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In response to escalating consumer demand, a significant number of conventional US
poultry farms have transitioned to antibiotic-free and chemical-free practices, particularly those
adopting pasture/organic methods. However, recent reports highlight a resurgence of bacterial
diseases in both conventional and pasture poultry farms, resulting in elevated bird mortality rates
and reduced profitability. This comprehensive study investigates the prevalence of S. Gallinarum
and S. Pullorum, causative agents of fowl typhoid and pullorum disease, in integrated crop-
livestock/pasture farm environments and meat products. A total of 1,286 samples from 7 farms
and 13 retail markets were examined, revealing that S. Pullorum and S. Gallinarum are common
in both farm poultry environments and market products. Antibiotic resistance patterns,
determined through an antibiogram assay, indicated high resistance to multiple antibiotics. S.
Pullorum and S. Gallinarum were discovered in 2.7% and 1.5% of samples, respectively, at the
pre-harvest stage. Only 1.6% of the meat samples recovered from retail markets had S.
Gallinarum detected in them at the post-harvest level. Concurrently, a different study investigates
the possibility of Orange Cold-press Valencia Terpeneless, a citrus oil variety, acting as a natural
antimicrobial in poultry farming. This study tackles the problems caused by a decline in the
usage of antibiotics, which has resulted in an increase in bacterial infections. Citrus oil exhibits
potential as an antimicrobial agent, inhibiting the growth of S. Pullorum and S. Gallinarum, with
consistent MIC and MBC values. Time-dependent experiments with 0.4% citrus oil show total
suppression of bacterial growth, which is confirmed by environmental simulations. Furthermore,
the study reveals that both Salmonella strains have downregulated their virulence genes, which
may indicate a change in the pathogenicity of the bacteria. Overall, the findings highlight the
crucial importance of surveillance programs and preventive measures. Citrus oil is presented as a
promising natural alternative for antibiotics in the treatment of Salmonella-related infections in

the poultry farming industry.
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1. Literature review
1.1. Poultry as a major source of animal protein in the USA and the world

Poultry meat and egg are the most popular foods specifically animal-based proteins
which are consumed around the world, across a wide range of customs, and religions (FAO, 2022).
Poultry products benefit human nutrition by offering high-quality protein, less fat, and a healthy
mix of other essential elements and fatty acids. In recent decades, the consumption of poultry meat
has grown significantly (FAO, 2022). Population growth, urbanization, and rising wages in
developing nations are the main drivers of the growing demand for foods, particularly animal
proteins. Due to its widespread affordability, low-fat content, and lack of religious restrictions and
cultural barriers, chicken dominates the meat industry (FAO, 2022). Compared to other livestock,
chickens mature and gain weight faster and convert feed to meat more effectively (USDA, 2022).
In addition, producers can raise poultry in a variety of conditions, including small plots of land,
because hens can be raised in small places. Farmers in developing nations are also farming poultry
as it is easy and affordable to grow compared to cattle and pig farming. Over the past ten years,
poultry product consumption is increasing by an average of >3% all over the world (USDA, 2022).
For example, poultry products especially meat consumption in West Africa, North Africa, Mexico,
and the Philippines increased by 5%, 4%, 3%, and 4%, respectively.

Global imports rose between 2001 and 2021 as the markets' demand for poultry products
climbed. Over the next ten years, poultry is anticipated to continue being the most widely imported
livestock product by volume (OEC, 2022). Demand for poultry meat increased from 69 million
metric tons in 2001 to about 128 million metric tons in 2021 as a result of the gap between
production and consumption. In those 20 years, worldwide consumption of poultry products has

increased by 86%, which is increased >3% annually (OEC, 2022). Poultry meat ranked 146th in



terms of global trade in 2020, with a $25 billion trade volume which is accounted for 0.15% of
global trade (OEC, 2022). A lot of nations increased domestic poultry production to fulfill the
escalating demand. Brazil, the US, the EU, and Thailand have developed as significant poultry
exporters. Brazil exports more poultry than any other country in the world, and that trend is
expected to continue through 2031. However, many nations, notably in sub-Saharan Africa, have
seen an increase in poultry consumption that has not been kept up with by poultry production
(USDA, 2022).

Similarly, the poultry meat industry plays a significant role in the US Economy. A total
of 48 billion pounds of poultry were produced in the US in 2017 (NAMI, 2022). In the US, there
were 2,979 facilities for processing and slaughtering poultry that were under government
inspection (NAMI, 2022). The U.S. poultry business is significantly impacted by currency
changes, trade discussions, and economic growth in importing nations because about 18 percent
of total chicken production is exported. The production of eggs and poultry makes extensive use
of feed grains (USDA, 2022). Further, The US was ranked second in exporting of poultry meat in
the world in 2020 by which the nation earned $3.93 billion (OEC, 2022).

There are several reasons for the rising demand for poultry products in the US and around
the world, one of which is the public belief that white meat, including chicken, is healthier than
red meat. Meats are generally categorized as red (i.e., beef, pork, lamb) or white (i.e., chicken,
turkey, rabbit) based on the amounts of fat, cholesterol, and iron (Lupoli et al.,2021). The different
kinds of meats have major nutritional distinctions which may affect health outcomes. Poultry
meats are distinct from beef, lamb, or swine meat by having less fat, a better fatty acid profile (i.e.,
primarily unsaturated fatty acids), and less heme iron (Micha et al., 2013). Heme iron and saturated

fat are both known to play a role in the promotion of atherosclerosis (Fang et al., 2015; Han et al.,



2020). According to studies, various protein sources may affect cardiovascular disease in different
ways. It is well known that red meat from beef and hog has different effects than white meat from
chicken. Consuming large amounts of red meat and the products made from it appears to raise the
risk of coronary heart disease. Data show that switching from red meat to white meat has health
benefits (Hu, 2005). The population and urbanization trends in many developing nations and rising
markets like Southeast Asia and sub-Saharan Africa are also one of the reasons for the rising
demand for poultry products. Poultry offers consumers an accessible, cheaper protein source than
other meats as metropolitan areas in these regions become more populated (USDA, 2022). It is
anticipated that these yearly growth rates of poultry will continue to be close to these levels over
the following 10 years or so (USDA, 2022). Therefore, to meet this huge amount of poultry product
demands, both developed and developing nations need to develop sustainable poultry farming.
1.2. Current practices of poultry production and their limitations

Poultry farming is a type of animal husbandry that raises birds specifically chickens,
ducks, turkeys, and geese domestically or commercially primarily to produce meat or eggs for food
but also for feathers (Garrigus, 2022). Conventional large-scale poultry operations continue to be
the mainstay for the commercial production of poultry meat and eggs (Jeni et al., 2021). One of
the grounds the commercial poultry industry has been able to produce meat at such a low cost is
vertical integration. This means that a single business owns and controls numerous phases of
production, including breeding flocks, hatcheries, grow-out flocks, a processing factory, a feed
mill, transportation, and marketing. Vertical integration allows the organization to reduce
expenses, better use barn space and feed production capacity, get better control over product

quality and consistency and take advantage of economies of scale. The biggest cost advantages



stem from having complete control over production capacity, eliminating independent profit
centers, and purchasing feed and supplies in large quantities (Clauer, 2011; Jeni et al., 2021).

However, some farmers believe that in this process of farming, efficiency, essential
values such as farmer autonomy and independence, flock welfare, and the taste and quality of the
meat and eggs have been sacrificed (SARE, 2012). To address the growing demand for
alternatively grown chicken, several producers, particularly those on small- or mid-scale
diversified farms, are choosing to raise birds in alternative ways, such as pasture and free-range
systems that allow poultry to be raised in less constrained conditions with access to the outdoors,
as well as organic poultry production systems (SARE, 2012; Jeni et al., 2021).

1.2.1. Conventional poultry farming and its advantages and limitations

In the US, conventional poultry farming systems account for 99% of total poultry
production (Dunkley, 2018). This refers to commercial broiler chickens that are reared for six to
eight weeks to a market weight of 2.5 to 3.9 kg. These birds, which have a high feed conversion
rate, are mainly Cornish white or white rock breeds. The birds are kept in climate-controlled
environments and fed commercial feed containing antimicrobials and dietary supplements
(Dunkley, 2018).

High stocking densities in broiler sheds limit the behavior of the birds and result in health
issues. Lameness, breast blisters, foot-pad rashes, hock burns, and infections all rise as a result.
Crowded broiler sheds result in moist litter, increased ammonia, and dust particle pollution,
uncontrolled temperature, and humidity, and all these created parameters could have an influence
on the health and welfare of the birds (Turner et al., 2005). In addition, high rearing density may
result in higher levels of competition for scarce resources like food and water, making it more

challenging for subordinates to access the feeders and perhaps resulting in lower feed consumption



per bird (Selam, 2016). In some extreme situations, such conditions cause weak birds to starve to
death. The decrease in birds’ performance, which is frequently seen at high stocking densities is
assumed to be a result of this competition for resources. When food is scarce (as it is in broiler
breeders, for example), it is very critical to provide enough feeding and drinking space per bird to
ensure that all birds have access to resources. This method will not only produce the best feed
conversion (Selam, 2016).

Conventional broiler farming currently achieves 1.5 kg of body weight within 30 days,
instead of 120 days, which was required in the 1950s in traditional farm practices (Selam, 2016).
This outstanding improvement demonstrates the significant improvement in the growth rate of
broilers raised for conventional/commercial purposes. In addition, the feed conversion ratio, and
the quantity of feed consumed for every kilogram of poultry growth, have dropped from 4.4 to
1.47 (Selam, 2016). This has been demonstrated to be essentially the outcome of genetic selection,
and it is widely acknowledged that genetic variables account for most welfare issues (EFSA,
2010). Broilers' hearts and lungs frequently cannot keep up with their bodies' rapid pace of growth
because of selective breeding. Both ascites and sudden death syndrome have a hereditary tendency,
and there is a correlation between them and growth rate. Although breeders are believed to have
considered this health issue in their selection schemes over the past ten years, the occurrence of
ascites should still be evaluated and given a high weighting in selection indices (EFSA, 2010).
They usually experience cardiac failure within the first few weeks of life. In European nations,
0.1% to 3% of broilers die from Sudden Death Syndrome, often known as acute cardiac failure.
Nearly 5% of broilers globally suffer from ascites, the second type of heart failure. According to
industry data from the United Kingdom, the European Union may see approximately 130 million

broilers die of heart failure each year (Turner et al., 2005).



1.2.2. Organic poultry farming and its advantages and limitations

Compared to conventional livestock farming, organic livestock farming specifically aims
to promote animal welfare and health (Vaarst, 2015). The impression that organic and natural
poultry products are safer and healthier than conventionally raised poultry has contributed
significantly to the growth in demand for these products over time. One of the main reasons for
the continuous demand for food that is produced in an unconventional way is the growing desire
for a more natural product without additives to promote growth. More than 10.4 million organic
broilers were produced in the United States in 2005, up from 1.9 million in 2000. From 1.1 million
in 2000 to 2.4 million in 2005, more organic layers were produced. Many people believe that
poultry products raised organically, such as broilers and eggs, are safer and healthier than poultry
products grown conventionally. Organic food is distinguished from conventional food by the
USDA in terms of growing, handling, and processing but not in terms of safety and nutrition.
According to the NOP, chicken grown under the organic program must be raised without artificial
pesticides, antibiotics, hormones, or byproducts of mammalian origin in the feed (Dunkley, 2018).

For organic poultry farming, only organic and non-GMO feed ingredients are permitted.
In addition to the possibility of growth shortages brought on by insufficient dietary supplies of
trace elements and minerals, prebiotics, probiotics, and vaccinations are permitted to take the place
of antibiotic growth boosters. The U.S. Food and Drug Administration (FDA) has approved these
supplements for use with organic diets. L-methionine (MET) is an essential amino acid needed for
the creation of S-adenosyl-methionine (SAM), the main methyl donor in metabolism, as well as
for protein synthesis. Except for methionine, all synthetic amino acids (AA) have been forbidden

for use in organic poultry feeds, according to the USDA-NOP (USDA, 2018). When applying for



organic certification, variables such as living conditions and breeder sources are crucial in addition
to feed (Dunkley, 2018).

To produce organic poultry, outdoors space is necessary. Compared to indoor poultry
systems, where it is relatively simple to implement high levels of biosecurity, this poses a larger
risk of infection (Dahl et al., 2002; Permin et al., 1999). It is possible for birds to come into closer
contact with feces, parasites, or hosts (wild birds) in an outdoor space, raising the risk of infection
and possibly triggering the emergence (or reemergence) of new parasitic illnesses (Permin et al.,
1999; Thamsborg and Roepstorff, 2003). Controlling parasitic infections is more challenging due
to the restricted use of anthelminthics and anti-parasiticides in organic farming (Sossidou et al.,
2015).

Although there is increased interaction with external vectors in the production of organic
poultry, the danger of zoonotic diseases is not directly correlated with any one rearing style. In
Europe, Salmonella and Campylobacter are the most common causes of food-borne illness.
Compared to birds kept in confined housing, the prevalence of infection is maintained at a higher
level in free-range birds (McCrea et al., 2006; Heuer et al., 2001). In the Netherlands, it was
discovered that the prevalence of Salmonella in broilers was similar (about 13%) in organic and
conventional systems (Rodenburg and Koene, 2007). Campylobacter spp. were found in the
majority of organic (76%) and conventional (74%) hens, while Salmonella spp. were found in 61%
of organic and 44% of conventional chickens. However, most isolates (79%) from organic
chickens were sensitive to 17 antimicrobials examined, in contrast to Salmonella enterica serovar
typhimurium isolates from conventional hens, which were resistant to five or more antimicrobials

(Shenghui et al., 2005).



1.2.3. Non-certified organic or pasture poultry farming and its advantages and limitations

Raising poultry on pastures is not a novel idea. Before the now-dominant enclosed animal
management style operations began at the end of the 1950s, the majority of broilers, layers, and
other domesticated birds were raised in open-air settings (Gueye, 1998). In terms of animal
welfare, some consumers favor pasture-based approaches for raising poultry (Coffey and Baier,
2012). Free-range and pastured chicken production can advance animal welfare in addition to
potentially enhancing bird performance and GIT health (Pedersen et al., 2003). In fact, free-range
farming not only gives the birds space, fresh air, and direct sunlight, but also permits the birds to
engage in natural behaviors including dust bathing, scratching, foraging, running, and flying while
lowering the incidence of pecking due to reduced stocking density (Bestman et al., 2018). Recent
studies have shown that free-range and pastured poultry farming have marketable advantages that
consumers perceive, such as antibiotic-free poultry products, high quality eggs, and desired meat
flavor, which has led to an overall commercial appeal (Sossidou et al., 2011; O'Bryan et al., 2014;
Pettersson et al., 2016; Bray and Ankeny, 2017).

Predation is minimal in conventional poultry industries since the area is climate-
controlled and regularly examined. The exposure to predators may be significantly more common
in alternative outdoor-based farming production, where flocks have access to free-range spaces,
which results in financial losses (Igbal and Pampori, 2008). The way the flocks are housed and
handled is where the main distinction between the two methods lies. It is well known from
commercial conventional poultry production that exposure to various environmental bacteria can
negatively affect flock health, and in free-range farming, birds are colonized by a diversified
bacterial population prevalent in their surroundings. Due to the prolonged length of interaction

with free-range hens, shavings, and dung, a higher amount of Enterobacteriaceae can be found on



eggshells, which might have harmful effects such as microbiological contamination of eggs (Parisi
et al., 2015). Sickness, which can either be clinical, resulting in mortality and observable disease,
or subclinical, resulting in diminished performance and other imperceptible problems, is one of
the major challenges (Whay et al., 2007; Weeks et al., 2016; Scott et al., 2018).
1.3. Strategies for sustainable poultry farming

Williams et al. (2009) provided an example of when they evaluated various poultry
production methods and concluded that organic and non-organic methods were difficult to
compare because they had distinct goals. However, because of slower growth rates and lower
animal density, the nutrient production per hectare was typically lower in organic systems. Because
it uses more resources to produce less food for people, this can be viewed as unsustainable.
Nevertheless, Leinonen et al. (2012a; 2012b) found that, compared to other systems (cage, barn,
or free range), organic egg and meat production had the highest feed consumption, least output-
efficient production, and lowest feed conversion ratio (FCR). However, several components of
conventional feed, like the usage of pure amino acids, non-organic soy, and palm oil, have a
significant negative influence on the environment (Leinonen et al., 2013). Poultry would fit well
into a diversified agricultural system with locally sourced feed if a production system did not rely
on imported feed. The slower growth of hens and access to outdoor areas might therefore result in
higher animal welfare and better use of marginal land. Even higher animal welfare may result from
combining the production of chickens and fruit, such as through the management of pests and
weeds and the application of manure to trees (Pedersen et al., 2004).

Any sort of production that depends on the use of drugs, where there is a chance that
bacteria will get resistant over time, or whose residues contaminate the environment, definitely

cannot be categorized as "sustainable," especially if drugs are employed for prevention and/or as



mass medication (Vaarst et al., 2015). Research in the field of sustainable health has been sparked
by tightening laws on the use of chemicals and antibiotics in food animals. Production levels will
fall short of optimal levels without the development and implementation of sustainable solutions
for the rearing of healthy poultry flocks (USDA 2016). Prebiotics and probiotics, bacteriophages,
and vaccinations are techniques for preventing disease and enhancing performance that can help
reduce the need for antibiotics and other chemicals in the production of poultry. Feed additives
also gain popularity in poultry production after the restriction on antibiotic growth promoters, such
as probiotics, prebiotics, symbiotics, organic acids, enzymes, and photogenic (phytobiotic)
containing herbs, botanicals, oleoresin, and essential oils (El-Hack et al., 2022). Salmonella,
Campylobacter, Clostridium, Coccidia, Bordetella, and avian influenza are among the illnesses
being targeted (USDA 2016).
1.4. Major poultry diseases and prevention

Disease is referred to as physiological function that is impaired due to a structural or
functional change in the cells or organisms (Slauson and Cooper, 2002). There are direct and
indirect causes of diseases, and both are typically present when a disease manifests. Conditions
that put an animal under stress and reduce its resistance to illness are considered indirect causes.
Poor temperature, crowding, inadequate feed and/or water, overmedication, and other stressors are
examples of stress factors. As the start of one disease will weaken a bird's immunity to another, a
disease itself may be a predisposing factor. Bacteria, viruses, parasites, fungi, dietary deficiencies,
chemical toxins, and excessive medication are all direct causes of disease (Davis, 2012).

Numerous negative economic and societal effects are caused by poultry diseases. These
may be brought on by a single factor or, more frequently, by several diverse variables working

together, such as the climate, population density, management strategies, and immunization status
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(Al Mamun and Mehetazul, 2019). They result in significant chicken mortality and morbidity, high
treatment costs, and loss of production and market value, and they can endanger public health by
spreading zoonoses (Wubet et al. 2019). Multifactorial diseases are more challenging to identify
and occasionally call for an epidemiological strategy. This method enables the evaluation of all
potential causative agents and risk variables, the selection of the most appropriate laboratory tests,
and causative agent identification. The intrinsic characteristics that can determine the existence of
a disease (such as species, breed or strain, immune condition, and age of the bird) must also be
considered (Sjaak de Wit, 2008). Therefore, the prevalence of poultry diseases, poultry morbidity,
and poultry mortality are valuable, quantifiable indicators to assess a flock's general health and
production (Marangon and Busani 2007). These indicators can be used to track how well programs
for disease control and prevention are working (Asfaw et al., 2021).

A thorough assessment of the entire farm is necessary for disease prevention and
management, as well as the implementation of several biosecurity measures that make it feasible
to weigh potential risks against the production system. Once established, all contributing causes to
disease can be more easily identified and addressed. The suggested course of action is to conduct
a risk assessment, create Hazard analysis and critical control point (HACCP) principles on the
poultry farm, and identify the potential hazards that could occur and the locations where
biosecurity measures must be put in place (Collett, 2013). Environmental management and control
techniques, including as the development of vaccination and medicine programs and the use of
powerful cleaners, sanitizers, and disinfectants, are all part of biosecurity. To control infections
and lessen their impact on the economy and public health, these biosecurity measures are crucial

(Lister, 2008).
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1.5. Poultry bacterial diseases

All bacteria are not harmful to an animal's health. In truth, most bacteria are helpful and
required for a variety of functions, including the digestion of food and the production of some
dairy products. The classification of bacteria into species allows disease-causing organisms to be
distinguished from those that are beneficial or harmless. If disease-producing species are present,
they must be isolated and identified to stop the transmission of the bacteria to other animals or
within the body of the affected animal (Berry and Whiteneck, 1986).

About half of the non-outbreak-related mortality in commercial layers and broiler
breeders is caused by bacterial infections. A broiler's mortality during the first week of life may
be caused by bacterial infections 50% of the time. Bacterial infection outbreaks have the potential
to drastically increase mortality and, in extreme situations, all but wipe out flocks. Therefore, it is
crucial to make efforts to understand and manage these illnesses. Fowl typhoid and pullorum
disease are diseases that mostly affect young chicks, and any production system must take these
infections seriously. In addition to higher mortality, subclinical illnesses can cause significant
output losses. Due to growing free-range and organic farming, other traditional bacterial illnesses
including fowl typhoid and pullorum disease have grown more serious in several nations (Thgfner
and Christensen, 2021; CFSPH, 2019).

1.5.1. Fowl typhoid

Gram-negative and zoonotic bacteria, Salmonella enterica subsp. enterica serovar
Gallinarum (S. Gallinarum) causes the systemic illness known as fowl typhoid, with mortality
rates reaching 80% in domestic chickens at any age (Zhao et al., 2015). Another salmonellosis,
such as that caused by S. Enteritidis, is pathogenic to humans and produces diarrhea, nausea,

stomach discomfort, vomiting, low fever, and chills even though S. Gallinarum is a host restricted
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to birds and hence poses a negligible risk to human’s health (Yan et al., 2015). S. Gallinarum was
discovered in a urinary tract infection of a kidney transplant patient in 2017, and it's probable that
further infections may have gone unnoticed (Ahamed et al., 2017). People with HIV infection or
other immunosuppressive circumstances have occasionally had organisms from group D
Salmonella recovered from them (Abuhasna et al., 2012). The infection affects hens of all ages
and causes hepatosplenomegaly, which is followed by liver bronzing, anemia, and septicemia,
according to the study. This bacterial infection causes severe inflammation, such as splenitis,
hepatitis, and omphalitis, which causes enormous economic losses to poultry, where mortality rates
can exceed 80%. As a result, it's common to see decreased egg production, sterility, poor
hatchability, and higher mortality (Biazus et al., 2017).

The breed of the bird can influence how severe the sickness is, although, in particularly
sensitive birds, fatality rates can exceed 100%. Despite being completely eradicated from
commercial poultry in many nations with highly established poultry sectors, like the United States,
Canada, Australia, and the majority of the European Union, fowl typhoid is still widespread in
some nations (Barrow, 2011). The causing organism, however, may still be present in backyard
flocks of chickens and game birds even in these regions. When it comes to game birds, which are
frequently raised in semi-wild production systems, it is particularly challenging to control.
Additionally, there are sporadic outbreaks in commercial poultry, and there are some worries that
exposure may rise as a result of the rising desire for free-range poultry (Shivaprasad, 2000).

S. Gallinarum are thought to have a high level of bird adaptation. Although clinical cases
of this organism have been reported in ducks, geese, pigeons, various psittacines, sparrows,
starlings, and other birds, they typically cause illnesses in chickens, turkeys, and game birds (such

as pheasants, quail, guinea fowl, partridges, and peacocks). A study found S. Gallinarum in a wood
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pigeon (Columba palumbus), asymptomatic rooks (Corvus frugilegus), and a gray partridge
(Perdix perdix) that had indications of fowl typhoid near an epidemic in poultry. However, as this
organism was not discovered in rooks from a different area, it is possible that wild birds are not
this biotype's major maintenance hosts (CFSPH, 2019).

It is possible for fowl typhoid to spread orally through food, water, or cannibalism as
well as through the respiratory system. The pathogenic organism can also enter the body through
other openings, such as wounds. The bacteria S. Gallinarum is present in the feces of sick birds,
but it does not appear to colonize the intestines when there is no illness. Although S. Gallinarum
has been found in eggs, experimentally reproducing vertical transmission to offspring has been
challenging. Fowl typhoid incubation period is brief, frequently falling between 4 and 6 days.
Furthermore, it appears that highly vulnerable birds who survive clear S. Gallinarum, and do not
go on to become carriers (Yeakel, 2019). However, the persistent carriage has been replicated in
hens that were resistant to clinical symptoms; it has been reported that these birds carried the
parasite for at least 14 weeks. S. Gallinarum may endure in the environment for several months or
perhaps several years under ideal circumstances. It may only survive for a few weeks or less at
some sites since it can be killed by sunlight and/or extreme ambient temperatures. Wild mammals,
birds, and insects can function as biological or mechanical vectors. Red mites (Dermanyssus
gallinae) may keep this bacterium alive for several months and appear to have a role in the
transmission of fowl typhoid (CFSPH, 2019).

Although other agents, such as quaternary ammonium compounds and iodophors, may
also be utilized, some writers claim that phenol-based compounds are the most effective
disinfectants in field conditions. Additionally, 1% sodium hypochlorite, formalin (e.g., 4%

formaldehyde), 2% glutaraldehyde, 70% ethanol, 70% propanol, 2% peracetic acid, 3-6%
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hydrogen peroxide, ozone, chlorine dioxide gas, dichloride of mercury, and potassium
permanganate have all been reported to be effective against Salmonella spp. and/or Gram-negative
bacteria. Salmonella spp. can also be killed by autoclaving (wet heat of 1210C/250°F for at least
15 minutes or the dry heat of 1700C/338°F for at least an hour) (Kim et al., 2016).

All ages of birds are affected by fowl typhoid. Soon after hatching, dead and dying chicks
may be discovered. However, elderly birds frequently get this illness. In poultry and game birds,
common clinical symptoms include depression, decreased appetite, weight loss, dehydration,
ruffled feathers, and watery to mucoid yellowish diarrhea. Distress with breathing may also be
noted. Egg production often declines along with hatchability and fertility. In birds that live longer,
a progressive loss of condition can result in anemia, which is accompanied by pale, shrinking
combs and wattles. Atypical syndrome outbreaks may also occur. Few birds displayed any clinical
symptoms during one outbreak in quail, which was marked by low egg production and significant
mortality (CFSPH, 2019).

A dark, swollen, friable liver that frequently has a coppery bronze tone is common in
birds with acute fowl typhoid, as are generalized indications of septicemia. It's possible that the
liver only turns this copper color after being exposed to air. Catarrhal enteritis, which frequently
affects the small intestine and is characterized by viscous, bile-stained, slimy intestinal contents,
is widespread. It has been noted that chickens rarely get intestinal ulcerations, whereas turkey
poults regularly do. On occasion, the intestinal wall can be seen through necrotic foci. Some guinea
fowl have clogged lungs, airsacculitis, and mucus in the upper respiratory system, and turkeys with
fowl typhoid may have grey lungs. Usually, bone marrow is a dark brown color (Shivaprasad,

2000; CFSPH, 2019).
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Some outbreaks of fowl typhoid in budgerigars (Melopsittacus undulatus) at 3 facilities
resulted in morbidity rates of 45-60% and mortality rates of 35-60% in adults, and morbidity rates
of 80-90% and mortality rates of 65-80% in young birds (Tunca et al., 2012). Mortality rates in
the range of 50% or higher have been reported in some outbreaks in game birds (Pennycott, 2008).
Most of the waterfowl breeds raised today appear to be resistant to clinical indications, despite the
fact that these diseases have been identified in ducks and geese and certain birds can contract them
(CFSPH, 2019).

1.5.2. Pullorum disease

Salmonella enterica serovar Pullorum (S. Pullorum), is the agent that causes Pullorum
disease. It belongs to the Enterobacteriaceae family and belongs to Salmonella serogroup D (non-
flagellated organisms with O antigens 1, 9, and 12) (Xu et al., 2016). Serological and/or
bacteriological evidence for S. Pullorum has been detected in a variety of species from terrestrial
and aquatic settings, including seabirds, even though clinical cases do not appear to be widespread
in wild birds. Some of these investigations are unclear since serological tests for S. Pullorum may
also find antibodies to other Salmonella serovars Mammal infections are uncommon, however, a
few cases of S. Pullorum infections in pigs, cattle, cats, dogs, foxes, mink, rabbits, guinea pigs,
laboratory and wild rats, chinchillas, and chimpanzees have been documented (CFSPH, 2019;
Yeakel, 2019).

Just like fowl typhoid, pullorum disease is widespread in several nations in Central and
South America, Africa, and Asia. Many other countries with highly established chicken sectors,
including the United States, Canada, New Zealand, Australia, Japan, and most countries in Europe,
have successfully eradicated these illnesses from commercial poultry. However, backyard flocks,

game birds, and wild birds may still harbor S. Gallinarum and S. Pullorum in these nations
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(Shivaprasad, 2000). Rarely are clinical cases in humans brought on by S. Pullorum and S.
Gallinarum. Only 26 of the more than 450,000 Salmonella isolates from humans in the United
States between 1982 and 1992 were attributed to these germs, according to one report. The most
typical appearance is believed to be self-limiting enteritis, while different symptoms have been
noted. They still pose an unknown threat to people with impaired immune systems (CFSPH, 2019).

When analyzing the pullorum disease epidemiology, vertical transmission is crucial.
Some infected fowl develop long-term asymptomatic S. Pullorum carriers and pass it on to their
offspring through their eggs. Even while there may only be a few infected eggs, horizontal
transmission might cause the outbreak to spread more quickly once the chick’s hatch. Young birds
are the major casualties of pullorum disease. This illness often affects chickens younger than 3-4
weeks old, with peak mortality occurring at 2—-3 weeks. Some embryos may die in the egg if birds
are hatched from infected eggs, and dead and dying chicks can be discovered soon after hatching.
Unspecific symptoms of acute septicemia in young birds include depression or somnolence,
weakness, appetite loss, drooping wings, huddling, hard breathing, dehydration, and ruffled
feathers. Fecal pasting is frequently observed around the vent, and diarrhea—which is typically
white and viscous—is widespread. Older chickens may experience a less severe course of illness,
and arthritis affecting different joints, particularly the hock, has been seen in some outbreaks
(Yeakel, 2019; CFSPH, 2019).

Unabsorbed yolk sacs, which occasionally contain signs of infection (such as creamy or
caseous material), peritonitis, congested lungs, and a dark, enlarged liver are typical symptoms in
recently born birds with pullorum disease. Some chicks merely exhibit septicemia-related
symptoms, such as dilated subcutaneous blood vessels and a clogged liver, or they show no

obvious abnormalities. Longer-living chicks usually suffer typhlitis, which manifests as small
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white or grey necrotic foci or nodules in the liver, spleen, lungs, heart, and other viscera as well as
hard, cheesy material in the cecum (necrotic cecal casts). Some nodules may resemble Marek's
disease tumors. Young pheasants are said to have liver lesions less frequently than young chickens,
although lung lesions, or white or pale nodules, can be more noticeable in this species. The swollen
joints of arthritis-affected poultry chicks contain an exudate that has been characterized as cream-
colored, yellow, or orange, and gelatinous or viscous in various outbreaks. Exudates were present
in the anterior chamber of the eye in birds with ocular diseases. Acutely deceased birds cannot
have any noticeable injuries (Shivaprasad, 2000; Yeakel, 2019).

The most frequent gross lesion in adult Salmonella Pullorum carriers is misshapen,
discolored, and/or shrinking ovaries. Common abnormalities include ovarian follicles that are
nodular or regressing, an inactive ovary with small, immature ova, or a few aberrant ova among
normal ovules. The aberrant eggs may contain encapsulated caseous and greasy material, and the
afflicted follicles are frequently connected by pedunculated fibrous stalks. The oviduct may also
contain caseous material. Ovarian dysfunction can cause fibrinous peritonitis in some birds by
causing peritoneal ovulation or oviduct impaction. Some carriers have also been noted to develop
other lesions such pericarditis, arthritis, or foci of necrosis in the testicles (CFSPH, 2019;
Shivaprasad, 2000).

1.6. Drawbacks of using antibiotics to control diseases

The world population is projected to reach 7.8 billion (World Bank, 2021) and the need
for animal-based food tends to increase daily, particularly in developing nations (Krehbiel, 2013).
One of the most effective chemotherapies is undoubtedly the use of antibiotics. Since the 1940s, a
variety of antibiotics have significantly contributed to the prevention, management, and treatment

of infectious illnesses in animals (Forman and Burch, 1947). Low and sub-therapeutic doses of
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antibiotics are crucial for increasing the effectiveness of feed, fostering animal growth, and
preventing and controlling disease (Dibner and Richards, 2005; Niewold, 2007). Research from
Future Market Insights (2022) predicts that the global market for animal antibiotics and
antimicrobials will expand during the forecasted time period. The market is expected to reach a
value of US$ 3.5 billion by 2032, up from US$ 2.2 billion in 2022.

Bacterial and parasite illnesses were more prevalent with increased livestock production.
According to an estimate, the chicken business was seriously threatened by 80 different species of
bacteria, including Escherichia coli, Salmonella, and Clostridium welchii. In 2012,
Staphylococcus aureus-related mastitis in dairy cows caused a loss of $2 billion annually in the
United States of America (USA) and an average cost of €485 per dairy cow in the European Union
(EU) (Heikkila et al., 2012). Streptococcus pneumonia infection elevated morbidity and mortality
rates in calves to 40 and 20%, respectively (Akkermans and Vecht, 1994; Vogel et al., 2001).
Bacteria infect more than 50% of aquatic animals annually (Scarfe et al., 2011). Vibrio vulnificus
becomes a possible health risk for both humans and aquatic animals (Yano et al., 2004). Due to
their 100% mortality rate in young hens, S. Pullorum and Gallinarum are common in
underdeveloped nations such as Asia, Africa, Central America, and South America (Jones et al.,
2001; Kang et al., 2011).

Antibiotic growth promoters (AGPSs) have been extensively utilized to boost food animal
performance. By feeding fermentation offal from the chlortetracycline production of Streptomyces
aureofaciens to chickens shortly after the advent of the therapeutic use of antibiotics, the effect of
these products on stimulating growth in chickens was revealed (Jukes et al., 1953). Since then, a
number of antibiotics have been utilized to encourage the growth of agricultural animals. These

medications were introduced at the same time as intensive animal rearing. These goods increased
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animal growth and feed conversion while lowering mortality and morbidity from both clinical and
subclinical illnesses. According to estimates, feed utilization increased by 2 to 5%, and the average
growth improvement was between 4 and 8%. (Ewing and Cole, 1994).

The actual workings of growth promotion mechanisms are still unclear. It appears from
experiments with germ-free hens that the growth boosters' antibacterial activity mediates their
impact (91). There are four theories put forth to explain how they work: nutrients may be protected
from bacterial oxidation; nutrient absorption may improve due to a thinning of the small intestinal
barrier; antibiotics may reduce the production of toxins by intestinal bacteria; and there may be a
decrease in the incidence of subclinical intestinal infections (Feighner and Dashkevicz, 1987).

Moore discovered in 1946 that a low dose of streptomycin accelerated the growth of
chicks (Moore and Evenson, 1946; Dibner and Richards, 2005). Chlortetracycline, Doxycycline,
and Sulfonamides subsequently contributed to the enhancement of growth in calves, pigs, and
chickens. Penicillin was found to act as a growth booster for food-animals in a fermentation
mixture, according to research by Cunha from the University of Florida and Stokstad from the
University of Washington (Cunha et al., 1951). Antimicrobials have been used legally in feed for
more than 60 years. In 1951, the US Food and Drug Administration (US FDA) approved these
medications as growth boosters for animals. In the USA, antimicrobials were added to animal feed
in 47.9% of cases up until 1978. In the early 1990s, around 60% of poultry, 93% of chicken, 97%
of developing pigs, and 80% of fattening pigs received antimicrobials through food. In the USA
throughout the 1990s, more than 40% of pharmaceuticals were added to animal feed at a
subtherapeutic level to increase animal productivity (Van Lunen, 2003). Veterinarian

antimicrobials are frequently required to meet the rising demand for human food due to their
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significant contribution to the development of food-animal production on a global scale (Hao et
al., 2014).

In the Middle East and East Asian nations, treating broiler chicks under three days of age
with medication to get rid of vertically or hatchery-transmitted bacterial infections is widespread
(Oosterloo et al., 2020). When ceftiofur resistance became a concern more than ten years ago,
some hatcheries voluntarily switched from employing ceftiofur to lincomycin-spectinomycin
(Verrette et al., 2019). The effects of ceasing to use ceftiofur and switching to the commonly used
antibacterial drug combination of lincomycin and spectinomycin are still unknown. Amoxicillin is
an antibiotic with a broad spectrum of activity that is a member of the penicillin family and the
aminopenicillin subclass (de Marco et al., 2017). A quinolone created expressly for animal use,
enrofloxacin, demonstrates extensive antibacterial action. It is a strong antibiotic that works
against both gram-positive and gram-negative microbes (Ruiz, 2003). Due to the need to eradicate
contaminated flocks, the antibiotic treatment for fowl typhoid and pullorum disease is only
permitted for commercial egg layer hens and meat-producing broilers and is not authorized for
breeder lines. In the poultry sector, systemic bacterial infections, particularly those brought on by
S. Gallinarum and S. Pullorum in commercial chickens, have been treated or controlled through
the prophylactic use of antibiotics including beta-lactams, aminoglycosides, and fluoroquinolones
(Antonio et al., 2016).

Antimicrobial resistance is a problem that affects the entire world, where there aren't any
rigorous regulations or assessments of Salmonella's antimicrobial resistance, but people can easily
buy antibiotics without a prescription and treatment regimens don't complete because of patient
noncompliance (Beyene et al., 2011). In fact, the use of AGPs has been outlawed in the European

Union, and pressure is mounting for more stringent rules in North America (Bidhendi et al., 2015).
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Extended spectrum beta-lactamase (ESBL) genes have emerged and are maintained due to the
widespread and inappropriate use of antimicrobial medicines in poultry production, which poses a
severe danger to the poultry business as well as public health concerns (Parvej et al., 2016).
Salmonella appears to be becoming more resistant to routinely used antimicrobials in both the
veterinary and public health fields, according to investigations on the disease carried out in
Ethiopia (Berhanu and Fulasa, 2020).

This highlights the significance of salmonellosis in the nation, together with the custom
of consuming raw meat and the indiscriminate use of antibiotics. A significant risk may exist when
treating clinical cases where resistance to two or more antimicrobials exists because a high
percentage of Salmonella isolates developed resistance to the commonly prescribed antimicrobials
(Parvej et al., 2016; Addis et al., 2011). In certain nations, fowl typhoid and pullorum disease are
still treated with antibiotics. Numerous chemotherapeutic treatments have been proven to be
successful in lowering mortality, but they are unable to completely eradicate the infection from a
flock. Birds often retain their infection after the treatment period ends and are able to contract it
again from their immediate surroundings (Berhanu and Fulasa, 2020). A progressive rise in
mutational resistance in S. Gallinarum, detectable in vitro by minimum inhibitory concentration,
has been caused by the extensive use of furazolidone to control fowl typhoid. Numerous pathogens
have developed antibiotic resistance as a result of the indiscriminate use of antibiotics. The
continued use of these pathogen-resistant medications may cause the pathogen to evolve into
highly resistant strains that can travel across the environment and cause future massive disease
outbreaks (Okwori et al., 2013).

Because it was thought to cause fluoroquinolone resistance in Campylobacter and

Salmonella from poultry and contribute to the failure of antibiotic treatment in humans, the US-
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FDA withdrew the use of enrofloxacin in poultry in 2005 (Nelson et al., 2007). Between 2005 and
2007, the rate of fluoroquinolone resistance in Campylobacter and Salmonella in chicken
decreased following the withdrawal of enrofloxacin from poultry (NARMS, 2010). It was also
noted by human clinicians that domestically acquired Campylobacter and Salmonella infections
had lower susceptibility to fluoroquinolones, and this was seen as a significant public health
accomplishment (Nelson et al., 2007). However, between 2008 and 2010, the occurrence rate of
fluoroquinolone-resistant C. jejuni from chicken breasts increased once again (15.2-22.5%) (Hao
etal., 2014).

Antibiotic-resistant bacteria are more likely to survive when antimicrobials are used,
regardless of the environment. Antibiotic-resistant bacteria are starting to appear in the food chain
as a result of the common practice of administering antimicrobials to domestic animals for growth
promotion and prevention (Adeleke et al., 2012). Some of these infections have developed
substantial antimicrobial resistance, especially as multi-drug resistant strains or variations have
started to appear. Since they have created a variety of complex systems for obtaining and
dispersing plasmids, transposons, phages, and other genetic determinants, some of these pathogens
isolated from environmental sources have demonstrated enhanced resistance to antibiotics (Obi et
al., 2015).

1.7. Alternative option to control fowl typhoid and pullorum disease

One of the key components of the sustainable Strategy is to develop an alternative
antimicrobial which can prevent or cure the disease without the consequence of drug resistance
issue. Many literatures have suggested a wide range of unique strategies to combat bacteria,
including antimicrobial proteins (AMPSs), compounds derived from plants that are antimicrobial,

probiotics, and bacteriophages goods (Lojewska and Sakowicz, 2021). Biological alternatives to
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antibiotics are currently employed more frequently in the treatment and prevention of bacterial
pathogenic illnesses, as evidenced by the numerous academic papers, clinical studies, and
commercial goods (Lojewska and Sakowicz, 2021).

Plants naturally possess antibacterial characteristics, which have been known for
generations. However, it has only been in recent years that their ability to inhibit viruses that cause
food poisoning has been scientifically shown. A natural and abundant source of potential
physiologically active compounds are plants. Plants had to evolve a wide range of complex defense
mechanisms to withstand repeated attacks by microbes in their environment. Since plants lack cell-
based immune responses, they had to develop alternative strategies for battling germs. Plants
contain a wide variety of useful substances, including polyphenols, phenols, micronutrients,
phytochemicals, and essential oils. Particularly in the context of animal nutrition, such compounds
of plant origin are occasionally referred to as phytobiotics (Bagno et al., 2018). These organic
materials have both antibacterial and natural antioxidant activity. Over 30,000 active antibacterial
compounds have reportedly been found in plants (Tajkarimi et al., 2010). The bulk of essential
oils extracted from well-known herbs contain antibacterial properties that are ascribed to phenolic
and terpenoid chemicals, which can build up in bacterial membranes and cause problems. They
can be divided into a few main classes according to their chemical makeup, including phenolics,
alkaloids, and essential oils (Lojewska and Sakowicz, 2021).

Essential oils are one of the promising antibiotic alternatives, they are a type of volatile
oily liquid substance that may be extracted from various plant components, including fruits, seeds,
peels, flowers, and leaves (EIl Asbahani et al., 2015). Numerous studies revealed the antibacterial,
insecticidal, antioxidant, and anti-inflammatory properties of essential oils (Bakkali et al., 2008).

Regarding the antimicrobial component, essential oils are frequently utilized as human
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medications, veterinary medications, and food preservatives (Idris et al., 2017; Trifan et al., 2020).
Additionally, essential oils have been reported to have antimicrobial properties on chickens
(Skoufos et al., 2016).

The method of action of an antibiotic or other microorganisms on their cells is extremely
complicated; it includes, among other things, membrane protein denaturation, cell membrane
disintegration, and microorganism cell lysis. Additionally, they can impair cell membrane
permeability and electron flow, deactivate enzymes involved in the synthesis of membranes and
cell walls, cellular and cell organelles, and inhibit DNA and RNA synthesis, protein and
polysaccharide uptake, participation in metabolic processes, and cell division. As compounds with
a high lipophilicity, essential oils permeate through the cell membrane and wall of microbes with
ease, causing disruption and impairing vital microbe survival processes. Additionally, it is thought
that one of the potential modes of action of plant extracts and essential oils is to prevent bacterial
cell division (Lojewska and Sakowicz, 2021).

Citrus oil, a byproduct of the processing of orange juice, is one essential oil that is
frequently examined. About 400 different natural chemicals make up citrus oils, which vary in
composition depending on the type of citrus cultivar used, as well as the extraction and separation
techniques used. Citrus oils on the other hand, have been a staple of the human diet for hundreds
of years and have therefore been acknowledged by the Food and Drug Administration as generally
recognized as safe (GRAS) (Dorman and Deans, 2000; Oussalah et al., 2006) as novel
antimicrobials (FDA). Citrus oil is widely available on the global market, making the use of these
oils in animal feed possible (Ambrosio et al., 2019). It has been observed that broilers' live body
weight and feed conversion ratio rose when citrus sinensis peel mixes of organic acid and essential

oils (thyme, bay leaf, fennel, sage, myrtle, and orange peel oils) were used (Bozkurt et al., 2007).
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Citrus oil also has demonstrated good ability to combat pathogenic bacteria such Listeria spp., E.
coli, Staphylococcus aureus, Bacillus cereus and Salmonella spp. making them a great choice for
that use (Ambrosio et al., 2019; Friedly et al., 2009; O’Bryan et al., 2008; Chanthaphon et al.,
2008).

Three Arcobacter strains and 21 Campylobacter strains, including 14 C. jejuni strains, of
which four were isolated from poultry, were tested by Nannapaneni et al. (2009) using seven
fractions of orange oil. When C. jejuni, including those isolated from chicken, were observed on
disk diffusion agar, cold pressed (CP) terpeneless Valencia orange oil produced the widest zones
of inhibition (in mm), whereas other orange oil fractions produced more constrained zones of
inhibition. Additionally, C. coli and Arcobacter were said to be inhibited by valencia orange oil.
O'Bryan et al. (2008) investigated seven citrus essential oils for their antibacterial efficacy against
11 Salmonella serovers using a disc diffusion assay. To find the least inhibitory concentration
(MIC) against the same Salmonella, the top 3 oils were chosen. On the disc diffusion assay, orange
terpenes, single-folded d-limonene, and orange essence terpenes all demonstrated inhibitory
efficacy against the Salmonella spp. In order to execute the MIC experiments, essential oils were
stabilized in broth by the addition of 0.15% (w/v) agar. The MICs for d-limonene and orange
terpenes were both 1%. Terpenes from orange essence, the most effective substance, provided a
MIC against the 11 Salmonella tested that ranged from 0.125% to 0.5%. This orange essence oil's
main constituents, as determined by a gas chromatography-mass spectrometry (GC/MS) study, are
d-limonene (94%), and myrcene (approximately 3%). Citrus essential oils have the potential to act

as all-natural antimicrobials, enhancing the safety of natural or organic foods.
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2. Overall hypothesis and specific aims
The combination of microbiological culture and molecular confirmation techniques could
be an efficient option for identifying S. Pullorum, and S. Gallinarum, in addition to using a natural
antimicrobial, namely citrus oil, as an alternative approach to control.
To evaluate the hypothesis, the following aims will be investigated-
Aim-1: Isolation of S. Gallinarum and S. Pullorum in poultry farms environment and poultry meat
using microbiology culture and confirmation with molecular technique.
Aim-2: Determination of susceptibility of these isolated pathogens against commercial antibiotics
and cold-pressed Valencia orange oil (CPV) using common microbiological techniques and a

simulated environment.

3. Approaches

3.1. Approach for Aim-1

3.1.1. Isolation of S. Gallinarum and S. Pullorum in farms environment and poultry meat
Experimental plan:

Sample types and collection: A combined total of 1,286 samples were collected from pre-harvest
and post-harvest levels. At the pre-harvest level, 403 samples were collected from seven integrated
crop-livestock farms (ICLFs) in the Maryland-Washington DC area during the summer periods of
2019 to 2021. These farms practice pasture systems and do not actively use antibiotics or synthetic
chemicals. The environmental samples collected from these farms include water, grass, bedding,
feed, compost, and soil are shown in Table 1. For post-harvest level, a total of 883 processed
chicken meat samples were collected in 2012 to 2014 from seven farmers markets, three organic
retail supermarkets and three conventional retail supermarkets (Table 2). All samples were then

microbiologically analyzed to assess the prevalence of S. Pullorum and S. Gallinarum at the post-
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harvest level. The prevalence of these poultry pathogens was compared between the recent pre-
harvest farm environmental samples (2019-2021) and the previously collected post-harvest
chicken meat samples (2012-2014). We also aimed to assess the current prevalence of S.
Gallinarum and S. Pullorum amidst the contemporary shift towards antibiotic-free and organic
poultry farming practices. The recent pre-harvest samples align with this evolving trend.
Meanwhile, the inclusion of historical post-harvest samples from 2012 to 2014 serves to establish
a baseline, allowing us to discern changes or trends in bacterial prevalence over time. This
temporal approach enriches our study by providing insights into the dynamic landscape of poultry
farming practices and the corresponding impact on Salmonella prevalence. We believe this

comparative study enhances the overall robustness and relevance of our investigation.

Table 1. Pre-harvest samples across different poultry environment categories collected from
farms in 2019-2021

Sample Sources Sample Description Sample No.

Water from the trough in the chicken and

Poultry water turkey housing facility 80
Plant materials, weeds, and grass from pasture
Poultry grass . 55
grounds and the surrounding area
. Fresh and used bedding materials from
Poultry bedding chicken and turkey housing facility 4
Poultry soil Soil and dirt from chicken and turkey pasture 57
grounds
Fresh and partially eaten feeding material in
Poultry feed chicken and turkey housing facility 76
Organic material from the surface and inner
Poultry compost . 5
layers of the compost pile
Poultry feces Fresh and old chicken _and tur_k_ey droppings 89
from pasture and housing facility
Total sample 403
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Table 2. Post-harvest/meat samples across different categories collected from 2012-2014 (Peng

etal., 2016)
Sample Sources Sample Description SaI{InopIe
Organic Retail Chicken (ORC) Whole chicken and partial chicken meat 237
Farmers Market Chicken (FMC) Whole chicken and partial chicken meat 252
Conventional Retailer chicken (CRC) Whole chicken and partial chicken meat 394
Total sample 883

Microbiological analysis for Salmonella detection: Each type of sample was handled individually
in accordance with Bacteriological Analytical Manual (Andrews et al., 2014). Processing and
enrichment of samples for later bacterial isolation were performed as described before (Peng et al.,
2016), with some modification. Briefly, 1 g of feces, 3 g of soil, compost, grass, bedding, and feed
samples contained in Whirl-Pak bags were suspended and thoroughly mixed separately with 1 x
phosphate-buffered saline (PBS) to create bacterial suspension, while 1 ml aliquots of water were
used directly. Microbial enrichment was achieved by inoculating 1 ml of the bacterial suspension
in 9 ml of Luria-Bertani (LB) broth (AMRESCO, USA) supplemented with a 10% Sheep blood
(Ward's Science, USA) and incubated for 24 hours at 37°C. Meat products were separated into 25
g samples that were properly rinsed, suspended and agitated in 0.1% Buffered Peptone Water
(BPW) (Himedia, India) for 3 minutes before being combined with the same volume of double-
concentrated LB broth containing 10% sheep blood and incubated for 24 hours at 37°C (Peng et
al., 2016). After enrichment, a 10 pl of LB broth was streaked on a xylose lysine deoxycholate
(XLD) agar plate, which was incubated for 24 hours at 37°C (Abed and Ali, 2018; CFSPH, 2019).
Then, typical colonies were selected from the XLD agar and subcultured on LB agar and later used

to prepare stocks in LB broth with 20% glycerol that were stored at -80°C.
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Confirmation of S. Gallinarum or S. Pullorum: Polymerase chain reaction (PCR) assays were
employed to validate the culturally identified potential Salmonella isolates (O'Regan et al., 2008;
Woods et al., 2008). Using the DNeasy Blood and Tissue Kit (Qiagen, USA), genomic DNA from
isolates was isolated from overnight cultures in accordance with the manufacturer's instructions.
The primers used for the PCR used in this study (Table 3) were bought from Thermo Fisher
Scientific(USA). To identify the isolates as SE species, a preliminary aceK (lsocitrate
dehydrogenase kinase/phosphatase) gene-specific PCR was conducted. The standard strain of S.
Pullorum ATCC 13036 and S. Gallinarum CAT375 from Presque Isle Cultures, Erie, PA, were
utilized as the positive controls in this study. The PCR assay based on ratA tested isolates for S.
Gallinarum and S. Pullorum (Batista et al., 2013; Jiang et al., 2023). The reaction solution for the
PCR assays contained 1 buffer with KCI, 160 uM of each deoxynucleotide triphosphate, 1.5 mM
of magnesium chloride, 0.6 uM of each primer, 0.75 U of Tag DNA polymerase, 1 ul of DNA
template (at least 10 ng/ul), and up to 20 ul of ultra-pure water. Initial denaturation took place at
94°C for three minutes, then there were 25 cycles of 94°C for one minute, 63°C for 30 seconds,
and 72°C for 60 seconds, with a final step of 72°C for five minutes. The following electrophoresis
at 4 V/cm for 60 min on a 1.5% (w/v) agarose gel stained with ethidium bromide, imaging was

used to examine the PCR data (Batista et al., 2013).
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Table 3. Primers utilized in this investigation to identify and subtype Salmonella species

Primer Primer sequences (5°-3) Product sizes (bp) References
name
aceK-F CCGCGCTGGTTGAGTGG O’ Regan et al.
240 (2008)
aceK-R GCGGGGCGAATTTGTCTTTA
SaloriC-F GCGGTGGATTCTACTCAAC Woods etal.
461 (2008)
SaloriC-R  AGAAGCGGAACTGAAAGGC
ratA-F GACGTCGCTGCCGTCGTACC Pullorum: 243 Bat('zsg"lg; al.
ratA-R TACAGCGAACATGCGGGCGG  Gallinarum: 1047

Statistical analysis: Data analysis was performed using SAS version 9.3 (SAS Institute, Inc., USA)
and involved Chi-square statistical analysis to determine the significant prevalence of SE, S.
Gallinarum and S. Pullorum in various sample categories. This approach also investigated
antibiotic resistance patterns of S. Pullorum and S. Gallinarum and potential connections in

detecting these organisms within confirmed samples.

3.1.2. Results

Prevalence of S. enterica in farm ecology and post-harvest chicken meat

Before delving into the assessment of S. Gallinarum and S. Pullorum prevalence, it is crucial to
establish the prevalence of SE. Table 4 presents the prevalence of various serovars of SE in the
samples collected from diverse farm poultry environments. The overall SE prevalence in poultry
farm samples was 14.9% (60/403) (P<0.05). Contamination with SE was commonly found in all
types of environmental samples (grass, soil, feed, feces, bedding, and water) but the highest

percentage (31.6%, 18/57) of SE was detected in collected poultry soil, indicating the soil's
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potential role as a reservoir for the pathogen. The lowest contamination was in feed (2.33%, 2/76),
suggesting that it may play a lesser role in the transmission and persistence of Salmonella in the
farm poultry environment. It was also observed that SE was also highly prevalent in other sources
that come into direct contact with poultry such as water (6.25%, 5/80), bedding (17%, 7/41), grass
(12.7%, 7/55), and feces (23.6%, 21/89), while compost samples had zero contamination. On the
other hand, according to previous study conducted by Peng et al. (2016), the average prevalence
of SE in chicken meat samples (Table 5) collected from retail stores and farmers’ markets was
17.9% (158/883) (P<0.05). At the post-harvest level, the prevalence of SE was the highest
(30.95%, 78/252) in farmers' market chicken meat, followed by organic retail chicken samples

(19.8%, 47/237) and conventional retail chicken samples (8.4%, 33/394).

Table 4. 2019-2021 farm environmental samples at pre-harvest level

Sources SE positive
Poultry soil 18
Poultry feed 2
Poultry feces 21

Poultry water
Poultry Grass
Poultry bedding
poultry compost
Total sample 60

o N N o

Table 5. 2012-2014 processed chicken meats at post-harvest level (Peng et al., 2016)

SoUrCes Salmonella e_n_terica
(Total/positive)
Organic Retail Chicken (ORC) 47
Farmers Market Chicken (FMC) 78
Conventional Retail Chicken (CRC) 33
Total 158
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Prevalence of S. Gallinarum, and S. Pullorum in the farm environment and poultry meat

As a result of confirmed SE-containing samples, this study reveals the outcomes of a noticeable
prevalence of S. Gallinarum and S. Pullorum in both poultry farm environments and post-harvest
chicken meat products. Prevalence of S. Pullorum and S. Gallinarum in both pre-harvest and post-
harvest samples were performed following meticulous sampling and culture techniques previously
described by CFSPH (2019) and Orji et al. (2005). Among the different serovars of SE found in
the samples collected from various farm poultry environments, 2.7% (11/403) were identified as
S. Pullorum, and 1.5% (6/403) were identified as S. Gallinarum (4.2% combined) (P<0.05), while
other serovars accounted for the remaining percentage (Figure 1A). Contamination with S.
Pullorum was commonly found in all types of environmental samples (grass, soil, feed, feces,
bedding, and water), with the highest prevalence (5.6%, 5/89) of S. Pullorum being detected in
poultry feces, while the grass and compos samples have zero contamination. It was also observed
that S. Pullorum was highly prevalent in other sources that commonly come into direct contact
with poultry, such as water (2.5%, 2/80), soil (3.5%, 2/57), as well as feed (2.4%, 1/41) and
bedding (2.4%, 1/41). Additionally, S. Gallinarum was found in feces samples (3.8%, 3/89), soil
(3.5%, 57), and feed (1.3%, 1/76). However, S. Gallinarum was not detected in water, grass, or
bedding samples. In contrast, the average prevalence of S. Gallinarum in chicken meat samples
collected from retail stores and farmers’ markets was 1.6% (14/883), divided into the organic retail
chicken (2.5%, 6/237) and farmers market chicken (3.2%, 8/252) (Figure 1B). S. Gallinarum was
not detected in the conventional retail samples, and there was no sign of S. Pullorum in any meat

samples.
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Figure 1. Prevalence of S. Gallinarum and S. Pullorum in poultry environment and product
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Figure 1. S. Pullorum and S. Gallinarum ecological distribution in samples collected from several
markets and farms (Chi-square test, p < 0.05). 1A: Prevalence of S. Pullorum and S. Gallinarum
in pre-harvest level (farm environments). 1B: Prevalence of S. Pullorum and S. Gallinarum in post-
harvest level (poultry meat samples from retail/market).

3.1.3. Discussion

In this study, the terms pre-harvest and post-harvest refer specifically to the stages of the
poultry production level and the processing chain, respectively. More specifically, the pre-harvest
phase encompasses the period before the birds are ready for slaughter, which includes their time
on the farm and any potential exposure to environmental factors. The post-harvest phase, on the
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other hand, pertains to the processing and distribution of poultry products, particularly meat, after
slaughter (CDC, 2022). The distinction between these phases is crucial for understanding the
dynamics of S. Pullorum and S. Gallinarum in both farm environments and poultry products. The
time interval between these phases can influence the prevalence and antibiotic resistance patterns
of these pathogens (Alvarado-Martinez et al., 2023; Iwu and Okoh, 2019). For example, during
the pre-harvest phase, factors such as farm management practices, biosecurity measures, and bird
health may contribute to the presence and resistance of SE (Peng et al., 2016). In contrast, the post-
harvest phase involves processing and handling practices that can further impact the prevalence
and resistance of these pathogens in the final poultry products available to consumers (Thames
and Sukumaran, 2020; Golden et al., 2021). By examining and comparing the prevalence and
antibiotic resistance patterns of S. Pullorum and S. Gallinarum at both pre-harvest and post-harvest
stages, we aimed to identify potential factors contributing to the persistence and transmission of
these pathogens throughout the poultry production and processing chain. This information is
crucial for developing targeted surveillance and control strategies to mitigate the risks associated

with SE contamination in poultry products (Obe et al., 2023).

Our study has identified that pre-harvest samples collected from farm environment,
particularly soils, have the highest prevalence of SE. Other researchers also found that SE is more
prevalent in soil samples compared to other environmental samples in poultry farms due to its
ability to survive and persist in soil by forming protective biofilms (Kumar et al., 2018; Shah et
al., 2019). Furthermore, the gradual accumulation of bacteria shed in feces over time may
additionally contribute to higher concentrations in the soil. The soil's favorable environment, with
organic matter, nutrients, and moisture, creates optimal conditions for Salmonella to thrive and

multiply (Kumar et al., 2018; Shah et al., 2019). At the post-harvest level, we observed a higher
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prevalence of SE collected from farmers’ markets and organic retailers compared to meat samples
taken from conventional retail chicken producers. This is consistent with previous studies
highlighting SE's common and abundant presence in chickens, particularly in pasture-raised
chickens (Shenghui et al., 2005; Peng et al., 2016; Abd-El Wahab et al., 2023). SE is commonly
found in chickens, particularly in pasture-raised settings, due to increased environmental exposure,
fecal-oral transmission, interactions with wildlife, and limited biosecurity measures (Parisi et al.,

2015; Alexander, 2007; Elbers and Gonzales, 2020; Velkers et al., 2017).

Recently, McMullin (2022) reported that some poultry diseases are resurging due to the
increase in free-range production. Researchers also found that both Pullorum disease and fowl
typhoid have reemerged in recent years in several developing nations (Revolledo, 2018; Psifidi et
al., 2018). Zhou et al. (2022), reported a thorough investigation using meta-analysis of the global
prevalence of S. Gallinarum from 1945 to 2021 and discovered that free-range chickens had a
higher prevalence of S. Gallinarum (24.8%) than caged chickens (7.64%). Although S. Gallinarum
prevalence was substantially lower in the samples analyzed in this study, our results are consistent
with prior studies. The chickens from organic retail and farmers markets had access to pasture
areas that are often shared with other domestic animals, as a part of pasture rotation, and have

likely been exposed to other undomesticated wildlife.

In general, both S. Gallinarum and S. Pullorum cases occur sporadically. Fowl typhoid
outbreaks have been documented since 2005 in commercial flocks in Belgium, Bulgaria, France,
Germany, Hungary, Italy, the Netherlands, and the UK from one to four years at a time. The disease
has been documented in Romania every year up to 2012, and the pathogens’ existence has been
reported from 2014 to 2016 (OIE, 2016). Every year, up to six backyard poultry occurrences are

recorded, A significant number of commercial laying flock incidents between 2002 and 2012 were
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all detailed in UK reports from 2005 (AHVLA, 2008; Northern Ireland disease surveillance report,
2012; AHVLA, 2015). Pullorum disease has been detected since 2005 in domestic flocks in the
Czech Republic, Denmark, France, Germany, Greece, Hungary, Italy, the Netherlands, Norway,
Poland, Romania, and the UK in single- or up to six-year periods (APHA, 2016). Up to two
incidents involving pheasants and 0-3 isolations of backyard poultry each year were acknowledged

in UK reports from 2011 (OIE, 2016).

Compared to other nations, S. Gallinarum detection rates in developing countries have
been reported in multiple studies, with 25.75% in Pakistan (Haque et al., 2021), 37.14% in
Colombia (Pulido-Landinez et al., 2013), 69.62% in India (Arora et al., 2015), 58% in Bangladesh
(Rahman et al., 2011), 57.2% in Nigeria (Agada et al., 2014), and 2.4% in Malaysia (Adzitey et
al., 2011). Additionally, S. Pullorum prevalence also has been reported 82.6% in China (Cui et al.,
2021), 27% in Bangladesh (Rahman et al., 2011), and 6.1% in Nigeria (Agada et al., 2014).
Furthermore, the discussion raises concerns about the global prevalence of S. Gallinarum and S.
Pullorum in years to come. Previous studies from different countries show varying rates of
infection, indicating that this is a widespread problem that needs to be addressed at a global level.
Collaborative efforts between countries can help share knowledge, best practices, and resources to

combat Salmonella and other pathogens effectively.

The prevalence of Salmonella infection or their colonization either in gut or on skin of free-
range birds is always higher compared to birds kept in confined housing, (McCrea et al., 2006;
Heuer et al., 2001). Furthermore, chicks raised in free-range farming are also colonized by a
diversified bacterial population prevalent in their surroundings (Parisi et al., 2015). One possible
reason for the higher prevalence of Salmonella in organic and free-range chickens is their exposure

to the outside environment. Free-range farming allows chickens to roam outdoors, exposing them
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to potential sources of contamination such as wild birds and animals. These wild carriers can
directly or indirectly spread the pathogen to the chickens, leading to higher infection rates
(Alexander, 2007). Direct contact is defined as physical contact between an infected wild bird or
animal and a chicken. Indirect contact is when a chicken contracts the pathogen through a medium,
such as soil contamination from wild bird droppings or water contamination from wild bird
droppings in water pools at the free-range facility, or by fomites that are contaminated with the
droppings of wild birds and come into contact with chickens (Elbers and Gonzales, 2020).
Contamination from wild bird feces into the barn by movement so that chickens can pick them up.
Biological vectors such as insects, mice, and rats may contract the virus and spread it to nearby

hens or feed the pathogen to chickens (Velkers et al., 2017).

While it is true that S. Gallinarum and S. Pullorum are avian-specific pathogens with
limited impact on humans and other animals, their significance in chicken meat samples lies in
their potential implications for both animal welfare and economic sustainability in the poultry
industry (Ricke et al., 2018; More et al., 2017). The majority of our samples are chicken meat,
comprising about two thirds of the total samples, reflecting the real-world scenario of consumers

being directly affected by the presence of these pathogens in poultry products.

Therefore, our research not only contributes to avian health and welfare but also addresses
broader issues related to consumer confidence, economic viability, and the sustainable production
of poultry products. By identifying and understanding the antibiotic resistance patterns of S.
Gallinarum and S. Pullorum in chicken meat, we aim to provide valuable insights for the
development of effective surveillance and control strategies, ensuring the overall safety and quality

of poultry products for consumers.
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3.2. Approach for Aim-2
3.2.1. Determination of susceptibility of these isolated pathogens against commercial
antibiotics

Experimental plan:

Bacterial strains and cultivation conditions: In this study, we employed two Salmonella enterica
(SE) serovars, which are pathogenic to poultry, specifically SE serovar Gallinarum (CAT375,
Presque Isle Cultures, Erie, PA) and SE serovar Pullorum (ATCC 13036). We also used additional
S. Pullorum and S. Gallinarum which were isolated previously from farm environment or poultry
products in our lab (Julianingsih et al, 2023). Additionally, we used three common chicken gut
microflora including Enterococcus faecalis (PIC 522A), Streptococcus thermophilus
(ATCC19258), and Lactobacillus helveticus (ATCC 8018). As a probiotic reference, we used
Escherichia coli Nissle 1917 (Mutaflor, Germany). Before each experiment, S. Gallinarum, S.
Pullorum, and E. coli Nissle were cultivated and maintained on Luria-Bertani (LB) agar (Millipore,
USA), L. helveticus was cultured in de Man Rogosa Sharpe (MRS) agar (Merck, Germany),
while E. faecalis and S. thermophilus were cultured in Tryptic Soy (TS) agar (HARDY

DIAGNOSTIC, Santa Maria, CA, USA) plates at 37°C for 18-24 h from -80°C glycerol stock.

Determination of antimicrobial resistance pattern of isolated S. Gallinarum and S. Pullorum:
Both isolated S. Gallinarum and S. Pullorum were evaluated for their antibiotic resistance pattern
using a standard agar dilution method in accordance with the Clinical and Laboratory Standards
Institute (CLSI, 2012). Antibiotic-containing agar plates were created using three different
concentrations of the chosen antibiotics in molten Muller-Hinton (MH) agar (Becton Dickinson &
Co) (Peng et al., 2016). Isolates were cultured overnight on MH agar plates at 37°C before

inoculating to antibiotic-containing MH agar plates. For culturing each of the isolates, a single
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colony was selected and suspended in 0.85% saline solution and adjusted to the McFarland
Standard of 0.5 (ODeoo). To 0.9 ml of saline solution, an aliquot (0.1 ml) of this suspension was
added and thoroughly mixed. Then, 2 pl of each bacterial culture (approximately 10° CFU) was
put on an antimicrobial-containing MH agar plate, and the plate was incubated at 37°C overnight.
The MIC was defined as the lowest concentration of an antimicrobial agent that totally prevented
an isolated bacterial strain from exhibiting any observable growth. The results were analyzed in
line with CLSI (2012) breakpoints (Table 6). Since these isolates can be therapeutically treated
with a greater than usual dosage of the medication, isolates with intermediate resistance were

categorized as susceptible.

Table 6. Antibiotics tested in this study and their breakpoints

ihigti Break Points
Antibiotic Antibiotic Name
Category Susceptible  Intermediate  Resistant
Ampicillin >8 >16 >32
Penicillin
Amoxicillin >8 >16 >32
Macrolide Azithromycin >16 >24 >32
_ Cephradine >4 >8 >16
Cephalosporin
Ceftriaxone >1 >2 >4
Phenolic Chloramphenicol >8 >16 >32
Quinolone Ciprofloxacin >0.06 >0.12 >1
Gentamycin >4 >8 >16
Aminoglycoside Kanamycin >16 >32 >64
Streptomycin >16 >24 >32
Tetracycline >4 >8 >16
Tetracycline
Oxytetracycline >4 >8 >16
Folate Pathway Trimethoprim-

> > > >
Inhibitors sulfamethoxazole =2 and 238 =3 and 257 =4 and 276
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Citrus oil (CO) and working solution preparation: This study utilized Cold-press Valencia
Terpeneless Citrus oil (CO) (Firmenich, USA) as a natural antimicrobial. A 20% ethanol solution
was employed as a diluent for the CO, ensuring that any observed effects were not due to the
ethanol component (Chalova et al., 2010). A separate control experiment utilizing only the 20%
ethanol solution revealed that there was no reduction of S. Pullorum and S. Gallinarum growth.
This demonstrates that the growth inhibition found in this experiment is purely attributable to the

presence of CO, identifying it as the active antimicrobial agent in the study.

Determination of minimum inhibitory and bactericidal concentration of CO against S.
Gallinarum and S. Pullorum: The broth dilution technique described by Federman et al. (2016)
with modification was used to determine the MIC. CO with concentrations ranging from 0.025%
to 0.8% were tested for their ability to inhibit the growth of S. Gallinarum and S. Pullorum. These
concentrations were added in a 24-well plate (Greinerbio-one, USA) with S. Gallinarum and S.
Pullorum at 10° CFU/ml. To establish the MIC, plates were incubated at 37 °C over the course of
an overnight period to check for growth inhibition of S. Gallinarum and S. Pullorum. To calculate
the MBC as described previously by Birhanu et al. (2021), 10 pl of the suspension from the
microplate was collected and plated to LB agar starting from the MIC. The plates were incubated
at 37°C for 24 hours to identify any potentially slow-growing microorganisms. All experiments

were repeated at least three times or more.

Growth inhibition assay of poultry bacterial pathogens, gut microbiome, and probiotic strains:
To conduct the growth inhibition assay in broth, S. Gallinarum, S. Pullorum, and E. coli Nissle
were cultured in LB broth while E. faecalis and S. thermophilus were cultured in TS broth, and L.
helveticus was cultured in Lactobacilli MRS broth (HARDY DIAGNOSTIC, Santa Maria,

CA,USA ) all maintained at 37°C for 24 hours. The optical density (OD) of the bacterial cell
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suspensions was standardized to 0.1 at ODsoonm using Multiskan FC spectrophotometer (Thermo
Fisher Scientific, Shanghai, China). In 50 ml tubes, LB, TS, or MRS broth with varying
concentrations of CO (0.1%, 0.2%, 0.3%, and 0.4%) were prepared by adding the necessary
volume of extracts from stock solutions. Control wells received autoclaved deionized water instead
of the extracts. 200 mL of bacterial suspension, containing approximately 2 x 108 colony-forming
units (CFU) per mL, were introduced into each tube. The tubes were then incubated for different
time intervals (24, 48, and 72 hours) at 37°C with agitation at 120 rpm. Following incubation,
bacterial suspensions underwent serial dilution in PBS (Phosphate buffer saline) and were plated
on specific agar media: LB agar for S. Gallinarum, S. Pullorum, and E. coli Nissle; MRS agar (de
MAN, ROGOSA and SHARPE) (Merck, Germany) for L. helveticus; or TS agar for E. faecalis

and S. thermophilus. This process aimed to determine the CFU.

Determine the growth of S. Pullorum and S. Gallinarum in simulated floor material, wooden
chips treated with CO: Containers filled with 5g of wooden chips (NEPCO, USA) were prepared.
The OD of S. Pullorum and S. Gallinarum cell suspensions was standardized to 0.1 at ODsoonm.
Approximately 2 x 10° CFU/mL of S. Pullorum and S. Gallinarum in PBS were sprayed
(separately) onto the wooden chips with a total volume of around 10 ml. The wooden chips and
the inoculates were mixed thoroughly. 0.4% citrus oil, was then sprayed onto the container,
followed by thorough mixing. autoclaved deionized water was added to the control container,
replacing the citrus oil. The containers were incubated for different time intervals (24, 48, and 72
hours) at 37°C. Subsequently, serial dilutions in PBS were performed, and the samples were plated
on LB agar to determine the CFU. The experiment was multiplied to ensure the results were

consistent.
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The effect of citrus oil on the gene expression of S. Gallinarum and S. Pullorum virulence genes
in culture condition and onto wooden chip: Methods were adapted from literature previously
described by Alvarado-Martinez et al. (2020). The inoculate obtained from growth inhibition assay
samples at 24 hours, featuring diverse citrus oil concentrations (0.1%, 0.2%, and 0.3%), was
employed. In the case of broth samples, the inoculate underwent centrifugation at 4000 x g for 10
minutes to collect the pellet. For the wooden chip samples, DNA isolation commenced using the
DNeasy PowerSoil Pro Kit (QIAGEN, Germany). Subsequently, both broth and wooden chip
samples underwent the meticulous process of RNA extraction, conducted with precision and
utilizing the Trizol reagent (Molecular Research Center Inc, USA). RNA concentration was
quantified with a NanoDrop spectrophotometer (Thermo Fisher Scientific Inc., Marietta, OH,
USA) for standardization. The standardized RNA served as the template for cDNA synthesis,
achieved with the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster
City, CA, USA), following the instructions provided by the manufacturer. The cDNA synthesis
protocol included incubation at 25°C for 10 min, 37°C for 120 min, and 85°C for 5 min.
Quantification of changes in the relative expression of genes associated with the virulence of S.
Pullorum and S. Gallinarum was conducted using gPCR machine (Illumina, Singapore). The g°PCR
reaction was prepared according to the PerfeCTa SYBR Green Fast Mix protocol (Quanta Bio,
Beverly, MA, USA), and executed using the Eco Real-Time PCR system (lllumina, San Diego,
CA, USA). The cycle protocol consisted of 30 s at 95°C, followed by 40 cycles of 5 s at 95°C, 15 s
at 55°C, and 10 s at 72°C. Custom primer sequences (Table 7), aligning with the conserved regions
of respective virulence genes in S. Pullorum and S. Gallinarum, were utilized for comparison

against a reference house-keeping gene belonging to 16S-rRNA.

43



Table 7. Primers used in this study of virulence genes

Primer Primer sequences (5’-3°) SI;;:sd(l;)c;) References
spiA-F | CCAGGGGTCGTTAGTGTATTGCGTGAGAT 550 Zhang et al. (2018)
G Skyberg et al.
spiA-R | CGCGTAACAAAGAACCCGTAGTGATGGAT (2006)
T
invA-F | CTGGCGGTGGGTTTTGTTGTCTTCTCTATT 1070 ”
invA-R | AGTTTCTCCCCCTCTTCATGCGTTACC
prgH-F | GCCCGAGCAGCCTGAGAAGTTAGAAA 756 ”
prgH-R | TGAAATGAGCGCCCCTTGAGCCAGTC
spaN-F | AAAAGCCGTGGAATCCGTTAGTGAAGT 504 ”
spaN-R | CAGCGCTGGGGATTACCGTTTTG
sitC-F | CAGTATATGCTCAACGCGATGTGGGTCTCC 768 ”
sitC-R | CGGGGCGAAAATAAAGGCTGTGATGAAC
sifA-F | TTTGCCGAACGCGCCCCCACACG 449 ”
sifA-R | GTTGCCTTTTCTTGCGCTTTCCACCCATCT
sipB-F | GGACGCCGCCCGGGAAAAACTCTC 875 ”
sipB-R | ACACTCCCGTCGCCGCCTTCACAA

Statistical analysis: PrismPad version 8.2.0 (GraphPad Software, Inc., USA) was utilized to

evaluate the statistical significance between treatments for S. Gallinarum and S. Pullorum. The

analysis involved a student’s t-test to ascertain the significant difference (p < 0.05) between the

untreated control and the distinct treatment with each compound (Alvarado-Martinez et al., 2020).
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3.2.2. Result

Antibiotic resistance patterns of isolated S. Gallinarum and S. Pullorum

A total of 20 S. Gallinarum and 11 S. Pullorum isolates were tested against 13 different antibiotics
to determine their antibiotic resistance patterns (Figure 2). All S. Gallinarum isolates (Figure 2A)
found in both farm poultry environments and meat samples were sensitive to azithromycin,
chloramphenicol, ciprofloxacin, and gentamicin. However, these isolates exhibited resistance to
the remaining antibiotics. The highest number of isolates were found resistant to cephradine (93%),
followed by streptomycin (85.7%), and trimethoprim-sulfamethoxazole (71.4%). The S.
Gallinarum isolates showed a lower resistance pattern to kanamycin and tetracycline (7.1%). S.
Gallinarum and S. Pullorum both exhibited a similar pattern of antibiotic resistance. All S.
Pullorum isolates (Figure 2B) were found to be susceptible to gentamicin, ciprofloxacin, and
chloramphenicol while having lower levels of resistance (16.7%) to tetracycline, kanamycin, and
azithromycin. However, S. Pullorum isolates were 100% resistant to cephradine, while S. Pullorum
were highly resistant to amoxicillin (91%), followed by trimethoprim-sulfamethoxazole (83%),

and ampicillin (83%).
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Figure 2. Antibiotic resistance pattern of S. Pullorum and S. Gallinarum

A. S. Gallinarum antibiotic resistance pattern

120
¢' R

ml—'
g 8

Percentage (%)
=)
=

40
20
0
N R & >
N S s»° & & SF @“‘ S & ,@“ S
q{‘ & &é < ‘9& F &M & & &
{;&* GE-' .tr %6¢| &ﬂ. 1._3., &{_
\ G‘;“
c@
&. Gallinarum
B Susceptible ™ Resistant
B. S. Pullorum antibiotic resistance pattern
120
100
a 30
o
ED
£ 60
g
£ 40
By
20
0
S FHTSSS “‘é 3?' S
‘:1& Q"} & & P QP# & & & &
'qﬁ & sé & & s & & & eﬂk '*‘5:} g,"ffb &
kd o O o & {;& o Al = AF -¢: A4
»
e Q
&. Pullorum

® Susceptible ¥ Resistant

Figure 2. Antibiotic resistance profile of major S. Gallinarum and S. Pullorum isolated from

various sources (f test, p < 0.05). 2A: S. Gallinarum antibiotic resistance pattern. 2B: S. Pullorum
antibiotic resistance pattern.
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MICs and MBCs of CO to inhibit S. Pullorum and S. Gallinarum

The MIC and MBC of CO against S. Gallinarum and S. Pullorum were identified as identical for
each of the evaluated isolates in Table 8. The MIC and MBC of CO for only S. Gallinarum
CAT375 were both 0.2%, showing that this concentration of CO is efficient in both inhibiting and
eliminating the bacterium. Whereas the MIC and MBC values of CO for both S. Pullorum strains
(ATCC and farm isolates) as well as S. Gallinarum organic retail chicken isolate were 0.4%,
indicating that this concentration (0.4%) of CO is required to inhibit the growth of both of these
bacterial pathogens (Table 8). Analogous MIC and MBC values conclude the microbicidal identity
of a substance. Collectively, the data indicate that the tested CO is effective in eliminating these
Salmonella bacterial isolates at the specified concentrations. The consistency of the
indistinguishable MIC and MBC values further suggests the effectiveness of CO as a candidate to
control the growth of the tested Salmonella bacteria strains.

Table 8. MIC and MBC for citrus oil against S. Gallinarum and S. Pullorum

Isolates MIC MBC
0.2% 0.2%

S. Gallinarum (CAT375)

o 0
S. Pullorum ATCC 0.4% | 0.4%

S. Gallinarum (isolate from organic 0.4% | 0.4%
retail chicken sample)

S. Pullorum (isolate from farm 0.4% | 0.4%
sample)
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Time-dependent inhibitory effects of citrus oil on poultry bacterial pathogens, gut microbiome,

and probiotic strains in broth media

Growth inhibition assays of S. Pullorum and S. Gallinarum were performed over 72 hours
at varying concentrations of citrus oil (Figure 3). The inhibitory effects of citrus oil were observed
for both strains of Salmonella as increasing concentration of citrus oil in the treatment led to
reduced growth in CFU/mL relative to the control. Citrus oil at a concentration of 0.4% completely
inhibited the growth of both S. Pullorum and S. Gallinarum from 24 hours of treatment and beyond,
as growth was not within detectable limits. For both strains, there was a significant difference in
inhibition of growth between 0.2% and 0.3% citrus oil included in the treatment. The difference
between the two differing concentrations was large as 0.3% treatment had around 5 logs less in
CFU/mL than the 0.2% treatment. Similarly, there was not a large difference in terms of growth
between the control and the 0.1% citrus oil treatment groups as the difference in CFU/mL was
around 1-2 logs. These findings collectively suggest that 0.4% citrus oil at a treatment time of 24

hours or greater may be more effective in inhibiting growth of S. Gallinarum and S. Pullorum.
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Figure 3. Growth inhibition assay of S. Pullorum and S. Gallinarum

(A) S. Gallinarum growth time-dependent assay
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Figure 3. Growth performance of (A) S. Gallinarum, (B) S. Pullorum, (C) L. helveticus, (D) E.
faecalis, (E) S. thermophilus, (F) E. coli Nissle in broth supplemented with 0.1%, 0.2%, 0.3%, or
0.4% citrus oil. Bars marked with asterisks (*) indicate significant differences from the control (P

<0.05).

This study also presents detailed data on the time-dependent inhibitory effects of citrus oil

on various poultry gut microbiota, including L. helveticus, E. faecalis, S. thermophilus, and the
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probiotic E. coli Nissle, within a broth media environment. The data is structured in a tabular
format, with columns representing different concentrations of citrus oil (ranging from 0.1% to
0.4%), and rows indicating time intervals (0, 24, 48, and 72 hours). At the initial time point (0
hours), all concentrations of citrus oil, ranging from 0.1% to 0.4%, exhibit comparable colony-
forming units per milliliter (CFU/mL) when compared to the control group, suggesting no
immediate impact. However, as time progresses, the inhibitory effects become increasingly
evident. For L. helveticus, the log CFU/mL decreases at 24 hours for all concentrations, with 0.4%
citrus oil showing the most pronounced effect. The inhibitory effects become most noticeable by
48 and 72 hours, especially at greater concentrations, which significantly reduces the growth of
bacteria. Similar trends are observed for E. faecalis, where the inhibitory effects become more
apparent over time. At 24 hours, all concentrations result in a decrease in log CFU/mL compared
to the control, with higher concentrations exhibiting stronger inhibitory effects. This pattern
persists at 48 and 72 hours, with the highest concentration (0.4% citrus oil) demonstrating a
substantial impact on reducing E. faecalis population. In the case of S. thermophilus, inhibitory
effects are noticeable as early as 24 hours, with higher concentrations leading to a more significant
reduction in log CFU/mL. By 48 hours, the inhibitory effects intensify, and at 72 hours, the highest
concentration (0.4% citrus oil) completely inhibits the growth of S. thermophilus. For E. coli
Nissle, inhibitory effects are apparent at 24 hours, with higher concentrations exhibiting a more
substantial impact. The inhibitory effects become more noticeable after 48 and 72 hours,

particularly at the highest dose (0.4% citrus oil), which fully inhibits bacterial growth.
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Time-dependent inhibitory effects of citrus oil on S. Pullorum and S. Gallinarum growth in
environmental simulations

The decision to incorporate a 0.4% concentration of citrus oil in the environmental
simulation was driven by the findings presented in Figure 3, where this concentration
demonstrated complete inhibition of both S. Pullorum and S. Gallinarum in broth media. We also
observed that citrus oil had a significant impact on inhibiting the growth of S. Gallinarum and S.
Pullorum under conditions simulating poultry environment (Figure 4). When using a 0.4%
concentration of citrus oil, we observed a remarkable reduction in S. Gallinarum growth in wooden
chip by around 5, 4, and 4 logs at 24, 48, and 72 hours, respectively (Figure 4A). Similarly, this
same concentration of citrus oil caused a substantial decrease in S. Pullorum growth, by 4, 5, and
5 logs at 24, 48, and 72 hours, respectively (Figure 4B). The bacterial reduction is comparatively
more pronounced at the 24-hour time point in the case of S. Gallinarum. Conversely, an increased
bacterial reduction is evident after 48 and 72 hours when compared to the reduction observed after

24 hours in S. Pullorum.

Figure 4. Growth inhibition simulation of citrus oil on poultry housing floor condition
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Figure 4. Growth performance of (A) S. Gallinarum, (B) S. Pullorum, in wooden chip as poultry
floor simulation supplemented with 0.4% citrus oil. Bars containing asterisks (*) are significantly
different from the control (P < 0.05).
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Effect of citrus oil on expression of S. Gallinarum and S. Pullorum virulence genes

The influence of citrus oil treatment on the expression of virulence genes in both S.
Gallinarum and S. Pullorum. Across all concentrations tested (0.1%, 0.2%, 0.3%), we observed a
consistent reduction in the expression levels of spiA, invA, sitC, sipB, and sifA in S. Gallinarum.
Notably, the expression of spiA and sipB in S. Gallinarum showed a significant decrease at a 0.4%
citrus oil treatment (P<0.05). In contrast, the impact of citrus oil treatment on SpaN expression
varied. At 0.1%, spaN expression showed minimal impact, but increased concentrations of citrus
oil (0.2% and 0.4%) resulted in a subsequent decrease in spaN expression levels (Figure 5A). In
S. Pullorum trials, we observed a downregulation trend across all tested concentrations of citrus
oil inspiA, invA, spaN, sitC, and sifA. Remarkably, invA and sitC were significantly downregulated
at 0.1% citrus oil treatments (P<0.05). SipB, however, maintained an upregulated expression
profile throughout citrus oil treatments (Figure 5B).

Figure 5. Expression of S. Gallinarum and S. Pullorum virulence genes
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Figure 5. Gene expression of (A) S. Gallinarum, (B) S. Pullorum virulence genes after 24 h of
treatment with either a control of LB broth supplemented with molecular water, or with 0.1 %,
0.2%, 0.3% citrus oil in LB broth. Asterisks (*) denote statistically significant differences from
baseline.

The expression of virulence genes in S. Gallinarum (Figure 6A) and S. Pullorum (Figure
6B), was investigated in this study under different conditions. The control group, represented by a

baseline of 0, was subjected to a simulated environment with water, whereas the treatment group
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was treated to identical settings with the addition of 0.4% CO. The relative expression levels of
specific genes were measured in log-fold changes. When S. Gallinarum (Figure 6A) was treated
with 0.4% CO, the genes spiA, invA, spaN, sitC, and sipB showed a significant decrease in
expression (P<0.05), with values ranging from -2.23 to -4.16. This implies that the presence of CO
in the environment inhibits the expression of these virulent genes in S. Gallinarum. When S.
Pullorum (Figure 6B) was treated with 0.4% CO, the genes spiA, spaN, and sipB showed reduced
expression levels, with spaN indicating a statistically significant drop (-2.27). However, there were
no substantial changes in the expression of invA, sitC, or sifA. This suggests that CO has a limited
effect on S. Pullorum virulence gene expression. This study reveals that applying 0.4% CO to the
environment alters the expression of virulence genes in both Salmonella strains, with S. Gallinarum
showing more pronounced effects than S. Pullorum.

Figure 6. Expression of S. Gallinarum and S. Pullorum virulence genes in floor simulation
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Figure 6. Gene expression of (A) S. Gallinarum, (B) S. Pullorum virulence genes after 24 h in
wooden chip with either a control of water or treatment with 0.4% citrus oil in. Asterisks (*) denote
statistically significant differences from baseline.
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3.2.3. Discussion

Numerous organisms have acquired antibiotic resistance due to the indiscriminate use of
antibiotics. The continued use of these pathogen-resistant medications causes the pathogen to
evolve into highly resistant strains that can travel across the environment and cause future massive
disease outbreaks (Okwori et al., 2013). Our study found both S. Gallinarum and S. Pullorum
isolates to be highly sensitive to chloramphenicol, ciprofloxacin, and gentamicin. This
phenomenon has been seen in several previous studies (Taddele et al., 2012; Sun et al., 2021; Filho
etal., 2016). S. Gallinarum and S. Pullorum isolates have strong cephradine resistance, which has
been reported on SE (specifically nontyphoidal Salmonella in poultry) (Rumi et al., 2019; Youssef
et al.,, 2021). The primary mechanisms of antibiotic resistance in Salmonella are the over-
expression of efflux pumps and mutations in target genes (such as DNA gyrase and topoisomerase
IV). However, additional processes, including alterations in the cell envelope, decreased
membrane porin activity, an increase in the lipopolysaccharide (LPS) component of the outer cell
membrane, quorum sensing, and biofilm formation may potentially be involved in the resistance

seen in this species (Martins et al., 2011).

Despite the fact that the farms under this study do not actively use antibiotics or synthetic
chemicals, it is critical to note the unexpectedly significant antibiotic resistance in S. Gallinarum
and S. Pullorum. This seeming paradox can be explained by taking into account several relevant
elements. One significant aspect to acknowledge is the potential influence of environmental
reservoirs (Despotovic et al., 2023). The antibiotic-resistant strains detected in the sampled farms
might have originated from external sources, such as neighboring farms, water reservoirs, or
wildlife (CDC 2022; Laborda et al., 2022). This external input could contribute to the prevalence

of resistant strains within the studied farms, even in the absence of direct antibiotic application.
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Another key consideration is the phenomenon of horizontal gene transfer. Antibiotic resistance
genes have the capability to move between different bacteria within the environment (Zhu et al.,
2021). Even without the direct application of antibiotics on the sampled farms, the transfer of
resistance genes between bacteria could account for the observed antibiotic resistance in
Salmonella strains (Oladeinde et al., 2019). Moreover, historical factors, including past antibiotic
use or lingering antibiotic residues, should not be overlooked. Even if current farming practices
are devoid of antibiotics, the historical application or persistence of antibiotic residues in the
environment may contribute to the development and sustenance of antibiotic resistance (Alexander
et al., 2010). Additionally, attention should be drawn to the potential transport of resistant strains
through various vectors, such as contaminated equipment, feed, or personnel. This transport
mechanism could introduce antibiotic-resistant bacteria to the farms, independent of direct

antibiotic administration (CDC, 2022; USDA, 2014).

Moreover, Cold-pressed Valencia orange oil contains 20.2% linalool, 18.0%
decanal, 14.1% citral, 5.8% a-terpineol, 5.2% valencene, 4.1% dodecanal, 3.9% citronellal, and
0.3% limonene (Nannapaneni et al., 2009; Federman et al., 2016). Citral and linalool have been
studied for their antimicrobial properties, as have many other terpenes. Their mechanism of action
is thought to be due to bacterial cell membrane injury, which results in K* ion leakage and
decreased membrane potential (Inoue et al., 2004).

In a study conducted by O'Bryan et al. (2008), the Minimum Inhibitory Concentration
(MIC) of citrus oil against various Salmonella spp. strains was determined. The MIC values ranged
from 0.125% to 0.5% for different Salmonella strains, including S. Enteritidis, S. Senftenberg, S.
Tennessee, S. Kentucky, S. Heidelberg, S. Enteritidis, S. Montevideo, S. Michigan, S.

Typhimurium, and S. Stanley. Our findings are consistent with previous research, revealing that
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citrus oil has antibacterial activity against Salmonella. This highlights the ability of citrus oils to
act as natural antimicrobials.

In view of these promising results demonstrating the inhibitory effects of citrus oil on the
causative agents of Pullorum Disease and Fowl Typhoid, it is critical to recognize the potential
limitations and considerations for practical application. While the 0.4% concentration of citrus oil
displayed significant antimicrobial properties against S. Pullorum and S. Gallinarum in the
simulated poultry environment, it is crucial to highlight that due to its impact on beneficial bacteria,
this concentration may not be acceptable for oral administration.

Our study found that the same concentration of citrus oil also affected L. helveticus, E.
faecalis, S. thermophilus, which are part of the normal gut flora in chickens (Chen et al., 2020;
Kuntz et al., 2004; Priyodip and Balaji, 2019), and E. coli Nissle, beneficial bacteria for chicken
gut (Wu et al., 2023). The broad-spectrum antimicrobial activity observed against both pathogenic
and beneficial bacteria suggest a need for caution in direct oral application. The potential impact
on beneficial gut flora raises concerns about disrupting the delicate microbial balance essential for
poultry health and digestion.

As a prudent alternative, spraying citrus oil in the environment has emerged as a realistic
option. This approach enables tailored antimicrobial action against environmental pathogens while
limiting direct contact with beneficial gut flora. By focusing on the poultry house environment, we
can employ antimicrobial properties of citrus oil to create a more pleasant habitat for poultry
without jeopardizing the vital microbial populations within the digestive system.

In our study, we focus on the impact of bacterial genomes, specifically the genes associated

with virulence, on the expression of virulence genes in S. Pullorum and S. Gallinarum. Notably,
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when exposed to citrus oil, key virulence genes such as spiA, invA, spaN, sitC, sipB, and sifA
exhibit reduced expression.

Ochman et al. (1996) identified a specific area on the Salmonella Typhimurium
chromosome that is home to important genes like spiA and spiB. Salmonella virulency in mice is
dependent on a genetic nexus formed by these genes, which encode proteins similar to those seen
in type 111 secretion systems. The ability of Salmonella to survive and replicate within host cells is
mostly dependent on the type 3 secretion system 2 (T3SS-2), which is constructed by this genetic
ensemble, which includes SPI-2 genes such as spiA (Litrup et al., 2010; Kim and Lee, 2017).
Moreover, the main factor influencing virulence is the Salmonella pathogenicity island 1 (SPI-1)
type Il protein secretion system (T3SS). According to Lou et al. (2019), this system plays a crucial
role in Salmonella pathogenicity by supplying effector proteins necessary for intestinal invasion
and the development of enteritis. Downregulation of spiA in S. Pullorum and S. Gallinarum in the
presence of citrus oil may impair the effectiveness of their type 3 secretion system 2 (T3SS-2),
which could hinder the capacity of bacteria to proliferate and replicate within host cells and reduce
their pathogenicity.

Salmonella employs genes within SPI-1, including invA, orgA, prgH, sipB, and spaN, to
encode the type 3 secretion system 1 (T3SS-1), crucial for invading both phagocytic and non-
phagocytic cells (Litrup et al., 2010; Kim and Lee, 2017). As part of the inv locus identified by
Galan et al. (1992), invA, the first gene in an operon with at least two additional invasion genes, is
pivotal in facilitating entry of Salmonella into cultured epithelial cells. Shanmugasamy et al.
(2011) highlighted that the invA gene codes for a protein in the inner membrane of bacteria,

essential for invading epithelial cells. Notably, Mohammed's study in 2022 suggested that the invA
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gene plays a crucial role in regulating colonization of Salmonella and invasion processes within
the gut of free-range chickens.

Several studies have demonstrated the critical function the spaN gene plays in Salmonella
virulency progression. Zhang et al. (2018) emphasize the critical role that spaN plays in allowing
Salmonella to enter nonphagocytic cells, highlighting the significance of spaN during the early
stages of infection. Furthermore, the role of spaN in the type 11l secretion system is highlighted by
Skyberg et al. (2006), who identify it as a crucial component of the SPI-1 TTSS needle tip complex.
Salmonella uses this molecular syringe as a covert tool to inject bacterial proteins straight into host
cells. Expanding upon these discoveries, Webber et al. (2019) relate the spaN gene to Salmonella
invasiveness, highlighting the ability of pathogen to infiltrate non-phagocytic cells and elude
immune responses, such as macrophage destruction. When citrus oil is present, SpaN
downregulation may make it more difficult for Salmonella to invade nonphagocytic cells, reducing
its pathogenicity. On the other hand, upregulation may indicate an adaptive mechanism that may
be triggered by environmental stimuli and improve cellular invasion and gene expression
manipulation.

Salmonella requires the sipB gene to create functional pores during erythrocyte infection
in order to enter the host cell through the plasma membrane (Miki et al., 2004). The sipB gene is
known as a trans-locator because it transports Salmonella effector proteins into host cells (RTE
shrimp eaters), causing typhoid fever and gastroenteritis (Galan and Wolf-Watz, 2006). In
Salmonella serovars, the sipB gene promotes apoptotic macrophages either by activating or
inducing autophagy and mitochondrial disruption, or by binding the proapoptotic enzyme caspase-
1, resulting in the release of interleukin-1 beta active form (Myeni et al., 2013; Beshiru et al.,

2019). In the presence of citrus oil, sipB may undergo upregulation or downregulation, potentially
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modulating Salmonella virulency, as citrus oil components could influence the expression of genes
involved in bacterial pathogenicity.

Bacterial membrane proteins linked to iron absorption are encoded by the sitC gene. On
the other hand, the proteins encoded by the iroN gene serve as siderophores’ receptors. Following
cell invasion, Salmonella species discover a low-iron environment, which is crucial for their
survival and proliferation inside the host cell. As a result, bacteria have created different iron
procurement systems; these systems are typically redundant and do not express simultaneously
(Webber et al., 2019).

SifA, a critical Salmonella effector protein, is transported into infected cells via the
pathogenicity island 2-encoded type 3 secretion pathway. It interacts with the eukaryotic protein
SKIP (sifA and kinesin interacting protein) to regulate kinesin-1 levels in the Salmonella-
containing vacuole (SCV). This connection is critical for Salmonella virulence because it affects
vacuolar membrane dynamics. SifA has two domains: the N-terminal, which interacts with the host
protein SKIP, and the C-terminal, which is similar to other bacterial effector domains with guanine
nucleotide exchange factor activity. The c-terminal domain of sifA contributes independently of
SKIP, and both domains work together in the signaling cascade that supports Salmonella virulence

(Diacovich et al., 2009; Patel et al., 2019; Zhao et al., 2015).

4. Conclusion

This study highlights the widespread existence of S. Pullorum and S. Gallinarum in pasture-based
poultry farms, especially those that are combined with crop-livestock systems, which presents
significant hazards to the health of poultry and economic sustainability. Improved processing
procedures and standards are essential to addressing this issue in order to maintain a viable poultry

industry and avoid product contamination post-harvest. In order to ensure the overall health of
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poultry populations, proactive measures like routine surveillance and monitoring programs are
essential for the early detection and treatment of possible outbreaks. In order to stop the spread of
these infections, the study also supports the creation of focused control and prevention measures.
Complementing these recommendations, the efficacy of citrus oil emerges as a promising solution,
demonstrating consistent inhibitory effects on bacterial growth and modulation of virulence genes
in S. Pullorum and S. Gallinarum. Citrus oil, with its dual-action potential, not only inhibits
bacterial growth but also holds promise as a natural antibacterial agent, aligning with the broader

goal of sustainable poultry health and mitigating antibiotic resistance risks.
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