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Foodborne pathogens remain a pressing global health concern and account for 
serious infections and even deaths. Among the leading bacterial pathogens 
contributing to these infections are Campylobacter jejuni, Listeria monocytogenes, 
and Salmonella enterica, all of which are associated with serious health 
complications and pose significant challenges for public health systems and food 
safety. The improper uses of antimicrobials in both human and veterinary settings 
compound this issue, as the growing threat of antimicrobial resistance is exacerbated 
by these practices. In the current study, the stress responses in foodborne pathogens 
C. jejuni subsp. jejuni 81-176, L. monocytogenes EGD-e (serotype 1/2a), and S. 
enterica serovar Typhimurium were investigated through reporter metabolite 
analysis. By integrating systems-level insights, it is aimed to discover novel targets 
and pathways involved in survival and resistance under several stress conditions. The 
findings will provide a basis for more effective treatment strategies to combat 
foodborne infections and mitigate the spread of antimicrobial resistance. 
 

 
1. Introduction 
 
Foodborne diseases resulting from the 
contamination of food products by bacterial 
pathogens pose a serious health threat and 
contribute significantly to rising mortality rates. 
It is estimated that unsafe food causes illnesses in 
600 million people and results in 420,000 deaths 
annually [1]. Salmonella, Campylobacter, Vibrio 
cholerae, Listeria, and enterohaemorrhagic 
Escherichia coli are the leading foodborne 
pathogens [2, 3].  
 
Campylobacter jejuni is among the most 
prevalent foodborne zoonotic pathogens 
globally. It is responsible for over 80% of 
campylobacteriosis cases and is linked to serious 
complications such as reactive arthritis, 
bacteremia, and Guillain-Barré syndrome. The 
bacterium establishes colonization in its host by 
surviving the acidic environment of the stomach, 
attaching to intestinal epithelial cells through 

surface structures, and producing virulence 
factors that enable it to infect and multiply within 
the gastrointestinal tract. C. jejuni infections in 
humans are mostly transmitted through 
contaminated poultry products but can also result 
from contaminated water or milk [4-6].  
 
Listeria monocytogenes is a widespread 
intracellular bacterium found in diverse 
environments, including soil, water, raw and 
ready-to-eat (RTE) meat and dairy products, as 
well as food processing environments. This 
microorganism causes listeriosis. In humans, 
listeriosis can range from mild, self-limiting 
gastrointestinal symptoms to severe invasive 
disease. Although infections are relatively rare 
due to their opportunistic nature, their high 
mortality rate and ability to survive for extended 
periods make L. monocytogenes a major 
challenge in the food industry [7-9]. 
 
Owing to its efficient transmission through 
contaminated food (found in meat, poultry, or 
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eggs) and water, Salmonella enterica is 
associated with widespread outbreaks. Infections 
caused by S. enterica span a clinical spectrum 
from self-limiting gastroenteritis to severe 
systemic diseases such as typhoid fever. Disease 
manifestations vary by serotype, ranging from 
diarrhea to septicemia. Among its serovars, S. 
enterica serovar Typhimurium is a major cause 
of human salmonellosis worldwide and illnesses 
linked to the food industry. Due to the extensive 
health impact of S. enterica, it remains a focal 
point of microbiological and epidemiological 
research [10-12]. 
 
Antimicrobials have a crucial role in managing 
bacterial infections, including those caused by 
foodborne pathogens. However, the misuse of 
these pharmaceuticals in both human and 
veterinary medicine has led to the emergence and 
spread of resistant strains, which make the 
treatment of infections difficult [2]. All major 
foodborne pathogens have demonstrated 
resistance to multiple antimicrobials, presenting 
a significant risk to public health [13].  
 
This study investigates the molecular basis of 
stress responses in the foodborne pathogens C. 
jejuni subsp. jejuni 81-176, L. monocytogenes 
EGD-e (serotype 1/2a), and S. enterica subsp. 
enterica serovar Typhimurium. Using reporter 
metabolite analysis, it is aimed to uncover novel 
molecular targets to develop more effective 
treatment strategies. This comprehensive 
understanding at the systems level holds promise 
for combating antimicrobial resistance and 
enhancing food safety interventions. 
 
2. General Methods 
 
2.1. Determination of antimicrobial resistance 
and stress genotypes 
 
The data belonging to the isolates, C. jejuni, L. 
monocytogenes, and S. enterica, were retrieved 
from the Pathogen Detection Web Browser of the 
National Biotechnology Information Center 
(NCBI) (accessed on 28 December 2024). For 
each organism, prevalent genotypes associated 
with antimicrobial resistance and stress response 
mechanisms were identified based on the 
information provided within the database. 
 

2.2. Gene expression datasets 
 
Transcriptome datasets of three foodborne 
pathogens, C. jejuni subsp. jejuni 81-176, L. 
monocytogenes EGD-e, and S. enterica subsp. 
enterica serovar Typhimurium, were used for the 
study [14]. The datasets are accessible at GEO 
with the accession number GSE152295.  
 
2.3. Draft genome-scale metabolic model 
reconstruction  
 
Using the RAVEN Toolbox v2.10.3 [15] within 
MATLAB R2024b, the draft genome-scale 
metabolic models (GEMs) of the 
microorganisms were reconstructed based on the 
protein sequence FASTA files retrieved from 
NCBI.  
 
De novo model reconstruction was carried out by 
the function getKEGGModelForOrganism, 
using the KEGG database [16, 17] as the primary 
annotation source. For each microorganism, two 
preliminary draft models were independently 
generated. The first model was based on the 
organism’s KEGG identifier to obtain annotated 
pathway and reaction data. The second model 
was built by aligning the microorganism’s 
proteome against Hidden Markov Models 
derived from prokaryotic protein families sharing 
at least 90% sequence identity. The draft models 
were then integrated into a single reconstruction 
using the mergeModels function, and the 
resulting GEMs were utilized for reporter 
metabolite analyses. 
 
2.4. Reporter metabolite analysis 
 
Reporter metabolites were identified using the 
Reporter Features algorithm, which maps 
transcriptomic perturbations onto the topological 
structure of the metabolic network [18, 19]. The 
metabolites and enzymes are represented as 
nodes and their biochemical interactions as 
edges. Within this framework, metabolite nodes 
receive scores according to the transcriptional 
significance (p-values) of the neighboring 
enzyme-coding genes. These scores reflect the 
extent of transcriptional perturbation around each 
metabolite. Metabolites adjacent to enzymes 
exhibiting the most statistically significant 
differential expression are identified as reporter 
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metabolites. Only those with p-values below 0.05 
were deemed statistically significant and 
included in the subsequent metabolic enrichment 
analyses [20]. 
 
2.5. Pathway enrichment analysis based on 
reporter metabolites 
 
To investigate the functional roles of the 
significant reporter metabolites, pathway 
enrichment analysis was conducted using the 
Metabolites Biological Role (MBRole) database, 
version 3.0 [21]. Reporter metabolites were 
assigned to KEGG compound identifiers and 
subjected to enrichment analysis. Pathways 
enriched with a false discovery rate (FDR) below 
0.05 were considered statistically significant and 
used for the interpretation of condition and 
pathogen-specific metabolic responses.

3. Results 
 
3.1.  Determination of antimicrobial 
resistance and stress genotypes 
 
According to the data obtained from the 
Pathogen Detection Web Browser, 
microorganisms were mainly isolated from 
humans, animals, food, animal feed, or 
environment. The number of isolates based on 
their isolation types is provided in Table 1. 

 
Table 1. The number of isolates according to their 

isolation types 
 C. jejuni L. monocytogenes S. enterica 
Clinical 50,936 23,552 510,330 
Environmental 60,916 36,293 151,164 
Not indicated 20,339 10,508 44,498 
Total 132,191 70,353 705,992 

 
The information on antimicrobial resistance 
genotypes for each pathogen is presented in 
Table 2. 
 

Table 2. Antimicrobial resistance genotypes of the foodborne pathogens 
Pathogen Antimicrobial Resistance Genotypes 

C. jejuni 

23S_A2074C, 23S_A2074G, 23S_A2074T, 23S_A2075G, 50S_L22_A103V, aac(6'), aac(6')-E449, aac(6')-
E64, aac(6')-Ie/aph(2'')-Ia, aac(6')-Ie/aph(2'')-If2,aac(6')-Im, aad9, aadA1, aadA2, aadD1, aadE, aadE-Cc, 
ant(2'')-Ia, ant(6), ant(6)-Ia, ant(6)-Ib, ant(9)-Ia, aph(2'')-I, aph(2'')-If, aph(2'')-Ig, aph(2'')-Ih, aph(2'')-IIa, 
aph(2'')-IIIa, aph(2'')-II, aph(2'')-IVa, aph(3'), aph(3')-H510, aph(3')-Ia, aph(3'')-Ib, aph(3')-IIIa, aph(3')-
VIIa, aph(6)-Id, apmA, blaOXA, blaOXA-184, blaOXA-185, blaOXA-193, blaOXA-446, blaOXA-447, 
blaOXA-448, blaOXA-449, blaOXA-450, blaOXA-451, blaOXA-452, blaOXA-453, blaOXA-460, blaOXA-
461, blaOXA-465, blaOXA-466, blaOXA-489, blaOXA-493, blaOXA-518, blaOXA-576, blaOXA-577, 
blaOXA-578, blaOXA-579, blaOXA-580, blaOXA-581, blaOXA-582, blaOXA-583, blaOXA-584, blaOXA-
585, blaOXA-586, blaOXA-587, blaOXA-588, blaOXA-589, blaOXA-590, blaOXA-591, blaOXA-592, 
blaOXA-593, blaOXA-594, blaOXA-595, blaOXA-596, blaOXA-597, blaOXA-599, blaOXA-185, blaOXA-
193, blaOXA-446, blaOXA-447, blaOXA-448, blaOXA-449, blaOXA-450, blaOXA-451, blaOXA-452, 
blaOXA-453, blaOXA-460, blaOXA-461, blaOXA-465, blaOXA-466, blaOXA-489, blaOXA-493, blaOXA-
518, blaOXA-576, blaOXA-577, blaOXA-578, laOXA-579, blaOXA-580, blaOXA-581, blaOXA-582, blaOXA-
583, blaOXA-584, blaOXA-585, blaOXA-586, blaOXA-587, blaOXA-588, blaOXA-589, blaOXA-590, 
blaOXA-591, blaOXA-592, blaOXA-593, blaOXA-594, blaOXA-595, blaOXA-596, blaOXA-597, blaOXA-
599, blaOXA-601, blaOXA-602, blaOXA-603, blaOXA-604, blaOXA-605, blaOXA-608, blaOXA-609, 
blaOXA-61, blaOXA-61_G-57T, blaOXA-610, blaOXA-611, blaOXA-614, blaOXA-615, blaOXA-616, 
blaOXA-617, blaOXA-618, blaOXA-619, blaOXA-620, blaOXA-621, blaOXA-622, blaOXA-623, blaOXA-
624, blaOXA-625, blaOXA-626, blaOXA-627, blaOXA-628, blaOXA-629, blaOXA-630, blaOXA-631, 
blaOXA-632, blaOXA-633, blaOXA-634, blaOXA-635, blaOXA-636, blaOXA-637, blaOXA-638, blaOXA-
639, blaOXA-640, blaOXA-658, blaOXA-659, blaOXA-783, blaOXA-784, blaOXA-785, blaOXA-786, 
blaOXA-85, blaROB-1, blaTEM, blaTEM-1, blaTEM-116, blaTEM-57, catA, catA13, cat-TC, cblA, cfr(C), 
cfxA, cfxA3, cmeB, dfrA1, dfrG,, erm(53), erm(A), erm(B), erm(C), erm(F), estT, fexA, fosXCC, gyrA_D90N, 
gyrA_D90Y, gyrA_P104S, gyrA_T86A, gyrA_T86I, gyrA_T86K, gyrA_T86V, lnu(A), lnu(B), lnu(C), lnu(P), 
lsa(A), lsa(E), mef(En2), narA, narB, optrA, qnrB19, qnrD1, rplD_G74D, rplV_A103V, rplV_A88E, 
rplV_G86E, rpsL_K43R, rpsL_K88Q, rpsL_K88R, sat2, sat4, satA, spw, sul1, sul2, tet, tet(32), tet(44), tet(A), 
tet(L), tet(M), tet(O), tet(O/32/O), tet(O/M/O), tet(O/W/32/O), tet(Q), tet(W), tet(X2), vanR-A, vanS-A 

L. monocytogenes 

aac(6'), aac(6')-I, aac(6')-Ib-cr5, aac(6')-Ie/aph(2'')-Ia, aadA5, aadD1, abc-f, ant(6)-Ia, ant(9)-Ia, aph(3')-Ia, 
aph(3'')-Ib, aph(3')-IIa, aph(3')-IIIa, aph(4)-Ia, aph(6)-Id, arr, arr-3, bcrA, blaI, blaNDM-1, blaOXA, blaR1, 
blaTEM, blaTEM-1, blaTEM-116, catA1, catB3, cat-TC, cfr(D), dfrA17, dfrD, dfrG, emrC, erm(A), erm(B), 
erm(C), erm(G), erm(T), erm(Y), erm, fexA, floR, fosA, fosB, fosD, fosX, fusB, lnu(A), lnu(B), lnu(C), lnu(D), 
lnu(G), lsa(A), lsa(E), lsa, mecA, mef(A), mef(F), blaTEM-181, blaTEM-57, blaZ, bleO, ble-Sh, catA, mph(A),  
mph(B), mph(C), msr(A), msr(C), msr(D), msr(G), narA, narB, optrA, qnrB, qnrB19, qnrD, sat4, spd, spw, 
str, sul1, sul2, tet(A), tet(C), tet(K), tet(L), tet(M), tet(O), tet(S), tetA(46), tetB(46), vanC, vanR, vanR-C, vanS-
C, vanT-C, vanXY-C, vat(B), vat, vga(A), vga(G) 
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Table 2. Antimicrobial resistance genotypes of the foodborne pathogens (Continued) 

S. enterica 

aac(2')-IIa, aac(3), aac(3)-C322, aac(3)-I, aac(3)-Ia, aac(3)-Ic, aac(3)-Id,aac(3)-II, aac(3)-IId, aac(3)-IIe, 
aac(3)-IIg, aac(3)-IV, aac(3)-IVa, aac(3)-VIa, aac(6'), aac(6')-33, , aac(6')-F309, aac(6')-Ian, aac(6')-Ib, 
aac(6')-Ib', aac(6')-Ib11, aac(6')-Ib3, aac(6')-Ib4, aac(6')-Ib-cr, aac(6')-Ib-cr4, aac(6')-Ib-cr5, aac(6')-Ie, 
aac(6')-Ie/aph(2'')-Ia, aac(6')-IIa, aac(6')-IIc, aac(6')-Il, aac(6')-Im, aacA34, aacA38, aacA56, aacA57-2, 
aad9, aadA1, aadA11, aadA12, aadA13, aadA15, aadA16, aadA2, aadA21, aadA22, aadA25, aadA3, aadA31, 
aadA4, aadA5, aadA6, aadA7, aadA8, aadA9, aadD1, aadE, aadS, acrB_R717L, acrB_R717Q, acrF, ampC, 
ant(2'')-Ia, ant(3''), ant(3'')-Ia, ant(6)-Ia, ant(9)-Ib, aph(2'')-I, aph(2'')-Ia, aph(2'')-IIa, aph(3''), aph(3')-I, 
aph(3')-I(H957), aph(3')-Ia, aph(3')-Ib, aph(3'')-Ib, aph(3')-Id, aph(3')-II, aph(3')-IIa, aph(3')-IIc, aph(3')-
IIIa, aph(3')-VI, aph(3')-VIa, aph(3')-XV, aph(4)-Ia, aph(6)-Ic, aph(6)-Id, aphA16, armA, arr, arr-2, arr-3, 
bla, blaACC, blaACC-1, blaACT-84, blaADC-30, blaADC-73, blaBPU, blaC, blaCARB-2, blaCARB-4, 
blaCARB-50, blaCARB-58, blaCMY, blaCMY-111, blaCMY-16, blaCMY-2, blaCMY-27, blaCMY-30, 
blaCMY-4, blaCMY-42, blaCMY-43, blaCMY-55, blaCMY-59, blaCMY-6, blaCTX-M, blaCTX-M-1, blaCTX-
M-10, blaCTX-M-101, blaCTX-M-104, blaCTX-M-115, blaCTX-M-12, blaCTX-M-123, blaCTX-M-125, 
blaCTX-M-130, blaCTX-M-137, blaCTX-M-14, blaCTX-M-15, blaCTX-M-153, blaCTX-M-165, blaCTX-M-
169, blaCTX-M-190, blaCTX-M-199, blaCTX-M-2, blaCTX-M-206, blaCTX-M-231, blaCTX-M-24, blaCTX-
M-261, blaCTX-M-27, blaCTX-M-3, blaCTX-M-32, blaCTX-M-40, blaCTX-M-5, blaCTX-M-55, blaCTX-M-
56, blaCTX-M-64, blaCTX-M-65, blaCTX-M-8, blaCTX-M-9, blaCTX-M-90, blaCTX-M-96, blaCTX-M-98, 
blaDHA, blaDHA-1, blaDHA-15, blaDHA-22, blaDHA-27, blaDHA-4, blaDHA-6, blaDHA-9, blaEC, 
blaFONA, blaFOX, blaFOX-5, blaHER, blaHER-3, blaI, blaIMP-27, blaKLUC-2, blaKPC-2, blaKPC-3, 
blaKPC-4, blaL2, blaLAP, blaLAP-1, blaLAP-2, blaMOR-2, blaNDM, blaNDM-1, blaNDM-13, blaNDM-5, 
blaNDM-9, blaOXA, blaOXA-1, blaOXA-10, blaOXA-129, blaOXA-17, blaOXA-181, blaOXA-2, blaOXA-23, 
blaOXA-232, blaOXA-392, blaOXA-4, blaOXA-48, blaOXA-66, blaOXA-9, blaOXY-5-3, blaP, blaPC1, 
blaPEN-E, blaPSE, blaR1, blaROB, blaROB-11, blaSCO, blaSCO-1, blaSHV, blaSHV-1, blaSHV-11, 
blaSHV-12, blaSHV-189, blaSHV-2, blaSHV-2A, blaSHV-30, blaSHV-5, blaSHV-7, blaTEM, blaTEM-1, 
blaTEM-10, blaTEM-103, blaTEM-104, blaTEM-105, blaTEM-116, blaTEM-12, blaTEM-128, blaTEM-131, 
blaTEM-135, blaTEM-144, blaTEM-15, blaTEM-166, blaTEM-169, blaTEM-171, blaTEM-176, blaTEM-181, 
blaTEM-19, blaTEM-190, blaTEM-191, blaTEM-2, blaTEM-20, blaTEM-207, blaTEM-210, blaTEM-215, 
blaTEM-219, blaTEM-238, blaTEM-251, blaTEM-29, blaTEM-30, blaTEM-31, blaTEM-32, blaTEM-33, 
blaTEM-34, blaTEM-35, blaTEM-36, blaTEM-40, blaTEM-52, blaTEM-54, blaTEM-57, blaTEM-63, 
blaTEM-70, blaTEM-71, blaTEM-84, blaVEB, blaVEB-1, blaVEB-17, blaVEB-8, blaVIM-1, blaVIM-2, blaZ, 
ble, bleO, catA, catA1, catA13, catA2, catA3, catB, catB11, catB2, catB3, catB8, cfr, cfxA, cmlA, cmlA1, 
cmlA4, cmlA5, cmlA6, cmx, crpP, dfrA, dfrA1, dfrA10, dfrA12, dfrA14, dfrA15, dfrA16, dfrA17, dfrA19, 
dfrA21, dfrA22, dfrA23, dfrA25, dfrA27, dfrA29, dfrA31, dfrA32, dfrA34, dfrA36, dfrA42, dfrA48, dfrA5, 
dfrA51, dfrA7, dfrA8, dfrB1, dfrB3, dfrB4, dfrB5, dfrE, dfrF, dfrG, dfrI, emrA, emrB, emrC, emrD, ere(A), 
ere(D), erm, erm(42), erm(49), erm(52), erm(53), erm(B), erm(C), erm(F), erm(G), erm(T), estT, farB, fexA, 
floR, floR2, folP_F28L, fos, fosA, fosA10, fosA3, fosA4, fosA7, fosA7.2, fosA7.3, fosA7.4, fosA7.5, fosA7.6, 
fosA7.7, fosA7.8, fosA8, fosB, fosL, fosL1, fosL2, fosX, gar, grdA, gyrA_A119E, gyrA_D72G, gyrA_D82G, 
gyrA_D82N, gyrA_D87G, gyrA_D87N, gyrA_D87Y, gyrA_G81C, gyrA_G81D, gyrA_S83A, gyrA_S83F, 
gyrA_S83I, gyrA_S83Y, gyrB_E466D, gyrB_S464F, gyrB_S464T, gyrB_S464Y, lnu(A), lnu(C), lnu(F), 
lnu(G), mcr-1, mcr-1.1, mcr-1.19, mcr-1.2, mcr-1.26, mcr-1.5, mcr-1.6, mcr-2.1, mcr-3, mcr-3.1, mcr-3.2, 
mcr-3.20, mcr-3.21, mcr-3.24, mcr-3.39, mcr-3.40, mcr-3.5, mcr-4, mcr-4.1, mcr-4.2, mcr-4.3, mcr-4.6, mcr-
5, mcr-5.1, mcr-9, mcr-9.1, mcr-9.2, mdsA, mdsB, mdtM, mecA, mef(A), mef(B), mef(C), mef(F), mph, mph(A), 
mph(B), mph(E), mph(F), mph(G), msr, msr(D), msr(E), msr(G), nimE, norm, oqxA, oqxA2, oqxB, oqxB2, 
parC_E84G, parC_E84K, parC_G78D, parC_S80I, parC_S80R, parC_W106G, parE_A499T, 
parE_H462Y, parE_S458P, parE_V461G, pmrA_15R, pmrA_G53E, pmrA_R81C, pmrA_R81H, 
pmrB_E166K, pmrB_G206R, pmrB_G206W, pmrB_M186I, pmrB_R89P, pmrB_RQRL11del, pmrB_S124P, 
pmrB_S305R, pmrB_T147P, pmrB_T156M, pmrB_V161G, pmrB_V161L, pmrB_V161M, qepA, qepA1, 
qepA2, qepA4, qepA8, qnrA, qnrA1, qnrA3, qnrA6, qnrB, qnrB1, qnrB17, qnrB19, qnrB2, qnrB38, qnrB4, 
qnrB6, qnrB7, qnrB77, qnrB9, qnrB91, qnrD, qnrD1, qnrD2, qnrE, qnrE1, qnrE2, qnrE3, qnrS, qnrS1, 
qnrS11, qnrS13, qnrS2, qnrS4, qnrVC, qnrVC1, qnrVC4, qnrVC5, ramR_E160D, ramR_G25A, ramR_M84I, 
ramR_R46P, ramR_T18P, ramR_T50P, ramR_Y59H, rmtB, rmtB1, rmtC, rmtE, rmtE1, rmtF, rmtF1, rmtG, 
sat2, sat4, smeF, soxR_G121D, soxR_R20H, str, sul1, sul2, sul3, sul4, tet, tet(31), tet(32), tet(40), tet(A), 
tet(B), tet(C), tet(D), tet(E), tet(G), tet(H), tet(H-J), tet(J), tet(K), tet(L), tet(M), tet(O), tet(Q), tet(W), tet(X2), 
tet(X4), tet(X5), tet(Y), tetA(46), tetB(46), tmexC, tmexC2, tmexC3, tmexD, toprJ, toprJ1, vanA, vanB, vanC, 
vanH-A, vanH-B, vanR-A, vanR-B, vanR-C, vanS-A, vanS-B, vanW-B, vanX-A, vanX-B, vanY-A, vanY-B, 
vanZ-A, vat, vga(G) 

Since the reporter metabolite analyses were 
carried out under several stress conditions, the 
details about the stress genotypes of the isolates 
are given in Table 3. 

It is worth noting that each microorganism has at 
least one of the genotypes with one or more 
resistance profiles.
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Table 3. Stress genotypes of the isolated foodborne pathogens. The number of isolates for each genotype 
was given in parentheses 

Pathogen Stress Genotypes 
C. jejuni acr3 (47,286), arsP (37,862) 

L. monocytogenes 
arsA (6,619), arsB (7,372), arsD (10,770), arsD2 (5,754), arsR (7,367), bcrB (11,580), bcrC 
(11,575), cadC (24,822), clpL (14,185), gadD1 (31,129), merA (1,045), merB (1,031), merR1 
(1,106), merR2 (1,107), merT (1,030), qacH (4,691) 

S. enterica 

arsA (33,069), arsB (34,558), arsC (49,096), arsD (201,567), arsR (79,426), asr (552,701), golS 
(669,965), golT (667,997), merA (57,239), merB (7,019), merC (58,118), merD (53,336), merE 
(53,068), merP (69,930), merR (73,093), merT (66,270), pcoB (32,543), pcoC (61,015), pcoD 
(59,478), pcoE (29,334), pcoS (62,965), qac (65,790), qacE (60,278), qacEdelta1 (57,940), qacL 
(8,593), silA (65,080), silB (64,882), silC (64,839), silE (65,048), silF (64,905), silP (64,537), 
silR (64,888), terD (16,600), terW (16,151), terZ (16,062) 

3.2.  Reconstruction of GEMs and metabolic 
graphs 
 
RAVEN toolbox v2.10.3 [15] was used to 
reconstruct draft GEMs for the target 
microorganisms (Table 4). The resulting draft 
models, derived using KEGG annotations, were 
utilized for further analyses.  
 

Table 4. Summary of the draft GEMs 
 # Genes # Reactions   # Metabolites 

C. jejuni 452 934 1,162 
L. monocytogenes 783 1,281 1,454 
S. enterica 1,193 1,913 1,771 

 
All spontaneous reactions were systematically 
excluded from the draft GEMs to refine the 
predictive accuracy. Metabolic graphs were 
subsequently constructed in accordance with the 
guidelines outlined in Reporter Features [18, 
19], enabling detailed annotation and functional 
categorization of reactions based on KEGG 
pathway classifications. 
 
3.3. Identification of reporter metabolites and 
enriched pathways 
 
RNA-Seq data were mapped onto the metabolic 
networks by incorporating gene expression p-
values, allowing the identification of reporter 
metabolites. Metabolites with a p-value below 
0.05 under any of the eleven different stress 
conditions applied to the foodborne pathogens 
were considered statistically significant. Table 5 
presents the counts of significant and non-
significant reporter metabolites for each 
microorganism. 
 
 

Table 5. The number of significant/non-significant 
reporter metabolites for each foodborne pathogen 

under different stress conditions 
 C. jejuni L. monocytogenes S. enterica 
Acidic stress 97/832 125/1,104 150/1,534 
Bile stress 68/861 78/1,151 106/1,578 
Hypoxia 77/852 75/1,154 112/1,572 
Low iron 58/871 82/1,147 88/1,596 
Nitrosative 
stress 78/851 109/1,120 124/1,560 

Nutritional 
downshift 88/841 68/1,161 168/1,516 

Osmotic 
stress 71/858 111/1,118 100/1,584 

Oxidative 
stress 69/860 129/1,100 119/1,565 

Stationary 
phase 74/855 102/1,127 158/1,526 

Temperature 56/873 92/1,137 128/1,556 
Virulence 
inducing 55/874 87/1,142 110/1,574 

 
Among the significant reporter metabolites, 
those that were common to at least four stress 
conditions were determined and provided in 
Table 6. These metabolites were subsequently 
assigned to pathways using KEGGMapper to 
identify potential targets. 
 
To further elucidate the functional implications 
of the identified reporter metabolites, enrichment 
analysis was conducted using the MBROLE v3.0 
server. Pathways exhibiting an FDR value less 
than 0.05 were regarded as statistically enriched. 
Figure 1 displays the top enriched pathways, 
those with the lowest FDR values, for each 
bacterial strain across the different stress 
conditions. 
 
To assess if bacteria respond similarly to 
different stress conditions, enriched pathways 
were thoroughly examined. Figure 2 illustrates 
the number of shared enriched pathways for each 
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bacterium under various stress conditions. The 
most commonly enriched pathways included 
amino acid biosynthesis, cofactor biosynthesis, 
carbon metabolism, and methane metabolism. 
 
4. Discussion 
 
The advancement of antimicrobial agents has 
played a crucial role in infection prevention; 
however, the growing resistance among bacteria 
has made many treatments less effective. The 
rapid spread of multidrug-resistant bacteria 
complicates and raises the cost of developing 
new drugs. As antimicrobial-resistant 
microorganisms can spread through various 
routes, including the food supply, they present a 
significant risk to both human health and food 
safety, highlighting the urgent need to discover 
new antimicrobial agents with new mechanisms 
of action or innovative structural designs. 
Current research efforts focus on discovering 
new drugs, identifying novel targets, exploring 
synergistic drug combinations, and repurposing 
existing medications [22, 23]. 
 
Pathogens must withstand several challenges to 
survive harsh conditions and grow rapidly before 
causing infection in humans. For instance, they 
need to defend themselves against the natural 
barriers of the body, such as gastric acid (pH 
stress), fever (thermal stress), and nutrient 

limitation (starvation stress) [24]. These stress 
conditions can alter bacterial sensitivity to 
various antimicrobial agents. This modulation is 
mediated by the induction of stress response 
pathways, which can activate resistance 
mechanisms or induce physiological adaptations 
that diminish antimicrobial efficacy [25]. 
Pathogens that manage to survive these 
treatments can contribute to the development and 
spread of antimicrobial resistance [26]. 
Therefore, understanding the mechanisms 
underlying microbial stress responses and how 
pathogens detect and swiftly adapt to 
environmental changes is crucial [27]. Owing to 
their pivotal role in antimicrobial and multidrug 
resistance, these stress responses present 
promising targets for novel therapeutic 
interventions.  
 
NCBI Pathogens Isolates Browser 
(https://www.ncbi.nlm.nih.gov/pathogens/) 
provides data on stress and antimicrobial 
resistance genotypes collected from both 
environmental and clinical pathogen samples. 
Therefore, in this study, antimicrobial resistance 
and stress genotypes were first determined for C. 
jejuni, L. monocytogenes, and S. enterica by 
retrieving the data from the NCBI Pathogen 
Detection Web Browser (Table 2 and Table 3). 
 

Table 6. Common reporter metabolites for each foodborne pathogen under different stress conditions 
Pathogen Common Reporter Metabolites 

C. jejuni 

L-Alanine, Phosphoenolpyruvate, L-Tryptophan, Acetaldehyde, Ferricytochrome c, Ferrocytochrome c, 
Reduced ferredoxin, Oxidized ferredoxin, Palmitoyl-CoA, 2-Oxo acid, Diacylglycerol, D-Xylulose 5-
phosphate, 3-Phospho-D-glyceroyl phosphate, Taurine, Hexadecanoic acid, Nicotinate, Isocitrate, Indole, 3-
Carboxy-cis,cis-muconate, UDP-N-acetylmuramoyl-L-alanine, 2-Carboxy-2,5-dihydro-5-oxofuran-2-
acetate, Hydrogen selenide, Leukotriene C4, R-S-Glutathione, (S)-2-Aminobutanoate, 3-Cyano-L-alanine, 
(5-L-Glutamyl)-peptide, 5-L-Glutamyl amino acid, (5-L-Glutamyl)-L-amino acid, UDP-2-acetamido-4-
dehydro-2,6-dideoxyglucose, 2-Oxo-5-methylthiopentanoic acid, Homomethionine, 2-Oxo-6-
methylthiohexanoic acid, Dihomomethionine, D-glycero-alpha-D-manno-Heptose 7-phosphate, GDP-D-
glycero-alpha-D-manno-heptose, UDP-2-acetamido-3-amino-2,3-dideoxy-alpha-D-glucuronate, UDP-2-
acetamido-2-deoxy-alpha-D-ribo-hex-3-uluronate, KDO2-lipid A 1-(2-aminoethyl diphosphate), KDO2-
lipid A 4'-(2-aminoethyl diphosphate), KDO2-lipid A 1,4'-bis(2-aminoethyl diphosphate), 1-Dephospho-
KDO2-lipid A, 1-PEtN-KDO2-lipid A 

L. monocytogenes 

CoA, Heme, Succinate, Phosphoenolpyruvate, L-Cysteine, Propanoyl-CoA, IMP, Nicotinamide, Adenosine, 
Thymidine, Guanine, Hydrogen sulfide, Xanthine, N-Carbamoyl-L-aspartate, O-Acetyl-L-serine, D-Alanyl-
D-alanine, Hydrogen selenide, L-Cystathionine, beta-D-Fructose, Protein glutamine, tRNA containing 6-
isopentenyladenosine, 5'-Deoxyadenosine, beta-D-Fructose 6-phosphate, L-Selenocysteine, 
Selenohomocysteine, L-Selenocystathionine, Methaneselenol, UDP-N-acetylmuramoyl-L-alanyl-gamma-
D-glutamyl-L-lysine, 5-Fluorodeoxyuridine, Fe2+, Enzyme N6-(lipoyl)lysine, Enzyme N6-
(dihydrolipoyl)lysine, 3-Methyl-1-hydroxybutyl-ThPP, [Dihydrolipoyllysine-residue (2-
methylpropanoyl)transferase] S-(3-methylbutanoyl)dihydrolipoyllysine, 2-Methyl-1-hydroxypropyl-ThPP, 
[Dihydrolipoyllysine-residue (2-methylpropanoyl)transferase] S-(2-methylpropanoyl)dihydrolipoyllysine, 
2-Methyl-1-hydroxybutyl-ThPP, [Dihydrolipoyllysine-residue (2-methylpropanoyl)transferase] S-(2-
methylbutanoyl)dihydrolipoyllysine, [Dihydrolipoyllysine-residue acetyltransferase] S-
acetyldihydrolipoyllysine, Protein N5-methyl-L-glutamine, 2-(alpha-Hydroxypropyl)thiamine diphosphate, 
Enzyme N6-(S-propyldihydrolipoyl)lysine 

https://www.ncbi.nlm.nih.gov/pathogens/
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Table 6. Common reporter metabolites for each foodborne pathogen under different stress conditions 
(Continued) 

S. enterica 

Diphosphate, AMP, Phosphoenolpyruvate, H+, dATP, Guanine, Hypoxanthine, alpha-D-Ribose 1-
phosphate, alpha-D-Glucose 6-phosphate, 2-Deoxy-D-ribose 1-phosphate, trans-2,3-Dehydroacyl-[acyl-
carrier protein], Reduced coenzyme F420, 4-Hydroxy-2-oxoglutarate, S-Adenosylmethioninamine, 
tRNA(Met), L-Methionyl-tRNA, 2-Succinylbenzoyl-CoA, (R)-3-Hydroxybutanoyl-CoA, Coenzyme M, N-
Acetyl-alpha-D-glucosamine 1-phosphate, Coenzyme B, Coenzyme M 7-mercaptoheptanoylthreonine-
phosphate heterodisulfide, Dodecanoyl-[acyl-carrier protein], Selenomethionyl-tRNA(Met), Butyryl-[acp], 
Hexanoyl-[acp], Octanoyl-[acp], trans-Dec-2-enoyl-[acp], Decanoyl-[acp], Hexadecanoyl-[acp], 
Cobyrinate, L-4-Hydroxyglutamate semialdehyde, alpha-D-Glucosamine 1-phosphate, 
[Dihydrolipoyllysine-residue succinyltransferase] S-glutaryldihydrolipoyllysine, Hydrogenobyrinate, 
Adenosyl cobyrinate hexaamide, Cobalt-precorrin 8, [Dihydrolipoyllysine-residue succinyltransferase] S-
succinyldihydrolipoyllysine, [Dihydrolipoyllysine-residue acetyltransferase] S-acetyldihydrolipoyllysine, 
Trinitrotoluene, 4-Hydroxylamino-2,6-dinitrotoluene, 2-Hydroxylamino-4,6-dinitrotoluene, 
Aminopropylcadaverine, 6-Thioxanthine 5'-monophosphate, (8S)-3',8-Cyclo-7,8-dihydroguanosine 5'-
triphosphate 

 

 
Figure 1. The top enriched metabolic pathways for each foodborne pathogen, ordered from the top according 

to different stress conditions: acidic stress, bile stress, hypoxia, low iron, nitrosative stress, nutritional 
downshift, osmotic stress, oxidative stress, stationary phase, temperature, and virulence-inducing conditions 

for A) C. jejuni, B) L. monocytogenes, and C) S. enterica 
 

The proteins encoded by stress genotypes and 
nonhomologous to their hosts can be potential 
targets for the new antimicrobials. However, 
these genotypes reflect stress conditions specific 
to the isolation environment of the pathogens. To 
capture a broader response, gene expression data 
obtained under diverse stress conditions were 
analyzed more comprehensively using a systems 
biology approach to identify potential 
antimicrobial targets.  
 
A pathway-based computational algorithm [19] 
was utilized to investigate reporter metabolites 
associated with resistance-inducing stress. The 
metabolites obtained were narrowed by focusing 
on those with p-values below 0.05. Subsequently, 

pathway enrichment analysis was conducted to 
associate these key reporter metabolites with 
organism-specific KEGG pathways. The top 
enriched pathways are given in Figure 1. 
Although most of these pathways represent the 
individual responses of the pathogens, they also 
share common pathways. Figure 2 shows the 
pathways that are common for at least four 
different stress conditions. As shown in the 
figure, carbon metabolism, amino acid 
biosynthesis, cofactor biosynthesis, and methane 
metabolism are common among the three 
microorganisms. These metabolisms have 
already been demonstrated as antimicrobial 
targets in previous studies [28-30]. Other 
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pathways are common for two out of three or 
individual responses.  
 
The pathways provide mechanistic insights into 
the bacterial stress response, but their potential as 
antimicrobial targets is limited. This is primarily 
due to the presence of conserved metabolic 
reactions shared with the host (human), which 
poses a risk of off-target effects and host toxicity. 
Therefore, it is important to discover the targets 
that are nonhomologous to humans [31].  
 
By considering individual enriched pathways and 
common reporter metabolites, potential targets 
for each microorganism were determined and are 
detailed below. 
 
4.1. Campylobacter jejuni 
 
Campylobacter is a genus of Gram-negative 
bacteria and a leading cause of foodborne 
illnesses globally, with C. jejuni being the most 
frequently identified species linked to human 
infections [32]. As a significant etiological agent 
of acute gastroenteritis, C. jejuni is responsible 
for approximately 500 million cases of diarrhea 
annually [33].  
 
Analysis of the antimicrobial resistance 
genotypes (Table 2) reveals that C. jejuni 
exhibits resistance to a broad spectrum of 
advanced antibiotics, including 
aminoglycosides, macrolides, oxazolidinones, 
pleuromutilins, streptogramins, lincosamides, 
phenicol antibiotics, beta-lactams (penicillin and 
cephalosporin), fusidanes, fluoroquinolones, 
diaminopyrimidines, nucleoside antibiotics, 
sulfonamides, glycopeptide antibiotics, 
tetracyclines, and phosphonic acids.  
 
Integrated analysis of the common reporter 
metabolites and the significantly enriched 
pathways under various stress conditions 
revealed multiple metabolic pathways that are 
markedly perturbed in response to stress. 2-
oxocarboxylic acid metabolism, carbon 
metabolism, biosynthesis of cofactors, 
carbohydrate metabolism, energy metabolism, 
amino acid metabolism, metabolism of other 
amino acids, glycan biosynthesis and 
metabolism, and metabolism of cofactors and 
vitamins are the most common responsive 

pathways in C. jejuni. Although lipid metabolism 
pathways were less commonly enriched (< 4 
conditions), fatty acid biosynthesis was the most 
significantly perturbed pathway under acidic 
stress, osmotic stress, and stationary phase. 
 
Shawan et al. employed a subtractive genomics 
approach to discover potential drug targets in C. 
jejuni ATCC 700819 by analyzing human non-
homologous essential metabolic proteins. Their 
study identified 30 such proteins, of which 16 
were further categorized into 8 metabolic 
pathway classes, including methane metabolism, 
C5-branched dibasic acid metabolism, and 
lipopolysaccharide (LPS) biosynthesis, pathways 
also enriched in the current study. Notably, they 
identified ccoN, the gene encoding the cbb3-type 
cytochrome c oxidase subunit I, as a target. This 
enzyme facilitates the oxidation of 
ferrocytochrome c to ferricytochrome c while 
reducing oxygen to water [34]. Given that both 
ferrocytochrome c and ferricytochrome c were 
among the common reporter metabolites in this 
study, CcoN may serve as a promising drug 
target.  
 
Similarly, Mehla and Ramana employed a 
subtractive genomics and comparative pathway 
analysis approach to identify novel drug targets 
in C. jejuni NCTC11168 [35]. They discovered 
16 metabolic pathways involving 326 proteins 
unique to Campylobacter. Of these, 115 were 
classified as essential according to the Database 
of Essential Genes, and 66 exhibited no 
similarity to the human proteome. Screening via 
DrugBank identified 34 candidates with drug 
development potential, leading to the selection of 
14 top-priority targets, including eight matching 
approved drug targets involved in critical 
processes such as cell wall formation and energy 
metabolism. Pathways such as methane 
metabolism, C5-branched dibasic acid 
metabolism, and LPS biosynthesis again 
overlapped with those found in this study. 
Among the reported target candidates, murA to 
murF genes are essential and highly conserved 
across various bacterial species, making them 
strong candidates for the development of future 
therapeutic drugs. Additionally, the CcoP subunit 
of cbb3-type cytochrome c oxidase, which 
mediates electron transfer via heme groups, and 
trpC, involved in tryptophan biosynthesis, 
emerged as potential therapeutic candidates.
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Pathways C. jejuni L. monocytogenes S. enterica 
2-Oxocarboxylic acid metabolism     
ABC transporters     
Alanine, aspartate and glutamate metabolism     
Amino sugar and nucleotide sugar 
metabolism     
Aminoacyl-tRNA biosynthesis      
Arginine and proline metabolism     
Arginine biosynthesis     
Biosynthesis of amino acids       
Biosynthesis of cofactors       
C5-Branched dibasic acid metabolism     
Carbon metabolism       
Citrate cycle (TCA cycle)      
Cyanoamino acid metabolism     
Cysteine and methionine metabolism      
Fatty acid biosynthesis     
Fatty acid metabolism     
Folate biosynthesis     
Glutathione metabolism     
Glycine, serine, and threonine metabolism      
Glycolysis / Gluconeogenesis      
Glyoxylate and dicarboxylate metabolism      
Lipopolysaccharide biosynthesis      
Methane metabolism       
O-Antigen nucleotide sugar biosynthesis     
Pantothenate and CoA biosynthesis     
Pentose phosphate pathway      
Peptidoglycan biosynthesis     
Phenylalanine, tyrosine, and tryptophan 
biosynthesis     
Phosphotransferase system (PTS)     
Porphyrin and chlorophyll metabolism     
Propanoate metabolism     
Purine metabolism      
Pyrimidine metabolism     
Pyruvate metabolism      
Selenocompound metabolism      
Sulfur metabolism      
Taurine and hypotaurine metabolism      
Thiamine metabolism      
Valine, leucine, and isoleucine degradation     

Figure 2. Common enriched pathways for C. jejuni, L. monocytogenes, and S. enterica. The pathways that 
are not common to at least four stress conditions are not provided.  The color bar represents the number of 

common pathways. As the color gets darker, the number of common pathways increases 
 

Tryptophan biosynthesis enzymes, particularly 
TrpA and TrpB, are also promising targets. The 
critical role of this pathway in pathogenicity has 
been demonstrated. For instance, Mycobacterium 
tuberculosis mutants deficient in tryptophan 
biosynthesis show impaired survival within 
macrophages and attenuated virulence in animal 
models [36]. The trpB/trpA double mutant, along 
with the individual gene mutants, showed 
impaired growth of S. enterica serovar 
Typhimurium in vitro; however, only the double 
mutant was unable to sustain infection in vivo. 
This highlights earlier findings that tryptophan is 
crucial for the infection [37]. Recent efforts to 

develop inhibitors targeting this pathway further 
validate its therapeutic potential [38].  
 
The protein GmhB (D-glycero-alpha-D-manno-
heptose 1,7-bisphosphate 7-phosphatase) 
represents a potential target due to its role in LPS 
biosynthesis. In Helicobacter pylori, disruption 
of the homologous HP0860 gene (encoding 
GmhB) led to increased novobiocin sensitivity 
and impaired adherence [39], supporting its 
significance in virulence and its potential as a 
target in C. jejuni. 
 
As key components of the Gram-negative 
bacterial outer membrane, lipid A and its 

4 

10 
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biosynthetic intermediates are considered 
attractive drug targets. Compounds disrupting 
LPS production have been proposed as a strategy 
to combat antibiotic resistance [40]. Lipid A 
derivatives (KDO2-lipid A 1-(2-aminoethyl 
diphosphate), KDO2-lipid A 4'-(2-aminoethyl 
diphosphate), KDO2-lipid A 1,4'-bis(2-
aminoethyl diphosphate), 1-dephospho-KDO2-
lipid A, 1-PEtN-KDO2-lipid A) gain attention as 
the common reporter metabolites in this study. 
These lipid A derivatives are associated with the 
protein EptA (lipid A 
ethanolaminephosphotransferase), which has 
been suggested as a future therapeutic target to 
overcome polymyxin resistance [41, 42]. 
 
Overall, the convergence of metabolic pathway 
enrichment data and drug target predictions from 
previous studies reinforces the potential of 
several key metabolic enzymes and pathways, 
including LPS biosynthesis, tryptophan 
biosynthesis, and cytochrome c oxidase, as 
promising targets for antimicrobial development 
against C. jejuni. 
 
4.2. Listeria monocytogenes 
 
L. monocytogenes is a Gram-positive bacterium 
known for causing listeriosis, a foodborne 
disease. It demonstrates a high level of 
adaptability, enabling it to survive under a wide 
range of adverse environmental conditions, 
including extreme pH levels, low temperatures, 
and high salt concentrations [43, 44].  
 
Genotypic data on antimicrobial resistance 
(Table 2) show that L. monocytogenes isolates 
possess resistance genes against a broad 
spectrum of antibiotic classes. These include 
aminoglycosides, rifamycins, peptide antibiotics, 
beta-lactams (penicillins, cephalosporins, 
carbapenems), phenicol antibiotics, 
oxazolidinones, lincosamides, glycopeptide 
antibiotics, diaminopyrimidines, 
fluoroquinolones, macrolides, phosphonic acids, 
fusidanes, streptogramins, pleuromutilins, 
nucleoside antibiotics, sulfonamides, and 
tetracyclines.  
 
Metabolic pathway analysis under various stress 
conditions revealed that L. monocytogenes 
primarily activates stress response mechanisms 

through pathways associated with carbon 
metabolism, energy metabolism, biosynthesis of 
cofactors, carbohydrate metabolism, nucleotide 
metabolism, amino acid metabolism, metabolism 
of other amino acids, and membrane transport. 
The most enriched pathways also include some 
of these metabolisms, in addition to fatty acid 
degradation and fatty acid biosynthesis. 
 
Chandra et al. applied a comparative metabolic 
pathway analysis to identify potential drug 
targets against L. monocytogenes EGD-e. By 
utilizing the KEGG database, they identified 28 
metabolic pathways unique to L. monocytogenes 
EGD-e, in contrast to 71 pathways that were 
shared with humans. Although some reporter 
metabolites involved in lipoic acid metabolism, 
valine, leucine, and isoleucine degradation, and 
selenocompound metabolism identified in this 
study fall within these shared pathways, they 
were not recommended as therapeutic targets due 
to potential off-target effects in the human host. 
Among the 28 unique pathways identified, 
methane metabolism, peptidoglycan 
biosynthesis, and the phosphotransferase system 
overlapped with the enriched pathways observed 
in the current study, reinforcing their relevance 
in pathogen-specific metabolism. Chandra et al. 
also identified 15 potential drug target enzymes 
that are essential for bacterial survival and lack 
human homologs. Among these, four enzymes 
were prioritized as particularly promising 
candidates for vaccine or drug development: 
UDP-N-acetylglucosamine 1-
carboxyvinyltransferase (lmo2526-murA), 
acetate kinase (lmo1581-ackA), phosphate 
acetyltransferase (lmo2103-eutD), and aspartate 
kinase (lmo1235) [45]. Notably, two of these, 
lmo2103 and lmo1235, also emerged as relevant 
findings in the current study, further validating 
their potential as selective antimicrobial targets 
against L. monocytogenes. 
 
In a comprehensive pan-genomic study, Zhang et 
al. analyzed 355 genome sequences, including 
343 L. monocytogenes strains and 12 from other 
Listeria species and non-Listerial genomes, 
identifying 357 potential target genes, which 
were narrowed down to 20 key pathways via 
KEGG enrichment. Common pathways between 
their study and the current analysis include 
peptidoglycan biosynthesis, 
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glycine/serine/threonine metabolism, 
phosphotransferase system, and ABC 
transporters. The potential target genes were 
subsequently filtered by a hub gene selection 
approach to discover novel targets. The identified 
key hub genes related to pathogenicity [46] also 
align with common reporter metabolites and 
targets identified in this study (davD-lmo0913, 
tilS-lmo0219, and gshA-lmo2770), supporting 
their relevance as therapeutic targets. 
 
During peptidoglycan synthesis, L-alanine is 
converted into D-alanine by alanine racemase 
(Dal or Alr), and subsequently, two D-alanine 
molecules are linked by D-Ala:D-Ala ligase 
(Ddl) to form a dipeptide [47]. Inhibitors of Ddl 
have been identified across various organisms 
[48-52], suggesting this enzyme as a viable 
therapeutic target for L. monocytogenes as well. 
 
Another potential target is CysK, 
cysteine synthase, which has a vital role in the 
major metabolic activities of Gram-positives 
[53]. The deletion of cysK gene in 
Staphylococcus aureus resulted in reduced cell 
viability, diminished stress tolerance, and 
impaired survival [54]. CysK has already been 
suggested as a promising therapeutic target due 
to its essential role in bacterial physiology [55]. 
 
Together, the findings underscore the importance 
of integrating genomic, metabolic, and functional 
analyses to uncover novel drug targets. The 
overlap of metabolic stress responses and 
essential pathways in multiple independent 
studies provides robust evidence supporting 
specific genes/enzymes such as davD, tilS, murA, 
ddl, cysK, and others as promising candidates for 
future antimicrobial development against L. 
monocytogenes. 
 
4.3. Salmonella enterica 
 
S. enterica serovar Typhimurium is a well-
established model organism for studying Gram-
negative intracellular pathogens. As a non-
typhoidal strain, it is a common cause of acute 
gastroenteritis and food poisoning [56].  Due to 
its increasing resistance to fluoroquinolones, it is 
listed in the Bacterial Priority Pathogens by 
WHO [57]. In addition to fluoroquinolones,  S. 
enterica exhibits resistance to aminoglycosides 

(gentamycin, streptomycin), tetracyclines 
(glycylcycline, tigecycline), beta-lactams 
(penicillin, cephalosporin, carbapenem, 
monobactam, cephamycin), phenicol antibiotics, 
rifamycins, fluoroquinolones, oxazolidinones, 
lincosamides, streptogramins, 
diaminopyrimidines, macrolides, phosphonic 
acids, peptide antibiotics, nucleoside 
antibiotics,  nitroimidazoles, nitrofurans, 
sulfonamides, glycopeptide antibiotics, and 
pleuromutilins (Table 2). 
 
The analysis of common reporter metabolites and 
common enriched pathways highlighted 
porphyrin metabolism as a prominent enriched 
pathway, with particular attention to cobalamin 
biosynthesis. CbiA (cobyrinic acid a,c-diamide 
synthase) and CbiC (precorrin-8X/cobalt-
precorrin-8 methylmutase) proteins were 
identified as potential targets. Supporting these 
findings, Gu et al. investigated the prevalence of 
antimicrobial resistance and virulence genes in 
Salmonella isolates from livestock in Central 
China. Pathway analysis associated with 
multidrug resistance and pathogenicity resulted 
in several overlapped metabolisms/pathways 
with the current study, including carbon 
metabolism, biosynthesis of amino acids, pentose 
phosphate pathway, methane metabolism, 
arginine and proline metabolism, and porphyrin 
and chlorophyll metabolism. Bioinformatics 
analysis highlighted 10 hub genes (including 
cbiA and cbiC) as key players in antimicrobial 
resistance and virulence [58]. Similarly, Liu et al. 
identified 9 hub proteins of S. Typhimurium 
DT104 by performing a protein-protein 
interaction network analysis. CbiQ, CbiC, and 
CbiT, which are part of the cobalamin 
biosynthesis pathway, were implicated in 
adaptive responses and suggested as potential 
targets for growth inhibition [59].  
 
Another enzyme of interest is MenE (O-
succinylbenzoic acid-CoA ligase), which 
functions in menaquinone biosynthesis, a process 
essential to bacterial metabolism but not 
synthesized endogenously in humans. Therefore, 
enzymes involved in the menaquinone 
biosynthesis pathway represent promising 
therapeutic targets [60]. Previously, several 
inhibitors of MenE were discovered in different 
organisms, among which are M. tuberculosis, S. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/synthase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/hub-genes
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aureus [61, 62], and Bacillus anthracis [63]. The 
results suggest MenE may also serve as a novel 
target in S. enterica. 
 
The fatty acid synthesis (FAS) pathway is crucial 
for producing key components of bacterial cell 
structures, such as LPSs, lipoproteins, and 
phospholipids. There are two types of FAS: FAS-
I in eukaryotes, which uses a single 
multifunctional enzyme complex, and FAS-II in 
prokaryotes, which relies on separate enzymes 
for each step of fatty acid chain elongation. The 
FAS-II pathway, unique to bacteria, presents a 
promising target for developing new 
antimicrobials. A key enzyme in this pathway is 
enoyl-ACP reductase (ENR), which performs the 
final step in each elongation cycle. Among the 
ENR isoforms, FabI has gained particular 
attention as a significant antibacterial target due 
to its essential role in bacterial fatty acid 
synthesis [64-66]. Although several studies 
focused on the FabI inhibition of S. aureus [67], 
Plasmodium falciparum [68], and S. enterica by 
different molecules, further exploration of FabI 
inhibitors in Salmonella is warranted. 
 
Finally, N-acetyl-glucosamine-1-phosphate 
uridyltransferase (GlmU), a bifunctional enzyme 
(acetylation and uridylation) catalyzing the final 
steps in UDP-N-acetylglucosamine (UDP-
GlcNAc) biosynthesis [69, 70], represents a 
potential drug target. Being involved in the 
synthesis of both LPS and peptidoglycan in 
bacteria makes GlmU an attractive target for 
developing antimicrobials. Indeed, both the 
acetyl- and/or uridyltransferase activities 
of Haemophilus influenzae [71], M. 
tuberculosis  [72-74], Xanthomonas oryzae [75], 
E. coli [76], and Streptococcus pneumoniae [77] 
have been targeted as a novel antibiotic strategy, 
and their inhibition could similarly be effective 
against S. enterica. 
 
The findings emphasize the therapeutic potential 
of targeting essential metabolic proteins involved 
in cobalamin, menaquinone, fatty acid, and cell 
wall biosynthesis in S. enterica, especially given 
its extensive antimicrobial resistance. 
 
 
 
 

5. Conclusion 
 
To combat the growing threat of foodborne 
pathogens, there is a pressing demand for new 
antimicrobial agents since they are resistant to 
most of the existing antibiotics. Targeting 
unconventional biological processes specifically 
active during infection and suitable for high-
throughput screening holds great promise for 
revolutionizing antimicrobial development. 
 
The current study identified several targets for 
common foodborne pathogens C. jejuni, L. 
monocytogenes, and S. enterica, by employing a 
systems biology approach. Identification of 
reporter metabolites across several stress 
conditions pointed out several key pathways and 
proteins that could be important for the stress 
response. Although it is possible to find several 
stress genotypes using several databases, the 
responses are limited to the isolation 
environment. Through a comprehensive analysis, 
this study characterized bacterial stress responses 
under several stress conditions. The off-target 
effects were considered during the identification 
of the potential targets. The findings highlighted 
that the use of systems biology approaches in 
antimicrobial discovery can enhance the 
accuracy of target identification and lower the 
screening costs, thereby contributing to early-
stage drug development. 
 
In summary, this integrative approach combining 
genomic data with stress-induced metabolic 
responses has identified several promising, non-
human-homologous antimicrobial targets across 
major foodborne pathogens. These findings lay 
the groundwork for targeted therapeutic 
development, especially against multidrug-
resistant strains. 
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