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Abstract
Salmonellosis is the major bacterial disease of poultry, causing heavy economic losses. Salmonella enterica subspecies enterica se-

rovar Typhimurium, (S. Typhimurium) is one of the most common serovars responsible for human and animal salmonellosis around 
the world. The present study aimed to investigate in vitro-antimicrobial activity of five different essential oils (EOs) procured in pure 
form, against S. Typhimurium (N = 66) and its correlation with MICs of twelve different antibiotics (Abs) which are most commonly 
used in poultry flocks in India. The broth microdilution method determined the minimum Inhibitory Concentration (MIC) of EOs and 
Abs. Results of MICs (mg/ml) of EOs in ascending order were cinnamaldehyde EO (2.10 ± 0.11), carvacrol EO (2.35 ± 0.13), thymol 
EO (3.54 ± 0.20), eugenol EO (3.61 ± 0.28) and citral EO (4.08 ± 0.31). The correlation coefficients between MICs of these five EOs 
and twelve Abs revealed a 60% (36/60) negative correlation. Cinnamaldehyde EO had the lowest MICs and was found to be the most 
effective against avian S. Typhimurium. The more negative correlations with the MICs of antibiotics were reported for EOs of carva-
crol (10/12 Abs) and thymol (09/12 Abs), indicating greater susceptibility of antibiotic-resistant Salmonella toward carvacrol and 
thymol. Because of the negative correlation between MICs of EOs and Abs, it is concluded that the studied essential oils, particularly 
cinnamaldehyde, carvacrol, and thymol can be used as effective alternatives to conventional antibiotics for treating non-typhoid in-
fections caused by S. Typhimurium in poultry.
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Introduction
The Salmonella enterica subspecies enterica serovar Typhimuri-

um (S. Typhimurium) belonging to Family Enterobacteriaceae is 
a rod-shaped, Gram-negative, flagellated, facultative intracellular 
pathogen that infects wide hosts and has zoonotic potential. This 
organism is responsible for food-borne gastroenteritis in humans 
worldwide, mainly caused by contaminated poultry by-products 
[1]. The spread of S. Typhimurium occurs through the consump-
tion of contaminated food or water and contact with infected 

poultry, animals, or human [2]. Antibiotics were previously used as 
antibiotic growth promoters (AGP) to prevent pathogenic bacterial 
growth in the poultry gut and to enhance poultry growth. However, 
antibiotics are currently prohibited as feed additives in poultry be-
cause of the persistence of antibiotic residues in food-producing 
animals [3]. Also, in the case of poultry, the administration of antibi-
otics is the primary control strategy for Salmonellosis, but it rarely 
prevents carrier status in birds [4]. The Gram-negative bacteria like 
Salmonella spp. have a thick lipopolysaccharide (LPS) membrane 
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that limits the susceptibility of microorganisms to various antimi-
crobials, whereas the Gram-positive bacteria lack this LPS layer, 
enabling them more susceptible to antibiotics than Gram-negative 
bacteria [4]. Overuse and misuse of antibiotics in animals and poul-
try have resulted in the emergence and selection of multi-drug re-
sistant (MDR) strains in the food chain [5]. The biofilm formation 
ability in S. Typhimurium and the emergence and spread of MDR 
strains have significantly jeopardized current antibacterial therapy 
since they have widely been recognized as a severe threat to global 
health and food safety in the 21st century [6,7]. An increase in anti-
biotic resistance in S. Typhimurium was reported recently by vari-
ous organizations such as the World Health Organization (WHO), 
the Center for Disease Control and Prevention (CDC), and the Food 
and Agriculture Organization of the United Nations (FAO) [8,9]. As 
a result, there is an urgent need to find appropriate alternatives to 
antibiotics for treating S. Typhimurium strains of poultry origin; 
herbal EO therapy is one among them.

Essential oils (EOs) obtained from various herbs are effective 
against MDR strains of bacteria [10]. Various methods such as 
steam distillation, hydro-distillation, hydro-diffusion, and solvent 
extraction can be used to extract EOs from herbal plants [10]. The 
EOs predominantly disintegrate the outer membrane of Gram-neg-
ative bacteria [11]. Many EOs has multiple antimicrobial mecha-
nism properties and has been correlated with their components. 
But the exact mechanisms underlying the antimicrobial properties 
of EOs are unknown. A variety of mechanisms have been proposed, 
including protein denaturation and cell membrane destruction 
[12]; inhibition of the production of essential enzymes and degra-
dation of the bacterial cell wall [13]; inhibition of the synthesis of 
microbial toxins, prevention of the development of biofilms, reduce 
the fimbriae production [10]; releasing LPS and increasing the per-
meability of the cytoplasmic membrane [11]; leakage of cellular 
contents, inactivation of extracellular enzymes, reduction of intra-
cellular ATP, cytoplasmic coagulation and interruption of electron 
flow [14]. Furthermore, EOs have shown immunostimulatory ef-
fects in poultry without significant biotoxicity [15]. Significant re-
ductions in the levels of pro-inflammatory cytokines and induction 
of anti-inflammatory cytokines were reported after treating with 
EOs [15]. Moreover, EOs protects the birds from the possible ad-
verse effects of commercial antibiotics and the consumers from the 
harmful impact of antibiotic residues [16]. Further, the U.S. Food 

and Drug Administration (FDA) classifies the majority of spice es-
sential oils as ‘generally recognized as safe’ [17].

Most of the available scientific literature on MICs of EOs is based 
on the extract of herbal plants, which contains a mixture of phyto-
constituents. Also, till now no correlation of MICs of EOs and MICs 
of Abs against S. Typhimurium was carried out. Thus, there is vir-
tually no literature revealing MICs of pure EOs containing single 
phytoconstituents against S. Typhimurium and its correlation with 
MICs of different antibiotics. Hence, the main objective of this study 
is to evaluate the in vitro activity (MICs) of five purified EOs (cin-
namaldehyde EO, carvacrol EO, thymol EO, eugenol EO, and citral 
EO) derived from various herbal plants against S. Typhimurium 
and further correlate their MICs with 12 different antibiotics. To 
the best of our knowledge, this appears to be the first of its kind 
in reporting the activity of EOs containing single phytoconstituent 
bearing EOs and antibiotics against S. Typhimurium and their cor-
relation. Thus, the study is novel.

Materials and Methods
Essential Oils (EOs) and antibiotics 

The five essential oils (EO) i.e cinnamaldehyde EO (extracted 
from Cinnamomum ceylanicum), carvacrol EO (extracted from Orig-
anum vulgare), thymol EO (extracted from Thymus citriodorus), eu-
genol EO (extracted from Syzygium aromaticum), and citral EO (ex-
tracted from Cymbopogon citratus) used in the present study were 
procured in pure form (˃ 99%) from IgY Immunologix India Pvt. 
Ltd., Hyderabad, India. The twelve antibiotics used in this study 
were ciprofloxacin, neomycin, doxycycline, enrofloxacin, chloram-
phenicol, amikacin, tetracycline, gentamicin, cefalexin, oxytetracy-
cline, trimethoprim, and bacitracin. The antibiotics were procured 
from HiMedia Laboratories Pvt. Ltd., Mumbai, India.

Bacterial cultures
Salmonella Typhimurium infection continues to be one of the 

biggest issues for the poultry sector in India, not only because of 
the drastic drop in production and significant mortality but also 
its zoonotic importance [18]. Because of its economical and zoo-
notic significance, S. Typhimurium was selected for the present 
study. The S. Typhimurium isolates (n = 66) of poultry origin avail-
able at the Department of Veterinary Pathology, Nagpur Veterinary 
College, Nagpur, Maharashtra, were used in the present study to 
evaluate the in vitro-antimicrobial activity. The bacterial cultures 
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mentioned in this study were confirmed using conventional micro-
biological assays and polymerase chain reaction (PCR) employing 
invA and Spy genes [19,20]. The primers used in the present study 
are depicted in table 1.

Gene Forward primer Reverse primer Amplicon 
Size (bp) Reference 

InvA 5’TCGTGACTCGCG-
TAAATGGCGATA 3’

5’GCAGGCG-
CACGCCATAAT-

CAATAA 3’ 

423 [20]

Spy 5’TTGTTCACTTTT-
TACCCCTGAA 3’

5’CCCTGACAGC-
CG TTAGATATT3’ 

401 [20]

Table 1: Details of Primer sequences used for amplification of 
invA and Spy genes.

Determination of MIC of EOs and antibiotics
The MIC values of these five different EOs and twelve antibiotics 

against S. Typhimurium (N = 66; 1 × 106 CFU/ml) were determined 
by broth microdilution method using 96 well microtitre plates as 
per the standard guidelines specified by Clinical and Laboratory 
Standard Institute [21,22]. Briefly, a hundred µl of these EO/Ab was 
added to the first well. Fifty µl of cation-adjusted Mueller-Hinton 
broth was added from the 2nd to the 12th well. Serial dilution of EO/
Ab was made from the 2nd to the 10th well. Fifty µl of bacterial cells 
(1 × 106 CFU/ml) were added from the 1st to 11th well. The culture 
plate was incubated for 18 h at 370C. After 18hours of incubation, 
15 µl of 0.015% resazurin was added to each of the wells. After 
adding resazurin, the plates were incubated again at 370C for 1.5h 
and the color change from purple to pink was recorded as an indi-
cator of the presence of bacteria. MIC was read as the lowest con-
centration of these EOs and antibiotics that inhibited the growth of 
indicator organisms [23].

Correlation between MICs
The linear associations between MICs of these studied five EOs 

were estimated by the Pearson Correlation Coefficient. Also, the 
MICs of these EOs were correlated with the MICs of 12 antibiotics 
by the same method [24].

Data analysis
All the MIC assays of selected five EOs and 12 Abs against 66 

isolates of S. Typhimurium were carried out in triplicates, as 3 in-
dependent experiments. From that mean MICs were calculated and 
results were expressed as Mean ± standard error (SE). Data were 

Sr No EO Mean MIC (mg/ml for 
EOs, and ug/ml for Abs)

CI (95%)

1 Cn 2.10 ± 0.11b 1.88 - 2.33

2 Ca 2.35 ± 0.13b 2.09 - 2.61

3 Th 3.54 ± 0.20a 3.14 - 3.94

4 Eu 3.61 ± 0.28a 3.04 - 4.18

5 Ct 4.08 ± 0.31a 3.46 - 4.70

6 CIP 30.41 ± 0.49f 20.8 - 40.1

7 N 37.98 ± 0.87f 20.9 - 55.1

8 DO 52.07 ± 0.37f 44.8 - 59.3

9 Ex 77.88 ± 1.21ef 54.1 - 102.0

10 C 80.25 ± 1.39ef 53.2 - 107.2

11 Ak 85.69 ± 2.73ef 31.0 -140.3
12 TE 125.82 ± 1.66de 93.1 - 159.3

13 GEN 169.26 ± 3.85cd 93.8 - 245.1

14 CN 188.32 ± 3.09c 128.1 - 249.3

15 O 190.51 ± 1.91c 153.3 - 228.2
16 TR 381.86 ± 3.00b 323.4 - 441.5

17 B 503.78 ± 2.10a 461.7 - 545.8

Table 2: The mean MIC of different EOs and Abs against Salmo-
nella enterica subspecies enterica serovar Typhimurium of poultry  

origin (N = 66).
Mean ± SE with common alphabets as superscripts do not differ 

significantly, Significance level ≤ 0.01.
(EOs: Essential Oils; Abs: Antibiotics; Cn: Cinnamaldehyde; Ca: Car-
vacrol; Th: Thymol; Eu: Eugenol; Ct: Citral; CIP:  Ciprofloxacin; N: 
Neomycin; DO: Doxycycline; Ex: Enrofloxacin; C: Chloramphenicol; 
Ak: Amikacin, TE: Tetracycline; GEN: Gentamicin; CN: Cefalexin; O: 

Oxytetracycline; TR: Trimethoprim; B: Bacitracin)

statistically analyzed by one-way ANOVA by using Web Agri Stat 
Package (WASP) statistics software (www.icargoa.res.in). The con-
fidential intervals at 95% of MICs of EOs and Abs were calculated 
simultaneously. Similarly, Web Agri Stat Package (WASP) statistics 
software also determined the correlation (Pearson Correlation Co-
efficient) between MICs of all the studied EOs and Abs.

Results
MICs of EOs and Abs

The mean MICs of EOs ranged from 2.10 to 4.08 mg/ml while 
the mean MICs of Abs were in the range of 30.41 to 503.78 μg/ml. 
The statistically significant differences were reported between the 
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mean MICs of EOs as well as antibiotics against S. Typhimurium of 
poultry origin, which are depicted in table 2. 

Correlation between MIC of EOs
The linear correlation between the MICs of different EOs against 

S. Typhimurium is depicted in table 3. We reported positive cor-
relations between all tested pairs of EOs among the pairwise (10 
pairs) possible combinations that we had studied.

EO Cn Ca Th Eu Ct
Cn ------ ------- ----- ------- -----
Ca 0.27187 ------ ------ ------ ------
Th 0.34965 0.47901 ------ ------ ------
Eu 0.20541 0.5007 0.34764 ------ ------
Ct 0.33933 0.36535 0.16989 0.62989 ------

Table 3: Pearson Correlation Coefficient between MICs of EOs.

(EOs: Essential Oils; Cn: Cinnamaldehyde; Ca: Carvacrol;  
Th: Thymol; Eu: Eugenol; Ct: Citral)

Correlation between MIC of EOs and antibiotics
The linear correlation between the MICs of EOs and Abs against 

S. Typhimurium is depicted in Table 4. We have studied all pos-
sible 60 combinations of EOs and antibiotics; among those, 40% 
(24/60) were positively correlated with the MICs of antibiotics. 
For the remaining 60% (36/60), the MICs of EOs were negatively 
correlated with the MICs of antibiotics. The antibiotics (Abs) chlor-
amphenicol, gentamycin, amikacin, bacitracin, and trimethoprim 
revealed a negative correlation with all the tested EOs, while doxy-
cycline and enrofloxacin revealed a positive correlation with all the 
tested EOs. The maximum negative correlations with antibiotics 
were observed for carvacrol and thymol. Carvacrol showed a nega-
tive correlation with 10 out of 12 tested antibiotics, while thymol 
revealed a negative correlation with 9 out of 12 tested antibiotics.

Discussion
Non-typhoid infections in poultry are caused by a non-typhoidal 

group of Salmonella like S. Typhimurium and S. Enteritidis. Salmo-
nella Typhimurium is prevalent in poultry and linked to salmonel-
losis in humans [13]. To control non-typhoid infections in poultry, 
mostly antibiotics are used. Inappropriate use of antibiotics in 
food-producing animals and poultry resulted in bacterial resis-

EOs/Abs CIP N DO Ex C Ak TE GEN CN O TR B
Cn 0.36 -0.07 0.51 0.13 -0.15 -0.04 0.19 -0.16 0.03 0.18 -0.27 -0.20
Ca -0.03 -0.06 0.14 0.19 -0.36 -0.31 -0.10 -0.49 -0.29 -0.08 -0.13 -0.26
Th 0.11 -0.04 0.05 0.29 -0.21 -0.11 -0.03 -0.32 -0.15 -0.02 -0.16 -0.09
Eu 0.03 0.10 0.01 0.17 -0.08 -0.12 -0.08 -0.23 0.04 0.17 -0.08 -0.08
Ct 0.09 0.11 0.13 0.14 -0.14 -0.11 0.04 -0.25 0.06 0.14 -0.23 -0.25

Table 4: Pearson Correlation Coefficient between MICs of EOs and Abs.

(EOs: Essential Oils; Abs: Antibiotics; Cn: Cinnamaldehyde; Ca: Carvacrol; Th: Thymol; Eu: Eugenol; Ct: Citral; CIP:  Ciprofloxacin; N: 
Neomycin; DO: Doxycycline; Ex: Enrofloxacin; C: Chloramphenicol; Ak: Amikacin, TE: Tetracycline; GEN: Gentamicin; CN: Cefalexin; O: 

Oxytetracycline; TR: Trimethoprim; B: Bacitracin)
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tance, which can then be transmitted to humans in three different 
ways: firstly, through contact with animals; secondly, through the 
preparation and consumption of contaminated food; and thirdly 
due to the excretion of resistant bacteria and unmetabolized anti-
biotics by animals and poultry [25]. Hence, a search for a new an-
timicrobial against Salmonellosis is crucial to overcome these drug 
resistance patterns towards antibiotics. EOs obtained from various 
herbal plants are used to control and treat various ailments [16]. 
Therefore, in the present experiment, various EOs in pure form 
were studied for their efficacy against Salmonellosis as an alterna-
tive to antibiotics. All tested EOs in the present study revealed vari-
able action against S. Typhimurium.

In the present study, statistically significant differences (as 
shown in Table 2) were reported between the mean MICs of EOs 
as well as antibiotics against S. Typhimurium of poultry origin. 
Our results revealed that the MIC of cinnamaldehyde EO was sig-
nificantly lower than that of all other studied EOs. Further, the MIC 
of citral EO, reported in the present study was significantly higher 
than that of cinnamaldehyde EO. The higher value of MICs of citral 
EO reported in the present study might be attributed to the sus-
ceptibility of citral to oxidative degradation, which resulted in the 
loss of antimicrobial activity of citral under normal storage condi-
tions [12]. Our findings were also supported by previous research-
ers who observed lower MICs and better antibacterial activities of 
cinnamaldehyde-containing EOs than that of other EOs [16,26,27]. 

Our results are in accordance with an earlier study [24] in which 
minimum inhibitory concentrations of commercial essential oils 
against common chicken pathogenic bacteria were studied. In that 
study, the cinnamaldehyde-containing essential oil (cinnamon) 
was reported to be most effective against chicken pathogenic bac-
teria than that of other EOs [24]. As we recorded, their study also 
revealed that the MIC values for most EOs are higher than those of 
conventional antibiotics. But, because of less toxicity of EOs than 
Abs, they are excellent alternatives to Abs [24]. Similar to antibi-

otic growth promoters (AGP), the productive performance of the 
poultry was enhanced after supplementation of cinnamaldehyde 
EO [28], carvacrol EO, and thymol EO [29]. Hence, apart from the 
therapeutic purpose they can be used as a supplement in poultry 
for better production.

The lower MICs of eugenol EO and higher MICs of citral EO than 
that of the present study were reported earlier [13]. Likewise, a 
higher MIC of Cinnamomum zeylanicum than that of our present 
study was also reported previously [30]. The differences observed 
are correlated with the bioactivity of EOs which is influenced by 
the oil’s entire composition, including minor components and 
potential synergistic, additive, and antagonistic effects. Different 
bioactivity profiles within the same EO have been reported due to 
variations in the oil’s chemical composition [31]. Also, the slight 
differences in the activity of essential oils can be attributed to the 
susceptibility of EOs to degradation by various external factors 
such as light, temperature, oxidation, or hydrolysis [4]. 

Mechanisms underlying the antimicrobial properties of the EOs 
were explained earlier [10,12,13,32]. Cinnamaldehyde is a natu-
rally occurring aromatic aldehyde found in the bark and leaves of 
cinnamon trees and other species of the genus Cinnamomum. Cin-
namaldehyde, first reacts with lipid and hydroxyl radicals, convert-
ing them into stable products via their hydrogen-donating ability. 
And later, these components can inhibit the production of essen-
tial enzymes by bacteria due to the presence of a carbonyl group 
that binds to and inactivates them and/or damages the bacteria’s 
cell wall [13]. Carvacrol, oxygenated monoterpenoid phenol, is 
the major phytoconstituent of Origanum vulgare of the Mediterra-
nean region, exhibits antibacterial activity by permeabilizing and 
depolarizing the cytoplasmic membrane, inhibits the synthesis of 
microbial toxins, prevents the development of biofilms, reduce the 
fimbriae production and anti-inflammatory actions [10]. Thymol is 
the natural oxygenated monoterpenoid phenol derivative of p-Cy-
mene obtained from Thymus citriodorus. Thymol and carvacrol dis-
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integrate the outer membrane of S. Typhimurium [32]. Eugenol is 
included in the phenolic group having allyl chain-substituted guai-
acol, a member of the allylbenzene class of chemical compounds, 
which is the major phytoconstituent Syzygium aromaticum, can 
inhibit the production of essential enzymes by bacteria due to the 
presence of a carbonyl group that binds to and inactivates them 
and/or damages the bacteria’s cell wall [13]. Citral is an acyclic 
monoterpene aldehyde, the major phytoconstituent of Cymbo-
pogon citrates. Citral can disrupt and penetrate the lipid structure 
of bacterial cell walls. Further, citral induces protein denaturation 
and cell membrane destruction, followed by cytoplasmic leakage, 
cell lysis, and death of the bacterial cell [12].

The correlation between MICs of different pairs EOs were ana-
lyzed in the present study and is shown in table 3. If the resistance 
mechanism to EOs and other EOs/antibiotics/other antimicrobials 
is intertwined, we could expect a positive correlation between the 
two substances. We reported all positive correlations between all 
the pairs of EOs. It indicates that an increase in the MIC of one EOs 
is associated with increased tolerance to other EOs and vice-versa. 
The positive correlation between studied essential oils also sug-
gests that they can be used in combination form for better anti-Sal-
monella activity. Combining the various major phytoconstituents 
together in the EOs can enhance the antibacterial properties and 
lower the therapeutic dose. The enhanced antimicrobial activity of 
the EO mixture is due to synergistic effects and is mainly attributed 
to aldehyde groups [3]. Thus, the combinations of EOs help to al-
leviate issues related to flavor, palatability, and cost when used in 
poultry as feed additives.

The correlation between MIC of different EOs and antibiotics re-
ported in the present study is shown in table 4. In the present study, 
we reported a positive correlation between enrofloxacin and doxy-
cycline with all studied EOs. This indicates tolerance against enro-
floxacin and doxycycline of bacteria is associated with tolerance to 
all the studied EOs. In our study, antibiotics such as chlorampheni-
col, gentamicin, amikacin, bacitracin, and trimethoprim revealed a 
negative correlation with all five tested EOs indicating increased 
resistance to these antibiotics against S. Typhimurium is associated 
with increased susceptibility to the EOs. We reported significantly 
lower MIC for ciprofloxacin than other antibiotics. This higher sen-
sitivity of S. Typhimurium to ciprofloxacin could be attributed to 
its limited use due to more price than other antibiotics. Further, 

significantly higher MICs of trimethoprim and bacitracin were re-
ported by us. Less sensitivity of S. Typhimurium to trimethoprim 
and bacitracin is attributed to their indiscriminate use at the field 
level. Drug-resistant forms of Salmonellosis are evolving due to 
the indiscriminate use of antibiotics [33]. Antibiotics are double-
edged swords, its non-rational uses in food-producing animals and 
poultry resulted in pressure selection of antimicrobial-resistant S. 
Typhimurium, endangering both the animal and public health [18]. 
Compared to other species such as bovines or porcine, the chicken 
showed higher antibiotic-resistance diversity to S. Typhimurium 
strains [34]. The emergence of antibiotic-resistant S. Typhimurium 
strains in humans and poultry is concerning. The two antibiotic-
resistant patterns; Penta-resistant pattern ACSSuT (ampicillin, 
chloramphenicol, streptomycin, sulfonamides, and tetracycline) 
and tetra-resistant pattern ASSuT (ampicillin, streptomycin, sul-
fonamides, and tetracycline) in S. Typhimurium were reported 
earlier [34]. Antibacterial resistance in S. Typhimurium is mainly 
mediated by two mechanisms; the first one is the drug inactivation and 
the second mechanism is the reduction in the membrane permeability. 
In the first mechanism, Abs are inactivated through chemical 
modification using enzymes that catalyze different reactions such as 
acetylation, phosphorylation, and adenylation. For example, enzymes 
such as penicillinase and chloramphenicol acetyltransferase can 
acetylate the ß-lactam ring of penicillin and some cephalosporins and 
the two hydroxyl groups of chloramphenicol, respectively. Similarly, 
aminoglycoside-modifying acetyltransferase AAC(6’)-Ib-cr harbors 
two amino acid substitutions at Trp102Arg and Asp179Tyr, which 
confers the ability to acetylate the unsubstituted nitrogen of the C7 
piperazine ring present in several quinolones [35]. Various natural 
or acquired mechanisms including horizontal gene transfer, gene 
deletions, and mutations are responsible for the development of 
antimicrobial multi-resistance [36].

Contradictory to our findings, a more positive correlation be-
tween MICs of EOs containing multiple phytoconstituents and an-
tibiotics was reported previously against poultry pathogens other 
than Salmonella spp. [24], As reported in the present study, the 
previous research [24] also described a more positive correlation 
of EOs with doxycycline than other antibiotics, indicating that in-
creased bacterial tolerance against doxycycline is associated with 
increased tolerance to all the studied Eos.
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As shown in table 4, we reported a negative correlation of car-
vacrol (10 out of 12 antibiotics) and thymol (9 out of 12 antibi-
otics) with antibiotics, indicating greater susceptibility of antibi-
otic-resistant Salmonella toward carvacrol and thymol. Similarly, 
carvacrol and thymol were reported to be most effective against 
antibiotic-resistant Gram-negative bacteria in the previous study 
[17,37]. Pronounced antimicrobial activity and anti-biofilm activity 
against S. typhimurium were shown by those essential oils having 
a higher content of oxygenated monoterpenoid phenol compounds 
[37]. This might be the reason behind the excellent anti-Salmonella 
activity reported for the carvacrol EO and thymol EO.

We reported more negative correlation (60%) between the 
MICs of Abs and MICs of EOs, indicating the effectiveness of EOs 
over antibiotic-resistant Salmonella. Our results supported a previ-
ous study [38] that revealed the efficacy of EOs over conventional 
antibiotics by studying the zone of inhibitions against MDR S. Ty-
phimurium. The zone of inhibitions observed for the various Abs 
such as penicillin, clindamycin, amoxicillin, amphotericin, oxacillin, 
and trimethoprim, etc. were much lower compared to the zone of 
inhibition displayed by the studied EOs against MDR S. Typhimuri-
um. This highlights the superiority of EOs over traditional antibiot-
ics.

Thus, as compared to antibiotics, the studied EOs are of great 
significance against S. Typhimurium mainly due to two reasons. 
Firstly, the serious side effects of Abs on humans in long term due 
to antibiotic-residual effects, and secondly the development of 
MDR strains due to the non-rational use of antibiotics. But, ulti-
mately it highlights the importance of determining the optimum 
dose and possible synergistic and additive effects of EOs in poultry 
to avoid the resistance of various poultry pathogens to EOs. Also, it 
is critical to track the effectiveness of various EOs over time.

Conclusions
It is concluded that the studied essential oils, particularly cin-

namaldehyde, carvacrol, and thymol can be used against avian S. 
Typhimurium and can be commercialized as an efficient, ecologi-
cal alternative to Abs for treating antibiotic resistance non-typhoid 
infections in poultry. Further in vivo studies in poultry are neces-
sary to determine the optimum dose and toxicity of these EOs. Also, 
further investigation is essential to explore the synergistic effects 
of different EOs to enhance anti-Salmonella activity and reduce the 
dosage. 
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