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In mammals, enteric salmonellas can use tetrathionate (¢#7), formed as a by-product from the inflammatory process in the
intestine, as electron acceptor in anaerobic respiration, and it can fuel its energy metabolism by degrading the microbial
fermentation product 1,2-propanediol. However, recent studies have shown that this mechanism is not important for Sal-
monella infection in the intestine of poultry, while it prolongs the persistence of Salmonella at systemic sites in this spe-
cies. In the current study, we show that AttrApduA strains of Salmonella enterica have lower net survival within chicken-
derived HD-11 macrophages, as CFU was only 2.3% (S. Enteritidis AttrApduA), 2.3% (S. Heidelberg AttrApduA), and
3.0% (S. Typhimurium AttrApduA) compared to wild-type strains after 24 h inside HD-11 macrophage cells. The differ-
ence was not related to increased lysis of macrophages, and deletion of #rA and pduA did not impair the ability of the
strains to grow anaerobically. Further studies are indicated to determine the reason why Salmonella AttrApduA strains

survive less well inside macrophage cell lines.
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Introduction

Salmonella enterica is a major foodborne pathogen, con-
tributing to an estimated 150 million illnesses and 60,000
deaths annually worldwide (Plumb et al. 2023). Poultry
products contaminated with non-typhoid serovars, such as
Salmonella Enteritidis (SE), Salmonella Heidelberg (SH),
and Salmonella Typhimurium (STM) are of particular pub-
lic health concern (CDC 2013, 2018; ECDC and EFSA
2021; Kipper et al. 2022).

Salmonella are highly specialized pathogens expressing a
set of virulence factors involved in attachment and invasion
of the intestinal epithelium, and subsequently evading the
host immune response (Ménard et al. 2022), as well as a set
of virulence factors, which allows the bacterium to survive
and replicate within macrophages. The latter ability is essen-
tial for the systemic form of Salmonella infection (Barrow
et al. 1994). In addition to the ability of Salmonella to over-
come the intestinal mucosa epithelium barrier, the bacteria
must compete with the existing microbiota in an anaerobic
environment of the intestine. To this end, Salmonella spp.
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can utilize tetrathionate as an electron acceptor in anaerobic
respiration through transcription of the #fr operon (Winter
et al. 2010) and use 1,2-propanediol as an energy source
through the expression of the pdu gene cluster, as first dem-
onstrated with STM infection in murine experimental mod-
els (Lawley et al. 2008; Winter et al. 2010; Thiennimitr et al.
2011; Rivera-Chavez et al. 2013; Faber et al. 2017). For this
reason, #trA and pduA genes are considered central players
during intestinal infection of mammals (Lawley et al. 2008).

The role of #r and pdu operons in infection of chicken is
less clear. Harvey et al. (Harvey et al. 2011) demonstrated
that deleting the pdu operon from the STM genome reduced
the bacterial shedding in chicken feces. A more recent report,
however, showed that the absence of #tr4 and pduA did not
impair bacterial shedding after infection of chicken with SE,
STM, and SH, but rather suggested it was highest (Saraiva
etal. 2021; Goes et al. 2022). Thus, unlike the diverse set of
factors that influence Salmonella pathogenicity (Winter et al.
2010; Harvey et al. 2011), such as fae, shdA, misL, sipABC
genes related to fimbrial adherence, nonfimbrial adherence,
invasion, and type I1I secretion system, respectively (Brown
et al. 2021; Vinueza-Burgos et al. 2023; Monte et al. 2024),
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ttr4 and pduA does not seem to be fundamental for intesti-
nal infection in chicken. In systemic infection of chicken, no
major differences in pathogenicity depending on the pres-
ence of these genes were likewise observed. However, the
SE and STM ##rA and pduA mutants grew to higher numbers
in the liver and spleen of both broiler and layer chickens
(Saraiva et al. 2021), suggesting a different interaction with
the host during systemic infections. Given the importance
of macrophage survival for the propagation of Salmonella
at systemic sites, we hypothesized that #7A and pduA gene
clusters affect Salmonella survival in the intracellular envi-
ronment of chicken-derived macrophages, and the current
study aimed to determine the ability of SE, STM and SH
strains with defective #trA and pduA genes to survive and
grow inside chicken derived HD-11 macrophage-like cells.

Materials and methods
Bacterial strains

Deletion mutants in #rA and pduA in SE, SH and STM
(SEAttrApduA, SHAttrApduA, and STMAttrApduA) were
obtained from a previous study (Saraiva et al. 2021). The
wild-type strains that provided the genetic background for
the mutant constructions (SE P125109; SH a field-isolate;
STM 98) (Saraiva et al. 2021) were used as positive controls
in experiments.

Whole genome sequence analysis

To rule out changes in gene sequences in mutants, in addi-
tion to the designed deletions of #rA and pduA, whole
genome sequencing was carried out. Bacterial strains were
cultured overnight in Lysogeny Broth (LB, Becton Dickin-
son, USA). Subsequently, 1.5 mL of each was centrifuged,
and the resulting pellet was used for the genomic DNA
extraction using a commercial kit (QIAmp Fast DNA Tis-
sue, Qiagen, USA). Following DNA extraction, the integrity
of DNA samples was evaluated using electrophoresis in a
1% agarose gel, and quantification was carried out using a
spectrophotometer (Colibri, Titertek-Berthold, Germany).
Subsequently, genomic libraries were prepared using Nex-
tera XT (Illumina, USA), according to the manufacturer’s
guidelines. Paired-end sequencing was performed in the
MiSeq platform (Illumina) using a 2x250 cycle V2 kit
(Illumina). Subsequent bioinformatic analyses, including
removal of low-quality reads and adapters, genome assem-
bly, and annotation, were performed using Geneious soft-
ware (v. 2023.1.2).

Tetrathionate utilization assay

Following confirmation of gene knockout, an in vitro assess-
ment of tetrathionate use by mutant and wild-type strains
was carried out. Initially, all strains were adjusted to approx-
imately 5x 10° CFU/mL by inoculation into M9 minimal
salt medium broth. In this M9 medium, propylene glycol
(1,2 propanediol) is replaced by glucose in similar amounts
found in the tetrathionate broth and thiosulfate sodium. Sub-
sequently, iodine was added to half of the medium volume
to oxidize thiosulfate to tetrathionate. Finally, both mutant
and wild-type strains of each serovar were inoculated in
MO (thiosulfate or tetrathionate) in the presence or absence
of oxygen. The inoculated samples were then incubated
at 37 °C for 24 h under aerobic conditions and 48 h in an
anaerobic jar with an anaerobic environment generator
(Anaerobac®, Probac, Brazil). A detailed composition of the
M9 medium used is described in Table S1.

Chicken-derived macrophage-like cell line HD-11
cultivation

The infection of chicken macrophage-like cell line HD-11
followed the protocol outlined by Huang et al. (Huang et
al. 2019) and Rodrigues Alves et al. (Rodrigues Alves et al.
2024), with slight modifications. Initially, nitrogen-stocked
cells were defrosted and transferred into 40 mL of RPMI
(RPMI Medium 1640 + GlutaMAX ", ThermoFisher Scien-
tific, USA) supplemented with 5% of inactivated Chicken
Serum (Chicken Serum, Sigma-Aldrich, USA), 5% Fetal
Bovine Serum (FBS EU Origin, Biowest, France), and
25 ug/mL gentamicin was added (Gentamicin 50 mg/mL,
ThermoFisher Scientific, USA). The cell suspension was
evenly transferred into 75 cm? tissue culture flasks (TPP®,
Switzerland) and conditioned at 37 °C in a 5% CO, incuba-
tor. The media were replaced as needed, based on cell mor-
phology and multiplication. For media replacement, cells
were washed with 20 mL of Dulbecco’s Phosphate Buffered
Saline (DPBS [1x], Gibco, ThermoFisher Scientific, USA)
and the same volume of supplemented fresh RPMI was
added. Subsequently, the flasks were returned to the same
conditions as before.

Upon reaching 80% of confluence, the cells were washed
twice with 20 mL of DPBS. Subsequently, the monolayer
cells were detached from the bottom of the flask using a
sterile scraper on the final resuspension. The cell suspen-
sion was then transferred into a 50 mL Falcon tube and
centrifuged at 5000 x g for 8 min. Following the centrifu-
gation, supernatant was discarded, and 3 mL of RPMI was
added. The cells were gently resuspended with a pipette and
the supplemented medium was added until a final volume
of 10 mL was reached. Then, 2 uL of 0.4% Trypan Blue
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(ThermoFisher Scientific, USA) was added to 18 pL of
cell culture and 10 pL of the mixture was transferred into
a hemocytometer chamber with a glass coverslip. The cells
were counted in the two large squares diagonal from each
other, and the density was calculated as follows: cells per
mL=Average number of cells x 10,000. The concentration
was adjusted to 5x 10° cells/mL and 1 mL of the suspension
was added to each well and incubated in the same condi-
tions as previously described.

Macrophage infection

Wild-type (SE, SH, and STM) and mutant strains
(SEAttrApduA, SHAttrApduA, and STMAttrApduA) were
recovered from — 80 °C ultrafreezer and streaked on Lysog-
eny Agar (LA, Becton Dickinson, USA), which were incu-
bated for 24 h at 37 °C. The pre-inoculum was prepared on
the day before the infection by transferring a single colony
of each strain from LA into 10 mL of sterile LB. These cul-
tures were then incubated under the previously mentioned
shaking conditions.

On the infection day, 0.5 mL of the overnight cultures
were transferred to 9.5 mL of fresh LB and incubated at 37
°C under 180 rpm for approximately 4 h. Then, the inocu-
lum was centrifuged at 5000 x g per 5 min and resuspended
with 10 mL of DPBS supplemented with 20% of inactivated
Salmonella antibody-free chicken serum, and then stati-
cally incubated at 37 °C for 45 min to opsonize the bacteria.
During this incubation period, the media of the wells were
replaced by freshly RPMI without gentamicin, and an extra
well was scraped to enumerate the number of cells per mL.

The cultures were washed three times with 0.9% NacCl
solution by centrifugation at 5000 x g per 5 min and resus-
pended in 10 mL of supplemented RPMI without genta-
micin. The optimal density (ODg,,) was measured using a
spectrophotometer (Eppendorf BioPhotometer, Germany),
and the cultures were adjusted to a concentration of 10’
CFU/mL according to the number of cells. Subsequently,
0.1 mL of bacterial cultures were added to the correspond-
ing wells, considering a Multiplicity of Infection (MOI) of
10:1. The inoculum concentrations were verified by decimal
serial dilution on LA plates.

To facilitate the bacterial uptake by HD-11 and mono-
cyte-derived primary macrophages, the 24-well plates
were centrifuged at 455.59 x g for 5 min at 25 °C imme-
diately after inoculation. Subsequently, the tissue culture
plates were incubated at 37 °C in a 5% CO, incubator. After
30 min post-inoculation, the media was pipette out, and 1
mL of RPMI supplemented with 100 pg/mL of gentamicin
was added to eliminate extracellular bacteria (uptake here-
after). After 30 min of incubation, the wells were washed
three times with 1 mL of pre-warmed 0.9% NaCl. Then, 1
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mL of 0.1% Triton-X was added to the plate used to enumer-
ate the bacterial uptake. To ensure efficient lysis, the bottom
of the wells was gently scraped with sterile pipette tips, and
after a 10-minute incubation period, bacterial counts were
determined by performing ten-fold dilutions plated on LA.

To evaluate the intracellular survival, the supernatants of
the other plates were removed, followed by the triple cell
wash with 0.9% NaCl. Subsequently, 1 mL of RPMI-25 was
added to each well. At one, four-, and 24 h post-cell infec-
tion, the triple washing, cell disruption, and decimal serial
dilution steps were performed as previously described. Each
assay was conducted in triplicates.

Bacterial uptake, fold-net replication, and survival
from HD-11 infection

All the bacterial counts after infection of macrophage-like
cell line were logarithmically transformed, and then calcu-
lated as follows: uptake was the proportion between CFU/
mL from HD-11 cells (after initial lysis — 30 min) and CFU/
mL of'initial inoculum (used for infection). The fold-net rep-
lication was obtained by the proportion between CFU/mL of
bacterial uptake and CFU/mL of CFU/mL from HD-11 cells
(after 1 h lysis); these proportions were repeated for fold-
net replication 4 h/1 h and 20 h/4 h. Ultimately, the survival
of mutant strains was calculated by percentage concerning
the wild-type survival: individual survival from mutant
or wild-type strains was the proportion between CFU/mL
from HD-11 cells (after 20 h lysis) and CFU/mL of bacterial
uptake.

Macrophage cytotoxicity assay

To assess the cytotoxicity of infected macrophages, 50 uL
supernatant from each well were transferred in duplicates
at four- and 24-hours post-infection into 96-well microtiter
plates. Then cytosolic lactate dehydrogenase (LDH) activity
was measured according to the manufacturer’s instructions
using the colorimetric CytoTox 96® Non-Radioactive Cyto-
toxicity Assay (Promega Corporation, USA). The reactions
were read under Optical Densitometry of 490 nm (OD 4)
and scored according to the following formula: Cytotoxicity
% = (infected cell release — uninfected cell release x 100) /
maximum release — uninfected cell release. Three biological
replicates were done.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
10.0.0 for macOS (GraphPad Software, La Jolla, Califor-
nia, USA). Bacterial survival and fold-net replication data
from macrophage infection assays, cytotoxicity assays, and
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bacterial enumeration in M9 medium were performed using
two-way ANOVA followed by Bonferroni multiple com-
parison test. Inoculum and uptake were analyzed using an
Unpaired T-test (Wilcoxon matched-pairs signed rank test).
P-values lower than 0.05 (P <0.05) were considered statis-
tically significant.

Results and discussion

The study aimed to assess the survival capabilities of strains
of SE, STM, and SH carrying deletion in #rA and pduA
during infection of HD-11 macrophage-like cells. Our ini-
tial focus was on confirming the mutations and their genetic
context. To achieve this, we sequenced the entire genome
of the mutant strains and compared them to the wild-type
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Salmonella Heidelberg

genome. Local alignment analyses (BLAST) showed proper
mutation, leading to a 2981 bp deletion in #rA and 201 bp
deletion in pduA in all three serovars. A 90 bp-scar sequence
in each gene was identified, but the relative length of the
scar in comparison to the entire gene sequence (3,071 nt
for ttrA; 291 nt for pduA) was unlikely to allow the proper
protein expression, mainly considering the presence of
stop codons at the end of the remaining sequence (Fig. 1A
and B) (Baba et al. 2006; Fels et al. 2020). In both genes,
promoter regions were removed without affecting genes
located up and/or downstream of the depletion (Fig. 1A and
B). Furthermore, no additional deletions or point mutations
were found in any of the three mutant strains. The com-
plete genome data of SEAttrApduA, SHAttrApduA, and
STMAtrApduA were deposited in DDBJ/ENA/GenBank
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Fig. 1 Scheme of the position of the #rA (A) and pduA (B) genes and the sequences of remaining nucleotides (90 nt in each), post-deletion by

Lambda-Red, and resistance genes marker removed
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with Accession No. SAMN38927547, SAMN38927628,
and SAMN38927550, respectively.

Interestingly, a recent report has demonstrated that
double deletion of #rA and pduA enhances the immune
cell response in chickens, especially by prominent infiltra-
tion of macrophages (Cabrera et al. 2023). Based on these
findings, we conducted macrophage infection assays with
SEAttrApduA, SHAttrApduA, and STMAfttrApduA and
their respective wild-type strains to compare the intracel-
lular survival of mutant and wild-type strains within HD-11
cells. There was a trend towards lower uptake of mutant
strains than wild-type strains for all three serovars, however,
none of the differences in bacterial uptake by HD-11 cells
were significant (Fig. 2A and C, and 2E). Intracellular sur-
vival of the wild-type strains was higher at 4 h (STM) and
24 h (SE, SH, and STM) post-infection compared to their
respective double mutant strains (Fig. 2B and D, and 2F),
i.e., the lack of #trA and pduA, reduced bacterial survival
inside HD-11 to 2.3% (SE), 2.3% (SH), nd 3.0% (STM),
respectively (Fig. 3B, D and F). CFU determined in genta-
micin protection assays over time reflects the sum of intra-
cellular survival and intracellular multiplication. Expressed
as net-replication, the deletion of #rA and pduA impaired
the net replication rates in the intracellular environment of
all three serovars (Fig. 3A and C, and 3E).
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Fig. 2 Uptake (A, C, E) and survival curves (B, D, F) of wild-type
and mutant strains within HD-11 cell-like macrophages over 24 h
post-infection with SEA#rApduA and SE (A, B), SHAttrApduA and
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Results of studies of in vitro growth of Sa/monella have
suggested that tetrathionate-based respiration is the most
important system for Salmonella growth under anaerobic
condition (Hensel et al. 1999). To determine whether the
lower net replication of mutant strains in the intracellular
environment of macrophages was related to the inability to
grow under anaerobic conditions, we compared the ability of
wild-type and mutant strains to grow under conditions with
and without oxygen and with and without the possibility to
use tetrathionate as electron acceptor. This demonstrated no
significant differences in growth between the A#trApduA
mutants and their respective wild-type strain at both aerobic
and anaerobic conditions (Fig. 4), suggesting that lack of
the genes would not impair the ability of the strains to grow
under anaerobic conditions. To rule out that differences in
CFUs after 24 h were due to increased lysis of macrophages,
which would subject the bacteria to the killing activity of
gentamicin, a measurement of macrophage cytotoxicity was
further carried out. No difference between the cytotoxicity
of mutant and wild-type strains was observed for any of the
serovars (Supplemental material Figure S1).

Previous studies have predominantly focused on the role
of ttrA and pduA genes in infections of the intestine under
anaerobic conditions (Lawley et al. 2008), while metabolic
pathways commonly investigated in relation to macro-
phage infection have centred around mgtC gene, which is
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Fig.3 Fold-netreplication of SEA#rApduA and SE (A), SHAttrApduA
and SH (C), and STMA#trApduA and STM (E) and replication/sur-
vival of mutants expressed as percentage of wild-type strains (B, D,

essential to ATP homeostasis and persistence of Salmonella
spp. within macrophages (Lee et al. 2013). Research has
shown that a deletion of this gene in S. Gallinarum reduced
proliferation inside HD-11 chicken derived macrophages
when compared to the wild-type strain (Rodrigues Alves
et al. 2024). From the current study, it appears that dele-
tion of #rA and pduA genes also leads to reduced prolifera-
tion inside this cell line. Interestingly, a significantly lower
viable cell count was mostly observed at a late stage of
infection (24 h post-infection - hpi). This contrasts with the
effect of deletion of mgtC in S. Typhi (Retamal Patricio and
Castillo-Ruiz 2009) and S. Typhimurium (Smith et al. 1998;
Retamal Patricio and Castillo-Ruiz 2009), where lower bac-
terial loads were observed at the early stage of infections
(between 2 and 4 h post-infection).

The current study was carried out with double dele-
tion mutants, and it is not possible to conclude which of
the genes was important for the observed phenotypes. Our
observation is that pdu may be important for intracellular
growth in macrophages; this gene deletion has already been
associated with the accumulation of toxic intermediates
such as propionaldehyde (Cheng et al. 2011), which could
possibly influence intramacrophage survival. Furthermore,
previous observations, for instance, proteomic analysis of
S. Typhimurium grown in a magnesium-depleted mini-
mal medium, which partially mimics the environment of
the Salmonella-containing vacuole, indicates that proteins

F) within HD-11 cell-like macrophages 24 h post-challenge. ns: non-
significant (P> 0.05); *, P<0.05; **, P<0.01

from the pdu operon are expressed, especially in the viru-
lent strain ATCC 14,028 (Adkins et al. 2006), and according
to Klumpp and Fuchs (2007), the cob-cbi-pdu gene clus-
ter increases the intracellular fitness of S. Typhimurium in
mouse-derived J774A.1 macrophages. Additionally, during
the infection, the cell undergoes metabolic reprogramming
that favors glycolysis, which is an anaerobic process (Jiang
et al. 2021). Moreover, the availability of nutrients and
reduced antimicrobial activity are essential for intracellular
multiplication (Liss et al. 2017). Further studies are needed
to elucidate how and why pduA and #trA affect intracellu-
lar survival, including whether the absence of those genes
can lead to higher levels of reactive oxygen species (ROS)
which would impair bacterial survival after being ingested
by macrophages (West et al. 2011).

The use of HD-11 cells in the current study had certain
advantages: they are easy to cultivate and eliminate the need
for primary extraction of macrophages from chicken, serv-
ing as an easy in vitro alternative to avian macrophages.
However, it is important to note that despite their ease of
cultivation, HD-11 cells may not fully replicate normal
cell functionality and can express unique gene patterns not
found in vivo (Beug et al. 1979; Carter and Shieh 2015).
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Fig. 4 Enumeration of wild-type and mutant strains during growth
with and without oxygen and with and without the possibility to
use tetrathionate as electron acceptor. Tetrathionate +O,: growth in
M9 broth supplemented with tetrathionate under aerobic condition;
Thiosulfate + O,: growth in M9 broth supplemented with thiosulfate

Conclusion

Our findings show that the #7A and pduA genes affect bacte-
rial growth/survival within chicken-derived HD-11 macro-
phages. Further studies are needed to understand why this is
the case, since our in vitro growth assays indicate that Sal-
monella grows equally well with and without these genes at
anaerobic conditions.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s00294-
024-01299-1.
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