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Malate synthase contributes 
to the survival of Salmonella 
Typhimurium against nutrient 
and oxidative stress conditions
Ratanti Sarkhel, Shekhar Apoorva, Swagatika Priyadarsini, Hari Balaji Sridhar, 
Sanjeev Kumar Bhure & Manish Mahawar*

To survive and replicate in the host, S. Typhimurium have evolved several metabolic pathways. The 
glyoxylate shunt is one such pathway that can utilize acetate for the synthesis of glucose and other 
biomolecules. This pathway is a bypass of the TCA cycle in which  CO2 generating steps are omitted. 
Two enzymes involved in the glyoxylate cycle are isocitrate lyase (ICL) and malate synthase (MS). 
We determined the contribution of MS in the survival of S. Typhimurium under carbon limiting and 
oxidative stress conditions. The ms gene deletion strain (∆ms strain) grew normally in LB media but 
failed to grow in M9 minimal media supplemented with acetate as a sole carbon source. However, 
the ∆ms strain showed hypersensitivity (p < 0.05) to hypochlorite. Further, ∆ms strain has been 
significantly more susceptible to neutrophils. Interestingly, several folds induction of ms gene was 
observed following incubation of S. Typhimurium with neutrophils. Further, ∆ms strain showed 
defective colonization in poultry spleen and liver. In short, our data demonstrate that the MS 
contributes to the virulence of S. Typhimurium by aiding its survival under carbon starvation and 
oxidative stress conditions.

Based on antigenic  presentations1, Salmonella enterica serovars are grouped as typhoidal and non-typhoidal 
Salmonella (NTS). WHO recognizes NTS as one of the three most common food-borne bacterial diseases in 
humans all over the world. Old, young, and immunocompromised individuals are highly prone to Salmonella 
 infection2. Among NTS, serovar Typhimurium is most commonly isolated from patients around the  globe3.

Following ingestion, a proportion of the microorganisms resists the low gastric pH, invades the intestinal 
mucosa, and replicates in the sub-mucosa and Peyer’s  patches4. Following intestinal penetration, S. Typhimu-
rium gains access to the mesenteric lymph nodes, where the bacteria are engulfed by phagocytic cells, such as 
 macrophages5. Once inside the macrophages, S. Typhimurium is compartmentalized into a modified vacuole 
known as “Salmonella-containing vacuole” (SCV) and represents a central feature in the intracellular survival 
and growth of this  bacterium6. Thus, the engulfment by the macrophage thrusts the S. Typhimurium into an 
alien milieu which is rich in various antimicrobials and devoid of key nutrients essential for metabolism and 
replication. To survive under such harsh conditions, S. Typhimurium modulates the functions of phagocytes in 
several ways. First, effectors encoded by the type III secretion system of S. Typhimurium impede the assembly 
of phagosomal oxidase and consequently inhibit the production of superoxide radicals. Second, the SCV acts as 
a shield for S. Typhimurium that not only prevents lysosomal fusion but also limits the exposure of contained 
bacterial cells to antimicrobial  agents7. While the primary antioxidants of S. Typhimurium directly quench 
oxidants, the repair enzymes restore the functions of the damaged  biomolecules8,9.

However, survival against the antimicrobial assault in the phagolysosome depends on the microbe’s ability to 
synthesize the proteins and other biomolecules required to counteract stresses. Thus, a pathogen must find the 
requisite nutrients to provide the building blocks for these complex macromolecules and the energy with which 
to synthesize  them10. It is the metabolic flexibility of S. Typhimurium which allows it to survive in such harsh 
conditions within the  host11. The ability to fulfill its nutrient requirements from alternate sources might play an 
important role in the adeptness of S. Typhimurium in the host. One such survival mechanism is the existence of 
the glyoxylate cycle, whose primary function is to permit bacterial/cellular growth when  C2 compounds, such 
as ethanol and acetate, are the only sources of  carbon12. Few studies suggest that macrophages are rich in fatty 
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acids. Upon metabolism, fatty acids generate acetyl-CoA that can be converted to  acetate13, a substrate for the 
glyoxylate cycle.

The glyoxylate shunt consists of six of the eight reactions of the TCA cycle but bypasses the two oxidative steps 
in which carbon dioxide is  evolved14. The two unique enzymes of the glyoxylate cycle are isocitrate lyase (ICL 
encoded by aceA15 and malate synthase (MS encoded by aceB16). While ICL catalyzes the cleavage of isocitrate 
to succinate and glyoxylate, MS condenses glyoxylate with an acetyl group from acetyl-CoA to produce malate. 
The net result of the glyoxylate cycle is the production of malate and succinate from two molecules of acetyl-CoA 
derived from acetate or the degradation of ethanol, fatty acids, or poly-β-hydroxybutyrate17.

The potential contribution of the glyoxylate cycle in the survival of microorganisms under oxidative stress and 
pathogenesis has been suggested. Few studies in fungal and bacterial pathogens have indicated the upregulation 
of glyoxylate cycle genes following phagocytosis. An increased metabolic flux (48%) through the glyoxylate shunt 
is observed in E. coli experiencing superoxide  stress18. A recent study in M. tuberculosis showed the increased 
susceptibility of ms knockdown strain to oxidative and nitrosative stresses, and  macrophages19. It has been sug-
gested that ICL is required for the persistence of Salmonella during chronic infection in  mice20.

Earlier, we have shown that the ms gene deletion strain showed defective colonization in poultry  caecum9. 
Further, Met residues of MS are prone to oxidation and can be repaired by methionine sulfoxide reductase. 
However, the role of MS in the survival of S. Typhimurium under oxidative stress conditions is not known. In 
the present study, we aimed to explore the contribution of ms in the survival of S. Typhimurium during oxidative 
stress and colonization in the liver and spleen of poultry. By employing various biochemical, molecular biology 
tools along with cell culture and live animal studies we show that the ms is required for growth of S. Typhimu-
rium under carbon starvation and survival under oxidative stress conditions. Finally, our data suggest that the 
ms contributes to the survival of S. Typhimurium in phagocytic cells and poultry spleen and liver.

Results
Δms strain does not exhibit defective growth in LB broth. The growth rate of Δms strain was com-
parable to that of S. Typhimurium in LB broth. However, the Δms strain failed to grow in M9 media supple-
mented with acetate as the sole carbon source (Fig.  1 and Supplementary Fig.  1). Further, we observed the 
induction of malate synthase protein in S. Typhimurium cultured in the M9 media supplemented with acetate 
(Supplementary Fig. 2). The immunoreactivity of MS band was highly intense in the lysates of S. Typhimurium 
grown in M9 minimal media supplemented with acetate as compared to bacteria cultured in glucose added 
media (Supplementary Fig. 2a). However, the loading on SDS-gel was almost similar for both the conditions 
(Supplementary Fig. 2b).

Malate synthase is susceptible to oxidative damage. Earlier, we have reported oxidant mediated 
oligomerization and Met-SO formation in malate  synthase9. To corroborate our findings, if malate synthase is 
prone to oxidation, we assessed the carbonylation by Oxyblot. Carbonylation is a well-accepted marker to assess 
protein  oxidation21. Our Oxyblot analysis showed a much more intense band in oxidant exposed malate synthase 
as compared to control (Supplementary Fig. 3).

Δms strain shows hypersusceptibility to HOCl. HOCl is one of the most potent oxidants generated 
by myeloperoxidase catalyzed reaction between  H2O2 and chloride ions. We assessed the susceptibility of Δms 
strain to HOCl. The percent recovery of the Δms strain was found to be reduced up to 9.39% and 0.013% as 
compared to that of 42.31% and 0.141% in the case of WT after treating the cells with 1.5 and 3 mM HOCl 
respectively (Fig. 2).

Δms strain is highly susceptible to neutrophils. Neutrophils are the key HOCl producing cells. After 
observing susceptibility of Δms strain to reagent HOCl, we investigated the role of ms gene in the survival of S. 
Typhimurium against neutrophil-mediated killing. Neutrophils were incubated with WT or Δms strains of S. 

Figure 1.  Δms strain failed to grow on acetate as a sole carbon source : overnight grown cultures of WT and 
Δms strains of S. Typhimurium were diluted in LB broth (A) or M9 media supplemented with either 0.4% 
glucose (B) or 0.4% acetate (C) and grown on a shaker incubator. The aliquots were taken at an interval of 1 h 
and optical densities were measured at 600 nm. Data is presented as mean ± SD (n = 3).
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Typhimurium. By retrospective plating, the observed MOI for WT and Δms strains were 1:7 and 1:8.5 (neutro-
phil: bacteria), respectively. Following 15 min of incubation, the percent recovery of the Δms strain was found 
to be reduced up to 8.47% as compared to that 16.42% in case of WT after incubation with neutrophils (Fig. 3). 
Indeed, the Δms strain was significantly more susceptible (p < 0.0001) to neutrophil mediated killing.

Incubation of S. Typhimurium with neutrophil induces expression of malate synthase. After 
observing the hypersusceptibility of Δms strain to neutrophils, we evaluated the expression of ms following incu-
bation of S. Typhimurium with neutrophils. The S. Typhimurium was co-cultured with neutrophils for 15 min 
and the relative expression of ms gene was analyzed by qRT-PCR. We observed 3.82 folds upregulation of ms in 
S. Typhimurium following incubation with neutrophils (Supplementary Fig. 6).

Δms strain is attenuated in spleen and liver. Poultry is one of the most important reservoirs of S. 
Typhimurium in nature which transmits infection through eggs and meat. After a short enteric phase, S. Typh-
imurium enters the spleen and liver where it targets various phagocytic cells. We determined the bacterial loads 
in the poultry spleen and liver on 7, 14 and 21 days post-infection. In the spleen of WT strain infected birds, we 
obtained bacteria at all times post-infection. The numbers of S. Typhimurium recovered on 7, 14 and 21 days 
were expressed in  log10 CFU/spleen (mean ± SE). Number of WT strain recovered were 1.4 ± 0.36, 1.3 ± 0.61 and 
0.6 ± 0.37 respectively. However, the survival of ∆ms strain was compromised in the spleen and we recovered 
mutant bacteria only up to 14 days post-infection. The counts were 0.58 ± 0.36 and 0.64 ± 0.4 on days 7 and 14th 
respectively (Fig. 4).

In the liver, we recovered bacteria from both WT and ∆ms strain infected birds until 14 days post-infection 
and expressed the values as  log10 CFU/ gm of the liver (mean ± SE). The numbers of WT bacteria recovered were 
0.86 ± 0.5 and 2.37 ± 1.0 on 7 and 14 days post-infection, respectively. In ∆ms strain infected birds, we recovered 

ms

Figure 2.  Δms strain of S. Typhimurium is hypersensitive to HOCl: WT and Δms strains of S. Typhimurium 
were grown in LB broth up to late stationary phase. The cultures were then exposed to indicated concentrations 
of NaOCl for 2 h. Following exposure, the cultures were serially diluted and plated on HEA plates. Colonies 
were enumerated following incubation of the plates, expressed in percentage of recovered viable cells. Results are 
shown as mean ± SE (n = 3) and is representative of two experiments. * p < 0.05.

Figure 3.  Δms strain shows hypersensitivity to neutrophils: the neutrophils were infected with WT and Δms 
strains of S. Typhimurium @ MOI of 10:1 (bacteria:cells). Following 15 min of incubation, the neutrophils 
were lysed by Triton X-100. The lysates were serially diluted and plated on HE agar plates. Colonies were 
enumerated following incubation of the plates. Comparison of percentage of recovered WT and Δms strains 
of S. Typhimurium after 0 min and 15 min post-infection is shown. Data are presented as mean ± SE (n = 5). 
****p < 0.0001.
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0.4 ± 0.4 and 0.4 ± 0.4 on 7th and 14th post-infection, respectively (Fig. 5). On 14 days post-infection the bacte-
rial loads in the liver of ∆ms strain infected birds were significantly (p < 0.05) lower than the WT-infected group.

Discussion
To thrive within the host, S. Typhimurium has to confront nutrient/ carbon limiting and oxidant rich environ-
ment of the phagocytic cells. To assess the role of the glyoxylate cycle in S. Typhimurium under these two (carbon 
starvation and oxidative) stress conditions, we deleted the malate synthase gene and confirmed the deletion by 
 PCR9. Δms strain grew normally in LB media or M9 minimal media supplemented with glucose (Fig. 1A,B and 
Supplementary Fig. 1). However, Δms strain displayed total growth defect when cultured in M9 minimal media 
supplemented with acetate as a sole carbon source (Fig. 1C and Supplementary Fig. 1).

Induction of glyoxylate shunt enzymes has been reported in S. Typhimurium cultured in acetate containing 
 media22. We observed huge (more than 20 folds) induction of malate synthase protein in S. Typhimurium grown 
in M9 minimal media supplemented with acetate as compared to cultured in M9 minimal media supplemented 
with glucose (Supplementary Fig. 2). These data suggest a pivotal role of malate synthase in the survival of S. 
Typhimurium under carbon limiting conditions.

Under oxidative stress, the activation of the enzymes of the glyoxylate shunt has been observed in vari-
ous microorganisms including, Pseudomonas aeruginosa23, M. tuberculosis24, Alishewanella25 and Acinetobacter 
oleivorans26. Bioinformatics analysis suggests that the microorganisms in which the glyoxylate cycle is func-
tional, are either aerobic or facultative  anaerobic23. The use of oxygen to oxidize nutrients and to obtain energy 
through respiration generates superoxides, hydrogen peroxide, and the highly reactive hydroxyl  radicals18. Thus, 
microorganisms encounter potentially lethal levels of these ROS due to oxidative burst of phagosomes as well as 
from their normal aerobic  metabolism27. In fact, NADH primarily serves for the generation of ATP, however, its 
oxidation during aerobic respiration is responsible for the generation of most of the endogenous  ROS28. Increased 
metabolite flow through the glyoxylate shunt instead of the TCA cycle reduces the amount of NADH production 
from glucose. The reduction in NADH generation decreases total ROS as superoxides generated from cellular 
metabolism will be  minimal18. Further, in contrast to eukaryotes, isocitrate dehydrogenase (IDH) in bacteria that 

Figure 4.  Quantitation of bacterial burden in the spleen upon oral infection of birds with WT or Δms strains of 
S. Typhimurium : the spleen was homogenized in sterile PBS and 100 μl homogenate was plated on HEA plates. 
The CFU per spleen was calculated after 7 and 14 days post infection (dpi). The data are presented as mean ± SE 
(n = 5). * p < 0.05.

Figure 5.  Analysis of bacterial burden in the liver upon oral infection of birds with WT or Δms strains of S. 
Typhimurium : the liver (100 mg) was homogenized in sterile PBS and 100 μl homogenate was plated on HEA 
plates. The CFU per gram of liver was calculated after 7 and 14 days post infection (dpi). The data are presented 
as mean ± SE (n = 5). *p < 0.05.
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are capable to grow in acetate is linked to NADP rather than NAD. During oxidative stress, NADH functions as 
the major nicotinamide nucleotide  reductant28. Due to greater reactivity with  Fe3+ generated by Fenton’s reac-
tion, the NADH levels rapidly get depleted in comparison to NADPH. In agreement with the above hypothesis 
paraquat stressed E. coli showed increased production of acetate and flux in the glyoxylate cycle consequently 
increased NADPH:NADH  ratio18. Hence, the NADP dependence of bacterial IDHs appears to be an adaptation 
to grow on acetate wherein the glyoxylate cycle diminishes the level of NADH without jeopardizing its upregula-
tion by NADP mediated phosphorylation of IDH. These interesting insights indicate the potential contribution 
of the glyoxylate cycle in the survival of microorganisms under oxidative stress.

This prompted us to examine the effect of ms gene deletion on the survival of S. Typhimurium under both 
carbon starvation and oxidative stress conditions. To mimic these two conditions, we exposed nutrient-deprived 
cells (grown-up to late stationary phase) to HOCl. Δms strain has been more susceptible (p < 0.05) to HOCl as 
compared to WT strain of S. Typhimurium (Fig. 2), suggesting an important role of malate synthase/ glyoxy-
late cycle in the survival of S. Typhimurium under oxidative stress. Malate synthase gene deletion strain of P. 
aeruginosa showed hypersusceptibility to paraquat, a chemical  oxidant23. A different study demonstrated the 
hypersensitivity of mutants of P. aeruginosa in glyoxylate cycle enzymes to  H2O2

29.
Neutrophils are the key HOCl producing cells. Thus, we evaluated the role of ms in the survival of S. Typhimu-

rium against neutrophils. In comparison to WT strain of S. Typhimurium, Δms strain has been highly susceptible 
(p < 0.0001) to neutrophils (Fig. 3). Glyoxylate cycle enzymes contribute to the survival of various pathogens 
against phagocytic cells. icl deficient strain of Rhodococcus equi30, ms knockdown strain of M. tuberculosis19 
showed defective survival following exposure to phagocytic cells.

After observing the hypersusceptibility of Δms strain to neutrophils, we wondered if ms gene gets induced 
following the incubation of S. Typhimurium with phagocytes. Indeed, we observed 3.82 folds induction of 
malate synthase following the incubation of S. Typhimurium with neutrophils. Upregulation of glyoxylate cycle 
genes following phagocytosis have been observed in fungal pathogens like Paracoccidioides brasiliensis31, Penicil-
lium marneffei32, Aspergillus fumigatus33, Cryptococcus neoformans34 and Candida albicans35 as well as in several 
bacterial pathogens like P. aeruginosa36, M. tuberculosis (Munoz-Elias and McKinney 2005) and R. equi30. The 
microorganisms entrapped within the precarious niche of the phagolysosomes require to utilize available carbon 
sources for their survival under nutrient limiting and other stress conditions. Phagocytes are rich in fatty acids 
which might induce the activation of the enzymes of the glyoxylate cycle in the  phagosome37. A study suggested 
the import of fatty acids derived from host triacylglyceraldehydes (TAGs) in M. tuberculosis38. Further, in S. 
Typhimurium, the genes for lipid metabolism and glyoxylate cycle are shown to be essential for colonization in 
mouse tissues like caecum, Peyer’s patches, mesenteric lymph nodes, spleen, and  liver39. In a co-culture experi-
ment with macrophages, the genes for lipid import, β-oxidation, and glyoxylate cycle were found to be necessary 
for the survival of S.  Typhimurium39. Thus, an intriguing possibility of the generation of simple compounds 
within phagocytes may be furnished by the breakdown of fatty acids via β-oxidation, which results in acetyl-
CoA, a substrate for glyoxylate  cycle10.

In chicken, extensive bacterial multiplication takes place in the  caecum40. After that, the bacteria reach the 
reticuloendothelial  system41 and eventually to the spleen, liver, and bone marrow. Earlier, we have demonstrated 
that malate synthase contributes to the colonization of S. Typhimurium in poultry  caecum9. Spleen and liver 
are the important organs involved in immune responses against S.  Typhimurium41. It has been suggested that 
replication of S. Typhimurium in the SCV of a single phagocyte in either the liver or spleen is limited during 
acute  infection42, however, the bacterial numbers in the liver increases by spreading from one to nearby other 
phagocytes, thereby forming a focus of  infection43. Thus, although S. Typhimurium grows poorly in infected 
phagocytes, it grows in high numbers in the numerous foci of the  liver43. These observations suggest that the 
metabolic substrate availability in the phagosome may evolve over the course of infection, with an increasing 
dependence on fatty acid and acetate utilization occurring during chronic infection. S. Typhimurium modulates 
splenic functions in ways such that the spleen serves as a safe haven for this  bacterium44,45. Next, we assessed the 
contribution of malate synthase in the survival of S. Typhimurium in poultry spleen and liver. The dissemination 
of Δms strain to the spleen (p < 0.001) and liver (p < 0.01) was lower than that of the WT strain of S. Typhimurium 
(Figs. 4 and 5). The involvement of icl as a virulence determinant has been observed in various pathogenic organ-
isms like M. tuberculosis (Munoz-Elias and McKinney 2005), R. equi30 and P. aeruginosa36. In S. Typhimurium, 
icl is required for chronic infection but not for acute lethal infection in  mice20.

To survive within the host, bacterial pathogens including S. Typhimurium must have a series of stress manage-
ment response systems. The existence of several metabolic pathways provides metabolic flexibility which helps 
in the utilization of various metabolites/ substrates available at a particular niche. It has been shown that the 
complete tricarboxylic acid (TCA) cycle operates during infection of mice with S.  Typhimurium46. The glycolytic 
pathway is required for intracellular replication of S. Typhimurium in mice and macrophages and that glucose is 
the major sugar utilized by S. Typhimurium during infection of  macrophages47. Thus, to replenish glucose and 
other TCA cycle intermediates during nutrient limiting and stress conditions, the glyoxylate cycle plays a pivotal 
role to provide the necessary energy required to replicate and survive within the host.

These observations suggest that metabolic substrate availability in the host may evolve over the course of 
infection, with an increasing dependence on fatty acid and acetate utilization occurring during chronic infec-
tion. Specifically, these enzymes could add potential metabolic flexibility to redox metabolism by effectively 
decoupling catabolic carbon flow from NADPH formation that would occur in parallel with tricarboxylic acid 
cycle. Therefore, in the case of S. Typhimurium, the central enzymes of the glyoxylate cycle might be required 
during different stages to accomplish its metabolic and energy  requirements48 and aid in its survival under 
oxidative stress conditions.
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Experimental procedures
Ethical statement. All animal experiments were approved by the Institutional Animal Ethics Committee 
(IAEC), Indian Council of Agricultural Research-Indian Veterinary Research Institute (ICAR-IVRI), Izatna-
gar, India with the approval file No. F.1.53/2012-13-J.D.(Res). All animal experimentations were performed in 
accordance with the guidelines and regulations of IAEC, ICAR-IVRI, Izatnagar, India.

Bacterial strains and culture media. Salmonella enterica subspecies enterica serovar Typhimurium 
strain 5591 (S. Typhimurium), a poultry isolate, was procured from the repository of National Salmonella Cen-
tre-Veterinary, Indian Veterinary Research Institute (IVRI), Izatnagar, India. ms gene deletion mutant strain in 
S. Typhimurium (∆ms strain) was cured as described  earlier9 and confirmed by PCR. Bacteriological media like 
Luria Bertani (LB) agar, LB broth, and Hektoen Enteric agar (HEA) were procured from HiMedia Laboratories 
Pvt. Ltd., Mumbai, India. Hank’s Balanced Salt Solution (HBSS) was prepared as per standard  protocol49.

In vitro growth analysis of S. Typhimurium and ∆ms strains in LB broth and M9 media. Iso-
lated colonies of S. Typhimurium and ∆ms strains were inoculated in 10 ml of LB broth and grown at 37 °C with 
shaking at 180 rpm. Overnight grown cultures were diluted (@ 1:100) in fresh 50 ml of LB media and grown on a 
shaker incubator. Aliquots were withdrawn at every one hour of interval and the optical densities were measured 
at 600 nm.

The growth of S. Typhimurium and Δms strains were also assessed in M9 minimal media supplemented 
with acetate or glucose as sole carbon source. Briefly, overnight LB grown cultures were pelleted and washed 
with M9 minimal media. The washed pellets were then grown in M9 media supplemented with 0.4% acetate or 
0.4%glucose.

Evaluation of susceptibilities of S. Typhimurium and ∆ms strains to HOCl. Overnight grown cul-
tures of S. Typhimurium and ∆ms strains were exposed to various concentrations of HOCl (sodium hypochlo-
rite, NaOCl, Sigma). Following 2 h of incubation at 37 °C/ 180 rpm, the cultures were serially diluted and plated 
on HEA plates. Colonies were enumerated following overnight incubation of the plates.

Evaluation of the susceptibilities of S. Typhimurium and ∆ms strains to neutrophils. Neu-
trophils were isolated as described  elsewhere50 with minor modifications. The susceptibility assays were con-
ducted according to the protocol of Okamura and  Spitznagel51 with minor modifications. In brief, the blood 
was collected from the jugular vein of healthy adult goats in EDTA coated vacutainer. The neutrophils were 
isolated by a double density centrifugation method using Histopaque 1119/1077 (Sigma-Aldrich, USA). The 
cells were washed twice with phosphate-buffered saline and once with HBSS devoid of  Ca2+/  Mg2+ salts (HBSS 
−) at 250×g for 10 min. The total numbers of viable cells were enumerated by Trypan blue dye exclusion method 
and adjusted to a concentration of 2 ×  106 cells/ ml using HBSS (–) media. The mid-log grown cultures of S. 
Typhimurium and ∆ms strains were pelleted, washed, and suspended in HBSS. The neutrophil and bacterial 
suspensions were mixed at a multiplicity of infection (MOI) of 1:10 (cell:bacteria). The mixture was incubated 
for 15 min at 37 °C and 5%  CO2in a humidified chamber. To determine the actual MOI, the bacterial suspen-
sions were serially diluted and plated on agar media. Following 15 min of neutrophil- bacterial incubation, the 
suspensions were centrifuged at 13,000 rpm for 3 min. The supernatant was discarded and the pellet was lysed by 
0.1% Triton X-100 for 5 min. Lysates were serially diluted and plated on HEA plates. Colonies were enumerated 
following overnight incubation of the plates.

Expression analysis of ms in S. Typhimurium. The expression analysis of the msgene was carried out 
by qRT-PCR. Neutrophils were infected with S. Typhimurium for 15 min as described in the above section. RNA 
from the harvested pellet was isolated by Trizol reagent. RNA isolated from LB broth grown cultures was served 
as a control. qRT- PCR was performed according to the protocol as described in Maxima H Minus First Strand 
cDNA Synthesis Kit (Thermo Scientific). In brief, for a 20 μl reaction, 500 ng of RNA was mixed with 1 μl of ran-
dom primer (100 pmol), 1 μl of dNTP mix (10 mM), 4 μl of 5× RT buffer, and 1 μl of Maxima H Minus enzyme 
mix. cDNA was synthesized by incubation of the above mix at 25 °C for 10 min followed by 50 °C for 15 min and 
termination at 85 °C for 5 min. The expression levels of ms gene in each sample were assessed and normalized 
using DNA gyrase B (gyrB) as an internal  control52. For a 20 μl of qRT-PCR reaction, 0.5 μM of each primer, 2 μl 
of cDNA, and 10 μl of SYBR Green (Thermo Scientific) were used. The relative fold change in gene expression 
was determined using the  2−ΔΔCT  method53. The initial denaturation was carried out at 95 °C for 5 min, followed 
by 40 cycles consisting of denaturation at 95 °C for 10 s, annealing at 62 °C for 30 s, and data acquisition at 74 °C 
for 30 s. The amplified products were analyzed on 1.5% agarose gel for assessment of nonspecific amplification 
(if any) and primer dimers.

Assessment of the contribution of malate synthase in the colonization of S. Typhimurium in 
poultry spleen and liver. All experiments were carried out according to the guidelines of the Institute’s 
Animal Ethics Committee, ICAR- IVRI, Izatnagar, India and in accordance with the ARRIVE guidelines. The 
bacterial burdens in the liver and spleen were assessed as described  earlier54. In brief, one-day-old chicks were 
procured from ICAR-Central Avian Research Institute (CARI), Izatnagar, India, and provided with  ad libi-
tum feed and water. The birds were screened for the presence of Salmonella spp. The Salmonella free birds were 
divided into two groups and orally infected with S. Typhimurium or Δms strain. Following 7, 14, and 21 days 
post-infection, 5 birds were sacrificed from each group.100 mg of the liver and whole spleen were homogenized 
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in 1 ml of PBS. 100 µl of homogenized samples were plated on HEA plates. The plates were incubated overnight 
at 37 °C.

Oxyblot analysis. Oxidation status of the malate synthase was assessed by OxyBlot™ Protein Oxidation 
Detection Kit (EMD Millipore). Malate synthase was purified and incubated with 100 mM  H2O2 as described 
 earlier9. Excess  H2O2 was removed by dialysis. Varying concentrations (2, 1, 0.5 μg) of the  H2O2 exposed malate 
synthase samples were denatured with 6% SDS (final) and derivatized with 2, 4-dinitrophenyhydrazine (DNPH). 
The derivatized samples were then resolved on 10% SDS gel and electroblotted onto the nitrocellulose mem-
brane. Following blocking the blot was incubated in anti-DNPH antibodies and developed as mentioned in a 
protocol described  elsewhere55.

Western blotting analysis. S. Typhimurium was cultured in M9 minimal media supplemented either 
with glucose or acetate. The late stationary phase grown cultures were pelleted and washed with ice cold PBS. The 
pellets were then lysed by BugBuster Master Mix (EMD Millipore Corp, USA) and unbroken cells were removed 
by centrifugation. Total proteins in the clarified supernatants were estimated by the Pierce BCA Protein Assay 
Kit (Thermo Scientific, USA). Fifteen micrograms of cell free lysates were resolved on SDS-gel and transferred 
to PVDF membranes. Following blocking, the membranes were incubated with anti-MS hyper immune sera (1: 
50,000 dilutions in PBS-Tween 20). Following washing, the membrane was washed in anti-rabbit IgG conjugated 
with alkaline phosphatase (Sigma, at a dilution of 1: 15,000 in PBS-Tween 20) and developed by using NBT and 
BCIP as  substrate9.

Statistical analysis. The graphical representation of the data was done by using Microsoft Excel software 
and the analysis of results was done by one way analysis of variance (ANOVA).

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary 
information files].
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