2013; Wu et al., 
2016; Xie et al., 2018; Yi et al., 2014). The phs operon is crucial for the 
reduction of thiosulfate to hydrogen sulfide, comprising three genes 
(phsA, phsB, and phsC) that encode thiosulfate reductases. However, in a 
study that analysed 46 H₂S-negative isolates from China, it was found 
that only 24 of the 46 isolates had mutations in the phs operon indicating 
that other genetic mechanisms must also contribute to this phenotype 
(Xie et al., 2018). Other genetic alterations responsible for the 
H₂S-negative phenotype have also been identified. For example, a 
missense mutation in cysJ (sulfite reductase, beta subunit) was reported 
in S. Infantis (Lee et al., 2020), while mutations in tetR (putative tran-
scriptional regulator, TetR family), moaC (molybdenum cofactor 
biosynthesis protein C) and sph (streptomycin phosphotransferase) have 
been associated with H₂S-negative isolates of S. Kentucky (Albert et al., 
2014). Interestingly, H₂S-negative Salmonella isolates have been pri-
marily reported from 2013 onwards, with most H₂S-negative S. Infantis 
isolates originating from Asia (Sakano et al., 2013; Xie et al., 2018; Yi 
et al., 2014). Recently, reports of H₂S-negative Salmonella have also 
emerged in Europe (Colombe et al., 2019; Mourão et al., 2020; Müştak 
et al., 2020).

However, these investigations have primarily focused on single 
genes or specific pathways. Here, for the first time, we applied a multi- 
omics approach—combining whole-genome sequencing, tran-
scriptomics, and proteomics—to comprehensively elucidate the genetic 
and biochemical underpinnings of the H₂S-negative phenotype in S. 
Infantis.

2. Material and methods

2.1. Bacterial strains, growth behaviour, stability and antimicrobial 
resistance pattern

During the mandatory routine testing using the standardized test 
method ISO 6579–1:2017 (EN ISO 6579-1, 2017) the Salmonella strain 
“PA-19/26029” was isolated in 2019 from a boot swab derived from a 
broiler farm located in Austria. Culturing this strain on XLD revealed, 
besides the typical black colonies which are considered as the normal 
colony phenotype (NCP) of PA-19/26029, also colonies lacking H₂S 
production and thus presenting themselves as transparent colonies 

designated from now on as atypical colony variant (ACV) of 
PA-19/26029. The Kauffmann-White-Le Minor scheme was applied for 
serotyping and revealed the presence of S. Infantis. Both phenotypes 
(NCP and ACV) were tested for their growth characteristics and colony 
morphology on four additional agar plates: Columbia Agar with 5% 
sheep blood (COS, BioMerieux, Vienna, Austria) and MacConkey Agar 
(MCK, NEOGEN, Lansing, MI, USA), both commonly used in routine 
diagnostics, and Brilliant-green Phenol-red Lactose Sucrose Agar (BPLS, 
Bertoni, Vienna, Austria) and Modified Semisolid Rappaport Vassiliadis 
Agar (MSRV, Merck, Darmstadt, Germany) which are used, besides XLD, 
for the detection of Salmonella according to the ISO 6579–1:2017 (EN 
ISO 6579-1, 2017). One colony of each H₂S phenotype was transferred 
into 10 ml of Luria-Bertani (LB) broth (Thermo Fischer Scientific, 
Carlsbad, CA, USA), incubated at 37 ◦C under aerobic conditions in a 
shaking incubator (120 rpm) for 24 h. Cultures were then plated onto 
three different solid agars (COS, MCK and BPLS) using the three-phase 
streaking method. Plates were incubated at 37 ◦C under aerobic condi-
tions for 24 h and colonies were evaluated for their shape, colour and 
size. For the semisolid MSRV agar one drop of the bacterial suspension 
was inoculated in the centre of the plate, incubated at 42 ◦C under 
aerobic conditions and the presence of swarming behaviour was eval-
uated after 24 h and 48 h.

Additionally, stability and purity of both phenotypes (NCP and ACV) 
were evaluated by culturing them on XLD followed by transfer of a single 
colony into 10 ml LB broth, incubated at 37 ◦C under aerobic conditions 
with an agitation of 120 rpm for 24 h. Serial dilutions were then plated 
onto XLD to evaluate the phenotype of produced colonies and approve 
allocated growth characteristics. Single colonies were picked, and the 
procedure repeated twice to confirm phenotypic stability of NCP and 
ACV.

The broth microdilution method was performed to assess the anti-
microbial susceptibility patterns of both phenotypes (NCP und ACV) 
according to Clinical & Laboratory Standards Institute (CLSI) supple-
ment VET01 (CLSI, 2015) using a MICRONAUT-S Austria Poultry plate 
(MERLIN Diagnostika GmbH, Bornheim-Hersel, Germany). Supple-
mentary Table 1 shows the antimicrobials tested together with the 
corresponding concentrations and cut off values. The bacterial test 
suspensions were prepared according to the manufacturer’s instructions. 
Briefly, from a 5 ml bacterial suspension (McFarland standard 0.5) 50 μl 
were transferred into 11 ml of Müller-Hinton broth (Merck, Vienna, 
Austria) and mixed well. 100 μl of this mixture was put into each well of 
the microtiter plate and the plate was incubated aerobically at 37 ◦C. 
After 24 h the results were measured using the MCN6 Software version 
6.00 release 72 (MERLIN Diagnostika GmbH, Bornheim-Hersel, 
Germany).

2.2. Electron microscopy

One colony from each phenotype (NCP and ACV) was picked from 
XLD agar and transferred in 10 ml LB broth and incubated at 37 ◦C under 
aerobic conditions with agitation (120 rpm) overnight. On the next day 
50 μl of the bacterial suspension were transferred to 25 ml of LB broth 
and incubated again at 37 ◦C under aerobic conditions with agitation for 
exactly 4 h. For washing, bacterial suspensions were centrifugated at 
5000 rpm for 10 min at 4 ◦C, supernatant was discharged, and the cell 
pellet was resuspended in phosphate-buffered saline (PBS, GIBCO, 
Paisley, UK). The washing was repeated, and the cell pellet was resus-
pended with a final volume of 50 ml PBS to achieve a concentration of 
106 CFU/ml and kept on ice till the negative staining procedure was 
performed. A 4 μl drop of sample was applied to the carbon side of 
carbon-coated hexagonal 400 mesh Cu/Pd grids (Agar Scientific, Roth-
erham, UK). The carbon-film was self-made in an Edwards Auto 306 
high vacuum evaporator (Edwards, Burgess Hill, UK) and the coated 
grids were glow-discharged for 1 min in a Bal-Tec SCD 005 sputter 
coater (Bal-Tec, Balzers, Liechtenstein) at 20 mA prior to staining to 
increase hydrophilicity. During the incubation time of 1 min, bactearia 
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attached to the carbon film. Afterwards, the excess sample was removed 
with a filter paper (Whatman No.1, Merck, Darmstadt, Germany), and 
immediately replaced by a 4 μl drop of stain. The drop was removed 
without incubation time. This step was performed as a washing step, to 
rinse off any unbound bacteria from the carbon film. Subsequently a 
fresh drop of stain was added. Again, the stain was removed without 
allowing the sample to incubate and the grid was left to dry for several 
minutes. The stain used in this experiment was 0.25% phosphotungstic 
acid (Merck, Darmstadt, Germany) in water with the pH adjusted to 7. 
The standard approach, incubating in stain for 1 min, was resulting in a 
very strong contrast, that made imaging of the flagella difficult. 
Reducing the incubation time to a minimum (approx. 15 s) helped. Both 
2% aqueous uranyl acetate (Merck, Darmstadt, Germany) at pH4 and 
2% phosphotungstic acid were tested previously and considered not 
suitable as the staining was likewise too strong, therefore it was chosen 
to dilute the stain. Grids were inspected in an FEI Morgagni 268D 
transmission electron microscope (previously FEI; now Thermo Fisher 
Scientific, Eindhoven, The Netherlands), operated at 80 kV. Examined 
regions on the grids were selected randomly. Digital images were ac-
quired using a Mega View III CCD camera (Olympus-SIS, Münster, 
Germany).

2.3. DNA extraction

High molecular weight DNA was extracted with a protocol described 
by Sambrook and Russel (1982) and adapted from Josh Quick (2018). 
Briefly, overnight bacterial suspension was pelleted, resuspended and 
mixed with 10 ml of Tris-Lysis Buffer. After 1 h of incubation at 37 ◦C 
with end-to-end rotation, 100 μl of Proteinase K was added and mixed by 
inversion. This was followed by another incubation at 50 ◦C for 2 h, with 
inversion every 30 min. The viscous lysate was distributed into two 
falcon tubes with phase-lock gel and 5 ml of TE-saturated phenol per 
tube was added. Aqueous phase was obtained with the help of a Hula-
Mixer and centrifugation and 4 ml of 5 M ammonium acetate as well as 
30 ml of ice-cold ethanol (99%) were added. The DNA started precipi-
tating and was stored at −20 ◦C. After five days samples were thawed 
and centrifuged at 10,000×g for 5 min. Supernatant was removed and 
30 ml of ice-cold ethanol (70%) was added. Centrifugation and removal 
of supernatant was repeated two times adding 1 ml of ice-cold ethanol 
(70%). After the last removal of supernatant, the tube was kept open at 
room temperature for 15 min to enable evaporation of leftover ethanol. 
Then, 100 μl of elution buffer (10 mM Tris-Cl, pH 8.0) with 0.02% Triton 
X-100 was added and incubated without mixing at 4 ◦C for two days to 
allow the pellet to fully resuspend.

2.4. Illumina and Nanopore sequencing

For Nanopore MinION sequencing (Oxford Nanopore Technologies, 
Oxford, UK) the Ligation Sequencing Kit V14 was applied for library 
preparation and sequencing was performed for 48 h using a R10.4.1 flow 
cell. Real-time base calling was performed using MinKNOW operating 
software (version 24.02.6) with integrated Guppy data processing tool. 
Genomic DNA was additionally sequenced on an Illumina MiniSeq 
platform after library preparation using the Nextera™ DNA Flex Library 
Prep Kit. Genome assembly of Illumina short reads along with Nanopore 
long reads was performed in hybrid assembly mode of the Unicycler 
pipeline version 0.4.8 (https://github.com/rrwick/Unicycler/) with 
default settings (–min_fasta_length 100, –keep 1, –mode normal 
–linear_seqs 0) (Wick et al., 2017) resulting in a completed and circu-
larized chromosome and a single plasmid for each of the sequenced 
phenotypes (NCP and ACV). The genomes of both isolates were sub-
mitted to NCBI under the accession numbers PRJNA1149069 for NCP 
and PRJNA1149073 for ACV.

2.5. Genome annotation

The genomes of the Salmonella Infantis phenotype NCP and ACV 
were annotated using PROKKA (Seeman, 2014) with the following pa-
rameters: -genus Salmonella, –species enterica, –strain NCP, –outdir 
NCP, –prefix NCP, –compliant, and –cpus 16. These settings ensured 
compliance with GenBank standards and detailed genus, species, and 
strain information. Additionally, the genomes were screened for the 
presence of the emerging megaplasmid pESI by aligning the sequence of 
the pESI plasmid from isolate 119944 (accession NZ_CP047882.1) to 
both NCP and ACV genomes using the Whole Genome Alignment tool 
from CLC Genomics Workbench v.25 (https://digitalinsights.qiagen. 
com/). Following annotation, we used OMA (Orthologous MAtrix) 
(Altenhoff et al., 2019) with default parameters to convert the PROKKA 
gene IDs of NCP and ACV to the reference gene IDs of the Salmonella 
typhimurium LT2 strain. OMA takes the proteins of the three strains as 
input. This step is crucial as it allows us to leverage online databases 
such as KEGG and STRING, which contain gene IDs for the LT2 strain, to 
extract functional information for candidate genes linked to our atypical 
colony phenotype. Panaroo (Tonkin-Hill et al., 2020) was then utilized 
to generate a gene presence-absence matrix, incorporating the reference 
strain LT2 along with the annotated genomes of NCP and ACV. Panaroo 
was configured in strict mode (–mode strict) with consensus-based 
removal of dubious genes (–remove_by_consensus True) to enhance 
the accuracy of the gene matrix. The primary aim of using Panaroo was 
to identify putative gained or lost genes in the ACV. For the identifica-
tion of single nucleotide polymorphisms (SNPs), we first identified 
closely related genomes to NCP using the Similar Genome Finder tool 
from the BV-BRC platform. This tool was run using the NCP genome as 
input, and the closest 50 genomes were retrieved. An initial phyloge-
netic tree was constructed, and six genomes clustering with NCP and 
ACV were retained for further analysis (Infantis_355021_595_811, 
437982_59201_1362, Infantis_strain_SB017_595_401, 32020501- 
2019-00041_2819700_3, Infantis_strain_UZH_SAL-111-10_595_108 and 
Infantis_strain_MRS-17_00712_595_777). The genomes of NCP, ACV, 
LT2, and the six selected closely related genomes were aligned using 
Parsnp (Treangen et al., 2014) with the following parameters: c, -p 16, -d 
genomes, -g LT2, and -x. Following the alignment, harvesttools 
(Treangen et al., 2014) was used to generate a VCF file cataloguing the 
SNPs. Filtering was then applied to isolate SNPs unique to ACV, 
excluding those shared with ancestral genomes. To provide functional 
annotations for these SNPs, SnpEff (Cingolani et al., 2012) was used by 
first building a database for the reference strain (build -genbank -v Sal-
monella_Typhimurium_LT2) and then annotating the VCF file (ann -v 
Salmonella_Typhimurium_LT2). To further assess the potential impact of 
these mutations, SIFT (Sorting Intolerant From Tolerant) (Ng and 
Henikoff, 2003) analysis was performed to predict whether the amino 
acid substitutions affect protein function.

2.6. RNA extraction

RNA extraction was performed from bacterial suspension using 
RNeasy Mini Kit (Qiagen). Phenotypes were grown overnight in 25 ml 
LB Broth at 37 ◦C under aerobic conditions in a shaking incubator (150 
rpm). On the next day 50 μl of the overnight culture were transferred to 
fresh 25 ml of LB Broth and incubated at 37 ◦C under aerobic conditions 
in a shaking incubator (150 rpm) for 3 h reaching a growth of 108 CFU/ 
ml which was confirmed via CFU count. 5 ml of fresh bacterial sus-
pension were centrifuged for 6 min at 4000 rpm. The supernatant was 
discarded, and the pellet was washed in 700 μl PBS and snap frozen in 
liquid nitrogen. 200 μl TE-Buffer including 15 mg lysozym/ml was 
added to the pellet as well as 10 μl Proteinase K, vortexed for 10 s and 
incubated at room temperature (23–25 ◦C) on a shaking incubator (750 
rpm) for 10 min. RLT Buffer was prepared containing 10 μl β-mercap-
toethanol and RNA extraction was continued according to the protocol 
of the RNeasy Mini Kit. RNA concentration and quality was measured 
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via RNA ScreenTape Assay to ensure RIN >7 and DV200 > 70%.

2.7. Transcriptomic data analysis

Total RNA was extracted from the samples and subjected to 
sequencing on the Illumina platform (NextSeq550Medium), generating 
150 bp paired end reads. The raw reads were processed using cutadapt 
to remove adapter sequences and low-quality bases, with the following 
parameters: adapters (AGATCGGAAGAGC), a minimum read length of 
20 bp, and parallel processing with 16 threads. The trimmed reads were 
then loaded into CLC Genomics Workbench 23 for RNA-seq analysis 
(https://digitalinsights.qiagen.com/). The reference transcripts for 
phenotypes NCP and ACV were obtained from previously conducted 
PROKKA annotations. Using the RNA-Seq Analysis module in CLC, gene 
expression levels were quantified, and expression tables were generated 
for each sample. Each table included the following columns: PROKKA 
Gene_ID, TPM (Transcripts Per Million), Unique gene reads, and Total 
gene reads. To integrate the data, expression tables from all samples 
were exported and merged using R. The combination of expression data 
for NCP and ACV was facilitated by the previously generated table from 
the OMA tool, which provided the mapping between the LT2 strain gene 
IDs and the PROKKA gene IDs from NCP and ACV. The resulting merged 
table contained comprehensive expression data for both phenotypes. 
Differential expression analysis was conducted using the DESeq2 pack-
age (Love et al., 2014) in R to identify genes with significant expression 
differences between ACV and NCP. Raw read counts for each gene were 
extracted from the merged expression table and used as input for the R 
package DESeq2. The analysis involved constructing a count matrix, 
creating a sample information table indicating the conditions (NCP or 
ACV), and generating a DESeqDataSet object. The DESeq2 pipeline was 
executed to normalize the data and estimate dispersion. Genes with a 
log2 fold change between ACV and NCP greater than or equal to 1.5 and 
an adjusted p-value less than 0.05 were considered as differentially 
expressed.

2.8. Protein extraction and LC-MS data acquisition

For each phenotype three biological replicates were produced by 
culturing onto a XLD plate incubated at 37 ◦C under aerobic conditions 
for 24 h. Bacterial colonies were transferred into a tube containing 500 
μl Urea/Thiourea Lysis buffer and 25 μl 1 M dithiothreitol. Then 50 μl 
protease-inhibitor were added, vortexed and kept on ice. Samples were 
sonicated (power: 80%, 3 cycles ̀a 10 s) and afterwards centrifuged with 
10000 rcf at 4 ◦C for 7 min. Supernatant containing the extracted pro-
teins was pipetted into a new tube. Protein concentration was measured 
with the use of 2-D Quant kit (Sigma-Aldrich Handels GmbH, Vienna, 
Austria) according to the manufacturer’s instructions. Thirty microgram 
of protein lysate were transferred onto a 10 kD Pall Nanosep ultrafil-
tration unit (Pall Corporation, NY, USA) for tryptic digest applying a 
filter-aided sample preparation protocol according to Mayr et al. (2024). 
Cleanup of extracted peptides was performed using Pierce C18 spin 
columns as described by the manufacturer (Thermo Fisher Scientific, 
MA, USA).

Peptide analysis was accomplished on a nano-HPLC Ultimate 3000 
RSLC system (Dionex) coupled to a high-resolution Q-Exactive HF 
Orbitrap mass spectrometer (Thermo Fisher Scientific) (Mayr et al., 
2024). For quantitative analysis samples were injected in technical 
duplicates.

2.9. Qualitative and quantitative proteomic data analysis

For the identification of proteins, database searches of the acquired 
peptide spectra were performed using Proteome Discoverer Software 
2.4.1.15 (Thermo Fisher Scientific). The protein databases used for the 
searches included the in-house annotated proteins from the two Sal-
monella Infantis isolates, as well as a common contaminant database 

(www.thegpm.org/crap/) to be able to exclude contaminants from the 
final data analysis. The database searches were configured with the 
enzyme trypsin, allowing a maximum of two missed cleavage sites. 
Precursor mass tolerance was set at 10 ppm and fragment mass tolerance 
at 0.02 Da. The dynamic modifications included oxidation (+15.995 Da 
on methionine), deamidation (+0.984 Da on asparagine and glutamine), 
and several N-terminal modifications (acetylation, met-loss, and met- 
loss + acetyl). A static modification was set for carbamidomethyl 
(+57.021 Da on cysteine). Decoy database searches were conducted 
with a target false discovery rate (FDR) of 0.01 for strict criteria and 0.05 
for relaxed criteria, at the peptide and protein level.

Intensity-based label-free quantification (LFQ) was performed based 
on protein abundance values (normalised to total area sums) generated 
with the Proteome Discoverer software. Before statistical analysis with R 
version 4.3.0 (R Core Team, 2023), normalised abundance values of the 
technical replicates were aggregated by the mean. To maintain high data 
quality, proteins with one or two missing abundance values within the 
three biological replicates were excluded from further data analysis. 
Abundance changes between the two groups were tested with a two- 
sample t-test. Proteins with significant changes in abundance level re-
ported as up- or downregulated, are identified with more than two 
tryptic peptides and quantified with at least one unique peptide. Their 
fold change is higher/lower than ±1.5 log2 fold with a p-value adjusted 
according to Benjamini-Hochberg for controlling the false discovery rate 
lower than 0.05.

2.10. Identification of candidate genes linked to a H₂S negative phenotype

To identify candidate genes associated with the atypical colony 
phenotype, we employed an integrative approach utilizing tran-
scriptomics, proteomics, and genomic analyses. Initially, differentially 
expressed genes (DEGs) were identified from the RNA-seq data. Genes 
with a p-value <0.05 and an absolute log2 fold change (log2 FC) ≥ 1.5 
were selected as significant DEGs. Similarly, differentially expressed 
proteins (DEPs) were identified from the proteomics data using the same 
threshold criteria (p-value <0.05 and absolute log2FC ≥ 1.5). The union 
of DEGs from the transcriptomics data and DEPs from the proteomics 
data was used to construct the primary set of genes linked to the atypical 
phenotype.

Additionally, genes with SNPs or indels specific to ACV, including 
non-synonymous SNPs and premature stop codons, were incorporated 
into the final set of candidate genes. These mutations were selected 
based on their potential to significantly affect gene function. Functional 
annotations for the identified candidate genes were compiled using in-
formation from multiple databases and literature sources. These data-
bases included KEGG, STRING, and UniProt, alongside relevant 
literature searches. Each gene was assigned a concise functional anno-
tation string summarizing its biochemical pathway. To visualize the 
interactions and functional relationships of the candidate genes, the 
corresponding gene network was downloaded from the STRING data-
base. This network, along with the functional annotation and log2FC 
information from both transcriptomics and proteomics, was imported 
into Cytoscape (Shannon et al., 2003). Cytoscape was then used to 
generate annotated gene networks, providing a comprehensive over-
view of the candidate genes and their potential roles in the atypical 
colony phenotype.

3. Results

3.1. Growth behaviour on agar plates, phenotypic stability, antimicrobial 
susceptibility pattern and cell morphology

Picking single colonies of NCP and ACV and transferring onto XLD 
showed pure subcultures of a typical black phenotype and a transparent 
phenotype (Fig. 1). Determining the growth characteristics of both 
phenotypes (NCP and ACV) on four other agar plates (COS, MCK, BPLS 
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and MSRV) showed neither differences in colony morphology nor in 
motility.

Subculturing, dilution and single colony evaluation was performed 
and the above described typical and atypical phenotypes were shown to 
be stable. The antimicrobial susceptibility pattern evaluated via broth 
microdilution assay revealed the difference in one antimicrobial, namely 
cefoxitin, where the NCP showed a sensitive phenotype, and the ACV 
was resistant (Supplementary Table 2). Negative staining of the phe-
notypes did not show any significant difference in morphology 
regarding presence or length of flagella by electron microscopy (Fig. 2).

3.2. Genomics analysis

The genomes of Salmonella Infantis NCP and ACV were sequenced 
and assembled resulting in a completed circular chromosome (4.6 Mb; 
GenBank accession NCP: CP167167, ACV: CP167169) and a small 
plasmid (33 kb; GenBank accession NCP: CP167168, ACV: CP167170) 
for each of the phenotypes. To further characterize the plasmid, we 
performed a BLAST search against the pESI megaplasmid reference 
(SIN119944; Aviv et al., 2014) and found no significant hits, indicating 
the absence of pESI in both NCP and ACV. Table 1a provides an overview 
of the chromosome characteristics for both phenotypes, indicating 
minor differences in size and gene content between NCP and ACV. To 
establish the relationship between NCP and ACV, we constructed a 
phylogenetic tree using NCP, ACV, and six closely related genomes. The 
analysis showed that NCP and ACV cluster closely together, with ACV 
having a longer branch, indicating that ACV is derived from NCP 
(Supplementary Fig. 6).

To investigate the genetic basis of the phenotypic differences be-
tween NCP and ACV, we aligned the genomes of NCP, ACV, six closely 

related strains, and the reference strain Salmonella typhimurium LT2. The 
alignment focused on the core genome, which constitutes 88% of the 
total genome, to identify mutations specific to ACV. We identified 15 
SNPs unique to ACV, including 13 located within genes and 2 in inter-
genic regions. Among the gene-associated SNPs, 4 were synonymous, 7 
were non-synonymous (missense variants), and 2 were stop-gained 
mutations. Additionally, we detected 2 single-base pair deletions in 
ACV that caused frameshifts, leading to premature stop codons. To focus 
on mutations with potential functional impact, we considered only the 7 
missense variants, 2 stop-gained mutations, and 2 deletions, totaling 11 
mutations affecting 11 distinct genes (Table 1b). SIFT analysis further 
indicated that 5 of the 7 missense variants are likely to impact protein 
function. The two single-base pair deletions were initially flagged as 
copy number variations (CNVs) by Panaroo due to gene splitting during 
annotation. However, a closer examination revealed that these were 
actually single-base pair deletions occurring within repetitive regions of 
the genes, leading to frameshifts that truncated the proteins. This caused 
PROKKA to annotate the affected genes in two parts, but this was an 

Fig. 1. Phenotype on XLD Agar of Salmonella Infantis NCP on the left compared to the ACV on the right missing the typical black coloration due to the lack of 
H₂S production.

Fig. 2. Electron microscopy images of Salmonella Infantis NCP (left) and ACV (right). The scale bar represents a length of 2 μm.

Table 1a 
Chromosome characteristics of Salmonella Infantis NCP and ACV.

Genome metric NCP ACV

Contigs 1 1
Size (bp) 4617305 4617521
CDS (total) 4370 4371
Gene (total) 4491 4493
rRNA 22 22
tRNA 83 84
ncRNA 16 16
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artifact of the frameshift and did not represent true CNVs. As a result, the 
number of coding genes between NCP and ACV remains equivalent 
when considering only the functional portions of the genes.

3.3. Transcriptomics analysis

To understand the biochemical basis of the atypical colony pheno-
type observed in the ACV, we generated RNA-seq data for both the NCP 
and ACV, each with three biological replicates. The RNA-seq reads were 
mapped to the respective genomes, with the number of reads for each 
sample provided in Supplementary Table 3. The number of reads per 
sample varied from 13 million to 22 million, reflecting high variability 
in coverage depth. Despite these differences, the percentage of expressed 
genes ranged from 87.7% to 89.6% and was very similar across all 
replicates (Supplementary Table 3), ensuring the reliability of the RNA- 
seq data for downstream analyses. The pairwise correlation plot of each 
replicate against each other showed a correlation range from 0.888 to 
0.991 (Supplementary Fig. 1). The correlation within each phenotype 
was higher, ranging from 0.952 to 0.991, compared to the correlation 
between the phenotypes, which ranged from 0.888 to 0.943. The high 
within-phenotype correlation confirms the reproducibility and consis-
tency of the RNA-seq data, suggesting that the observed differences in 
gene expression between NCP and ACV are likely due to genuine bio-
logical differences rather than technical variability. We performed dif-
ferential expression analysis to identify genes with significant 
expression differences between NCP and ACV. Using a threshold of log2 
fold change ≥1.5 or ≤ −1.5 and an adjusted p-value <0.05, we identi-
fied 123 differentially expressed genes (DEGs), which accounts for 3.1% 
of the expressed genes (Supplementary Fig. 2).

3.4. Proteomics analysis

To understand the proteomic changes underlying the atypical colony 
phenotype in the ACV, we performed a proteomics analysis for both NCP 
and ACV, each with three biological replicates, obtaining data for 1901 
proteins. The pairwise correlation plot among replicates 
(Supplementary Fig. 3) showed that the correlation within samples is 
higher, ranging from 0.986 to 0.997, while the correlation between 
samples is lower, ranging from 0.966 to 0.976. This indicates high 
consistency within replicates and genuine biological differences be-
tween NCP and ACV. Using a differential expression criterion of log2 fold 

change ≥1.5 or ≤ −1.5 and an adjusted p-value <0.05, we identified 79 
differentially expressed proteins (DEPs), representing 4.1% of the total 
detected proteins (Supplementary Fig. 4).

3.5. Correlation of transcriptomics and proteomics data

To correlate transcriptomics and proteomics data, we first summa-
rized the replicate data from each omics since there was no direct one-to- 
one match between transcriptomics and proteomics replicates. We 
computed the median log2-transformed raw expression values from the 
triplicates to obtain a single value for each gene per phenotype (NCP and 
ACV). This method leveraged the high correlation within replicates to 
ensure reliable summary statistics. The resulting correlation coefficients 
were 0.38 for NCP and 0.36 for ACV (Supplementary Fig. 5), demon-
strating a moderate correlation between RNA and protein expression 
levels for the phenotypes.

3.6. Identification of candidate genes linked to the atypical colony variant 
phenotype

To identify candidate genes associated with the atypical colony 
phenotype, we combined transcriptomics, proteomics, and genomic 
analyses and identified 204 candidate genes (Supplementary Table 4). 
Using the STRING database, we found that 172 of these genes are con-
nected within a gene network, while 3 remain isolated. Of the 172 
connected genes, 151 of them belong to a main large network, while 21 
are distributed into five small networks, each with less than 10 genes 
(Fig. 3). Network topology analysis identified three highly connected 
nodes (hubs) within the main large network: cysG (siroheme synthase) 
with 21 connections, adhE (acetaldehyde dehydrogenase) with 15 con-
nections and putA (plasma membrane proline dehydrogenase) with 10 
connections. Hubs were defined as genes with at least 10 connections to 
genes not in the same functional cluster. The main hub is the down-
regulated cysG gene, which contains a missense variant and is crucial for 
siroheme biosynthesis and sulfur reduction. It connects to different 
clusters: at the top, it is linked to the upregulation of ccm genes (heme 
metabolism) and nap, nar, nir genes (nitrogen metabolism); to its left, it 
is associated with the upregulation of the hyc cluster (mixed-acid 
fermentation); and to the right, it connects to the upregulated cbi genes 
(porphyrin metabolism), the upregulated pdu, yqhD genes (propanediol 
metabolism), and the downregulated eut genes (ethanolamine 

Table 1b 
Identified genetic variations in Salmonella Infantis ACV compared to NCP with annotations relative to the reference strain LT2. It includes the gene IDs, gene function, 
type of mutation, genomic position, variant effect on the gene, and SIFT score.

Gene ID LT2 Gene ID Gene description Mutation type Position SNP annotation Mutation SIFT 
score

ompF STM0999 outer membrane protein 1a SNP 1090506 Missense 
variant

124 
Asp→Asn

0.00

dcm STM1992 similar to E. coli DNA cytosine methylase (AAC75027.1) SNP 2075000 Missense 
variant

253 Gly→Arg 0.00

menD STM2309 2-oxoglutarate decarboxylase SNP 2416645 Stop gained – –
yfeA STM2410 diguanylate cyclase/phosphodiesterase domain 2 SNP 2527302 Missense 

variant
482 Ser→Phe 0.07

ygbD STM2841 putative oxidoreductase SNP 2987412 Missense 
variant

301 Gly→Asp 0.00

cysG STM3477 siroheme synthase SNP 3628383 Missense 
variant

303 Asp→Ala 0.00

STM4440 STM4440 putative cytoplasmic protein SNP 4684022 Missense 
variant

22 Glu→Lys –

rimI STM4558 modification of 30S ribosomal subunit protein S18 SNP 4813060 Missense 
variant

131 Pro→Leu 0.00a

sthE STM4591 putative major fimbrial subunit. SNP 4848744 Stop gained – –
oadB STM3351 oxaloacetate decarboxylase beta chain Deletion (1 bp) –b Stop gained – –
ccmF STM2249 similar to E. coli cytochrome c-type biogenesis protein 

(AAC75256.1)
Deletion (1 bp) –b Stop gained – –

a Low confidence.
b The deletions in oadB and ccmF have no position since they were detected through a custom alignment of the gene sequences using CLC.
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metabolism). The second hub is the upregulated adhE gene, which en-
codes alcohol dehydrogenase essential for mixed-acid fermentation. It 
connects to the bottom with the upregulated pdu, yqhD genes (prop-
anoate metabolism) and downregulated eut genes (ethanolamine meta-
bolism), on top with the downregulated putA and putP, and to the right 
with the upregulated fumB (anaerobic respiration), fru genes (carbohy-
drate metabolism), and celC (transporter). The third hub is the putA 
gene, a trifunctional gene that is connected to the pdu and yqhD genes 
involved in propanoate metabolism. Additionally, it links to three 
uncharacterized genes: STM1128, STM3632, and yljA, as well as the 
transporter gene putP. Furthermore, putA is connected to the second hub, 
adhE, indicating a potential interaction or regulatory relationship be-
tween these hubs.

Fig. 4 shows transcript and protein log2FC in a heatmap. The heat-
map highlights five genes whose proteomic data suggest they are pro-
teins specific to the ACV phenotype, shown in dark red (ornithine 
carbamoyltransferase arcB-2, vitamin B12 adenosyl cobalamide pre-
cursor cbiD, 4-phosphocytidyl-2C-methyl-D-erythritol synthase ispD, 
TetR/AcrR family transcriptional repressor yijC, and site-specific DNA 
inversion stimulation factor fis), and one protein specific to the NCP 
phenotype, shown in dark blue (tartronic semialdehyde reductase glxR). 
The most abundant categories of genes, excluding hypothetical proteins, 
include transporters (24 genes), nitrogen metabolism (22 genes), amino 
acid metabolism (11 genes), and propanoate metabolism (10 genes).

4. Discussion

S. Infantis is an emerging zoonotic pathogen that has a strong affinity 

to fast-growing broilers (EFSA and ECDC, 2024; Drauch et al., 2022). 
The increasing number of multidrug resistant isolates, as well as reports 
from the field indicating difficulties in eradication of S. Infantis, can be 
attributed to the presence of a megaplasmid designated pESI (Alba et al., 
2020; Bezek et al., 2023; Drauch et al., 2020; McMillan et al., 2022). 
Besides this, Salmonella is also known to activate different adaptation 
mechanisms which can result in phenotypic heterogeneity (Grimbergen 
et al., 2015; Morawska et al., 2022). The present study focused on a S. 
Infantis isolate derived from an environmental sample of an Austrian 
broiler flock presenting a normal (H₂S-positive) colony phenotype (NCP) 
and an atypical (H₂S-negative) colony variant (ACV). Multi-omics 
analysis was used to explore genomic loci underlying the observed 
phenotypic variation.

In previous studies, the occurrence of H₂S-negative Salmonella iso-
lates was mostly associated with mutations in the phs (production of 
hydrogen sulfide) operon (Mourão et al., 2020), but also other possible 
underlying mechanisms were suggested (Abd El Ghany et al., 2016; 
Albert et al., 2014). This is the fourth report of the occurrence of 
H₂S-negative Salmonella isolates in Europe, and to our knowledge the 
first H₂S-negative Salmonella isolate belonging to the serovar Infantis 
isolated in Europe (Colombe et al., 2019; Mourão et al., 2020; Müştak 
et al., 2020).

The coexistence of H₂S-negative and H₂S-positive Salmonella colonies 
from the same environment, as observed in our S. Infantis isolate from 
broilers, has also been reported in human-derived Salmonella isolates. 
Studies by Yi et al. (2014) and Albert et al. (2014) suggest that pheno-
typic variation can occur within a single bacterial isolate, which might 
explain the presence of both phenotypes in the strains we studied.

Fig. 3. Annotated gene network of 172 connected genes linked to the atypical colony phenotype. 
The network was constructed using STRING database information and visualized in Cytoscape. Nodes represent genes, colored according to their associated 
metabolic pathways. Edges represent interactions between genes. Upregulated genes are marked with an upward triangle, while downregulated genes are marked 
with a downward V-shaped polygon. Classification of up/downregulation was based on log2FC values as follows: If both transcript_log2FC and protein_log2FC are 
available, genes are upregulated if both values are positive, and downregulated if both values are negative. If only protein_log2FC is available, genes are upregulated 
if protein_log2FC > 1.5, and downregulated if protein_log2FC < −1.5. If only transcript_log2FC is available, genes are upregulated if transcript_log2FC > 1.5, and 
downregulated if transcript_log2FC < −1.5.
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Here, we confirmed that the colony characteristics of both the 
normal colony phenotype (NCP) and the atypical colony variant (ACV) 
phenotype are stably expressed over generations. Electron microscopy 
revealed no differences in the cell and flagella morphology between NCP 
and ACV. However, the antimicrobial resistance pattern showed a 
notable difference as the ACV proved resistance to the cephalosporin 
cefoxitin. Interestingly, Yi et al. (2014) also observed differences in 
antimicrobial resistance patterns, specifically within this group of anti-
microbials, in their H₂S-negative ACV, whereas Albert et al. (2014) re-
ported that the ACV had the same resistance profile as the corresponding 
NCP. These findings underscore the complexity of phenotypic variation 
and its implications for antimicrobial resistance and detection in clinical 
and environmental settings.

The megaplasmid pESI and its variations, known as pESI-like meg-
aplasmids, have experienced a global spread within the last ten years in 
the S. Infantis population (Alvarez et al., 2023). However, neither NCP 
nor ACV contained a pESI or pESI-like megaplasmid. Despite this 
absence the results remain important, highlighting alternative mecha-
nisms of adaptation, beyond megaplasmid-associated traits.

In total, 11 mutations in 11 genes were discovered by comparing the 
genomes of NCP and ACV, with cascading effects on several intertwined 
metabolic pathways. In the following paragraphs the role of these genes 
will be discussed and linked to possible underlying causes as well as 
functional impact as significant changes in bacterial metabolism which 
ultimately led to an H₂S-negative colony phenotype.

A SNP in the gene menD (2-oxoglutarate decarboxylase) resulted in a 
premature stop codon in ACV which may affect its function in the 
menaquinone biosynthesis. Menaquinones are involved in electron 

transfer for anaerobic respiration in Salmonella and mutations in the men 
operon have been found to lead to a lack of H₂S production previously 
(Kwan and Barrett, 1983, 1984). In our proteomic data, a significant 
decrease was found in 1,4-dihydroxy-2-naphthoyl-CoA synthase, also 
known as menB, which could be a result of the stop codon identified in 
menD. This finding is supported by Clark and Barrett (1987), demon-
strating that a menB mutant was only able to produce H₂S from sulfite 
but not from thiosulfate.

Connected to the menD mutation is a strong upregulation of ispD, 
which could have been triggered as a compensatory mechanism. The 
ispD gene encodes for 4-diphosphocytidyl-2C-methyl-D-erythritol syn-
thase, an enzyme involved in the non-mevalonate pathway (MEP 
pathway) for isoprenoid biosynthesis. This pathway is crucial to produce 
isoprenoids, which are precursors for a variety of quinones, including 
ubiquinone (Meganathan and Kwon, 2009). Ubiquinone is essential for 
cellular energy production as it plays a key role in the electron transport 
chain. The upregulation of ispD could therefore be a cellular response to 
ensure adequate production of alternative quinones like ubiquinone, 
compensating for the disruption in menaquinone biosynthesis.

Furthermore, other atypical colony phenotypes such as small colony 
variants (SCVs) were shown to be caused by mutations in the menD gene 
leading to a deficiency in the electron transport (Proctor et al., 2006). A 
study on SCVs in Enterobacteriaceae revealed that each variant had at 
least one genomic change connected to oxidative respiration as well as 
iron acquisition and the cause of this phenotypic change is associated 
with the use of antimicrobials (Greninger et al., 2021).

Interestingly, a menD mutant was reported to be more persistent 
intracellularly in eukaryotic cells, indicating that the mutation leads to a 
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more persistent and chronic lifestyle (Bates et al., 2003; Cano et al., 
2003). It has also been reported that some Salmonella SCVs show an 
increased ability for biofilm formation (Li et al., 2016) and that they can 
partially revert to normal growth (Drescher et al., 2019; Pränting and 
Andersson, 2010). The exposure to antibiotics was shown to select for 
SCVs in different Salmonella serovars (Drescher et al., 2019) but in 
contrast to our findings SCVs were not stable. We conclude that the 
mutations in menD may not only lead to smaller colonies but can also 
influence H₂S production in Salmonella serovars due to its importance in 
the menaquinone biosynthesis and involvement in the electron transfer 
for anaerobic respiration.

Another SNP, resulting in a premature stop codon in ACV, was found 
in sthE encoding a putative major fimbrial subunit which was confirmed 
by transcriptomics showing a significant downregulation in the H₂S- 
negative phenotype. A knockout study of sthE in S. Typhimurium 
showed a significant decrease in biofilm forming capabilities (Eran et al., 
2020). Weening et al. (2005) demonstrated that in mice a deletion in the 
sth operon of S. Typhimurium led to a decreased shedding behaviour, 
however host colonization was not affected. Downregulation of sthE is 
also connected with a uniform increase of transcriptomic and proteomic 
expression of genes involved in the polyamine metabolism (potE, speF, 
cadBA) which has recently been shown to play a role in stress response as 
well as in the survival of S. Typhimurium in macrophages (Nair et al., 
2024). The cadBA operon is regulated by cadC, an acid-inducible tran-
scription factor known to play an important role in bacterial survival in 
host cells as well as in flagellar synthesis (Wang et al., 2022) and 
characterised as a “division of labor” mechanism (Brameyer et al., 
2022). The stop codon and downregulation of sthE in ACV could indicate 
a reduced capability of shedding or biofilm formation, while increasing 
mechanisms that adapt to stress and host immune responses.

The gene oadB (oxaloacetate decarboxylase beta chain), essential for 
anaerobic respiration, exhibits a stop codon in the ACV strain, sug-
gesting a likely disruption of its function within this pathway. Although 
oadB was initially omitted from our network analysis due to its isolated 
status, closer examination reveals a connection to fumB (fumarase B) 
through the intermediate gene purU. In the ACV strain, fumB is notably 
upregulated, potentially compensating for the loss of oadB function and 
sustaining anaerobic respiration under altered metabolic conditions. 
This adaptive shift implies that ACV may have restructured its pathways 
to reduce reliance on oadB, instead enhancing fumB-mediated reactions 
to preserve anaerobic function. Such metabolic flexibility aligns with 
previous studies linking oadB mutations to stress adaptations, particu-
larly under acidic conditions (Ghoshal et al., 2023).

Similarly, we identified a stop codon in ccmF (cytochrome c-type 
biogenesis protein), which implies a loss of function in this gene. This 
observation is consistent with findings in Salmonella Pullorum, where 
pseudogenization of the ccm operon, including ccmF, has been linked to 
adaptation for an extraintestinal lifestyle, reducing dependency on 
pathways that require cytochrome c maturation (Batista et al., 2015). In 
ACV, the truncation of ccmF likely signifies a metabolic shift away from 
cytochrome c-dependent processes, allowing adaptation to environ-
ments where these pathways are less critical. Despite this pseudogeni-
zation, the ccm operon remains upregulated in ACV, though the reasons 
behind this unexpected expression pattern are currently unknown.

A point mutation with a SIFT score close to 0.00 was found in cysG 
that shows the highest number of connections to other genes or proteins 
in the computed network defining it as a so-called “hub gene”. cysG is a 
uroporphyrinogen-III C-methyltransferase that produces siroheme, 
which is used by siroheme-dependent reductases and is involved in the 
reduction of sulfite to sulfide (Murphy and Siegel, 1973; Pennington 
et al., 2020). cysG showed a nonsense mutation in ACV, an upregulation 
in the transcriptomic data, and stronger downregulation in the proteo-
mic data. Barrett and Clark (1987) reported that a cysG mutant, lacking 
siroheme, did not reduce sulfite to H₂S. However, this mutant was able 
to produce H₂S from thiosulfate. This suggests that decreased siroheme 
production could directly impact the activity of the asr operon (asrABC), 

which is involved in siroheme-dependent anaerobic sulfite reduction 
(Anantharaman et al., 2018). Accordingly, the ACV also showed 
downregulation of all three asr genes (asrABC), however, these genes 
were below the chosen threshold of 1.5 and thus not included in the 
Cytoscape network.

Interestingly, the only other H₂S-negative Salmonella isolate reported 
to lack the ability to produce H2S due to a cys mutation also belonged to 
the serovar group S. Infantis – specifically, an isolate with a cysJ mu-
tation (Lee et al., 2020). This observation supports the conclusion that in 
S. Infantis, mutations in cys genes involved in the sulfate reduction 
pathway, such as cysG and cysJ, can result in the inability to produce 
H₂S. Increased expression of cysP (thiosulfate transport protein) and 
upregulation of ccm responsible for heme transport (ccmA, ccmB, ccmC, 
ccmD, ccmE-2, ccmF, ccmG, ccmH-2) could suggest a compensatory 
mechanism by the bacteria. This upregulation of the ccm operon, 
essential for heme transport, has also been observed in Salmonella 
Newport in response to the disinfectant peracetic acid (PAA) (Melanie 
Smith, 2018), reinforcing the hypothesis that the ccm operon may play a 
role in stress adaptation. Moreover, cytochrome c3 was reported to be 
the electron carrier for thiosulfate reductase activities in other bacteria 
(Barrett and Clark, 1987). Recently, it was shown that cytochrome c also 
plays an essential role in the pathogenicity of S. Typhimurium and could 
potentially play a role in the intra- and extracellular lifestyle change of 
Salmonella by the release of cytochrome c into the cytosol (Liu et al., 
2024). Thus, the upregulation of the ccm operon in our case may 
represent an adaptive response, potentially linked to environmental 
stress resilience and pathogenicity.

The mutation in cysG in ACV can be directly connected to the 
cobalamin biosynthesis pathway encoded by the cbi operon (synthesis of 
vitamin B12 adenosyl cobalamide precursor), as it is involved in 
downstream regulation. Cobalamin, or Vitamin B12, is used in Salmo-
nella as a cofactor for additional metabolic pathways necessary for 
pathogen growth in the intestinal tract (Rowley and Kendall, 2019). In 
the proteomic data, we observed an upregulation of cbi genes (cbiA, cbiC, 
cbiD, cbiG, cbiH, cbiF, cbiL), which was further connected to an upre-
gulation of the pdu (propanediol utilization) genes. In Salmonella, the 
pdu and eut (ethanolamine utilization) operons are used to produce 
catabolic bacterial microcompartments, which helps Salmonella to 
optimize specific metabolic pathways, such as the degradation of 1, 
2-propanediol and ethanolamine, as carbon sources for tetrathionate 
respiration, providing a competitive advantage in the inflamed intestine 
(Price-Carter et al., 2001; Thiennimitr et al., 2011).

The proteomic data of the ACV showed an upregulation of the pdu 
gene cluster (pduA, pduC, pduD, pduE, pduG, pduJ, pduK, pduL, pduO) 
together with a downregulation of the eut gene cluster (eutB, eutC, eutL, 
eutM, eutQ). The pdu genes are involved in processing 1,2-propanediol, 
while the eut genes are responsible for ethanolamine degradation. A 
study by Sturms et al. (2015) showed that Salmonella prefers the usage of 
1,2-propanediol over ethanolamine and that the presence of 1,2-pro-
panediol even prevents induction of the eut operon, which explains 
the opposing regulation of these two gene clusters in the ACV. Jakobson 
and Tullman-Ercek (2016) hypothesized that the usage of bacterial 
microcompartments is part of a host-associated lifestyle, and that Sal-
monella develops subpopulations depending on the need to either invade 
intestinal host cells or proliferate and spread. Further explanations for 
the downregulation of the eut gene cluster in Salmonella includes the 
exposure to oxygen stress such as H2O2 (Liu et al., 2020) or survival 
within the host and adaptation to low-oxygen environments regulated 
by the fumarate and nitrate reduction regulator gene (fnr) (Behera et al., 
2020). It was not only that fnr negatively regulates the eut operon as an 
adaptation mechanism to anaerobic environments but also leads to an 
upregulation of fis, which goes in line with the results of ACV. Addi-
tionally, fnr is known to be involved in nitrate metabolism. In the ACV, 
nitrogen metabolism was one of the biggest functional groups, giving the 
most uniform result. All genes with a significant change in the ACV 
being categorized under nitrogen metabolism showed an upregulation.
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The gene dcm encoding DNA cytosine methylase showed a missense 
mutation with a low SIFT score in ACV, which was also confirmed by 
transcriptome analysis. In E. coli, dcm has been reported to regulate 
stationary phase gene expression (Kahramanoglou et al., 2012). Another 
study by Militello et al. (2014) revealed increased antimicrobial resis-
tance in a dcm knockout strain. A review article by Papaleo et al. (2022)
connected DNA methylation with bacterial mutation due to exposure to 
antimicrobial compounds. Other genes of DNA mismatch repair systems, 
such as mutM (formamidopyrimidine DNA glycosylase), holB (DNA po-
lymerase III, delta prime subunit), and xseB (exonuclease VII, small 
subunit), were upregulated in the ACV and are known to play a role in 
adapting to environmental changes and stress response (Pinilla et al., 
2022; Qi et al., 2023). These findings suggest that environmental 
stressors or exposure to antimicrobials may have induced mutations in 
dcm, leading to altered DNA methylation and genomic instability. 
Consequently, the activation of DNA repair pathways could have facil-
itated additional mutations, including those responsible for the ACV 
phenotype.

A missense mutation of ompF (outer membrane protein 1a) in the 
ACV is reinforced by downregulation in both the transcriptome and 
proteome as well as a low SIFT score. ompF encodes a porin in Salmonella 
that mediates the inflow of nutrients and antimicrobial drugs (Wu et al., 
2023). This porin is regulated by a two-component system, EnvZ-OmpR, 
and is influenced by environmental conditions. It is known to be 
downregulated in Salmonella exposed to antimicrobials as well as to acid 
or oxidative stress (Liu et al., 2020; Trampari et al., 2022; Vidovic et al., 
2019; Wu et al., 2023). It has been shown that ompF mutants are often 
associated with increased resistance against antimicrobials such as 
cefoxitin which is supported by the phenotypic resistance of the ACV 
against cefoxitin (Montoro-Dasi et al., 2023; Zhou et al., 2023a,b). In the 
cluster connected to the downregulation of ompF is yfeA (diguanylate 
cyclase), a phosphodiesterase, showing a missense variant in the 
genome and downregulation in both transcriptomic and proteomic data. 
Activation of yfeA leads to reduced c-di-GMP levels, thereby reducing 
cellulose secretion and cellular aggregation, which influences motility, 
sessility behaviour, and biofilm formation (Stern et al., 2022). The 
network computed shows a direct connection from the downregulated 
ompF to an upregulation of fljB (filament structural protein) and 
downregulation of fliC (flagellar biosynthesis protein). This indicates a 
flagellar switch, decreasing flagellin expression, which can be explained 
by Salmonella escaping host immune response after cell invasion (Ma 
et al., 2022; Wang et al., 2022).

A missense variation in the gene ygbD, also known as norW and 
encoding a putative oxidoreductase, was connected to an upregulation 
in the transcriptomic data. This gene is linked to the upregulation of 
other oxidoreductase genes, such as hcr and ndh, and to the down-
regulation of zraP, which is involved in zinc resistance. Upregulation of 
ygbD/norW has been associated with oxidative stress and was reported 
in S. Enteritidis after sodium hypochlorite treatment (Wang et al., 2022) 
and indicates once more that the development of an ACV phenotype is 
most likely a consequence of environmental stress.

The persistence of Salmonella within the host’s intestine relies on 
diverse strategies that allow it to outcompete microbiota, invade host 
epithelial cells, and persist within intracellular vacuoles (Li et al., 2023). 
One important strategy is the production and utilization of H₂S, which 
Salmonella uses for anaerobic respiration within the inflamed gut envi-
ronment (Winter et al., 2010). Salmonella is also well known for its 
ability to adapt to environmental changes and stress, resulting in alter-
nate phenotypes and highlights the capability of Salmonella to increase 
its persistence and develop subpopulations exhibiting new features 
(Ackermann, 2015). Such mechanisms, as “division of labour” and 
“bet-hedging”, are used by Salmonella to ensure survival within the host 
by minimising functions which are not of utmost necessity (Arnoldini 
et al., 2014; Grimbergen et al., 2015; Morawska et al., 2022). These 
adaption abilities could explain the heterogenous phenotype and the 
switch to an ACV lacking H2S production potentially due to 

antimicrobial exposure, disinfectants, or environmental stress within the 
host. The S. Infantis ACV showed changes in only 15 genes and a similar 
finding was reported in S. Typhimurium with heterogenous phenotypes 
diverging from each other with less than 12 SNPs (Gebremichael et al., 
2022). The variants found by Gebremichael et al. (2022) showed, beside 
diverging phenotypes, also changes in the antimicrobial resistances, 
underscoring the clinical implications of treating infections as if they are 
single-cell populations as it can lead to ineffective therapy outcomes. 
Furthermore, such atypical phenotypes could pass undetected official 
screening methods and thus be of substantial risk for the public health 
(Hess et al., 2023).

5. Conclusion

We identified a S. Infantis isolate that exhibited an H₂S-negative 
phenotype (ACV) in the field. Based on the results of multi-omics ana-
lyses, we demonstrated that ACV is a variant derived from NCP likely as 
a result of adaptation mechanisms to environmental changes such as 
oxidative stress caused by using antimicrobials or disinfectants or due to 
host-pathogen interactions. This adaptation involved the down-
regulation of energy-consuming processes, such as H₂S production, 
which is essential for outcompeting other bacteria in the intestine. 
Additionally, the ACV acquired resistance against cefoxitin and showed 
upregulation of pathways necessary for an intracellular lifestyle, such as 
evading the host immune response.
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