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Abstract

Since the inception of civilization, diarrheal illnesses have detrimentally affected
human well-being, and even today in the twenty-first century, they remain the second-
most prevalent reason of morbidity and death among youngsters. The most commonly
recognized etiologic agent for diarrheal mortality in children is the Gram-negative
bacterium Shigella, which is accountable for 13.2% of diarrheal episodes across the
globe. While Shigella was first identified in 1898, the manifestations of shigellosis
remain evident today, a century after the disease was discovered. Within the
Enterobacteriaceae family, Shigella is a facultative anaerobe that is gram-negative,
non-flagellated, non-spore-forming, and non-lactose-fermenting. The disease is
mostly spread via the faecal channel, which involves food, faeces, fingers, flies, and
fomites as the main vectors, routes, and factors that trigger disease outbreak. Because
Shigella only requires a minimal infectious load (about 10—100 organisms), the
infection spreads effortlessly. The primary hallmark of shigellosis is acute ulcerative
damage to the large intestine; with signs of fever, vomiting, cramping in the abdomen,
diarrhea, and tenesmus. Symptoms emerge between 2 and 5 days after exposure with
the bacteria. Sulfonamides had originally made fighting shigellosis easier, but to our
disappointment, the efficacy of the remedy did not endure long and more than 80%
of the isolates acquired sulfonamide resistance. This was followed by a quick
emergence of Shigella isolates that were resilient to a broad range of medications,
including tetracycline, fluoroquinolones, and nalidixic acid, and hence unresponsive
to therapy. Currently, shigellosis is treated with third-generation cephalosporins
(ceftriaxone) with varying degrees of success. The pressing need for new therapeutic
alternatives to control the threat of shigellosis has been made explicit by the present

trend in antibiotic resistance, the rise in non-typeable strains, and the uneven global
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distribution of different Shigella serotypes. In this regard, this work undertakes a
comprehensive genomic analysis of Shigella flexneri with the goal to identify
promising and broad spectrum novel therapeutic targets in this bacterium and propose
potential small molecule inhibitors of herbal origin against them. In the upstream part,
the study involved the isolation and identification of a multidrug resistant Shigella
flexneri strain from urban environmental sample. This was followed by a pangenome
analysis to determine the core proteins which were eventually filtered by an efficient
subtractive genomics approach to identify a set of Shigella specific proteins that do
not exist in the corresponding host. After acquiring the likely targets, the next stage
was to find inhibitors from natural herbal resources. Since the dawn of time,
medicinal plants have been utilized in conventional therapies to heal illnesses in
humans and animals. Nevertheless, substantial scientific investigation must be
conducted due to the dearth of concrete evidence confirming the curative effect of
these drugs against certain infectious diseases. Consequently, the latter part of this
work focussed on evaluating the antimicrobial qualities of selected medicinal plants
against Shigella flexneri. To rapidly and reliably screen natural compounds derived
from plants for antibacterial agents, virtual screening, molecular docking, and
molecular simulation were executed. 10 unique and widespread pharmacological
targets were identified in the investigation, and 3 compounds were deemed as viable
therapeutic candidates against the anticipated targets based on their affinity for
binding and analysis of the ADMET attributes. The findings of this study corroborate
the long-standing assertion of the ethnomedicinal literatures for the perpetual
application of these plants for soothing infectious maladies. The prospective targets

together with the small molecules proposed through this work, thus opens up the

13



avenue to replace existing medications with more efficient natural therapeutics upon

further in-vitro and in-vivo investigations, to effectively manage Shigella superbugs.

Keywords: Shigella, MDR, comparative genomics, drug targets, natural products.
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1. Introduction

1.1 Infectious Diarrhoea: A Global Health Threat

The epidemiological shift in prevalence from transmissible to non-communicable
ailments have adjusted the priority of health care scientists in due course in the past
few years. However, the mortality, morbidity, and disability linked to communicable
diseases—also referred to as "primitive diseases"—remain noteworthy (Wolde et al.,
2022). Even in the most recent years, diarrhoea remains one of the top 10 disorders
contributing to worldwide DALY and persists as one of the primary factors for
hospitalizations, medical consultations, and the worldwide year of lifespan forfeited
(YLL) in individuals of every age (GBD 2016 Causes of Death Collaborators (2017)).
Diarrhoea is described by the World Health Organization (WHO) as "the passage of
three or more loose or liquid stools per day, or more frequently than is normal for the
individual”. When it comes to etiology, diarrhoea can be classified as non-infectious
(such as nutritional diarrhoea, allergy diarrhoea, and symptomatic diarrhoea) or
infectious (such as cholera, bacillary dysentery, amoebic dysentery, and rotavirus).
However, the main diarrheal burden stems from infections caused by rotavirus,
Cryptosporidium, enterotoxigenic Escherichia coli, and Shigella species (Nemeth
and Pfleghaar, 2022). Diarrhoea is evaluated differently based on its length, intensity,
and the existence of specific coexisting symptoms. The abrupt onset of no fewer than
three watery or loose stool episodes on a single day over a period of not more than
fourteen days is referred to as acute diarrhoea. When a bout of diarrhoea persists
longer than 14 days, it is categorized as chronic or persistent (Nemeth and Pfleghaar,
2022). Often, an infection results in acute diarrhoea. As diarrhoea becomes chronic,
non-infectious etiologies become increasingly prevalent. The onset of diarrhoea is the

consequence of an aggressive external factor (the virulence or toxicity of a causative
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agent, the dose of the inoculant) confronting the body's defences (Bellido-Blasco and
Arnedo-Pena, 2011). Secretory, osmotic, and inflammatory diarrhoea are among the
pathophysiological mechanisms that might cause diarrhoea as a secondary symptom.
The most common causes of diarrhoea in its secretory form are viral and bacterial
diseases (Bhutta and Syed, 2016). When the amount of intestinal fluid produced
significantly increases beyond the gastrointestinal epithelium’s capacity to absorb it,
secretory diarrhoea ensues. In this case, damage to the intestinal epithelium is the
cause of the watery stool. The digestive tract is lined with epithelial cells, which aid
in the absorption of solutes such as water and electrolytes. Increased intestinal
permeability results from epithelial cell destruction caused by infectious etiologies.
Loose stool results from the injured epithelium cells' inability to absorb water from
the intestinal lumen (Nemeth and Pfleghaar, 2022). Diarrhoea can have a wide range
of aftereffects, from mild, transient conditions that clear up on their own to more
severe cases where electrolyte and water loss may play a significant role. The ensuing
hypovolemic shock can be fatal to the most vulnerable patients and induce renal
failure and other organ diseases (Bellido-Blasco and Arnedo-Pena, 2011). There are
several variables that affect the likelihood of diarrhoea, and each one has a different
relative impact depending on how socioeconomic, environmental, and behavioural
factors interact (Boithias et al., 2016; Graf et al., 2008). Young children in low and
middle-income countries are disproportionately affected by diarrhoea, which poses a
serious risk to the populace and the economy of resource poor nations (Bhutta and
Syed, 2016). Poverty is a significant factor determining the prevalence of diarrheal
disease in these nations, which appears to be rising over time. In impoverished
nations, a child under five experiences diarrhoea three times a year on average (Anand

et al., 1994). Together, the five nations of China, India, Nigeria, the Congo, Pakistan,
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and Nigeria accounted for half of the 4.249 million minor diarrheal deaths in 2008
(Black et al., 2010). One-fifth of children worldwide and one-third of children in
underdeveloped nations are affected by the high morbidity of up to 43% of stunted
growth caused by the ongoing global burden of enteric infections (Bhutta and Syed,
2016). By the time they are 7-9 years old, children who experienced diarrhoea
throughout the first two years of their lives may have experienced an average growth
deficit of 8 cm and a 10 1Q point decline (Bhutta and Syed, 2016). In 2017, there were
over 0.5 million diarrheal fatalities worldwide among children under the age of five,
with South Asia and sub-Saharan Africa accounting for 88% of these deaths (Wang
et al., 2021). Even though public health awareness and sanitation standards have
advanced significantly, diarrhoea continues to be one of the leading sources of
epidemics globally. Diarrhoea ranked as the eighth most prevalent cause of death
worldwide in 2016, with over 4.4 billion cases of illnesses and 1.6 million fatalities
linked to it (GBD 2016 Diarrhoeal Disease Collaborators, 2018). An estimated
300,000 children in India die from diarrhoea each year, making it the third most
common cause of death for children under the age of five and accounts for 13% of
deaths in this age range (Bassani et al., 2010). Enhanced comprehension of the
aetiology, epidemiology, and weather fluctuations of acute diarrhoea would be
beneficial in developing and implementing focused preventative interventions in
addition to antimicrobial therapy. To mitigate the commonality of diarrhoea among
children, it is imperative to concentrate on a comprehensive strategy for controlling
the disease through optimized handling of cases, improving social indicators of
wellness like public hygiene and safe water for consumption, promoting consumer
consciousness regarding proactive measures like breastfeeding, and pursuing studies

on affordable therapies.
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1.2 Shigellosis: A Predominant Contributor to The Global Diarrheal Disease
Shigellosis is a clinical illness produced by Shigella species invading the epithelium
that lines the terminal ileum, colon, and rectal cavity. Although infections occur
worldwide and in persons of all ages, recurrent infections among kids under the age of
four, living in low- and middle-income countries account for the majority of the
illness burden. Shigella is relatively resistant to stomach acid, requiring only a few
organisms to induce the sickness. Clinical signs normally appear between 12 hours
and 3 days after consumption of the organism, with an average incubation period of
3 days. These extremely contagious organisms exhibit a wide variety of symptoms,
from acute watery diarrhoea to fulminant dysentery, which is characterized by regular
sparse bloody stools, fever, prostration, and stomach cramps. A wide range of unusual
but often severe intestinal and extraintestinal problems might arise. Despite
significant reductions in mortality during the last three decades, there remain around
164,000 annual deaths owing to shigellosis (Kotloff ez al., 2018).

1.2.1 How common is Shigella-attributable diarrhoea?

Shigella was recognized as the second most prevalent cause of diarrhoeal mortality
in 2016 across all ages, accounting for 212,438 casualties and approximately 13.2%
of all diarrheal deaths. Shigella caused 63,713 deaths among children under 5 years
old and was linked to diarrhoea in adults of all ages, with an increase in the elderly
and a wide geographical distribution (Khalil ez al., 2018). Shigellosis is estimated to
affect one hundred eighty-eight million people each year, resulting in around one
million fatalities. In wealthy countries, there are approximately 1.5 million instances
every year. In the United States, it causes approximately 450,000 cases per year
(Kotloff et al., 2018). Shigella is the leading cause of diarrhoea in children under the

age of five in sub-Saharan Africa and South Asia (Liu ez al., 2016). There is no gender
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or racial preference for shigellosis. Shigellosis is widespread in daycare centres and
residential facilities. The new use of quantitative PCR for Shigella detection indicated
a more than five times higher burden of shigellosis among children in low-resource
settings than previously detected using culture-based diagnostics (Platts-Mills et al.,
2018). Importantly, the greatest share of the Shigella burden was associated with
watery diarrhoea rather than dysentery. A contemporary statistical analysis found that
the proportion of Shigella infections that manifest as dysentery appears to be
declining. Shigellosis overall had a greater link with death than Shigella-associated
cases of dysentery (Tickell et al., 2017). Furthermore, shigellosis has been linked to
reduce linear growth even when there are no diarrheal symptoms (Rogawski et al.,
2018).

1.2.2 Shigellosis: Infection

Shigellosis, a global health concern in both industrialized and developing countries,
is a widespread infectious disease caused by different strains and serotypes of Shigella
species. Shigellosis is mostly transmitted through human faeces, which can be
ingested through infected hands or items. Infection can also be transmitted by
contaminated food and drink. The disease primarily affects youngsters in low-income
areas, with travellers and MSM being the highest risk groups in high-income areas
(ECDC, 2022). Outbreaks can spread quickly, often starting with an edible or water-
based source and propagating through personal contact. Houseflies play an
underestimated role as a mechanical vector for transmission in areas with insufficient
human waste management (Farag et al., 2013). Shigellosis symptoms typically begin
with discomfort, high temperature, migraine, anorexia, and nausea followed by
watery diarrhoea. Most mild diseases in individuals who are otherwise in good health,

typically resolve within a few days of symptoms. In certain cases, the condition
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progresses to frank dysentery, characterized by frequent small stools with blood and
mucus, lower abdominal pains, and tenesmus (Kotloff e al., 2018). Severe infections
might result in over 20 dysenteric stools in a single day. Shigellosis can cause serious
intestinal problems such as rectal prolapse, blockage, toxic megacolon, and
perforation, albeit these are uncommon (Avital et al., 1982). Seizures are the most
common extraintestinal manifestation of shigellosis, occurring in 5-30% of
hospitalized children, particularly in young children with fever or metabolic
derangements that can lead to seizures (Khan et al., 1999). Ekiri syndrome is an
uncommon but deadly encephalopathy linked to shigellosis (Pourakbari et al., 2012).
Shigellosis can cause haematological symptoms such as leukaemia and haemolytic
uraemia (Khan et al., 2013). Shigella vaginitis is commonly seen in prepubertal
children (Parisot et al., 2016). Long-term consequences of shigellosis include
persistent diarrhoea and malnutrition, particularly in kids from lower-middle-class
and economically deprived nations. Intestinal protein loss is a typical occurrence that
can exacerbate these outcomes (Black et al., 1982). Shigella infection in adults in
high-income settings has been related to post-infection irritable bowel syndrome,
which is characterized by changed stool frequency, shape, and passage, as well as
abdominal pain (Jung et al., 2009). Shigellosis may cause irritable bowel syndrome
by disrupting tight junctions with commensal bacterial translocation during severe
inflammation, leading to dysregulation and long-term immune, proprioceptive, and
motility defects (Verdu and Riddle, 2012). Shigellosis may also trigger invasive

infections, including meningitis, osteomyelitis, arthritis, and splenic abscess.

1.2.3 Shigellosis: Causes and Transmission

The sole reservoir for Shigella is humans; non-human primates can get dysentery if
exposed, but they are not involved in the spread of the infection within communities.
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Asymptomatic illness over an extended period is uncommon. Shigella spp are not
naturally durable, thereby making fomites less effective. The faecal-oral route is the
predominant mode of transfer, and Shigella spp. have a relatively low infectious dose
of around 100 organisms (Bennish and Ahmed, 2020). This virus spreads through
contaminated water, food, faeces, fingers, flies, and fomites. Poor personal hygiene
among food handlers has frequently been linked to the spread of Shigella.
Furthermore, because Shigella spp. are not associated with any particular dietary
product, a rise in the prevalence of food-related ailments can be attributed to a range
of environmental variables, including poor food handling, storage, and preparation.
What exacerbates these scenarios is Shigella's ability to travel easily and quickly from
person to person, potentially infecting a larger number of people. Shigella-related
outbreaks involving food do not follow any specific trend. The disease can afflict an
isolated local community or thousands of people across many states or countries.
Fresh vegetables and dishes handled by unwell preparers are common causes of
contamination. A depressing reminder of the potential for rapid, international
transmission of dysentery is an epidemic connected to the eating of meals supplied
by a Minnesota-based airline (Hedberg et al., 1992). The most probable cause was
contamination of meals during preparation by one or more personnel handling food,
who had contracted Shigella sonnei in the community. Natural disasters, such as
earthquakes and flooding, can have a significant health impact on devastated
communities (Lampel et al., 2018). In these cases, public health is jeopardized if
sections of a society’s framework, particularly water supply sources along with
delivery platforms, as well as sewage disposal facilities, are compromised. Men who
have intercourse with men and those with HIV are more likely to contract Shigella,

leading to severe illness (McCrickard et al., 2018). While this has altered the age-
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related demographics of shigellosis in wealthier nations, it has had little impact on
the epidemiology of the disease in poorer countries.

1.2.4 Shigellosis: Clinical Features and Diagnosis

The symptoms of shigellosis are generated upon the infiltration of the mucosa of the
small bowel and colon by the microorganism, leading to inflammation. Tissue
breakdown damages the epithelial cell layer and produces inflammatory exudates in
the tissues and stool (Sansonetti et al., 1999). Clinical signs might range from watery
diarrhoea without blood or mucus to dysentery with tenesmus. In extreme
circumstances, gastrointestinal symptoms can last for a long time, resulting in a
chronic relapsing sickness with phases of acute active diarrhoea and low-
grade symptoms (Ebrahim, 1991). Shigellosis often leads to a bunch of systemic, non-
intestinal problems, which are more prevalent and severe among malnourished
children in impoverished nations (Khan et al., 2013). Shigella infections typically
cause high (40°C) and long-lasting fevers and seizures in young children
impacting about 5% of hospitalized kids (Khan ef al., 1999). Severe shigellosis can
cause lethargy, confusion, obtundation, and even coma. Shigellosis can produce
mental abnormalities due to metabolic issues or neurologic consequences, which are
not fully understood (Khan ef al., 1999). Hypoproteinaemia can result from a
combination of intestinal protein loss, poor nutrition during sickness, and systemic
inflammation that reduces protein synthesis (Bennish et al., 1990). Shigella can infect
epithelial areas beyond the gut, such as the eye and the genital region. It can also
invade the circulation and cause sepsis (Operario et al., 2017). The most devastating
clinical consequence of shigellosis is haemolytic uremic syndrome (HUS). In addition

to microangiopathic anaemia and renal failure, leukemoid response (>50,000 mm3
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peripheral blood polymorphonuclear cells) and thrombocytopenia may occur in

conjunction with HUS (Khan et al., 1999).

Even though the final diagnosis of shigellosis requires the isolation of Shigella from
stool, antimicrobial treatment is mostly based upon speculative clinical diagnosis due
to the length of time needed for isolation (48 hours), the lack of diagnostic
microbiologic facilities at the majority of health facilities in developing countries, and
the insensitivity of current culture methods (Bennish and Ahmed, 2020). Additional
symptoms that corroborate the shigellosis diagnosis include rectal prolapse, fever, and
abdominal pain. The laboratory test that people in developing nations are most likely
to have access to is microscopic inspection of the excrement using a moist mounting
medium or Gram stain, both of which exhibits a high polymorphonuclear cell and
erythrocyte density. A peripheral blood count with leucocytosis is one of the
additional supporting laboratory tests. While some rapid methods for identifying
Shigella infections have been developed, none are being used widely at the moment
(Bennish and Ahmed, 2020). Shigella is isolated from the faeces to provide a
conclusive diagnosis when microbiologic laboratory facilities are available.
Shigella do not endure well and therefore necessitates rapid plating of a stool sample
either at the patient's bedside or by an immediate transfer to the lab. Stool samples
are placed on media that is specifically designed to support gram-negative bacteria.
Since Shigella cannot ferment lactose, it looks white or colourless on particular
medium that have indicator dyes that are sensitive to acid. The identity of non-lactose-
fermenting colonies is then confirmed beyond a reasonable doubt using biochemical

analyses.
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1.2.5 Shigellosis: Medication and Therapy

The preservation of electrolyte balance and hydration is the bedrock for
shigellosis treatment. Oral rehydration salts (ORS) or parenteral rehydration therapy
are the main methods used in clinical management of shigellosis to restore lost fluids
and prevent or treat dehydration (Victora et al., 2000). Though useful in minimizing
fatalities, ORS fails to eliminate the pathogen and remove signs of infection, which
lowers caregiver compliance and treatment effectiveness (Harrell and Cheng, 2018).
Antibiotics are indicated to be effective in treating Shigella associated dysentery.
Antibiotics shorten fever and diarrhoea by one to two days and stop pathogen
shedding, which lowers the danger of transmission from person to person (Kotloff et
al., 2018). For both adults and children with shigellosis, oral azithromycin and
ciprofloxacin are typically recommended as initial-line treatments. Individuals with
severe diseases or compromised immune functions are prescribed parenteral
ceftriaxone. Widespread resistance has rendered previous therapeutic mainstays like
ampicillin, trimethoprim-sulfamethoxazole, nalidixic acid, and tetracycline
ineffective (Kotloff ef al., 2018). Because resistant strains pose a concern, treatment
decisions should be wise and informed by susceptibility results wherever feasible in
order to achieve the greatest benefit and minimize risk. A community's resistance
prevalence also plays a crucial role in choosing an empirical treatment plan. Choosing
antimicrobials to treat shigellosis is based on a number of principles. Notably,
significant faecal concentrations are not necessary for the medication to reach
therapeutic quantities in the serum. This has been observed in two apparently non-
absorbable antibiotics, viz. rifaximin and gentamicin, which although exhibited in-
vitro efficacy against Shigella, but failed to produce similar outcomes in vivo (Taylor

et al., 2008). Secondly, not every antibiotic that surpasses the minimal inhibitory
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concentrations in serum works. Amoxicillin, for instance, appears to be less effective
than ampicillin despite being better absorbed. In the more than 20 years since
azithromycin was originally investigated for the treatment of shigellosis in 1997, no
new medications for the disease have been released, and none are expected anytime
soon (Khan et al., 1997). This puts the possibility of having a widespread, maybe fatal

infection for which there is no efficient antibacterial treatment in place in question.

Early feeding is equally crucial. One major complication of shigellosis is the
development of malnutrition due to anorexia, increased metabolism, and loss of
protein in the gut. In addition to preventing hypoglycaemia, aggressive feeding
combined with a high-protein diet can help improve the nutritional decline that occurs
after dysentery with Shigella (Kabir et al., 1992). It is recommended that infants be
breastfed for the duration of their sickness. It has also been observed that taking extra
zinc shortens the duration and intensity of the acute illness and decreases the
frequency and intensity of diarrhoea during the three months following infection
(Chao, 2023). Warm magnesium sulphate compresses help relieve oedema and are
the best treatment for rectal prolapse. For the foreseeable future, control of shigellosis
thus calls for improvements in nutrition and cleanliness, adequate diagnosis and

treatment of sick individuals, and betterment in socioeconomic situations.

1.2.6 Shigella- The elusive digestive invader

Shigella, the primary bacteria, responsible for persistent endemic diarrhoea has a long
and intriguing history. The diagnosis of shigellosis, or bacillary dysentery, dates back
to the Bible. The dysentery bacillus is named after the Japanese physician Kiyoshi
Shiga, who is widely acknowledged with discovering the organism in Japan in 1898

(Lampel et al., 2018). The disease was dubbed "the most dreaded disease of children
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from its fulminating course and high mortality" by Shiga himself. In the years since
Shiga's discovery, over a hundred distinct of the varieties of the dysentery bacillus
were described. Strong evidence suggests that E. coli has several origins, from which
Shigella species and EIEC are derived, forming a single pathovar. It is thought that
EIEC strains were the ancestors of "full-blown" Shigella, which sprang from E. coli
(Peng et al., 2009). Shigella is thought to have evolved from E. coli by acquiring the
plasmid that caused invasion and by gaining many chromosomal DNA clusters known
as pathogenicity islands (The et al., 2016). Within the Enterobacteriaceae family,
Shigella is a genus of bacteria with rod-like forms. Microbiologically, Shigella are
classified as gram-negative, nonmotile, nonspore forming bacteria. Their cells have
dimensions of 0.4 to 0.6 um in diameter and 1 to 3 um in length and can be
encountered solitary, in pairs, or in strings. Shigella species are classified as Voges
Proskauer negative, lysine decarboxylase negative, ornithine decarboxylase negative,
oxidase negative, urease negative, catalase positive, and methyl red positive (van der
Ploeg et al., 2010). When cultured in vitro, Shigella clusters have a width of around
2 mm and are spherical, convex, smooth, and translucent. All of them are colourless
or pale on MacConkey's agar medium, with the exception of Shigella sonnei, which
is a late lactose fermenter (Payne, 2019). Shigella establishes an infection by
penetrating cells and producing severe inflammation in the epithelium of the colon
and rectal area. A temperature of 37°C is ideal for their growth. Genes required for
cell invasion, such as those pertaining to a type III secretion system (TTSS) that
allows penetration into epithelial cells, are carried by a large virulence plasmid found
in Shigella species (Lampel et al., 2018). With the discovery of Shigella DNA in up
to one-third of culture-negative specimens, a recent multicenter analysis of the

epidemiology and microbiology of shigellosis in Asia suggested that the disease's
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incidence may even surpass earlier estimates, thus making it a devastating health

problem, even after 100 years of its discovery (Schroeder and Hilbi, 2008).

1.2.7 Classification of Shigella

Shigella is an antigenically diversified bacterium that is serologically classified into
four recognized species, viz. Shigella dysenteriae, Shigella flexneri, Shigella boydii
and Shigella sonnei (Kotloff et al., 2018). Each of the four forms of Shigella share
phenotypic similarities, notably invasive pathogenicity, and are composed of many
serogroups. Serogroups A through D are represented by each species, which is made
up of several (15-20) serotypes. With the exception of Shigella sonnei, which only
has one serotype, every species has a variety of distinctive serotypes: Shigella flexneri
has 14, Shigella boydii has 19, and Shigella dysenteriae has 15 (Kotloff et al., 2018).
The wide variation in the makeup, alteration, and quantity of repeats of its
lipopolysaccharide (LPS) O antigen—a significant Shigella antigenic target of the
host's humoral response—is reflected in the multitude of serotypes (Schnupf and
Sansonetti, 2019). Shigella serogroups and types are distributed differently across

time and in different geographic regions.

Shigella flexneri: Of the four species, Shigella flexneri is the cause of 60% of
infections that occur worldwide and has been well investigated, improving our
understanding of Shigella pathophysiology and the covert host-pathogen interaction
(Schnupf and Sansonetti, 2019). Serotyping data provides us with a great deal of
epidemiological information on Shigella flexneri. Different Shigella flexneri
serotypes have different O antigens, and experimental data suggests that the
conformation of the O antigen is critical for invasion and innate immunity evasion

(West et al., 2005). Serotype conversion, on the other hand, is a well-documented
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phenomenon in Shigella flexneri, wherein plasmids and bacterial phages encoding
genes, generate alterations in the composition of O antigen and foster serotype
transition in a homogeneous population. SfI, SfII, Sf6, SfIV, SfV, and SfX represent
a few of the O antigen-modifying bacteriophages found thus far. These
bacteriophages change Shigella flexneri Y into serotypes la, 2a, 3b, 4a, 5a, and X,
respectively (The et al., 2016). Moreover, in the last 10 years, a number of new
Shigella flexneri serotypes have been identified, which has complicated the
epidemiology and possible protective effectiveness of any future O antigen-based
vaccinations. Numerous reports have noted the appearance of new Shigella flexneri
serotypes. Numerous of these new serotypes carry multiple O antigen-modifying
operons, which leads to further alterations in the already significantly altered
tetrasaccharide. For instance, S. flexneri 1a is transformed into the novel serotype 1c
when gtr1C is introduced. This results in the addition of a glucosyl group on the
glucosyl-linked N-acetylglucosamine (Stagg et al., 2009). There have also been
findings regarding serotype flipping accomplished through plasmids in Shigella
flexneri Xv, 4s, and Yv. It was discovered that the transfer of phosphoethanolamine
(PEtN) to the second rhamnose (Rhall) and Rhalll of the O antigen in S. flexneri Xv
and Shigella flexneri Yv, respectively, required the plasmid-borne O antigen
phosphoethanolamine transferase (opt) gene (Sun et al., 2013; Zhang et al., 2014). In
Asian nations, 2a, 3a, and 1a are the three most common serotypes of Shigella flexneri
(Muthuirulandi Sethuvel et al., 2017). Frequent serotype switching as well as the
flourishing of certain descendants, emphasize the requirement for more precise

tracking and surveillance of Shigella flexneri.

Shigella sonnei: As the most prevalent infectious species of shigellosis in affluent

nations and the second most common in low- and middle-income countries (LMICs),
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Shigella sonnei is an emerging pathogen on a global scale (Shad and Shad, 2021).
The O-antigen of Shigella sonnei has been observed to suppress uptake and escape
from vacuole, and inhibits activation of inflammasome. This unique mechanism helps
distinguish Shigella sonnei from other Gram-negative enteropathogens and offers it
an edge over species that are closely related (Watson et al., 2019). Shigella sonnei has
been divided into three primary lineages, I, II, and III, which have a most recent
common ancestor that lived less than 400 years ago (Holt ef al., 2012). The
overwhelming majority of isolates in South America, Asia, and Africa originated from
the most newly flourished lineage III. It's significant to note that resistance to several
antimicrobials was correlated with worldwide distribution. The acquisition of class |1
integrons and mutations in DNA gyrase subunit A (gyrA), which encodes the target
protein for the fluoroquinolone (a class of broad-spectrum antibiotic) family, served
as the mediating mechanisms for resistance (The et al., 2016). It appears that the
multiple processes and unique mechanisms thus discovered in Shigella sonnei

collectively contribute to the organism's increased predominance.

Shigella boydii: Since it is seldom isolated elsewhere, Shigella boydii appears to be
confined to the Indian subcontinent, where it was initially discovered to exist (The et
al., 2016). Shigella boydii was identified as 5.4% (61/1130) of the 1130 Shigella
isolates that were collected over the 36-month Global Enteric Multicenter Study
(Livio et al., 2014). Despite its relatively moderate contribution to the total observed
cases of multistate disease (MSD) in contrast to the remaining three Shigella serovars,
Shigella boydii remains a key contributor to the entire load of shigellosis. With an
isolation rate of almost 50% of all Shigella boydii isolates, serotype 2 is the most
common and clinically significant serotype in developing nations (Livio et al., 2014).

The utilisation of genomics to investigate such neglected species like S. boydii are
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considered to facilitate further advancements in the domains of pathogen
identification, phylogenetic classification, and possible functional analysis of the

revealed genomic areas specific to clades and species.

Shigella dysenteriae: With a high attack rate, fatality rate, and a number of sequelae,
Shigella dysenteriae garners the most attention due to its potential to cause an
epidemic and its link with the majority of serious cases of dysentery (Dutta et al.,
2003). The hypervirulence of Shigella dysenteriae serotype 1, one of the best studied
serotypes, can be somewhat clarified by the presence of the shu cluster, which is
upregulated in response to the host body temperature and uses haem as an iron source,
improving host adaptation (Kouse et al., 2013). It can also be possibly explained by
the secretion of Stx, that restricts protein synthesis. During the two world wars,
inadequate sanitation and high human mobility allowed two lineages of Shigella
dysenteriae 1 to spread quickly across continents. It appears that selection during
epidemics led to the independent acquisition of antimicrobial-resistance genes by
these lineages, which also explains why, despite rare isolation rates, it can
nevertheless trigger catastrophic epidemics in populations who are already at risk

(Rohmer et al., 2014).

1.2.8 Epidemiology of Shigella

In both endemic and epidemic forms, shigellosis is a global illness. In most cases, the
victims are younger than five years old. An estimated 164.7 million cases of
shigellosis occur each year worldwide; children under the age of five account for 69%
of all cases and 61% of all deaths linked to the disease (Taneja and Mewara, 2016).
Numerous observations have led to the conclusion that the degree of economic

development in a given country determines the geographical stratification of Shigella
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species (Anderson et al., 2016). While Shigella sonnei rates rise with economic
growth, Shigella flexneri ranks the most prevalent species in impoverished nations.
According to a 5-year investigation conducted in the southern part of India to
ascertain the changing trends of Shigella serovars in occasions of dysentery, the most
prevalent type of Shigella spp. between 2001 and 2003 was Shigella flexneri (45%),
followed by Shigella dysenteriae (29%), Shigella boydii (15%), and Shigella sonnei
(10%). The same study found that there was a significant shift in the Shigella
serogroups between 2003 and 2006. While Shigella flexneri (45%) remained the most
common isolate, it was followed by Shigella sonnei (31%), Shigella boydii (15%),
and finally Shigella dysenteriae (8%) (Muthuirulandi Sethuvel et al., 2017). It turned
out that serotype 2a was the most frequently encountered Shigella flexneri strain,
followed by 3a, 6 and 2b. However, new data suggests that Shigella sonnei has
emerged in areas undergoing economic transformation, essentially dispensing of
Shigella flexneri as the primary cause of shigellosis (Thompson et al., 2015).
Numerous Asian nations, including Vietnam, Thailand, and Bangladesh, have
regularly reported on this species replacement occurrence. Shigellosis was found to
be endemic and the primary cause of acute paediatric diarrhoea in hospital-based
bacteriological surveillance conducted in the Andaman and Nicobar Islands between
2000 and 2011 (Bhattacharya et al., 2014). It was shown that the most widespread
and ubiquitous serogroup detected in the islands was Shigella flexneri 2a, with
Shigella sonnei rarely competing, as reported in prior research from India. Apart from
the significant species shift that has been noted in developing nations, there has also
been an alteration in the epidemiology of Shigella flexneri in specific populations in
advanced economies. In communities of men who have sex with men (MSM) in

Wales, England, and Canada, the isolation rate of Shigella flexneri 3a was found to
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rise consistently (Kotloff ez al., 2018). Since the increased isolation rate cannot be
attributed to an import from one or more low-income nations, it is possible that this
variant's ecology has evolved to allow for transmission within MSM communities.
Periodic changes in the most common serogroups of Shigella were noted in India, at
a tertiary care referral center serving patients from eight neighbouring states
(Chandigarh, Punjab, Haryana, Himachal Pradesh, Jammu and Kashmir, western
portions of Uttar Pradesh, Uttaranchal, and portions of Rajasthan), covering a wide
geographic area (Taneja and Mewara, 2016). From 1994 to 2002, Shigella flexneri
was the most prevalent serogroup. A decade later, in 2003, Shigella dysenteriae type
1 became the leading serogroup, only to be replaced by Shigella flexneri again in
2004. The National Institute of Cholera and Enteric Disease (NICED), Kolkata, in
eastern  India, has also documented similar cyclical variations,
where Shigella dysenteriae epidemics recur around every ten years (Pazhani et al.,
2005). Travelers from the developed world to developing nations are susceptible to
contracting diarrheal illness from Shigella. About 15-20 million tourists who visit
developing nations each year are estimated to get diarrhoea. Out of the 64,039 enteric
diseases that FoodNet received reports of, 8270 (13%) were linked to travel. Of the
bacterial agents, Shigella (13%) was the most common, coming in third place after
Campylobacter (42%), and non-typhoidal Sa/monella (32%) (Kendall ef al., 2012).
Furthermore, Shigella might constitute the primary cause of mild-to-serious intestinal
infections provided accurate molecular diagnostic approaches are implemented and

adjustments are introduced for those with no symptoms.

1.2.9 Pathogenesis of Shigella

There are several steps involved in contracting the invasive pathogen Shigella spp
(Schroeder and Hilbi, 2008). Following oral consumption, Shigella makes it past the
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stomach's acidic environment and the gut's competitive microbiota to enter the
terminal ileum, colon, and rectum, where it breaks through the mucous layer (Kotloff
et al., 2018). Proton consumption systems, resistance to locally produced
antimicrobial peptides, and mucinase synthesis are some of the mechanisms that
allow Shigella to get past these obstacles (Anderson et al., 2016). The intestinal
epithelium, which developed as a structural and functional barrier to guard the body
against the invasion of commensal and pathogenic bacteria, is crossed by Shigella
flexneri in order to reach the intestinal mucosa (Sansonetti, 2004). In the early stages
of infection, Shigella flexneri appears to induce uptake into microfold cells (M cells)
and transcytose across the epithelial layer rather than breaching the epithelial barrier
from the apical side (Anderson et al., 2016). The low levels of mucus and
antimicrobial peptides make M cells easily vulnerable and lucrative targets, which
Shigella exploits to cross the intestinal barrier and enter polarized colonocytes from
the basolateral side (Man et al., 2004). Following transcytosis, Shigella flexneri
escapes into an intraepithelial pocket where it comes in contact with local
macrophages that devour and destroy foreign material. Shigella prefers to swiftly
elude macrophages and infiltrate colonocytes in order to gain access to the cytoplasm
of epithelial cells, which serves as their replicative niche (Anderson et al., 2016).
Shigella causes macrophage pyroptosis, which allows the bacteria to leave the cell.
The proinflammatory cytokines IL-18 and Interleukin-1B (IL-1P) are released in
conjunction with macrophage cell death. The acute and widespread inflammatory
response that Shigella elicits is significantly mediated by both cytokines. IL-18 has a
role in the development of a potent antibacterial response, whereas IL-1p signalling
causes the severe intestinal inflammation that is specific to shigellosis (Schnupf and

Sansonetti, 2019). Once in the cytosol, Shigella penetrates to the neighbouring
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epithelial cells, by carefully manipulating actin polymerization, while bypassing
external immune system components. However, this technique is a dual-edged
weapon because the penetration of epithelial cells triggers an intense inflammatory
cascade. The Nodl-mediated intracellular surveillance system detects bacterial
peptidoglycan fragments produced by Shigella and activates NF-xB, leading to the
up-regulation and production of the chemokine IL-8 (Schnupf and Sansonetti, 2019).
IL-8 stimulates a huge flux of polymorphonuclear neutrophil leukocytes (PMN) to
the region of inflammation. Invading PMN jeopardize the unity of the epithelial
barrier, allowing more bacteria from the lumen to break into the submucosa regardless
of the assistance of M cells. Furthermore, the pathogen weakens the binding of the
epithelial cell junctions that are tightly connected by manipulating the protein content
of tight-junction. Thus, macrophage death, epithelial layer degradation, and a huge
influx of PMNSs all contribute to the bacterial infection and tissue injury (Sakaguchi
et al., 2002). Both the onset of diarrhoea and the distinctive pathophysiology of
shigellosis depend on these processes. The extensive breakdown of tissues inflicted
by Shigella spp. culminates in reduced adsorption of electrolytes and water, which
might reflect in the form of watery diarrhoea and blood-stained stools, that are
indicative of infection with Shigella. Although severe inflammation favours invasion
and infection of Shigella at first, new research shows that bacteria release effectors
that actively suppress proinflammatory signals, possibly to keep the intensity of the
inflammation at a level that is advantageous to the bacteria (Anderson et al., 2016).
Shigella replicates and spreads throughout the intestinal epithelium by using an
assortment of protein effectors, like IpaA- IpaD, and IcsA/VirG. The effectors and a
needle-like type Ill secretion mechanism that injects them into the host cell

cytoplasm, are all encoded by a sizeable virulence plasmid shared by all Shigella
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strains (Killackey et al., 2016). Even in the absence of traditional adhesion proteins,
Shigella first clings to the host cell before delivering effectors. Recent research has
shown that, following the first activation of the T3SS, the Shigella surface protein
IcsA undergoes a bile salt dependent activation and promotes contact with host cells
by acting as an adhesin (Brotcke Zumsteg et al., 2014). Additionally, bile salts induce
the expulsion of OspEl and OspE2, which persist on the exterior membrane of
bacteria and improves adherence to polarized cells. The ultimate assemblage of the
T3SS in an instantaneously activatable configuration is facilitated by bile salts,
specifically deoxycholate. The tip nexus, which is made up of IpaB, IpaC, and IpaD,
is located at the distal extremity of the T3SS. IpaD helps IpaB and IpaC assemble
onto the needle while IpaB and IpaC are hydrophobic proteins that intrudes
into eukaryotic membranes and create a pore that permits effector delivery (Killackey
et al., 2016). In the host membrane IpaB communicates with cholesterol, promoting
membrane insertion and T3SS activity. IpaB acts as a molecular stopper to prevent
secretion through the T3SS prior to implantation, that is eliminated upon implantation
into the host membrane. Intriguingly, in a study by Marteyn et al. Shigella was
observed to inhibit the secretion via T3SS in anaerobic environments by suppressing
the transcription of spa32 and spa33 through fumarate and nitrate reductase (Marteyn
et al., 2010). When taken in common our findings imply that Shigella has developed
the ability to detect, with acute precision, when it is in the right gut environment to
prompt elevated T3SS activity and adherence.

1.3 The Evolving Epidemic of Antimicrobial Resistance

The healthcare community believed that with the discovery of antibiotics, the struggle
against infectious diseases had been won. But now that so many bacteria are resistant

to various antimicrobial drugs, it appears like the tide of battle is shifting in the
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bacterium's favour (Reygaert, 2018). The 'Faceless Pandemic' that has the entire
planet captivated is Antibiotic Resistance. Antimicrobial resistance (AMR) is now
recognized as one of the most pressing public health issues of the twenty-first century,
which poses a threat to the efficient prevention and treatment of an expanding array
of infections brought on by bacteria, parasites, viruses, and fungi that are resistant to
the common medications used to combat them (Prestinaci et al., 2015). The "golden
era" of antibiotics lasted from the 1930s to the 1960s and gave rise to numerous
antibiotics (Aslam er al, 2018). However, this period came to an end when
researchers were unable to keep up with the fast pace of antibiotic discovery in the
face of expanding resistance infections (Aslam et al., 2018). The contributing
variables linked to the expansion of antimicrobial resistance involve the continual
inability to develop new antibiotics and negligent consumption of prescription drugs.
For the first time in the late 1950s and early 1960s, enteric bacteria such as
Salmonella, Shigella, and Escherichia coli showed signs of developing resistance to
multiple antimicrobial agents (Aslam et al., 2018). These resistant strains primarily
affected developing nations, causing enormous clinical, financial, and human
casualties. Nonetheless, in the advanced nations it was seen as a minor health issue
limited to intestinal microorganisms. This false belief was dispelled in the 1970s with
the discovery of multidrug-resistant strains of both Haemophilus influenzae and
Neisseria gonorrhoeae, that showed resistance to ampicillin, tetracycline and
chloramphenicol (Aslam et al., 2018). Microbes' extraordinary genetic capacities
have benefited from man's overuse of antibiotics, allowing them to exploit every
source of resistance genes and every mode of horizontal gene transmission to develop
multiple resistance mechanisms for every antibiotic introduced into clinical,

agricultural, or other practice (Davies and Davies, 2010). Although uncommon and
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difficult to foresee, evolutionary events that result in the creation of novel resistance
factors in pathogens may have far-reaching effects (Larsson and Flach, 2022).
Conversely, propagation episodes of pre-existing widely distributed resistant variants
are frequent, quantitative, and more predictable. To comprehend and mitigate the
drug resistance dilemma overall, it is essential to quantify the pathways and pinpoint
the factors that contribute to environmental evolution and the bottlenecks that prevent

antibiotic resistance from spreading.

1.3.1 The multifaceted phenomenon

The overwhelming threat of antimicrobial resistance is especially significant in the
domain of bacteria (Dadgostar, 2019). The impact of AMR on patients and their
families is largely invisible, yet it manifests itself in protracted bacterial infections
that lengthen hospital stays and result in unnecessary deaths (Laxminarayan et al.,
2013). Although an inherent feature of microorganisms, the prevalence of clinically
relevant antimicrobial resistance (AMR) has been worsened by the improper

consumption of antimicrobial drugs, which is fueled by a number of causes.

Abuse of Antibiotics: Ever since the discovery of antibiotics in the 1940s, Sir
Alexander Fleming has cautioned the public about the potential for antibiotic misuse
due to anticipated high demand (Zaman et al., 2017). Numerous global polls reveal
that a significant number of patients strongly feel antibacterial drugs could aid in the
treatment of viral infections such as the flu or common cold (Dadgostar, 2019). The
overprescription of antibiotics, the availability of over-the-counter medications, and
the application of antibiotics when they are not genuinely necessary for the

therapy, all foster antibiotic resistance.
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Utilizing Antibiotics in Agriculture: Another significant variable driving clinical
antibiotic resistance is the routine application of antibiotics in agriculture.
Worldwide, cattle agriculture used 63,200 tons of antibiotics in 2010- a substantial
excess above what was used by humans. Antibiotics are used not just to cure sick
animals but also to mostly avoid animal illness, raise herds at subtherapeutic levels,
and increase feed efficiency. For example, in the United States alone, around 80% of
all antibiotic sales are used on food intended for animal consumption (Bartlett ez al.,
2013).

Economic Growth: Antibiotic usage has been found to be positively connected with
rises in GDP and living standards in low- and middle-income countries (LMICs)
(Dadgostar, 2019). Klein et al for example, have reported that 65% more antibiotics
were used worldwide between 2000 and 2015. While United States, France, Spain,
New Zealand, and Hong Kong had the highest rates of antibiotic consumption in
2000, low- and middle-income nations—Turkey, Tunisia, Algeria, and Romania—
had the greatest rates of antibiotic consumption in 2015 (Klein et al., 2018).
Frequent Travels: According to studies, the ease with which people, animals, and
consumables may now travel around the world has greatly aided in the proliferation
of antimicrobial resistance. Human visitors possess an elevated risk of returning home
infested and diseased due to exposure to resistant diseases. For instance, research
conducted by Ruppe et al. found that following return from their trip to India,
European visitors who had no interaction with the country's healthcare system,
still tested positive for carbapenemase-producing Enterobacteriaceae (CPE) (Ruppé
etal., 2014).

Environment-driven evolution of resistance: The environment influences the

advancement of antimicrobial resistance as well as serves as a conduit for its spread.
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Antibiotic resistance can result from foreign DNA absorption as well as alterations in
the bacterium's pre-existing genome. Water, soil, and other habitats with highly
varying biological niches offer an unparalleled gene pool with a variety that
considerably surpasses that of the human and domestic animal microbiota when it
comes to the uptake of novel resistance factors (Larsson and Flach, 2022). Antibiotic
resistance has been observed in at least some of the pathogens targeted by all
recognized classes of antibiotics to date, including natural, semi-synthetic, and
synthetic drugs. This implies that, external surroundings currently include resistance
elements for any antibiotics that will ever be developed (Larsson and Flach, 2022).
Information Gaps: Since data and specifics regarding the use of various antibiotics in
both the healthcare sector and in animal agriculture are not consistently collected
globally, there are many gaps in our understanding of antibiotic resistance, which
contributes to the ongoing trends of antimicrobial resistance (AMR) (Dadgostar,
2019). For example, only 42 nations worldwide at present maintain statistics on the
use of antibiotics in livestock in a structured way. Moreover, there is a dearth of public
acknowledgement about the rational utilization of antibiotics and their possible
hazards. For example, national survey findings from several nations, both developed
and developing, including Japan, the United States, Sri Lanka, and others, show that
the majority of individuals have little to no understanding of the proper use of
antibiotics (Aslam et al., 2018).

1.3.2 The costs and implications

Antibiotic resistance typically manifesting itself in the form of our inability to
effectively treat infections, have implications not only for health care spending but
also for a number of other economic areas, with potentially disastrous outcomes (Ait

Ouakrim et al., 2020). Determining the precise economic setback for treating resistant
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bacterial infections remains an immense issue worldwide. The site and severity of
infections, a species' innate resistance, and the availability of substitute antimicrobials
that may be used to treat infections brought on by resistant strains are just a few of
the many variables that affect a pathogenic microorganism's burden of resistance to a
specific antibiotic (Ait Ouakrim et al., 2020). The fact that every patient has unique
symptoms, complications, and treatment outcomes adds complexity to the effects of
AMR (Ait Ouakrim et al., 2020). In a perfect world, assessments for every unique
microbe and every distinct antibiotic in various hosts would be included in the burden
of resistance estimate, along with consideration for multidrug resistance. Because of
the magnitude of the undertaking, estimates of AMR burden are currently based on
specific infection locations, bacteria, and antimicrobial combinations. The primary
difficulty in estimating the economic impact of antimicrobial resistance (AMR) stems
from the fact that some of its costs are concealed, as neither the antibiotic's supplier
nor its direct customer must pay for improper use (Ait Ouakrim et al., 2020). A further
challenge is that antimicrobial resistance (AMR) undermines the efficacy of several
therapeutic measures, such as immunosuppressive treatments, chemotherapy, and
surgical procedures, that rely on the efficient management and avoidance of
infections. According to estimates, treating a resistant illness can cost anywhere from
$10,000 to $40,000 more than treating a susceptible condition (Tansarli et al., 2013).
The extra health care costs associated with antimicrobial resistance (AMR) were
estimated to be over $3.5 billion annually by the Organisation for Economic Co-
operation and Development (OECD) based on a recent modelling study involving 33
EU and OECD nations (OECD, 2018). AMR is predicted to cost those nations'
healthcare systems a total of $134 billion by 2050 (OECD, 2018). Though significant,

AMR's influence on healthcare expenditures pales in comparison to the potential
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monetary and human consequences of resistance to civilization. AMR's impact on the
social landscape is mostly dictated by the increased rates of illness and mortality that
it causes. The magnitude of the workforce and employee productivity are both
affected by these two elements. More precisely, AMR is linked to costs to society that
occur from missed wages as a result of extended absences from work, medical
expenses, and, ultimately, mortality. The influence of AMR on global GDP and on
particular global economic components between 2017 and 2050 was evaluated by the
World Bank using a general equilibrium model (Adeyi et al., 2017). Two different
AMR effect scenarios were emulated as disruptions to the supply of human resources.
Based on the representations, the global GDP would probably decrease by 1.1% year
by 2050 in the optimistic scenario of minimal AMR consequences, as opposed to a
base-case scenario in which there would be no AMR effects. Following 2030, the
associated GDP gap would be greater than $1 trillion yearly. The world will lose 3.8%
of its yearly GDP by 2050 in the high AMR effect scenario, resulting in an annual
deficit of $3.4 trillion by 2030 (Adeyi et al., 2017). On a broader note, it has been
indicated that AMR's effects could mirror those of epidemic outbreaks turning into

pandemics.

1.4 Ethnomedicine: A Boon

Natural products with an abundance of structures and bioactivities, has its own way
of defending humanity against the horrors of disease and illness. These products are
not only essential for maintaining good health but also for fending off various
infectious diseases, brought on by viruses, bacteria, fungi, protozoa, and other
parasites (Mahapatra et al., 2019). For the past century, humanity has attempted to
understand nature's riddles, only to be amazed at its revelations till now.
"Ethnomedicine" refers to the study of natural resources that have historically been
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utilized in many ethnic cultures to treat or cure illnesses. The oldest medical specialty
in the world, ethnomedicine is used to treat and prevent both physical and mental
diseases (Yuan et al., 2016). History has witnessed the development of numerous
practical therapeutic techniques by different civilizations to battle a wide range of
ailments. Traditional Chinese medicine (TCM), Traditional Korean medicine (TKM),
Ayurveda, Unani, each employ elements of nature and have been cultivated for
hundreds, if not thousands, of years, blooming into orderly-regulated health care
practices. Fossil data suggests, human usage of plants as remedies may be traced back
at least 60,000 years (Yuan ef al., 2016). However, traditional medicine practitioners
adhered to their traditions, views, and beliefs while remaining oblivious of current
therapeutic theories. As a result, traditional medicines were long overlooked by
doctors and biological practitioners for a variety of reasons, including concerns over
purity, safety, and potency (Mahapatra et al., 2019). The unknown composition and
guantum of source components and lack of standardization of the raw materials using
contemporary quality control measures, raised concerns about their purity. However,
there seems to be a limit to the amount of progress that can be made in the
development of novel pharmaceuticals using only contemporary technologies. The
limited half-life of most synthetic agents and drugs, combined with the issues of drug
resistance, latency, and reactivation in emerging diseases, have prompted scientists
to search nature's treasure trove for information on plant metabolites for the treatment
of various ailments (Aprilio and Wilar, 2021). Because traditional medicines are more
widely available and are perceived as safer, they become more enticing in light of
contemporary drugs' limited availability and access. A thorough and continuous
investigation into the various facets of ethnomedicine has been made possible by the

newly established WHO Global Centre for Traditional Medicines (GCTM) in
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Jamnagar, Gujarat, which serves as a knowledge centre for indigenous medicines
(Priya, 2022). To maximize the contribution of ethnomedicines to global health and
sustainable development, the WHO has included research and education, analytics
and data mining, sustainability and equity, as well as innovation and technology, as
part of its overall traditional medicines’ strategy, while respecting the rights,
resources, and cultural legacy of the area as a fundamental value (Priya, 2022).
Therefore, addressing the many functions of traditional medicine can help with the
development of regionally and nationally suitable health systems. Transdisciplinary
research can result in more comprehensive, contemporary, and person-empowering

conceptions of health, wellness and disease treatment.

1.5 In-Silico Pharmacology for Drug Discovery

Drug discovery and development (DDD), which typically takes an average of 15
years and over US$2 billion to produce a small-molecule medicine, remains sluggish
and costly despite remarkable advancements in the fundamental life sciences and
biotechnology (Austin and Hayford, 2021). The likelihood of a successful trial for all
medications (marketed and under development) was only 13.8%, according to a study
that examined 406,038 trials from January 2000 to October 2015 (Wong et al., 2019).
Optimization of the absorption, distribution, metabolism, excretion, and toxicology
(ADMET) and pharmacokinetic (PK) descriptors of larger accumulates of superior
chemical entities, hits, and leads during the inception phase of DDD was therefore
required to improve preclinical and clinical study outcomes and pave the way for the
development of safer, more readily available, and more effective pharmaceuticals.
The notion of computer-aided drug discovery, first introduced in the 1970s and made
popular by Fortune magazine in 1981, has seen multiple phases of exhilaration and
disappointment (Sadybekov and Katritch, 2023). The process of finding and creating
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potential medication candidates using computer tools is referred to as in-silico
pharmaceutical research. By aiding in the screening, design, and therapeutic potential
prediction of novel pharmaceuticals, they expedite the process of identifying
promising drug candidates (Miah and Mohd Aluwi, 2024). In addition, by assisting
with toxicity prediction, in-silico techniques help research teams save both money
and time by identifying potentially detrimental impacts early in the development
process (Miah and Mohd Aluwi, 2024). Computing techniques for example molecular
modeling, docking-based computational screening, and digital screening contribute
to discovering new and intriguing compounds by predicting potential binding modes
of possible therapeutic candidates and assessing their themes of communications.
Furthermore, by leveraging existing information to support future protocols, in-silico
research boosts the flexibility and moral acceptability of early drug development
(Miah and Mohd Aluwi, 2024). With some campaigns particularly claiming target-to-
lead timelines as low as 1-2 months or target-to-clinic time under 1 year,
computationally driven discovery efforts are yielding an increasing number of clinical
candidates, albeit it is still too early to expect approved medications from them
(Sadybekov and Katritch, 2023). Taking everything into account, the benefits of in-
silico drug discovery have led to the formation of a $8.3 billion sector annually in
2022, and this momentum is projected to continue (Miah and Mohd Aluwi, 2024).
Notwithstanding the difficulties and limitations, it is compelling to promote for the
switch from computer-assisted to largely computer-guided DDD ecosystem due to
the growing capacity of computational approaches to efficiently access the vast
diversity and abundance of lead like chemical moieties at the fundamental transitions

from target, through hit to lead till clinical trials.
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2. Review of Literature

2.1 The Expanding Spectrum of Antimicrobial Resistance in Shigella

Since the early 1960s, Shigella has developed and disseminated antibiotic resistance,
posing a serious threat to public health worldwide (Muthuirulandi Sethuvel et al.,
2017). Multiple processes, including drug ejection through operative efflux pumps, a
reduction in membrane permeation, amplified levels of enzymes that alter and
inactivate medicines, and target alteration through mutagenesis, can lead to drug
resistance in Shigella species. The most significant contributing factor to the
emergence of multidrug-resistant strains of these bacteria has been their capacity to
incorporate and spread exogenous genes via mobile genetic elements such plasmids,
transposons, insertion sequences, and genomic islands (Muthuirulandi Sethuvel et al.,
2017). The earliest antibiotics administered for relieving infections with Shigella
were sulphonamides; tetracycline and chloramphenicol came next. Shigella acquired
resistant to each of them, subsequently ampicillin and co-trimoxazole were used as a
replacement in treatment (Puzari et al., 2018). But as Shigella became resistant to the
earlier medications, the suggested course of treatment was once more modified to
nalidixic acid. Eventually, the ability to withstand nalidixic acid emerged, and
fluoroquinolones were subsequently introduced (Puzari et al., 2018). Yet, strains
resistant to fluoroquinolones have recently been identified from a number of sources.
The World Health Organization advises using ceftriaxone, pivmecillinam, and
azithromycin to treat Shigella infections that are resistant to fluoroquinolones.
However, several locations have also reported isolates that are resistant to
azithromycin and ceftriaxone (Puzari et al., 2018). This has now become a menace to
humanity, provoking great fear. Shigella species that exhibit resistance to nearly all

antibiotic classes are becoming more common and assuming a dominant position
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worldwide (Baker and Scott, 2023). The urgency of the situation is underscored by a
pattern that other intestinal bacterial pathogens are also following. To address a
possible public health emergency, new approaches to the prevention and treatment of

this illnesses is necessary.

2.1.1 The Interplay between Genetic Diversity and Antimicrobial Resistance in

Shigella

The effectiveness of Shigella spp. as pathogens and the susceptibility of various
human groups to infection with these species may be attributed to their genomic
flexibility and capacity to accept genes conferring resistance to antibiotics (The et al.,
2016). Shigella spp. are not an exception to the "arms race" that many bacterial
organisms have experienced with antimicrobials, since their widespread usage.
Single base pair mutations in important genes that code for antimicrobial targets is
inherited by Shigella species, rendering the occurrence of multidrug-resistant and
extremely drug-resistant forms unavoidable (Baker and Scott, 2023). Shigella spp.
resistance to trimethoprim was linked to the existence of the dhfrla or dhfrllic genes.
While Shigella sonnei isolates possessed the dhfrllic gene, the majority of Shigella
flexneri strains were discovered to have the dhfrla gene, which is thought to be the
most prevalent di-hydrofolate reductase gene in the species (Muthuirulandi Sethuvel
et al., 2017). Sulfonamide tolerance among Gram-negative microbes is likewise
typically the result of acquiring any one of the following genes, sull, sulll, or sullll.
While Shigella species generating extended-spectrum [B-lactamases (ESBLS) have
been getting more commonplace worldwide in recent decades, Gram-negative
microorganisms are mostly known for carrying TEM-, SHV-, OXA-, and CTX-M-
type B-lactamases. The bla-OXA gene was primarily responsible for the ampicillin
resistance of Shigella flexneri (Muthuirulandi Sethuvel ez al., 2017). Shigella spp. are
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resilient to cephalosporins at a rate of 2-0-5-2%, according to studies from Southeast
Asia. Thus far, Shigella species have been identified to harbour the genes bla-CTX-
M-3, bla-CTX-M-15, bla-CMY-2 and bla-CTX-M-14. Quinolone resistance in
Shigella is triggered by multiple methods. A key strategy involves mutations in the
topoisomerase 1V (parC and parE) and DNA gyrase (gyrA and gyrB). An alternative
approach relies on the PMQR determinants gnrA, gnrB, gnrS, aac(6')-1b-cr, and
gepA, while Shigella spp. are more likely to have gnrS (Muthuirulandi Sethuvel et
al., 2017). Additionally, Shigella species have been shown to exhibit efflux-
modulated resistance through mdfA, acrA, and acrB. The overexpression of the acrA
gene was found to be the cause of multiple antibiotic resistance (Mar) phenotypes in
China based on an analysis of clinical isolates of Shigella flexneri obtained from rural
hospitals (Puzari et al., 2018). Shigella species' resistance to several antimicrobial
agents, such as streptomycin, chloramphenicol and tetracycline, is attributed to the
presence of strA, catAl and tetB genes. An important contributing element to the
spread of AMR is the spread of MDR plasmids among Gram-negative bacteria.
Shigella spp. frequently harbour numerous AMR genes on plasmids, primarily IncFllI,
Incll, Incl2, and IncB/O/K/Z plasmids (Yang et al., 2023). In the last three months
of 2021, an enormous flare-up of Shigella sonnei contamination was reported,
affecting multiple European nations. A plasmid called IncFI1 was recovered from this
strain of Shigella, which was found to host several resistance genes, including mphA,
in addition to the blaCTX-M-27 gene (Yang et al., 2023). Analysis reveals that such
vectors not just encourage the growth of multidrug resistant Shigella strains yet
additionally have the ability to transmit between Shigella flexneri and Shigella sonnei,

suggesting an elevated risk of circulation.
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2.1.2 Mechanisms of Antimicrobial Resistance in Shigella

Shigella's antibiotic resistance strategies can be put into four groups: acquired
resistance, where the bacteria can obtain new resistance genes and DNA from other
resistant bacteria; intrinsic resistance, where the bacteria can alter their structures or
constituent parts. Next is the genetic alterations in DNA that can modify the way
proteins are produced, resulting in different components and receptors that the
antibiotic cannot recognize. Lastlyy, DNA can be transferred between bacteria
horizontally through transformation, transduction, or conjugation (Breijyeh et al.,
2020). Naturally acquired resistance to antimicrobial medications can occur through
a variety of processes that either reduce affinity with the drug's target or prevent the
drug itself from being absorbed. Gram-negative bacteria like Shigella spp. may
become less susceptible to certain antimicrobial medications if they have a mutation
in or lack the ~39 kDa porin in their membrane (Ranjbar and Farahani, 2019).
According to a study, permeability of outer-membrane proteins (OMPs) was linked
to increased imipenem resistance in mutants of Shigella dysenteriae. This was proven
by the observation that three imipenem-resistant mutants of the bacteria derived from
India had reduced concentrations of significant OMPs (~43 and ~38 kDa). The
occurrence of antimicrobial resistant phenotypes in Shigella coupled with the removal
of harmful substances from their cells can be largely attributed to active efflux pumps.
The AcrAB—TolC tripartite complex, a member of the resistance—nodulation—division
family of efflux pumps, has been linked to quinolone efflux and is a major contributor
to the emergence of resistance in Shigella isolates (Yang et al., 2008). Certain strains
of Shigella flexneri have been identified as having AcrAB-associated bile-salt
resistance, wherein their manifestation was demonstrated to rise upon encounters with

bile salts, thus enabling the bacteria to withstand the killing action of bile. In another
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study, Kim and colleagues showed that Shigella spp. with elevated expression of the
MdfA (a member of the Major Facilitator Superfamily) efflux pump,
exhibited resistance to fluoroquinolones (Kim ef al., 2008). Tet genes, which belong
to the MFS antibiotic-efflux system, have been linked to tetracycline efflux and
resistance in Gram-negative bacteria like Shigella spp, where TetA and tetB were
found to mediate tetracycline resistance in Shigella sonnei and Shigella flexneri,
respectively. Shigella also expresses a handful of antibiotic-inactivating enzymes as
one of its resistance strategies to antimicrobials. Shigella isolates have been shown to
possess extended-spectrum B-lactamases (ESBLs), that provide resistivity against
cephalosporins of third-generation. Despite the fact that the majority of ESBLs are
variants within the SHV B-lactamase and TEM families, Shigella spp. can also
express the CTX-M family, of which CTX-M-15 is one of the most pertinent findings
associated with the current epidemiology of ESBLs, essentially recognized among
naturally occurring and pathogenic Shigella isolates globally (Bialvaei et al., 2017).
The majority of resistance against fluoroquinolones is brought about by
recombination in the chromosomal target site. Quinolone resistance-determining
region (QRDR), a short region close to the beginning of the gyrA gene, is where the
majority of mutations have been discovered (Ranjbar and Farahani, 2019). The
occurrence of plasmid genes designated as plasmid-mediated quinolone-resistance
regions (PMQRs), or qnr (qnrA, qnrB, qnrC, qnrD, qnrS, gep, aac[6']-1b-cr) genes,
are typically connected to quinolone resistance in Shigella isolates (Ranjbar and
Farahani, 2019). The Shigella flexneri strains recovered from Chinese patients were
the first to have fosfomycin-modifying enzymes identified in them (Liu ef al., 2017).
Several studies have proposed that the rapid diffusion of IncN and Incl plasmids may

be accountable for the rising incidence of novel transferable fosfomycin-resistance
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determinants, such as fosA3 (Liu et al., 2017). Indeed, transconjugant plasmids from
several incompatibility groups were found to cocarry the ESBL and fosA3 genes, and
expressed resistance to cefotaxime, ceftriaxone, and fosfomycin (Liu et al., 2017).
Ribosomal modification, active efflux pumps, and enzymatic inactivation were linked
to aminoglycoside resistance; while the most prevalent of these mechanisms was
aminoglycoside-modifying enzymes (Ranjbar and Farahani, 2019). Shigella isolates
are frequently found to host aadA gene cassettes, which confer resistance to
spectinomycin and streptomycin. Therefore, Shigella spp. display multifaceted
resistance to antimicrobial agents, which can arise from innate, acquired, or adaptive
pathways, making infections resulting from such resistance incredibly challenging to

treat.

2.2 Environmental Basins as Reservoirs for Antimicrobial Resistance

The environment has been acknowledged in recent years as an important reservoir
and conduit for the propagation of resistance, however our knowledge of how it
operates is still fairly limited (Bengtsson-Palme et a/., 2018). Mitigation of emergence
and spread of mobile resistance elements is difficult owing to the lack of
comprehension as to how and when the environment fosters resistance development.
The term "antibiotic resistome" refers to the group composed of every antibiotic
resistance gene (ARGs) including cryptic, acquired, and protoresistance DNA
fragments, as well as the products they encode. Comprising intrinsic mechanisms and
other resistance factors found in environmental bacteria, the environmental resistome
is a subset of the antibiotic resistome (Bobate et al., 2023). New elements that
contribute to antibiotic resistance may appear at any time or place. As a result, new
resistance factors probably emerge on a daily basis, even though the great majority of
these occurrences go unnoticed. However, there are a number of explanations for why
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new resistance genes do not always end up in generating overwhelming pathogens
(Bengtsson-Palme et al., 2018). It is imperative to ensure that there be a little or
insignificant fitness cost and a substantial selection pressure to preserve the
appearance and mobilization of novel resistance elements (Bengtsson-Palme et al.,
2018). The next question concerns where selection forces are strong enough to
encourage the dispersal of chromosomal resistance determinants and the maintenance
for the already mobiles ones. A reservoir of resistance genes found in the environment
is mostly preserved by natural selection processes (Bengtsson-Palme et al., 2018).
Thus, environmental hotspots that support a resistance gene's continued survival at
whatever cost are crucial for the mobilization of resistance determinants. Water, soil,
and other habitats with highly varying biological niches offer an unparalleled gene
pool with a variety that considerably surpasses that of the human and domestic animal
microbiota when it comes to the uptake of novel resistance factors (Larsson and Flach,
2022). Faecal contamination of the environment creates opportunities for gene
exchange between resident ambient bacteria and bacteria that have been evolved to
live in the digestive tracts of humans or domestic animals, by enhancing the chances
of physical contact between the two types of bacteria (Larsson and Flach, 2022).
Furthermore, ARGs found in faecal bacteria that are released into the environment
may move horizontally, one or more steps at a time, to pathogens that may eventually
infect humans, thus contributing to the evolution of resistance that is clinically
important (Larsson and Flach, 2022). Antibiotics infiltrate the environment through
anthropogenic sources such as hospital effluents, animal waste, industrial effluents,
and aquaculture operations (Bobate ef al., 2023). The presence of antibiotic residues
in the surrounding environment imposes selective pressure on the community of

microbes, so that only cells possessing resistance mechanisms—which can be
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acquired by lateral gene transfer or spontaneous mutations—survive (Bobate et al.,
2023). The overabundance of antibiotics in the environment may promote the
development of resistance through a number of processes, such as increased mutation
frequencies, DNA recombination, and the transmission of MGEs across bacteria
(Bobate et al., 2023). The World Bank Group prioritized the environmental spread of
antimicrobial resistance in 2018. Environmental settings act as "hotspots of
resistance," where lateral gene transfer events cause ARGs to intensify and produce
new resistant strains. Consequently, in conceptual terms, the most effective mitigation
strategies for the emergence of environmental resistance include (i) avoiding the
establishment of conditions that favour, mobilize, and permit persistence of resistance
genes in bacterial communities; (i1) limiting the pathways via which resistant bacteria
can spread throughout the human microbiome; and (iii) lowering the selection
pressure for resistant pathogens (i.e., judicious use of antibiotics for humans and
animals) (Bengtsson-Palme et al., 2018). While the environment plays a role in the
development of antibiotic resistance and in its transmission, it can also offer strategies
for controlling it (Larsson and Flach, 2022). With the goal to progress drug
investigations, environmental microorganisms may be explored as a source for
numerous novel candidate antibiotic compounds. Assessing the regional resistance
situation might be made feasible by examining the pattern and abundance of
resistance in the environmental microbiota (Larsson and Flach, 2022). Further studies
may be conducted to determine the degree to which these more common antibiotic
pollutants contribute to the spread of antibiotic resistance in the environmental

resistome (Flores-Vargas et al., 2021).
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2.3 Genomics in Drug Discovery

Genomic research has been utilized to speed up the discovery of novel medications
for more than 20 years (Spreafico et al., 2020). Massive amounts data on gene
expression is now capable of being measured and analysed because of advancements
in high-throughput sequencing technology and the rise of gene expression profile
databases over the past few years (Fang ef al., 2023). Research on ailments and the
development of novel pharmaceuticals depends greatly upon the efficient utilization
of genetic data. In-depth analysis of the data in gene expression profile databases
using genomics-based tools and technologies can highlight the associations and
interplay between medications, illnesses, and genes (Fang et al., 2023). Target
identification, target prioritizing and tractability, and the forecasting of effects from
therapeutic manipulations are aided by a variety of conceptual methods and
methodologies in pharmacogenomics (Spreafico et al., 2020). The integration of
genomic innovations, such as statistical genealogy, genome sequencing, and
evaluation of gene expression, to prescription medicines that are being developed and
marketed is commonly referred to as pharmacogenomics. This strategy leverages
genomics to locate medication response markers at the target, metabolism, and
disease pathway levels (Emilien ef al., 2000). In accordance with the desire to
expedite the discovery of innovative therapeutics while also emphasizing the
importance for individualized care, genomics technologies are now progressively

becoming a crucial part of the drug development process.

2.3.1 System Genetics to Uncover Therapeutic Targets

The discovery novel biological targets, rather than the synthesis of new chemical

compounds, is what confines the present paradigm of target-based drug design
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(Penrod et al., 2011). By shedding light on the underlying genetics of disease, the
integration and analysis of genomic data may help identify new targets for
pharmaceutical development. Given the enormous amount of data that is routinely
collected, the usefulness of such genome-wide metrics mostly hinges on the
computational interventions performed to convert the data into an interpretable
format (Penrod et al., 2011). Computational approaches that address the impact of
disease-associated genetic variables in the wider setting of the complete genetic

governing network are crucial for finding fresh targets for therapy.

Genotyping and Genome-wide association studies (GWAS):

GWASSs uncover connections between SNP alleles with the presence or absence of a
medical condition, which allows for finding variants that are linked to certain diseases
(Penrod et al., 2011). Knowledge of the biological underpinnings of common
ailments like diabetes, cardiovascular disease, infectious diseases, inflammatory and
autoimmune disorders, and more has advanced through the identification of over
1200 genomic areas by GWASs (Spreafico ef al., 2020). With little consideration for
previous biological information, GWASs are intended to detect disease-associated
variations based on statistical correlations, which offers researchers a starting point
to formulate testable hypotheses addressing the genetic basis of disease (Penrod et

al., 2011).

Functional genomics:

Nowadays, an increasing number of functional assays harness technological
advancements and available DNA sequence data to gather functional data at the
genomic level. The emergence of novel research domains such as transcriptomics

(which includes assessing gene expression profiles), proteomics (which involves
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analysing protein expression profiles), cistromics (which entails investigating
transcription factor binding profiles), and epigenomics (which requires DNA
methylation and chromatin remodelling) has been facilitated by such assays (Penrod

etal.,2011).

Network pharmacology:

Network analysis offers a means of modelling the intricate relationships that exist
both inside and among the various tiers of genetic information and govern biological
activity in context to a potential drug candidate (Chandran et al., 2017). The
framework is implemented as a symbolic illustration of genomic information,
wherein nodes stand for a number of genomic units (e.g., mRNA, gene, protein), and
edges denote some sort of connection or collaboration, such as transcriptional control,

concurrent expression, or tangible contact within the node coordinates they link.

The era of genomics has thus ushered a technological boom that altered data
collection methods, which has resulted in concurrent unbiased screens for therapeutic
targets in the drug discovery process and unbiased screens for genes or genetic

variations causing diseases (Penrod et al., 2011).

2.3.2 Identification of Drug Targets using Subtractive Genomics

Drug discovery has benefited greatly from the breakthroughs in computational
biology and bioinformatics techniques that employ omics data, such as genomics,
proteomics and metabolomics, thus bringing down the expense and length of in vivo
and experimental testing for drug development. Subtractive genomics is one such
approach for determining the sequence of a gene, protein, or generic area that resides
in a wider genomic landscape (Asalone et al., 2019). By comparing the proteomes of

the pathogen and the host, subtractive genomics enables identification of non-host
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proteins with distinct metabolic pathways that are essential to the pathogens' survival
(Asalone et al., 2019). In several investigations, this methodology has been applied
to ascertain putative therapeutic targets and candidates for vaccines directed against
various pathogenic bacteria. The technique starts off with extensive genomic data and
applies Basic Local Alignment Search Tool (BLAST) against a reference sequence or
sequences to eliminate matching alleles, solely retaining the target. The process
essentially integrates multiple computing stages into an iterative cycle that
sequentially excludes multiple reference sequences thus optimizing the quest for the
target (Asalone et al., 2019). One of the primary advantages of subtractive genomics
is that it is fair and independent given that it does not require prior positive
identification of the target. Reductive genomics in this instance guarantees that the
medications generated would not have any unintended consequences on the host.
Although subtractive genomics is a robust technique, it is not a one-size-fits-all
method, requiring customizations at key steps and precise selection of reference
sequences (Barh et al., 2010). The choice of an acceptable e-value constitutes a
crucial stage in the BLAST process as it dictates the stringency or relaxation of the
subtraction. Since non-matching sequences are not subtracted, the approach inverts
the idea of a more rigorous match to reference being a less severe subtraction
(Asalone et al., 2019). Subtractive genomics has been used in numerous research
recently to identify and recognize novel therapeutic targets that are particular to a
given species. Using this method, recent research has predicted two distinct metabolic
pathways of Mycoplasma genitalium as possible targets for drugs: the
phosphotransferase system (PTS) and the bacterial secretion system (Fatoba et al.,
2021). The sophisticated in-silico genome subtraction method was used by Ashraf et

al. in a different investigation to find 38 putative, pathogen-specific therapeutic
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targets for Moraxella catarrhalis (Ashraf et al., 2022). The ability of in-silico
subtractive genomics to quickly and affordably screen targets at the genome level
accounts for its significance in the identification of therapeutic targets (Barh et al.,
2010). Finding presumably essential genes in pathogens, which may be later

on verified by mutagenesis studies, is another significant benefit.

2.3.3 Comparative Genomics in Shigella

The chances of a molecule or medication being therapeutically effective are increased
when it interacts with a logical target or a particular set of targets (Zhang et al., 2022).
By coupling massive amounts of data with computational methodologies, computer-
aided target identification greatly decreases the number of experimental targets,
minimizes the drug discovery and development cycle, and lowers experimental costs
(Zhang et al., 2022). Comparative genomics has emerged as one of the most
frequently implemented in-silico methodologies for finding possible drug targets. In
most biological inquiries, it is now an accepted procedure to examine and compare
sequence properties within and between species (Zhang et al., 2022). By aligning and
evaluating the genes and genomes of extant or extinct creatures related by differing
degrees of evolutionary divergence from a common ancestor, comparative genomics
studies the processes of evolution. The foundation of comparative genomics is the
idea that potential targets play a crucial role in pathogen survival and are an essential
part of their metabolic processes (Zhang et al., 2022). Comparative genomics
addresses two key features of therapeutic targets. One, the success of the newly
developed medication is ensured by the specified targets' substantial effects on a few
key physiological activities of the pathogen. Two, any adverse impacts on the human
body when the drug interacts with the target can be prevented by comparing the
protein sequences of possible therapeutic targets and the host to assess whether there
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is homology (Zhang et al., 2022). This optimizes the safety of the physiological
effects of novel pharmaceuticals. In a similar vein, comparative genomics has also
been used to pinpoint treatment targets from bacterial pathogens. For instance, a
comparative genomic analysis carried out by Wang et al. with 15 clinically obtained
strains of Shigella flexneri demonstrated the coevolution of antibiotic resistance and
virulence factors in Shigella (Wang et al., 2019). Similar genomic analyses of 12
Shigella sonnei strains were conducted in a different study by Zhu et al. The findings
demonstrated a twofold increase in the number of type 2 secretion system virulence
factors amongst resistant bacteria and a positive correlation between higher levels of
antibiotic resistance and an abundance of virulence markers (Zhu et al., 2021). An in-
silico comparative genomics approach was implemented in a study by Shrestha et al.
to foresee pathogenic trehalase genes in the Antarctic Shigella sp. PAMC28760
genome. The study provided insights into how bacteria use readily available
carbohydrates like glucose, which are produced by the trehalose degradation pathway,
and it identified two different types of trehalase genes in several Shigella species,
thereby emphasizing the significance of periplasmic trehalase in bacterial virulence
(Shrestha et al., 2022). In another research project by Quereshi et al., two novel
therapeutic targets and four drug-like compounds with likely inhibitory actions
against 27 strains of Shigella dysenteriae were identified through the use of an
integrated approach combining comparative genomics and subtractive genomics
(Qureshi et al., 2024). Comparative genomics thus integrates data gathered from
genome information records and algorithmic programs to expose pathogens'
catastrophic flaws which impact how they thrive and reproduce within the human

body, involving traits required by the pathogen to endure, develop, and
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perform important functions, making this approach the gold standard for identifying

therapeutic targets.

2.3.4 Pangenome Analysis in Core Target Identification

As sequencing technologies have advanced, the realm of genomic analysis has
evolved, switching from single strain to species (or even higher taxa)-wide genomic
resolution in an effort to document the "totality" of biological variety (Vernikos,
2020). The term "pangenome" was first used over 20 years ago by Tettelin et al.
(2005) in an effort to characterize and simulate the entire genetic makeup of a
particular taxon (Tettelin et al., 2005). The pangenome is a compilation of the entire
DNA pool of a species which include sequences common to all individuals (core
genome), as well as details about sequences distinctive for every individual
(unique genome) (Gong et al., 2023). Pangenomes have progressively emerged as the
new reference points for genomics research owing to the abundance of available
genomic data and the shortcomings in earlier methods of describing the genetic
variation across species. Pangenome analysis at all possible phylogenetic precision
scale, is carried out utilizing an array of modelling frameworks, presumptions, and
fundamental homology algorithms (Vernikos, 2020). The implementation of pan-
genome analysis has become increasingly recognized as a valuable method to
comprehend a clade of pathogenic bacteria, as it aids in the development of
therapeutic strategies that are operational against the entire clan as well as towards a
specific species or strain within a clade, based on biological similarities and
differences across the group (Kim et al., 2020). A comprehensive pan-genome
investigation entails the acquisition of genomic sequences, orthology grouping based
on sequence alignment of multiple allele copies and screening of central and
supplementary genomes. Phylogenetic distances, the presence or absence pattern of
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genes within a target class, and the functional distribution of proteins are a few
instances of relevant scientific information that can be derived from the pan-genome
analysis (Kim et al., 2020). Finding the genes that code for necessary functionalities
can be accomplished by pangenome analysis. Genes associated to fundamental
housekeeping tasks, like metabolic activities, cell membrane proteins, transshipment
proteins, regulatory factors, and binders make up for the majority of the genes that
are conserved across strains in an organism's core genome. As a result, a pool of
possible therapeutic targets is provided by the core genome discovered through
pangenome analysis (Anani et al., 2020). Despite the fact that pangenome analysis
has not yet produced any antimicrobial medications, a number of published studies
have demonstrated the pangenome's potential to identify logically acceptable
therapeutic targets in pathogens like Helicobacter pylori, and Clostridium botulinum
and Mycobacterium tuberculosis (Anani et al., 2020). Pangenome analysis techniques
were utilized in an alternative study by Fatoba et al. to determine potential therapeutic
targets from Clostridium difficile using in-silico methods (Fatoba et al., 2022).
Pangenome screening yielded a total of 2556 core genes, of which 5 cytoplasmic
proteins were ultimately projected to be unique prospective targets for therapeutic
intervention. The potential value of two component systems (TCSs) as possible
therapeutic targets against ESKAPEE (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
Enterobacter spp., and Escherichia coli) pathogens was established through
pangenome analysis in another study by Rajput et al. In addition to revealing a variety
of tactics used by the ESKAPEE pathogens to demonstrate pathogenicity and
antibiotic resistance through two-component systems, this pangenome assessment

also raised the possibility of TCSs as a desirable set of prospective targets for
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addressing antibiotic resistance considering their conserved characteristics (Rajput et
al., 2021). With an unprecedented rise in accessible genome sequences, pangenome
investigations, which allow an unparalleled window into the varied genomes of
human pathogens, holds the ability to become an indispensable instrument in medical

microbiology in the years to come.

2.4 Phytochemicals as An Arsenal against Antibiotic Resistance

The negligent application of antibiotics in medical care has resulted in the rapid
emergence, persistence, and dissemination of antimicrobial resistance (Khare et al.,
2021). Coupled with the prolonged illness and rising costs, the futility of current
antibiotics comes as a consequence of expanding antibiotic-resistance mechanisms in
microorganisms (Khare ez al., 2021). The World Health Organization has released the
first-ever compilation of priority pathogens resistant to antibiotics, featuring a list of
twelve bacterial families that pose the biggest threats to human wellness (World
Health Organization, 2017). Thus, there exists a dire requirement for innovative and
unique therapies as well as novel potent medications to treat MDR infections. Aside
from the various natural and synthetic medications being explored, plants could
possibly own the code to offering a vast spectrum of therapeutics in the form of their
secondary metabolites with the potential for combating microbial infections. This
dates back to the paper published in 1803 detailing the extraction of morphine from
Papaver somniferum (Schmitz, 1985). The members of the coumerins, flavonoids,
alkaloids, quinones, and several other groups are examples of these secondary
metabolites, or phytochemicals. For instance, Dahiya and Purkayastha, examined ten
MDR clinical isolates (containing Gram-positive and Gram-negative bacteria) using
several solvent-based extracts of medicinal plants, such as Lemongrass, Neem,
Aloevera, Oregano, Rosemary, Thyme, Tulsi, and Bryophyllum (Dahiya and
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Purkayastha, 2012). The antibacterial activity against methicillin-resistant
Staphylococcus aureus were shown as being linked with both tannins and flavonoids
found in a methanolic preparation. In addition to the extracts demonstrating a
complex combination of several phytochemicals in one formulation, several of the
individual proactive components in their pure state were additionally evaluated for
their ability to inhibit extensively drug resistant organisms and the mechanism they
are intended to affect. For example, the isoquinoline alkaloid berberine, which is
present in the roots and stem of the Berberis species, has been observed
to demonstrate antibacterial activity (Yi ez al., 2007). Phytochemicals have shown the
capacity to forestall crucial factors that contribute to resistance-gaining, involving
penetration of cells, pumps for effusion, replicating apparatus and further steps
essential to the bacteria's sustenance and resilience, thus presenting themselves as a

viable substitute to the dwindling supply of traditional antibiotics.

2.4.1 New Horizons in Shigellosis Treatment

A successful treatment for shigellosis typically manifests itself by limiting the spread
of the bacteria and minimizing the infection's course (Ranjbar and Farahani, 2019).
Conventional antibiotic therapies are incredibly ineffective against shigellosis due to
the diverse range of antibiotic-resistance mechanisms, which has led to the rise in
extensively drug resistant Shigella strains. This makes the creation of novel
therapeutics and complementary approaches necessary for the avoidance and

management of Shigella infections.

Natural and organic ingredients-based therapy options:

It has been documented that natural product, consisting of diverse chemicals

originating from microorganisms, plants, and animals, have benefits in treating
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Shigella infections. The synthesis of unified organic acids, bacteriocin and organic
acid derivatives, have all been proposed as ways to induce antibacterial activity of
bacteria against enteric pathogens. Zhang and colleagues, for instance, curated 91
Lactobacilli for evaluation of antimicrobial activity against Shigella isolates; of
which, 16 Lactobacilli illustrated significant antibacterial activity against strains of

Shigella sonnei (Zhang et al., 2011).

Shigella treatment with nanoparticles:

An increasing proportion of investigations have centered around nanoparticles in light
of their bactericidal properties, that have displayed wide-ranging
antimicrobial properties against harmful microbes. In addition to producing free
oxygen radicals, nanoparticles typically damage bacterial targets, inflicting damage
to membranes and disrupting their integrity (Ranjbar and Farahani, 2019).
Nanoparticles made of copper oxide have just been discovered as an antibacterial for
handling shigellosis. Both Fe203 and Ag—Fe203 nanoparticles were found to exhibit
antimicrobial effects against Shigella dysenteriae strains in a study that assessed their
antibacterial qualities (Kareem et al., 2018). Treatment for drug-resistant Shigella
also involves the use of formulations containing nano antibiotics. The synthesis of a
nanosized form of tetracycline by loading it in calcium phosphate nanoparticles was
reported by Mukherjee et al. (Mukherjee et al., 2019) Their findings revealed that this
treatment significantly reduced the likelihood of microbial colonization, loss of
weight, mushy-stool discharge, and colon-length reduction in the digestive tracts of

Shigella-infected mice.
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Phage Intervention:

Phage therapy has gained recognition for its many benefits, which include but are not
limited to less adverse reactions compared to other medications, high specificity for
selecting bacteria with minimal impact onthe body's regular microbiome, site
specific replication, and its ability to selectively kill drug resistant
pathogens. Research conducted by Jamal et al. have looked into the use of phages as
a potential substitute to antibiotics for treating MDR Shigella dysenteriae isolated

from wastewater (Jamal ef al., 2015).

Vaccination Methods:

A number of prospective vaccines have lately been designed to forestall infection by
Shigella spp., the bulk of these are presently getting scrutinized to ensure security and
antigenicity. Vaccine developers have deployed various strategies, that can be put
into two categories: parenteral subunit strategies, which primarily involve
glycoconjugates and seek to focus on the immune response to crucial Shigella
antigens, and oral whole cell strategies, which chiefly involve live attenuated as well
as inactivated vaccines (MacLennan et al., 2022). Recently, a Shigella sonnei O-
antigen glycoconjugate vaccine designed by John Robbins and associates at the
National Institutes of Health (NIH), USA, was shown to be fruitful in immunizing
Israeli military recruits (MacLennan et al., 2022). However, presently there exists no
licensed vaccine for safeguarding against shigellosis, even after more than a century
of research into Shigella vaccine development and dozens of clinical trials. With a
better knowledge of the foundation for Shigella protection and numerous candidate
vaccines moving on to late-stage clinical trials, this situation is expected to alter in

the years to come.
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2.4.2 The Treasure of Ethnomedicine

The scientific study of "traditional medicine"—the wisdom and customs that
indigenous peoples have passed down orally over generations and refined all along
centuries of mankind's existence—is widely regarded as "ethnomedicine"” (Mahapatra
et al., 2019). In broad terms, ethnomedicine relates to the conventional medical
procedures that focus on how different communities perceive wellness, disease, and
iliness with the mission to deliver care and improve recovery. This art of healing has
been prevalent in many historically significant civilizations, ranging from African
Muti to Mughal Indian Unani medicine, and from Indian Ayurveda to Traditional
Chinese Medicine (TCM) China (Mahapatra et al., 2019). As a testament to their
convictions in "healing from within", the main thrust of their therapy was to first
relieve the patient's pain prior to finding the precise cause of it. Between 3000 and
2730 BC, the ancient Chinese utilized species of Hydnocarpus to treat leprosy
symptoms. The discovery of castor beans and opium poppies in Egyptian tombs
demonstrated that phytomedicine was used in Africa as early as 1500 BC. Over 750
plants, including Shorea, Aconitum, Clitoria, Cosinium, and many more, are used in
Ayurveda, the earliest-surviving healthcare system in India, which dates back to
approximately 5000 BC (Mahapatra et al., 2019). One of the primary tenets of
Ayurveda is the application of plant-based remedies utilizing various
herbal components, such as roots, leaves, fruits, bark, or even seeds, in conjunction
with the therapeutic resources used by ethnic communities (Mahapatra et al., 2019).
Of the estimated 645 indigenous tribes who call India home, most have not yet had
their rich understanding of the nation's wildlife and plants spelled out. This expertise
has emerged as invaluable for dealing with and curing diseases. The last couple of

years have witnessed an emphasis on endorsement of such unexplored knowledge in
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Indian research policy (Mahapatra et al., 2019). The antiviral activity of a useful herb,
Ophiorrhiza nicobarica, collected from the Galathia River basin of Great Nicobar
Island, and widely used for skin ailments by the local and tribal communities, is one
of the many effective traditional medicines of the Bay Islands identified and validated
by Chattopadhyay et al (Chattopadhyay et al., 2003). Likewise, it has been discovered
that the stem bark of Odina wodier, a traditional Jangalmahal remedy used to treat
ulcers, cardiac disorders, and skin diseases, can protect HSV-1-infected animals by
preventing viral replication via host immune regulation (Ojha et al., 2013). Creative
strategies that will expose and help bring the entire spectrum of molecular plurality
of such naturally occurring elements into the course of developing drugs will be

sought as new routes for pharmaceutical research arise.

2.4.3 Traditional Medicines against Diarrheal Diseases

Millions of people worldwide rely on alternative health care systems that include
traditional medications as a key component. The treatment of diarrhoea and related
gastrointestinal diseases also relies on the consumption of many different indigenous
medicinal herbs. This evidenced by the use of opium (Papaver somniferum)
combined with minerals as a herbo-mineral formula against diarrhoea, documented
in the ancient texts of Yoga Ratnakara (1700-1800 CE), and the use of opium,
camphor (Cinnamomum camphora) and marijuana (Cannabis indica) for diarrhoea
in the Bhaisajya Ratnavali book (Mahapatra et al., 2019). A multitude of mechanisms,
including increased intestinal absorption, anti-motility or anti-peristaltic impact,
antibacterial activity, and anti-spasmodic action, have been identified as contributing
to the anti-diarrheal function of most herbal extracts (Rawat et al., 2017). In a
randomized, double blind, placebo-controlled clinical trial, the effectiveness of

Mentha piperita, popularly known as peppermint, against diarrhoea was examined.
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43 (83%) of the 52 individuals receiving peppermint therapy had less stools and
exhibited improvement in other symptoms (Tyagi and Malik, 2011). Subsequent
research revealed the anti-microbial action of essential oil derived from M. piperita
against a variety of microorganisms, like Escherichia coli, Pseudomonas aeruginosa,
Bacillus subtilis, and Staphylococcus aureus. To assess the reliability and efficacy of
TXNG, a Chinese polyherbal formulation made up of four herbs—Paeonia lactiflora
(root), Atractylodes macrocephala (rhizome), Citrus reticulate (green, unripe
exocarp), and Allium macrostemon (bulb)—a randomized, placebo-controlled,
double-blind clinical trial was carried out on a total of 60 subjects with diarrhoea over
a 10-month period (Rawat et al., 2017). When comparing the treatment group to the
placebo group, the TXNG group's diarrhoea relief time was noted to be 47% shorter,
along with a noticeable improvement in the form and appearance of the stools as well
as a reduction in their frequency. A number of phytochemicals that were extracted
from the plants were also evaluated for their ability to shield against diarrhoea. For
example, a castor oil-induced diarrhoea model was used to study 1,8-cineole, a
constituent found in varying amounts in several biologically active aromatic herbs
and spice oils, including Mentha longifolia, Artemisia dracunculus, Coriandrum
sativum, Origanum vulgare, Rosmarinus officinalis, Thymus vulgaris, and Zingiber
officina (Jalilzadeh-Amin and Maham, 2014). The study showed notable anti-
spasmodic and anti-secretory efficacy, with a 37% delay in the commencement of
diarrhoea in the treatment group compared to the control group. Friedelin, which was
extracted from Azima tetracantha (Salvadoraceae) leaves, was tested for its anti-
diarrheal properties using models of diarrhoea caused by magnesium sulfate and
castor oil (Antonisamy et al., 2015). At a dosage of 20 mg/kg, the ingredient

produced 89% inhibition in diarrhoea generated by castor oil, while 83% inhibition
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was observed in diarrhea induced by magnesium sulfate. Although there are several
traditional anti-diarrheal plants that are readily accessible and have been shown to be
profitable, there hasn't been much focus on using these phytopreparations for
ameliorating diarrhea and related conditions (Rawat et al., 2017). These promising
herbal extracts thus deserve to be deployed as a source for novel alternative medicine
development, tapped to identify active ingredients, and subjected to rigorous pre-

clinical and clinical studies to ensure their security and effectiveness.

2.4.4 Revival of interest in Pharmacologically Active Plant Ingredients

The early 1980s have witnessed a decline in the use of herbal products, primarily due
to technological obstacles to high-throughput studies for natural product profiling
against target candidates and worries about the challenges involved in repeatedly
isolating already recognized chemicals (Jantan ef al., 2015). The poor rate of triumph
in finding therapeutics derived from flora together with innovations in synthetic
organic chemistry and biotechnology that offered greater chances for building novel
medicines in the lab contributed to the declining interest in embracing plants as a
source of drugs (Jantan ef al., 2015). Nevertheless, in the latter half of the 1980s,
ethnobotany-driven drug development saw a resurgence, primarily because of
developments in chromatographic and spectroscopic techniques, which greatly aided
in the extraction and structural characterization of the constituents of medicinal plants
as well as the formulation of a number of quick, simple, quantitative bioassays that
allowed for the detection of bioactive molecules even at low levels of concentration
(Jantan et al., 2015). A further factor driving the current renewal of attention in natural
product research is the unappealing yield of powerful chemical discoveries from
combinatorial chemistry and high throughput screening (HTS) (Harvey ef al., 2015).
The conventional method of isolating natural products using bioassay guidance has
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been altered to capitalize on technological developments, adapt to the state-of-the-art
clinical chemistry knowledge, and investigate chemical space that is physiologically
important. The bottleneck in structure-elucidation and isolation has been overcome
through the use of sensitive NMR techniques in conjunction with simpler fractions
generated by chromatographic methods. The magnitude of screening can thus be
lowered and the pace increased by preparing fractions of lower complexity (Harvey
et al., 2015). Natural-product fraction libraries can be subjected to the pre-filtering
method used in present pharmaceutical research, which involves screening libraries
for lead or drug resemblance. An investigation has demonstrated that a screening
library of highly varied plant-derived ingredients could be created by analysing the
Dictionary of Natural Products, which would facilitate the pre-selection of
compounds based on the similitude of their physicochemical features to established
drugs (Jantan et al., 2015). On the other hand, the use of chemoinformatic techniques
in the process of discovering new drugs from natural products can be equally
beneficial. These technologies enable compounds to be evaluated for attributes
related to absorption, distribution, metabolism, excretion, and toxicity (ADMET)
prior to enrolment in drug development programs (Harvey er al., 2015).
Metabolomics technologies have the potential to be proven advantageous in natural
product discovery processes on several fronts. The arena of metabolomics emerged
from metabolic profiling and aims to analyse all of an organism's metabolites both
quantitatively and qualitatively at a given time and under a given set of circumstances
(Harvey et al., 2015). The three main analytical platforms include NMR spectroscopy,
liquid chromatography (LC) or capillary electrophoresis (CE), and mass spectrometry
with gas chromatography (MS-GC) (Jantan ef al., 2015). To preferentially synthesize

biologically active secondary metabolites, a biosynthetic pathway can be optimized
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using an integrated approach of genetics and metabolomics (Jantan et al., 2015). By
mining metabolomics data, biosynthetic precursors can be identified, which
upon manipulation using engineering pathways, can boost the yield of the operational
natural product (Harvey et al., 2015). For instance, Nicotiana benthamiana, the
tobacco plant, has been investigated as a potential source for precursors of
artemisinin, which is typically isolated from Artemisia annua to fix malaria (van
Herpen et al., 2010). Through the agro-infiltration of N. benthamiana, the genes
encoding the three biosynthetic enzymes required to synthesize artemisinic acid were
expressed. Approximately twice as much artemisinic acid 12-beta-diglucoside was
produced by this heterologous route in tobacco plants as compared to 4. annua (van
Herpen et al., 2010). Therefore, the holistic strategy that combines traditional and
modern techniques—Iike botanical, phytochemical and pharmaceutical chemistry,
HTS, biological, computational, molecular and multi-target approach, metabolomics,
proteomics, and genomic techniques—has rendered the applied problems of natural
product drug discovery simpler to address (Jantan ef al., 2015). It is highly probable
that the great majority of plant species have not been thoroughly examined in efforts
to find new drugs product (Harvey et al., 2015). In the long run, innovations in
technology might be enough to spur the worth of using natural ingredients as

foundations for drug discovery exploration.

2.5 In-Silico Approaches for Therapeutic Innovation

In-silico methods are crucial to determining both targets and lead compounds, as a
means of expediting the process of finding novel drugs and reducing the upfront costs
associated with bringing a product to market. Similar to the Latin terms in vivo, in
vitro, and in situ, the term "in-silico" was first used in 1989. In simple terms, in-silico
drug design and drug discovery refer to the logical design of drugs by computational
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techniques that aid in the discovery of targets and drug-like substances through the
use of bioinformatics tools (Jabalia et al., 2021). Implementing in-silico approaches
comes with multiple ramifications for the drug discovery process: (1) comprehending
target elements with active sites for drug binding; (2) gauging drug-like
characteristics; (3) scrutinizing drug molecules' affinity for association with targets;
(4) comparing the highest-scoring molecules; and (5) optimizing them more
extensively (Jabalia et al., 2021). In-silico drug discovery has led to the discovery of
numerous potential medicinal candidates thus far. For example, raltegravir, an
antiviral drug, was discovered using in-silico techniques (Miah and Mohd Aluwi,
2024). Another instance is the cancer drug vemurafenib, which came into existence
through virtual screening. Moreover, employing in-silico methods, promising
COVID-19 therapy candidates have been established, including the drug
molnupiravir (Miah and Mohd Aluwi, 2024). The possibility of a novel drug coming
to fruition escalates when in-silico techniques receive integration into the
interdisciplinary drug discovery workflow. As a result, in-silico drug discovery
methods give researchers a huge edge over random screening of billions of molecules.
Industry projections reveal that leveraging an in-silico approach could preserve
roughly 30 percent of the time and expenses associated with the drug discovery

process (Jabalia et al., 2021).

2.5.1 Computer-aided Drug Discovery

Computer-aided drug design (CADD) approaches have grown to become an
important and fundamental element in the drug research and development procedure
(Sadybekov and Katritch, 2023). CADD capitalizes on two different approaches:
structure-based drug discovery (SBDD) and ligand-based drug discovery (LBDD)
(Shaker et al., 2021). The availability of structural information about the target protein
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influences the choice of an appropriate CADD technique. For success with the SBDD
technique, structural data about the target protein is required, which can frequently be
collected experimentally using nuclear magnetic resonance or X-ray crystallography
(Shaker et al., 2021). The 3D structure of the target protein can be predicted using in-
silico prediction techniques like homology modelling or ab initio modelling in
absence of experimentally derived coordinates. Upon the availability of the structure,
molecular docking and structure-based virtual screening become feasible. In
instances when in-silico approaches are unable to anticipate a high-quality structure
or when the structure is unobtainable, the LBDD methodology is frequently used as
a replacement strategy (Shaker e al., 2021). Algorithmic target identification, virtual
screening of vast chemical archives for promising therapeutic candidates, subsequent
refinement of prospective compounds, and in-silico evaluation of their potential
toxicity are all included in CADD. Homology modelling, virtual screening, molecular
docking, quantitative structure activity relationship (QSAR), and pharmacophore
modelling are the most noteworthy and routinely employed in-silico approaches in
the course of drug development (Jabalia et al., 2021). Protein structures are generated
via homology modelling based on data on related proteins. Finding ligands that bind
most favourably within receptor binding sites and figuring out the receptor's most
energetically preferred binding orientations are the main objectives of molecular
docking (Baig et al., 2018). The scoring function rates the generated poses according
to their binding affinities and determines the most advantageous receptor/ligand
binding modes while the search algorithm is in charge of looking for various ligand
poses and conformations within a specific target protein. The virtual screening
method is an effective strategy for seeking possible ligands, primarily because it

leverages the information base that already exists (Jabalia et al., 2021). The virtual
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screening method is a productive way to identify low molecular weight, readily
accessible chemicals that have the ability to bind firmly with target molecules as
ligands (Jabalia ef al., 2021). The foundation of QSAR techniques is the idea that
biological activities are directly correlated with molecular frameworks, and that
biological activities are subsequently modified by molecular or structural alterations
(Baig et al., 2018). The process of creating mathematical or computational models
utilizing chemometric techniques in order to find meaningful connections between a
number of structures and functions is known as QSAR. The application of CADD,
therefore, lends to the most notable responsibility in the current drug discovery
program and delivers computational tools and algorithms that restore money, time,
and minimize the chance of yielding non-viable developmental leads (Baig ef al.,

2018).

2.5.2 Virtual Screening

A high-throughput computerized approach called virtual screening is deployed in
drug discovery initiatives to find the hit compounds by scanning a pool of ligands
against a biological target (Rizzuti and Grande, 2020). Analysing a compound's
ability to bind to a target is an aspect of the screening process. Virtual screening is the
broad term for the practice of rating and evaluating compounds in huge chemical
libraries based on how likely they are to possess affinity for a particular target (Rizzuti
and Grande, 2020). The phrase itself first came into use in the late 1990s, as computer-
based procedures became adequately sophisticated to deliver an option to
conventional high-throughput screening (HTS) methods, which were regrettably
performing worse and costing more than expected. An information-driven method,
virtual screening necessitates structural data about the target itself (target-based
virtual screening) or about bioactive compounds for the target of interest (ligand-
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based virtual screening) (Lavecchia and Di Giovanni, 2013). So, without significantly
affecting performance in advance, the final decision about which approach to employ
will primarily rely on the kind and volume of data that is accessible. Virtual screening
techniques built around ligands come in a wide variety. Chemical analogy estimates
are the foundation of ligand-based virtual screening since all of these techniques
are hinged on the core similarity-property concept, which holds that molecules with
comparable features should display similar properties (Rizzuti and Grande, 2020). As
a result, each molecule in a given database can be ordered according to decreasing
likelihood of being active by first scoring its resemblance to one or more bioactive
ligands (Ekins et al., 2007). Topological signatures implying the existence of
substructural pieces in molecules have been undoubtedly the most popular structure
interpretations for ligand-based virtual screening. Techniques based on geometrical
illustrations of molecular structures can be employed as an alternative to topological
approaches. Among them, a tried-and-true virtual screening strategy involves the
flexible superposition of molecules onto one or more conformations of a reference
bioactive ligand (Ekins ef al., 2007). Target-based virtual screening techniques rely
on the truthfulness of the target's structural details, which can be obtained
computationally using homology modelling methods or established experimentally.
Such approaches seek to present a realistic assumption of the binding affinity of the
ligand as well as a decent estimate of the anticipated form and alignment of the ligand
into the protein pocket (Ekins et al., 2007). Virtual screening recruits an array of
docking techniques. Docking algorithms like as Autodock4, Autodock Vina, DOCKG®6,
GOLD, and GLIDE are frequently employed for virtual screening of small
compounds. A slew of novel approaches for evaluating the pharmacological profile

of compounds on numerous targets have recently emerged, adding to the biological
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component of virtual screening. These have the power to have an immediate effect on
drug discovery by realizing the possible adverse reactions of compounds caused by
off-target affinities during the optimization phase (Ekins et al., 2007). The
introduction of documented chemical libraries, that bring literature-based
pharmacological data into standard chemical archives, has been instrumental in the
advancement of ligand-based affinity profiling tools. The establishment of target-
based affinity monitoring approaches has made profit of the truly exponential
expansion in the sheer number of experimentally characterized protein structures,
thereby offering functional elucidation of protein families (Rizzuti and Grande,
2020). Furthermore, a great deal of attention has recently been given to the
implementation of docking methods to targets for which empirically established
structures are not yet available. This is especially true for the numerous
clinically significant targets that are members of the superfamily of G-protein-
coupled receptors (GPCRs) (Ekins et al., 2007). As opposed to random selection or
other conventional methods, these approaches show an evolving ability to provide
enrichment in figuring out active compounds for the target of interest, which is a step
forward in drug innovation programs (Lavecchia and Di Giovanni, 2013). To sum
up, virtual screening is a game-changing tool that sits at the nexus of computational

power and biological complexity in contemporary drug discovery.

2.5.3 Lead Discovery and Optimization

There are certainly multiple phases involved in the discovery of a pharmaceutical
product, including Hit to Lead and Lead Optimization (Arya and Coumar, 2021). The
Hit to Lead phase involves assessing the activity of small molecules and how they
interact with the target to produce lead compounds. In the realm of pharmaceutical
research, a chemical entity with biological or pharmacological activity is termed a
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lead compound (Arya and Coumar, 2021). Lead optimization, the last phase of drug
discovery, aims to minimize structural flaws while simultaneously preserving or
enhancing the desired characteristics of the compounds that have been chosen and
thus represents the process of producing and refining a pre-selected lead compound
(Arya and Coumar, 2021). It involves chemical alterations to the compound and
modifies several of its properties to satisfy all necessary stereoelectronic,
physicochemical, pharmacokinetic, and toxicologic standards for its therapeutic use.
Computational techniques serve as a viable approach to investigate lead generation
and optimization. This phase entails the use of computerized methods like QSAR,
molecular docking, pharmacophore investigations, and molecular dynamics. Lead
compound generation can be achieved in a variety of ways, broadly classified into
two categories: database searching and de novo design (Xiang et al., 2012). De novo
synthesis produces novel chemicals with intended pharmacological attributes in the
binding region of a target protein, whereas database searching finds pre-existing
molecules from chemical compound catalogues. When a high-resolution framework
for the target protein is accessible, de novo design can theoretically be achieved by
algorithmically assembling molecular fragments to create an entity with the requisite
structural and electrostatic properties compatible with the target protein (Xiang et al.,
2012). Database searching appears as an option to de novo design. Target proteins
containing recognized binding sites and well depicted three-dimensional structures
can be used to sift databases of known chemicals to uncover lead compounds (Xiang
et al.,2012). Another particular approach used to identify lead compounds in paucity
of receptor structure information is pharmacophore-based database mining. The
three-dimensional organization of the key elements that lend a medication its

biological impact is called a pharmacophore. Undoubtedly, evaluating the quality of
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lead compounds that have been identified remains a crucial task, which is frequently
manifested in terms of binding affinity with the intended target receptor (Xiang et al.,
2012). It is widely accepted that a compound's affinity for a macromolecular receptor
closely relates to its biological action. The key elements in determining the affinity
are factors like the electrostatic interactions between the ligand and the receptor, the
solvation and desolvation investments, the geometric complementarity of both
binding partners, the enthalpic and entropic expenditures resulting from shifts in the
number of degrees of freedom, and the structural modifications of the ligand and
receptor encountered over complex formation (Verma and Pathak, 2022). Scoring
functions are frequently employed during the lead generation phase to accurately
measure binding affinity. Three major categories can be used to classify scoring
functions: knowledge-based, force-field-based, and empirical-based (Verma and
Pathak, 2022). The force field scoring functions generally tally up the individual
contributions from non-bond interactions such van de Waals and electrostatic
interactions to predict the binding affinity of a protein-ligand complex. Empirical
scoring functions make the assumption that a number of distinct, independent terms,
such as hydrogen bonding, hydrophobic contacts, rotor terms, desolvation, etc., can
be added together to determine binding affinity (Verma and Pathak, 2022). By fitting
a regression model to a test set of protein-ligand complexes with known binding
affinities, the weighting of components is roughly estimated. Large collections of
protein-ligand complex structures undergo statistical evaluation to build the
foundation for knowledge-based scoring systems (Verma and Pathak, 2022). An
alternative to the conventional scoring functions is molecular dynamic simulations
(MD). Using MD, the impact of specific solvent molecules on protein structure could

be thoroughly investigated (Verma and Pathak, 2022). Additional thermodynamic
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parameters, such as interaction energies and entropies, are also achievable using MD.
Following lead discovery comes the step of lead optimization. At this point, efforts
are focused on enhancing a lead compound's drug-like qualities by making minor
structural modifications in accordance with the proposition that every minor
alteration in a chemical structure result in small differences in bioactivity, either
positive or negative (Barcelos et al., 2022). Lead optimization typically involves a
methodical procedure that includes the construction of several analogues and testing
of their biological activities in addition to computational analysis using structure-
activity relationship (SAR) data, which offer recommendations for tweaking specific
sites of lead molecules (Barcelos et al., 2022). Therefore, the two primary objectives
of developing pharmaceuticals —lead discovery and lead optimization—have been
substantially backed up by computerized drug development (CADD), which has

shown remarkable success in the development and deployment of novel techniques.
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3. Research Questions and Objectives of The Study

There is an immediate need to characterize, annotate and identify targets in the

Shigella genomes so that we are able to find answers to the following questions:

* QI: Is there any such set of genes, that are ubiquitously present across all Shigella

genomes and constitute an integral part of the intricate pathogenesis network?

* Q2: Of the set of core genes, are there any such genes which code for
uncharacterized proteins and which when annotated, can help us to reconcile the
missing links in the pathogenesis cascade and thereby serve as valuable drug target

candidates?

* Q3: Does our ethnomedicinal literature and practices offer us with insights on

natural products of plant origin which can be effective against the potential targets?

* Q4: What are the alterations in expression of the genome that are brought about by

the administration of existing drugs and proposed natural formulations?

In this study, we undertook the following objectives with the intent to find answers to

the aims stated above.

» Answer to Q1: Critical analysis of the Shigella genome to identify core genome and
pangenome from different strains of Shigella spp. followed by structural and
functional characterization of disease modifier proteins encoded by the core genome

to prioritize therapeutic targets.

Answer to Q2: Curation and functional characterization of Hypothetical Proteins
(HPs) from Shigella to analyse their suitability as drug targets using comparative

modelling, and structural analyses.
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* Answer to Q3: Virtual screening of a library of plant based small molecules
identified from ethnomedicinal literature and identified using standard Mass

Spectrometry techniques for optimization of lead compounds.

* Answer to Q4: A comparative study of the gene expression profile to specifically
investigate the genes that are differentially regulated upon exposure of the pathogen

to the herbal formulations.
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4. Materials and Methods

4.1 Overall workflow

Comparative genomics based target discovery Structure based drug discovery

2 I
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Figure 4.1.1 Scientific methodology.

81




The work can be broadly summarized under two heads, viz. Comparative genomics-based

target discovery and Structure based lead discovery and optimization.

4.2 Comparative genomics-based target discovery

4.2.1 Selection of drug targets

The available Shigella genomes were analysed using a two-pronged approach where the
first was to identify the core and accessory genomes. The core genomes and the
corresponding pathogenesis proteins were then checked for their suitability as drug targets
based on their functions and impact in the pathogenesis cascade. The second strategy was
to annotate the potentially uncharacterized (hypothetical) proteins of the core genome, that
had been exposed by the public sequencing projects of different Shigella strains and

constitute a significant fraction of the available genomes.

4.2.1.1 Isolation and characterization of Shigella flexneri

4.2.1.1.1 Sample Collection

Purulia has been chosen as the location of this research. It is positioned between latitudes
22°42°35"" and 23°42°00"" North and between longitudes 85°49°25"" and 86°54'37 " East.
The Chotanagpur plateau region contributes to the warm, humid temperature in this region,
which can be explained by a dry and arid climate. The following climatic conditions were
recorded at the time of collection: 42% relative humidity and 42°C temperature, Time of
pickup: 2:00 p.m. A sample of liquid sludge was taken from the central sewerage ditch in
the suburban Purulia region of West Bengal, India. This system picks up unprocessed
hospital discharges, trash from household, and farmland runoffs. Following stringent
aseptic procedures, the sample was drawn up in clean jars, moved to the research facilities

in ten hours, and preserved at -20°C.
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4.2.1.1.2 Pure Colony Isolation

After the collected sample was cleaned of soil particles and other granular materials using
membrane filtering, it was serially diluted ten times (101-10°). After removing and diluting
Iml of the filtered stock solution combined with 9ml of water obtained from distillation,
the steps were reiterated up until a 10-6 gradation was reached. Following this, 100l of
the diluted versions were spread on nutrient agar (NA) and allowed to incubate for a
maximum of 48 hours at 37°C. Morphologically diverse colonies were identified by closely
observing a plate with a fathomable count of distinguished independent colonies. The

colonies were then picked up and plated fresh.
4.2.1.1.3 Biochemical Characterization

We subsequently conducted a series of biochemistry tests, that have been documented to
deliver typical results for Shigella as a primary step to pinpoint the bacteria of preference,
from the cultures of pure bacteria segregated thus far. The tests executed for the purpose
(catalase test, citrate utilization test, oxidase test, indole test, lactose utilization test, MR

test and VP test) were performed following the protocols in Bergey’s Manual.

Catalase test: The catalase test's usefulness in the presumed distinction of specific
Enterobacteriaceae has been documented in a number of investigations (Brenner ef al.,
2005). The hydrogen peroxide's bactericidal effects are countered by the catalase enzyme.
Hydrogen peroxide (H20>) is broken down faster by catalase into oxygen and water. The

quick production of bubbles is indicative of this response.
2H,0; + Catalase — 2H,0 + O,

Citrate utilization test: The citrate test is frequently a component of a panel of tests meant
to detect environmental isolates and gram-negative bacteria. A bacterial isolate is tested for

its capacity to use citrate as a source of carbon and energy using the citrate test (Brenner et
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al., 2005). After being absorbed by the cell, citrate is broken down into acetate and
oxaloacetate by citrate lyase. Following metabolization, the oxaloacetate yields CO; and
pyruvate. Following its release, the carbon dioxide combines with the water and sodium
ions present in the medium to form sodium carbonate, an alkaline substance that elevates
pH. A change in pH indicator hue and the obvious presence of growth on the medium
indicate that an organism is able to import citrate and use it as its exclusive source of carbon

and energy.

citrate = oxaloacetate + acetate

oxalacetate = pyruvate + CO,

Oxidase test: An enzyme sometimes referred to as indophenol oxidase, cytochrome
oxidase, is detected by the oxidase test, a biochemical process (Brenner et al., 2005). The
utilization of the enzyme cytochrome oxidase, which catalyses the oxidation of cytochrome
¢ while reducing oxygen to generate water, is the last step in the respiratory chain of
bacteria. Tetra-methyl-p-phenylenediamine dihydrochloride (Kovécs oxidase reagent) is a
reagent that is frequently used in the oxidase test to act as a synthetic electron donor for
cytochrome c. The reduced colourless reagent oxidizes and transforms into the dark blue
or purple chemical indophenol blue when an organism containing the cytochrome oxidase

enzyme is present.

2 reduced Cytochrome +2H+ +1/2 O — 2 oxidized cytochrome + H>O

Indole test: The purpose of the indole test is to determine whether an organism can break

down the amino acid tryptophan and create indole. It is a component of the IMViC

j‘l}JHj
CH, - ? -CO0*~
- O - ovbor
+ H,0 > + CH3-C-COO0 + NH,4
m Tryptophanase H
Tryptophan Water Indole Pyruvate Ammonium

84



procedures, which are a series of examinations intended to differentiate between
Enterobacteriaceae species (Brenner ef al., 2005). When a microorganism is cultivated in a
tryptophan-rich media, the presence of indole indicates that the organism has the ability to
break down tryptophan. As a byproduct of tryptophan metabolism, indole can be detected
by its chemical interaction with p-dimethylaminobenzaldehyde (DMAB) in an acidic

environment, which yields the red dye rosindole.

Lactose utilization test: A lactose utilization test determines whether microbes are capable
of fermenting lactose, a particular type of carbohydrate (Brenner et al., 2005).
Enterobacteriaceae members can be distinguished from one another by their fermentation
patterns. The final byproduct of lactose fermentation is either lactic acid or acid with gas.
When acid products are produced, a pH indicator's colour changes, signalling a
fermentation process. The pH only increases when lactose fermentation produces excess

acid since bacteria can also consume peptones in the medium to make alkaline byproducts.

Methyl Red (MR) and Voges-Proskauer (VP) test: The Voges-Proskauer and methyl red
tests are among the biochemical tests performed in clinical labs that are referred to as
IMViC. Members of the Enterobacteriaceae family can be distinguished from one another
using the paired MR-VP tests (Brenner et al., 2005). Escherichia coli and other low-ratio
organisms use the mixed acid route to ferment carbohydrates, producing gas with a low
COs to Ho» ratio as a byproduct of fermentation. For every mol of fermented glucose, the
mixed acid route yields 4 mol of acidic products (mostly lactic and acetic acid), 1 mol of
neutral fermentation products (ethanol), 1 mol of CO,, and 1 mol of H>. On the other hand,
only one mol of acid is produced for every mol of glucose when sugars are fermented via
the butanediol fermentation route by high-ratio organisms (those that create a high ratio of
CO2z to Hy). The culture media becomes less acidic as a result of this route. The culture has
a positive result for the MR test when the culture media turns red upon the addition of
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methyl red, owing to a pH at or below 4.4 from the fermentation of glucose. Through the
butanediol pathway, bacteria ferment carbohydrates to create acetoin, an intermediate that
can then be further reduced to 2,3-butanediol. Alpha-naphthol appears as a catalyst for the
oxidation of acetoin to diacetyl. Diacetyl subsequently forms a pinkish-red effect, which
is identified as a positive VP reaction, by reacting with the guanidine group linked to
molecules added by peptone in the medium. The results of the MR-VP tests thus have an

inverse connection.
4.2.1.1.4 Molecular Characterization

Following Chen and Kuo's 1993 protocol, genomic DNA extraction was applied to the
bacterial strain that demonstrated the characteristics of Shigella (Chen and Kuo, 1993). An
individual colony of the bacterial culture was incubated overnight at 37°C in sterile
nutritional broth. The bacterial culture that had grown over night was used to extract
genomic DNA, and utilizing this extracted DNA, universal primers were employed to
perform PCR. The procedures listed below were used to isolate genomic DNA:

i. A 1.5 ml culture was centrifuged for 10 minutes at 10,000 rpm.

ii.  The pellet was suspended in 500uL of pH 8.0 TE buffer, which also contained 1
mM EDTA and 10 mM TrisHCI.

iii. Lysozyme was added to the mixture at a concentration of 1 mg/mL-1, and it was
incubated for 1 hour at 37°C. RNaseH was added to the mixture at a concentration
of 20ug mL-1 in order to eliminate the RNA contamination.

iv.  The mixture was mixed with 1% SDS, and it was incubated for 15 minutes at 55°C.

v.  After adding an equal volume of Tris saturated phenol, the mixture was thoroughly
mixed by inverting the tube.

vi.  The mixture was centrifuged for ten minutes at 10,000 rpm in order to perform

phase separation.
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Vii.

viii.

Xi.

Xii.

Xiil.

After gathering the aqueous phase in a brand-new centrifuge tube, an equal volume
of a 1:1 mixture of Tris-saturated phenol and chloroform was added.

After the aqueous phase was collected and separated as previously, an equivalent
volume of chloroform was added to eliminate any phenol that may have been
present in trace amounts.

The aqueous phase was extracted once more and gathered in a brand-new tube.
To aid in the nucleic acid precipitation process, 2.5 volume of cold absolute ethanol
and 0.3M sodium acetate were added.

Following an hour of incubation at -20°C, centrifugation was carried out for 20
minutes at 15,000 rpm.

After twice washing the pellet in 70% ethanol, it was allowed to air dry.
Ultimately, 30uL of 2.5mM Tris HCI (pH 8.0) was used to breakdown the genomic

DNA.

The isolated microbial DNA was selectively amplified for the]l 6STRNA gene, using the two

universal primers27f [S’AGAGTTTGATCCTGGCTCAG3’] and 1492r

[S>’TACGGTTACCTTGTTACGACTT3’]. To create the master mix, the following

estimations were performed.

Table 4.2.1.1 Composition of the master mix used in PCR amplification.

Ingredients Volume
10X PCR reaction buffer (MgCl2 present) 2.5l
DNA 1 ul
dNTP (2.5 Mm) 2 ul
27f Primer Il
1492r Primer Il
Taq DNA polymerase (5U) 0.5 pul
Sterile water Xl
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The figure below outlines the necessary temperature parameters for PCR amplification.

30 cycles
95°C 95°C 72°C 1min 72°C 7
5min 30 sec 30sec min
N / ‘ 4°C=0
60°C 45

sec

Figure 4.2.1.1 Cycle of PCR amplification.

The following protocol was executed to purify the PCR product using agarose gel
extraction.
I. 1% agarose gel was casted with the PCR output in it.
ii.  The gel was examined with a UV transilluminator. Utilizing a knife, the bands were
cut and transferred into sterile eppendorf tubes.
iii.  The weight was determined and the extraction kit QIAGEN Gel method was
subsequently followed.
iv.  Three volumes of buffer QG were added to the gel and incubated for 10 mins
at 50°C.
v.  Next, 1 volume of isopropanol was added and mixed thoroughly.
vi.  The material was centrifuged right after inserting it into the spin column. The flow
through was discarded.
vii.  Next, 500 pl of buffer QG was added and centrifuged.
viii.  Finally, 750 ul of buffer PE was added to wash and centrifuge, following which it
was airdried for a minute.

ix. 20 pl of deionized water was added for elution, and centrifuged further.
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The following steps were performed for sequencing of the purified PCR products.

i) Two microliters of 125 millimolar EDTA (pH 8.0) was added to the purified PCR
products.

i) For twenty minutes at room temperature, the resulting suspension was precipitated
using 2 pl of 3 M sodium acetate (pH 4.6) and 50 pl of absolute ethanol.

iii) Centrifugation was performed to recover DNA, which was then cleaned with 70%
alcohol, dried, and resuspended in 12ul of Hi-Di formamide (Applied Biosystems,
USA).

iv) The DNA was denatured for five minutes at 96°C following a 20-minute dark
incubation period.

V) Samples were stored at 4°C before being loaded.

vi) The Applied Biosystems 3130XL Genetic Analyzer was used for the sequencing
process.

The extracted genomic DNA was shipped to Molsys Pvt. Ltd. (Bengaluru, India) to

perform whole-genome sequencing (WGS). The reads thus obtained upon sequencing were

quality verified and refined through the FASTQC software, and the cleaned reads were

compiled utilising the unicycler algorithm available on the KBase data analysis medium,

aided by the template genome NC-004337. Accession CP123365 from the National Center

for Biotechnology Information (NCBI) allows the viewing of the entire genome sequence

information of the isolated Shigella flexneri (SFMMGSG_23).

4.2.1.1.5 Whole Genome Analysis

Prokaryotic Genome Annotation Pipeline (PGAP) from the NCBI and the Prokka tool
V.1.1.0 were utilized to annotate the whole genome (Seemann, 2014; Tatusova et al., 2016).
By using the Resistance Gene Identifier (RGI) tool to search the Comprehensive Antibiotic

Resistance Database (CARD), it was possible to identify the likely antibiotic resistance
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genes contained in the isolated strain (Alcock et al., 2020). The CRISPRCasFinder tool
(Couvin et al., 2018) was adopted to identify the potential Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR) arrays and the Cas proteins that are linked to them.
The Proksee-Genome Annotation system was deployed to create a premium engaging
visualization of the entire cyclic genome. (Grant et al., 2023). Using the Proksee server's
ORF function, the open reading frames that extend over various stretches of the genome,
and coding segments were anticipated. The web-based program Alien-Hunter was used to
infer the possibility of horizontal gene transfer activities inside the microbial genome (da
Silva Filho ef al., 2018). By taking into account the abundance and probable arrangement
of varying order motifs ranging between one to eight pairs of bases, this method identifies
unusual genomic areas based on various compositional metrics (codon/amino acid
prejudices, dinucleotide regularity, GC content, etc.) (Vernikos and Parkhill, 2006). It was
possible to figure out the existence of transferable elements within the microbial genome
through the use of the web-based application of mobileOG database (Brown et al., 2022).
All of the data has been obtained by supplying the complete genome record in genbank
layout and leaving all of the factors at their standard configurations. After the isolated
pathogen's draft genome was fed to antiSMASH, the quantity and kinds of biosynthetic

gene clusters (BGCs) encoding secondary metabolites were determined (Blin et al., 2023).

4.2.1.2 Pangenome analysis

The isolated strain and 15 other Shigella flexneri strains—which typically originated from
geographic regions that exhibit marked susceptibility to shigellosis—were contrasted
genetically through a pangenome analysis to perceive the adaptive capability and genetic
diversification of Shigella flexneri. The selection of Shigella was motivated by the
pathogens' unchecked spread and rising incidence (700,000 cases worldwide each year),
with low- and middle-income countries accounting for 99% of cases (Puzari et al., 2018).
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Bacterial Pan Genome Analysis (BPGA), a perl-based program, was used to accomplish
pangenome analysis contingent upon sorting of orthologous protein sequences (Chaudhari

etal. 2016).
4.2.1.2.1 Strain Selection

By mining the NCBI Assembly database, 15 distinct Shigella flexneri variants were
selected. These variations were apparently collected from seven exclusive Southeast Asian
nations: Singapore, South Korea, China, Hong Kong, Bangladesh, Taiwan and India (Kitts
et al., 2016). The whole genome data of the chosen isolates were acquired from the
Genbank archive. Pangenome analysis was performed on a total of 16 strains—1 isolated
and 15 chosen (Table 4.2.1.2). Typically, the strains were selected from regions that showed

an elevated level of shigellosis vulnerability.

Table 4.2.1.2 Selected Shigella flexneri Genomes from Asian Nations for Pangenome

Analysis.
Serial Date of Collection | Region of Species Strain Name
no Assembly Id submission date isolation name
. Shigella
1 ASM692v2 8/3/2011 1984 China fexneri 2a str. 301
Hong : Strain:
2/22/2022 2018 Shigella
2 | ASM2235470v1 Kong flexneri SWHIN_101
7/20/2019 2019 South Shigella Strain: C32
3 ASM719759v1 Korea [flexneri
. Shigella .
4 ASM217469v2 3/26/2019 2015 India lexneri Strain: FC906
. Shigella Strain:
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4.2.1.2.2 Clustering of Orthologous Protein Sequences

All protein sequences were clustered by implementing the USEARCH algorithm, obeying
the 50% sequence identity cut off (default setting). To eliminate bias, BPGA allows
pangenome calculation by sequentially adding genomes in 30 different combinations, and
it calculates pan and core genome dimensions based on the average measures for every

instance (Chaudhari ef al., 2016).
4.2.1.2.3 Functional Classification of Pan/Core Genes

The Pangenome Functional Analysis Application of the BPGA software were utilised to
annotate all genes in order to comprehend the connection between the regularity of each
gene and its corresponding function. Based on protein BLAST against reference COG and
KEGG databases, COG and KEGG identifiers are allocated to all sampled protein
sequences belonging to every orthologous protein cluster. Next, for central genes, auxiliary
genes, and exclusive genes, the relative proportions of COG and KEGG classifications are

computed, which are illustrated as histograms using gnuplot.

4.2.1.2.4 Phylogenetic Deduction using Pan/Core Gene Alignments

The same BPGA platform was adopted for building a phylogenetic tree without the support
of any reference genome, built on 20 arbitrarily picked groups of common genes amongst

the 16 variants. The evolutionary relationship between the 16 Shigella flexneri strains was
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ascertained using a thorough phylogenetic reconstruction dependent on concatenated core

gene agreements and the absence or presence of pan genes.

4.2.1.2.5 Pathway Enrichment Analysis of Core Genes

Using BLAST, the bi-directional best hit technique, and the KEGG Automated Annotation
Server (KAAS) with an established cutoff bit-score limit of 60, the collection of genes that
compose the core genome was mapped to conventional biological routes (Moriya et al.,
2007). KAAS allocates KO identifiers to single protein sequences and permits pathway
restoration by coupling a group of orthologous genes to an element in the KEGG networks

and BRITE functional hierarchy.

4.2.1.3 Annotation of hypothetical proteins

A comprehensive evaluation of the genomes of Shigella flexneri revealed that roughly 18%
of the encoded proteins had unidentified biological and cellular roles (Jin et al., 2002). It
was envisaged that functional annotation of these hypothetical proteins (HPs) would
provide pertinent details on how they operate in immunological responses, other metabolic
pathways, and pathogenicity (Naveed et al., 2018). In this study, 432 hypothetical proteins
from Shigella flexneri were investigated and their functions classified using a
computational pipeline that involved several bioinformatics databases and computational
tools, which allowed us to gain a better understanding of the functional characteristics of
these unidentified proteins, some of which could be novel therapeutic targets, thereby
laying the groundwork for the development of new treatments and appropriate medication

formulations.

4.2.1.3.1 Curation of Hypothetical Proteins

A text-based search was undertaken to extract complete sequences of possible Shigella
flexneri proteins from the NCBI Protein database, excluding putative and partial sequences
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(NCBI Resource Coordinators, 2016). After the search yielded 717 hits, the proteins with
200 amino acids or more were further filtered out. Less than 200 amino acid proteins were
eliminated since they have not been demonstrated to be stable therapeutic targets (Bakheet
and Doig, 2010; Oany et al., 2018). The other 432 HPs' sequences were downloaded in
FASTA format from the NCBI data warehouse's Protein database, along with the

corresponding accession number (Yousafi et al., 2019).

4.2.1.3.2 Functional Analysis of Hypothetical Proteins

Understanding a protein's subcellular compartmentalization is essential for effectively
characterizing its activity. CELLO and PSORTD, two different programs, were used to
predict the sub-cellular localization of these unidentified bacterial proteins (Yu et al., 2006;
Yu et al., 2010). To accurately infer protein localizations, CELLO employs a two-level
support vector machine (SVM) algorithm. The first level contains a small number of SVM
classifiers, each of which pertains to a distinct feature taken from the protein sequence
itself, such as amino acid composition, di-peptide composition, sequence profiling based
on the physico-chemical properties of the amino acids, etc. As a juror, the next level SVM
classifier projects the probability value for each localization category by averaging the
scores from various first level classifiers (Yu et al., 2006). Domains are 3-dimensional
functional elements that exist independently and are typically conserved throughout protein
families. Finding the conserved domains that are integrated into these unidentified proteins
can provide us important hints about how they function. This was accomplished utilizing
computer programs such as BLASTp and InterPro, which work on the tenet that proteins
exhibiting homology in several species are functionally related (Johnson et al., 2008;
Mitchell et al., 2015; Finn et al., 2017). Searches for proteins with known activities and
significant sequence similarity with the query protein were conducted using a non-

redundant protein sequence database. Next, information about domains and families was
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determined based on the best hits. Determining the function of these query proteins in
biological processes requires a thorough examination of their protein-protein interactions.
The STRING database was utilized to anticipate the potential interaction partners of the
HPs. This database integrates data from a wide range of organisms to reveal both direct and

indirect contacts of the HPs (Franceschini et al., 2013).

4.2.2 Construction and Validation of 3-Dimensional Structures

The putative target sequences with functional relevance from both core genome as well as
hypothetical proteins thus proposed were subjected to comparative modelling techniques
to construct 3-Dimensional protein structures. A combination of template free modelling
together with fold recognition-based threading techniques was employed to generate the 3-
D models of the selected proteins under study using the online server IntFold (McGuffin et
al., 2019). The server presents five top scoring models in the descending order of their
global model quality score and confidence level, for each input sequence. Global model
quality scores are in the range of 0-1, with higher scores indicating more complete and
confident models. The models thus generated were next checked for their stereochemical
stability by looking at the Ramachandran distribution and verification of Z-score using
QMEAN scoring function (Williams et al., 2018; Benkert et al., 2011). The

conformationally stable proteins were retained for subsequent analysis.

4.3 Structure Based Drug Discovery

Natural products, especially plant derived metabolites represent a prolific fount of bioactive
ingredients, having thousand years long history of clinical applications in different
ethnomedicinal approaches. The bountiful scaffold diversity and evolutionary optimized
biological effects of herbal products, makes them a lucrative choice from conventional

synthetic compounds (Erb and Kliebenstein, 2020). Although plants remain an
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unquestionable reservoir of bioactive principles, the molecular validation and marketing of
herbal drugs remain at a distance, owing to the resurgent challenges of accessing, screening
and optimization (Harvey et al., 2015). Through this work, we intend to isolate, characterize
and optimize such active pharmaceutical ingredients from herbal extracts using advanced
analytical tools, with the aim to test their efficacy against the diarrheal disease, shigellosis,
which will reinvigorate the international interest in phytochemicals as alternative medicines
and promote their industrialization. Here, we have utilized high throughput virtual
screening in conjunction with the analytical chemistry platform of mass spectrometry (MS)
hyphenated with gas chromatography (GC) to efficiently identify and capture the
therapeutically promising small molecules found in herbal extracts that have been reported

to have antidiarrheal properties in ethnomedicinal literature.

4.3.1 Curation and identification of antidiarrheal plants

Plants are distinctive and competitive in their own habitats because they produce a vast
array of organic molecules, which are frequently categorized into overlapping groups of
main and secondary metabolites depending on their roles (Erb and Kliebenstein, 2020).
While a number of antiquated medical texts highlight the historical importance of plant-
based natural products in the treatment of various illnesses, the majority of the information
comes from countless human trial and error experiments conducted over hundreds of years
with little to no understanding of the underlying bioactive constituents (Dzobo, 2022).
Plants used in traditional ethnomedicinal approaches against diarrheal diseases were
identified through text-based search of IMPPAT (https://cb.imsc.res.in/imppat/) and TKDL
(http://www.tkdl.res.in/tkdl/langdefault/common/Home.asp?GL=Eng) database, which
houses a list of medicinal plants mentioned in Ayurveda, Unani, Siddha and by mining the
texts of Ayurvedic Pharmacopoeia of India (API) The selected plants were then collected
from Medicinal Plant Gardens maintained by the Government of West Bengal.
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4.3.2 Preparation of herbal extracts and spectrometric analysis

The plant leaves were gathered in sterile zip-lock bags with the appropriate labelling, and
the bags were then transported to the lab where the leaves were air dried and cleaned to get
rid of any remaining dust and debris. The dry leaves were then ground in a mechanical
blender until they were powdered, after which the powder was smashed with methanol in
a mortar and pestle. Whatman filter paper was used to filter the resultant crude extract, and
the filtrate was used for all subsequent analysis. Drug development is accelerated by the
use of metabolomics in conjunction with bioinformatic evaluation, making it an invaluable
device for qualitative study of the diverse range of metabolites found in plant extracts
(Salem et al., 2020). In order to build a virtual library of natural products, GC-HRMS based
metabolomic profiling of the chosen herbal extracts were performed at the Sophisticated
Analytical Instrument Facility (SAIF) at the Indian Institute of Technology, Bombay, using
a Jeol AccuTOF GCv mass spectrometer with a direct capillary column HPS Capillary

Column (30m length % 0.25 microfilm thickness x 0.25mm).

4.3.3 Identification of Hits and Leads

The library of small molecules thus assembled were screened using drug likeness and
ADMET filters to identify suitable hits (Lipinski et al., 2001; Guan ef al., 2018). Structure
based virtual screening was undertaken utilizing molecular docking to rationalize the
activity of the promising hits towards the set of specific target candidates identified thus
far. Molecular docking is a widely recognized virtual screening technique, especially when
the three-dimensional structure of the target protein has been determined (Lavecchia and
Di Giovanni, 2013). It makes it possible to anticipate the structure of the ensuing protein-
ligand complex as well as the binding affinity between a ligand and a protein, which serves

as an insightful data when optimizing leads during drug discovery. Understanding the ways
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in which drugs interact with bacterial targets becomes easier with the use of docking, which
also makes molecular structures visually appealing and analytically practicable. Utilized
for more than thirty years in pharmaceutical research, molecular docking has been
invaluable in our efforts to find new target-ligand combinations that are effective against

Shigella species.

4.3.3.1 Virtual Screening of Small Molecules

Following a metabolomic investigation, chemicals from the chosen plants were evaluated
for their drug-likeness according to structural or physicochemical parameters that have a
major bearing on the molecules' pharmacokinetic and pharmacodynamic attributes (Guan
et al.,2018). Databases such as PubChem and ZINC were used to get the three-dimensional
structure of the recognized chemical entities or specification in the form of a line notation
(SMILES) expressing their structure using short ASCII characters. The structural
coordinates of a large variety of compounds that can be utilized for virtual screening are
easily accessible through these sources available online. Pharmacological screening was
accomplished using the two web-based servers, SwissADME (http://www.swissadme.ch/)
and Molinspiration (https://molinspiration.com/) respectively (Daina et al., 2017; Khan et

al.,2019). The canonical SMILES of the small compounds were used as inputs.

4.3.3.2 Docking Interaction Analysis

The structure of a protein target-small molecule interaction was predicted using molecular
docking. Docking programs are essentially a hybrid of a scoring function and a search
algorithm. The goal of the search technique was to locate the exact 3D geometry, or poses,
of a ligand within a certain targeted protein. Predicting the binding affinity was the goal of
the scoring function, which would evaluate how effectively ligands bind to proteins. Using

the SeamDock website, an in-silico evaluation of protein receptor interactions with small
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molecules was successfully done (Murail et al., 2021). In order to facilitate simple
interaction site identification, the SeamDock web service unifies many docking
technologies (AutoDock, AutoDock Vina, Smina, or Qvina) into a single framework that
supports both global and local ligand docking as well as a structured approach of combining
the two (Murail et al., 2021). The prospective targets were thereafter screened against the

identified hits for their optimization to leads and subsequent in vitro confirmatory assays.

4.3.4 In-vitro assays for efficacy testing of herbal extracts/leads against Shigella

In order to draw a comprehensive inference on the effectiveness of the selected potential
leads and their corresponding target candidates, the application of computational methods
was followed by an array of enriched in-vitro assays. To address microbial resistance, there
has been a boom in enthusiasm for the research and creation of natural antibacterial
agents derived from plant sources in recent years. As a result, techniques for screening and
assessing antimicrobial activity have received greater emphasis. In addition to the well-
known and frequently used conventional bioassays like disk-diffusion, well diffusion, and
broth or agar dilution protocols, other techniques like flow cytofluorometric and
bioluminescent methods can yield quick results pertaining to the effects of the antimicrobial
agent and a deeper comprehension of their influence on the viability and cell damage
inflicted upon the microorganism under investigation (Balouiri ef al., 2016). In this work,
a combination of disc diffusion assay and bacterial live/dead assay using Flow
cytofluorometric method was deployed confirm the antishigellosis effect of the projected
leads. Furthermore, morphological changes in the isolated organism and their colonies
exposed to treatment with specific leads were also observed utilizing a scanning electron

microscope (SEM).

99



4.3.4.1 Antimicrobial Susceptibility Testing Using Disc Diffusion Assay

To assess the isolated strain's susceptibility and resistance to various antibiotic classes,
herbal extracts and active ingredients (leads), the Kirby-Bauer disc diffusion test was
carried out in accordance with CLSI standards (33rd edition) (CLSI Performance Standards
for Antimicrobial resistance Testing 2023). Nutrient Broth (NB) was used to cultivate the
bacterial isolate for an entire night. 200l of the enriched culture were then put into a
nephelometric flask with 20ml of nutrient broth and incubated at 37°C with shaking after
18 hours. On an hourly basis, the optical density (O.D.) of the nephelometric flask was
recorded at 600 nm. Fresh nutrient agar (NA) dishes were seeded with 200 pl of the
microbial suspension following plate spreading tactics. Antibiotic discs were promptly
placed, one into each quadrant, right after when the O.D. value attained 0.5 units. After a
24-hour incubation period at 37°C, zone diameter readings were taken, along with
accompanying pictures. Initially the Kirby Bauer disc diffusion assays were performed for
standardizing the activity of the crude extracts with the commercially available antibiotics
kept as positive control. Based on their effectiveness in restricting bacterial proliferation,
the top two performing crude extracts were identified and corelated with the data obtained
from virtual screening and docking interaction to finalize upon the active pharmaceutical
ingredient, the lead. The isolated bacterium was tested for its vulnerability to antimicrobial
agents from various categories and genera., viz. ampicillin- 25mceg (1), tetracycline- 30mcg
(11), norfloxacin- 10mcg (ii1), amoxycillin- 30mcg (iv), gentamicin- 10mcg (v), amikacin-
10mcg (vi), cefoxitin- 30mcg (vii), imipenem- 10mcg (viii), cefuroxime-30meg (ix),

trimeth-sulfa- 25mcg (x), ciprofloxacin-5mcg (x1).
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4.3.4.2 Bacterial Cell Viability Assay Using Flow Cytometry

The findings of the Kirby-Bauer disc diffusion assay, were further justified by performing
bacterial cell viability assay to comment on the bactericidal effect of the crude extracts and
chosen chemical leads. The merits of flow cytometry for assessing the
susceptibility/resistance phenotype of microorganisms were proposed a number of years
ago. As a result, many authors adopted this methodology to study the antibacterial and
antifungal properties of numerous medications (Davey and Guyot, 2020). This method's
quick identification of injured cells is dependent on the legitimate staining of proper dyes.
Propidium iodide (PI), a fluorescent and intercalating chemical, was hence frequently
employed as a DNA stain. However, using a single stain makes it a challenging task to
accurately discriminate dead cells from other cellular debris. Therefore, to circumvent this
problem, a dual staining live dead assay was performed in this work to precisely record the
antibacterial activity of the crude extracts and purified chemical leads. The principal stain,
propidium iodide, was employed since it only seeps into cells with damaged membranes.
As a counterstain, thiazole orange was employed; it penetrates all cells, living and dead, to
differing degrees. As a result, combining these two dyes offered a quick and accurate way
to distinguish between living and dead bacteria. The bacterial cells were stained using 0.5
ug/ml of PI. Following a 15-minute incubation period, the cells were subjected to a 473-
nm laser run on a BD Accuri C6 plus flow cytometer, and the PI signal was captured using

a detector that had a 588/15-nm filter.

4.3.4.3 Tracking Morphological Changes using Scanning Electron Microscopy

The surface structure of Shigella samples, in both treated and untreated cultures, was
examined using scanning electron microscopy (SEM) (Czerwinska-Glowka and

Krukiewicz, 2021). Glass slides were utilized as the sample preparation platform in order
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to minimize interactions with bacterial metabolites. The bacterial pellets were separated
from the suspensions by centrifuging them for 10 minutes at 2000 rpm. Following the
removal of the supernatant, the pellets were centrifuged again under the same settings after
being washed in 1 ml of distilled water. 5 to 10 ul of the condensed bacterial suspension
was placed on the surface of a clean glass slide. The sample was fixed, dehydrated, and
dried in the order specified by the standard SEM sample preparation protocol. Fixation was
typically done using an aldehyde buffer, and osmium tetroxide (OsO4) was used as a post-
fixation step. Specimens were then typically sprayed with a conductive wrapping to create
a conducive investigation surface and avoid electron charging effect-induced image
distortion. The prepared sample was then observed under a scanning electron microscope.
The resulting images were used to examine the morphology of bacterial cells, their adhesion

to the surface, as well as their number and distribution in the area under observation.

4.3.5 Differential Expression Profiling

A crucial component for comprehending phenotypic variation is accurately identifying
differentially expressed genes (DEGs) under particular circumstances. Differential
expression profiling using standard NGS based transcriptome analysis were performed to
evaluate the upregulated and downregulated genes under the effect of the crude extracts in
culture (Jiang et al., 2015). The profiles were compared to the identified multidrug resistant
strain (MDR). The up/downregulated genes were henceforth corelated with the protein
targets recognized from core genome to pinpoint the differentially regulated genes bearing
strong resemblance to the identified targets and impacting the same biological pathway.
The observed up/downregulation of the hand-picked genes were eventually substantiated

by performing quantitative PCR assays (Rocha et al., 2020).
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4.3.5.1 Transcriptome Analysis

Comparing different physiological states or strains can yield valuable insights into cellular
processes through the analysis of global gene expression, a feature that makes RNA-
Sequencing especially beneficial (Utturkar et al., 2020). In this work, the RNA-Sequencing
technology using the Illumina (NOVASEQ 6000) platform was employed for differential
expression analysis under specific treatment conditions by pooling the samples
simultaneusly (Costa-Silva et al., 2017). Prior to being sequenced using a high throughput
technology, the RNA samples were first broken up into tiny complementary DNA
sequences (cDNA). The sequencing generated raw fastq reads were assessed for quality
using FastQC v.0.11.9. Fastp v.0.20.1 was used to preprocess the raw fastq reads, which
were then re-assessed for quality using FastQC and summarized using MultiQC. To filter
rRNA reads, the trimmed fastp reads were matched against the silva database with bowtie2.
Subsequently, the rRNA-filtered reads were aligned with the reference genome of an
untreated multidrug-resistant Shigella flexneri strain (GCF_030169125.1) using Bowtie2
v2.4.5. Following that, an estimate of each gene's or isoform's expression levels was
determined. The gene counts were compared to Shigella flexneri's unique reference genome
and utilized as inputs to edgeR with exactTest to estimate differential expression. The
differentially expressed genes (DEGs) were eventually identified by normalizing the
mapped data and applying statistical and machine learning techniques. Gene expression
was statistically estimated using a log2 fold change of approximately 1.0 and an adjusted
p-value threshold of less than 0.05. The up and downregulated genes identified thus far,

were finally justified from a biological perspective.
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4.3.5.2 quantitative PCR

Quantitative PCR (qPCR) performed in tandem with NGS-based transcriptome analysis

offers an achievable solution to any inaccurate interpretations that may have

been inadvertently introduced and provides a precise estimation of differential gene

expression (Rocha et al., 2020). Gene expression analysis using the qPCR was executed by

performing the following steps in a sequential manner (Duan ef al., 1997):

i.  The total RNA was extracted from the control and treated samples by performing

single step RNA isolation using a monophasic solution of phenol and guanidine

isothiocyanate (GITC) following the steps as outlines below:

a)

b)

d)

g)

The bacteria were cultured for 3-4 hours following which the culture was
centrifuged at 8000rpm for 10 minutes to obtain the bacterial pellet.

Iml of lysis buffer containing GITC, sodium acetate, phenol and SDS was
added to the pellet and mixed using micropipette.

The microcentrifuge tube was then incubated at room temperature for 30
minutes, following which 300 pl of chloroform was added to the tube and
mixed well by inverting the tube for 10 seconds.

Next the tube was centrifuged at 12000 rpm for 20 minutes at 4°C and the
aqueous phase thus obtained was transferred to a fresh microcentrifuge tube.
Equal volume of propanol was added to the aqueous phase and incubated at
-20 °C for an hour.

After incubation, the tube was centrifuged again at 12000 rpm for 15
minutes at 4°C. The supernatant was discarded following centrifugation.
Next 750 pl of ethanol (75%) was added to the tube and centrifuged further

at 10000 rpm for 10 minutes at 4°C.
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h) The pellet thus obtained was airdried and dissolved in 50 ul of nuclease free
water for further downstream analysis.

The RNA was next checked for its concentration and purity using Multiscan
SkyHigh Microplate Spectrophotometer from Thermo Scientific.
The extracted RNA was next synthesized into cDNA and carried forward for gPCR
using the Applied Biosystems QuantStudio® Real Time PCR Systems. For a
sensitive and reliable detection of RNA expression, the GoTaq® 2-Step RT-qPCR
Kit was used. This kit contains the components of GoScriptTM Reverse
Transcriptase and GoTaq® qPCR Master Mix. The primers were designed for the
up and down regulated genes identified in transcriptome analysis using the
Primer3Plus web interface.
The obtained data was normalized using double delta Ct analysis method. Four Ct
values—Gene being Tested Experimental (TE), Gene being Tested Control (TC),
Housekeeping Gene Experimental (HE), and Housekeeping Gene Control (HC)—
were obtained by averaging the Ct values for the housekeeping gene and the gene
under test in the experimental and control conditions. The ACt values for the
experimental (ACTE) and control (ACTC) conditions, respectively, were obtained
by calculating the differences between the housekeeping gene and the tested gene
under both experimental (TE — HE) and control (TC — HC) circumstances. The
double delta Ct value (AACt) was then computed by taking the difference between
the ACT values for the experimental and control circumstances (ACTE — ACTC).
The value of 2722Ct was calculated to finally deduce the change in gene expression

in terms of fold change.
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5. Results

5.1 Isolation and Identification of Shigella flexneri

From the obtained liquid sludge sample, the study was able to extract and purify a strain of
Shigella flexneri. After a 24-hour incubation period, the plates that received inoculation
with varying gradients of serially diluted bacterial suspensions were examined for bacterial
growth. Based on the common colony morphology traits of colour, opacity, texture, etc., 19
unique microbial colonies were selected from the plate containing a countable number of
colonies. The selected 19 pure bacterial cultures were then subjected to a battery of distinct
biochemical tests depending on their ability to utilize carbohydrates and produce particular
enzymes. The procedures outlined in Bergey's Manual of Systematic Bacteriology were
followed while conducting the tests (catalase, citrate utilization, oxidase, indole, lactose
utilization, MR, and VP) (Brenner et al., 2005). The bacterial isolate that showed consistent
Shigella-positive results (methyl red positive, lactose negative, oxidase negative, catalase
positive, citrate negative, and Voges Proskauer negative) was then put forward for 16S

rRNA sequencing (Figure 5.1.1).
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Tests performed Results
a. Catalase test +
b. Citrate utilization test -
c. Oxidase test
d. Indole test +
e. Lactose utilization test -
f. Methyl red test +

g. Voges- proskauer test -
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Figure 5.1.1 Colony characteristics of the isolated Shigella flexneri, grown on: 1. Nutrient
agar 2. McConkey agar plates; Biochemical traits of the naturally isolated Shigella flexneri,

catalase +ve, citrate utilization -ve, oxidase — ve, indole +ve, lactose utilization -ve, methyl

red +ve, Voges Proskauer -ve.
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5.2 Molecular Characterization of Shigella flexneri

The bacterial isolate was subjected to PCR amplification for the 16STRNA gene following
genomic DNA extraction (Figure 5.2.1; Figure 5.2.2). The amplified PCR products was
next sequenced, which further confirmed the microbial isolate as Shigella flexneri (Figure

5.2.3).

Lane 2 Lane 3 Lane 4

Figure 5.2.1 Agarose gel electrophoresis for visualization of genomic DNA; where MWM
indicates molecular weight of marker, and lane 1-4 indicates genomic DNA isolated from

Shigella flexneri.

Lanel Lane2 Lane3 MWM Lane4 Lane5 Lane 6 Lane?7

<— 1500 bp

< 1000 bp

< 700 bp

Figure 5.2.2 PCR amplification of 16S rRNA gene; lane 5 indicates amplified 16SrRNA

gene for Shigella flexneri and MWM indicates molecular weight of marker.
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Figure 5.2.3 Published 16SrRNA gene sequence of the isolated Shigella flexneri strain in

NCBI.
5.3 Whole genome analysis of the isolated Shigella flexneri

The entire genome sequence was analyzed using the web-based Proksee service, which
uses a variety of algorithms to assess genomic characteristics (Figure 5.3.1). 12000 Mb of
unprocessed sequence reads were obtained from whole genome sequencing using the
[llumina HiSeq technology. Following quality assurance, 4607202 base pairs of
unambiguous reads were put together into a circular genome. The NCBI has incorporated
the genome (SFMMGSG 23) under accession number CP123365. The Prokaryotic
Genome Annotation Pipeline (PGAP) hosted by NCBI estimated 4640 genes, of which
3845 were found to code for proteins, 127 for specific RNAs, and the balance of 668 for
pseudogenes because of their dubious residue composition or propensity to produce

truncated peptides.
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Figure 5.3.1 Circular chromosome map of Shigella flexneri strain SFMMGSG_23. A total of 9167 open reading frames (ORFs) are pointed

out, with 4834 coding sequences, 57 resistance genes and 5 CRISPR arrays.
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A total of 4834 probable coding genes were identified by Prokka, of which 2830 could be

classified into different COG categories (Figure 5.3.2). Additionally, 1105 genes were
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determined to code for hypothetical proteins.

COG CATEGORIES

Figure 5.3.2 Distribution of coding genes into different functional COG categories.

Using the RGI tool, a search was conducted against the CARD database which revealed 57

genes associated with antimicrobial resistance that fall into 11 discrete families of genes

(Figure 5.3.3). It turned out that over 50% of the genes encoded antibiotic efflux proteins,

whereas 15% of the genes coded for proteins that participate in target transformation.
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Resistance mechanisms

d, ugd, pmrF, eptA

Figure 5.3.3 A hierarchy chart summarizing the AMR genes across different categories

based on their mechanism of action. (Mukhopadhyay ef al., 2024)

The genome yielded five distinct CRISPR arrays, each including one or two spacer
sequences and direct repeats spanning 24-53 base pairs on either side (Table 5.3.1).
However, it was noticed that not a single CRISPR-associated gene, also known as Cas gene,
were detected in the vicinity of any of the CRISPR arrays. The genomic neighbourhood for
four of the five isolated CRISPR arrays detected from the isolated pathogen, were found to
be in immediate vicinity to the anticipated mobile genomic elements, firmly indicating

potential transmission of CRISPR panels via MGEs (Figure 5.3.4).
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Table 5.3.1 Characteristics of the computationally identified CRISPR arrays from the

SFMMGSG 23 genome.

CRISPR | CRISPR | CRISPR | CRISPR Repeat = No. of Mean Repeats‘ Spacers‘
Length Spacers size of = Conservation = Conservation
Id Start End Length g . X N
Spacers (% identity) (% identity)
CP123 64543 64658 115 31 1 54 96.77 100
365 1
CP123 877065 877213 148 29 2 31 75.86 32.35
365 2
CP123 236395 236408 126 39 1 49 100 100
365 3 4 0
CP123 283289 @ 283303 146 53 | 41 100 100
365 4 0 6
CP123 324667 324677 101 24 1 54 100 100
365 5 5 6
3500000
3000000
2500000
2000000
1500000
1000000
500000
0
CP123365_1 CP123365_2 CP123365_3 CP123365_4 CP123365_5

CRISPR Start Site CRISPR End Site MGE Start Site MGE End Site B Proximity to MGEs

Figure 5.3.4 Correlations between the identified CRISPR arrays and mobile genetic

elements in terms of positional proximity.

826 sequences that govern various crucial life cycle processes of portable genetic
components (MGEs) were revealed by the mobile-OG-db annotation of the entire genome

(Figure 5.3.5).
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Relative proportions of different categories of MGEs analysed in
SFMMGSF_23

’

= INTEGRATION/EXCISION = REPLICATION/RECOMBINATION/REPAIR
STABILITY/TRANSFER/DEFENSE TRANSFER
= PHAGE

Figure 5.3.5 Distribution of mobile genetic elements derived from phages, insertion
sequences, integrative genomic elements (IGEs) and plasmids into different life cycle

processes mediated by them (Mukhopadhyay et al., 2024).

To reinforce a link between the presence of MGEs and the prevalence of ARGs, the
positional proximity between the two were investigated, and 10 ARGs were found to be in
close vicinity to the predicted mobile genetic elements, hence compellingly indicating the

likely transmission of resistance genes through MGEs (Figure 5.3.6).

[ ARG start site [l ARG end site [l MGE start site '] MGE end site
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Figure 5.3.6 A box and whisker chart showing the positional proximity between the

identified ARGs and MGEs (Mukhopadhyay et al., 2024).
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AlienHunter was implemented for locating laterally transmitted genomic areas that
constitute the bacterial isolate. An inverse association was noticed when the relative
incidence of these foreign sections was compared to their sequence length, suggesting that
smaller implants might find it less challenging to settle and propagate vertically. (Figure

5.3.7).

25

20

Frequency
b

=
(=1

0 10000 20000 30000 40000 50000 60000
Length of genomic islands

Figure 5.3.7 A scatter chart mapping the association between the length of horizontally

acquired genomic regions and their relative frequency.

The independently operated algorithm AntiSMASH was employed to examine the isolated

genome for any evidence of biosynthetic gene clusters (Figure 5.3.8).
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Figure 5.3.8 Schematic representation of the distribution of biosynthetic gene clusters

across the assembled genome of SFMMGSG 23; (a) non-ribosomal peptide synthetase
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(NRPS), similar to enterobactin biosynthetic gene cluster from Escherichia coli str. K-12
substr. MG1655; (b) thiopeptide, similar to O-antigen biosynthetic gene cluster from
Pseudomonas aeruginosa; (c) NRPS-independent (NI), TucA/lucC-like siderophores,
similar to aerobactin biosynthetic gene cluster from Pantoea ananatis. (The colour of the
BGCs and coding sequences are autogenerated by the server used) (Mukhopadhyay et al.,

2024).

5.4 Pangenome analysis of Shigella flexneri

Using Bacterial Pan Genome Analysis (BPGA), a perl-based tool, a total of 16 strains—1
isolated and 15 chosen—were run through pangenome estimation designed around
aggregation of orthologous protein sequences. Clustering revealed a pangenome size of
6907 gene families, of which 2448 families (~35%) made up core genome of Shigella
flexneri. The unique genome had 1700 gene families, or nearly 25% of the whole gene pool,
whereas the accessory genome contained 2759 gene families, or over 40% of the total.

(Figure 5.4.1).

Core-Pan Plot
8000 | . : : - - - - ; : : : - : . .
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1 2 3 4 5 & 7 8 9 10 11 12 13 14 15 16 17 18

Number of Genomes

Power-fit Curve Equation: f(x) = 3920.26-x%21
Exponential Curve Equation: f1(X)_= 3336,30.e -02.x
Total gene families
Core gene families

Figure 5.4.1 Graph portraying the effect of dataset size on the pan/core genome dimensions

(Mukhopadhyay et al., 2024).
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All genes were given annotations using the Pangenome Functional Analysis Application
within the BPGA program in order to assess the relationship between the prevalence of
genes and its related functions (Figure 5.4.2; Figure 5.4.3). A general enrichment of
universal genes in molecular events essential to pathogen survival in any circumstance was
found by COG analysis of the pangenome compilation, whereas strain-specific exclusive
and optional genes were more engaged in niche-specific tasks like membrane biosynthesis,
synthesis of virulence determinants, and secretion, which accounted for a large portion of

the observed serotype diversity.
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Figure 5.4.2 Functional breakdown of the core, accessory and unique genes into different

COG categories.
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COG Distribution
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Figure 5.4.3 Bar plots showing the average distribution of COG classes in the core,

accessory and unique genome of 16 annotated Shigella flexneri strains.

A thorough phylogenetic inquiry was undertaken to ascertain the ancestral connections
among the 16 Shigella flexneri strains by means of concatenated core gene alliances and

the presence and absence order of pan genes. (Figure 5.4.4).
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Figure 5.4.4 Evolutionary hierarchy of 16 Shigella flexneri strains based on (a) core-genes; (b)pan-matrix. Recurrent clustering patterns are

highlighted in blue. The isolated strain is highlighted in orange (Mukhopadhyay ef al., 2024).
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Pathway analysis of the obtained core genomic determinants (2448 core genes) revealed 205 affected pathways (Figure 5.4.5).

Transport and catabolism

Information processing in viruses
Transcription

Development and regeneration
Immune system E——
Excretory system ———————— >

Xenobiotics blodegra
metabolizm,

Virus infection —4m8 ———»
Immune disease —

Figure 5.4.5 KEGG pathways influenced by core genes (Mukhopadhyay et al., 2024).
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Two resistance routes with 22 distinct genes that can either directly or indirectly promote
resistance to antibiotics were uncovered by KAAS pathway tracing of 2448 core genes

(Figure 5.4.6).

Pathway Gene Product
Beta-Lactam AmpG MFS transporter, PAT family, beta-lactamase induction signal transducer
resistance Opp oligopeptide transport system substrate-binding protein

OMP outer membrane protein

RND multidrug efflux pump

MFP membrane fusion protein, multidrug efflux system

PBPla/2 penicillin-binding protein 1A

PBP2 penicillin-binding protein 2

FtsI penicillin-binding protein 3

MexA/AcrA multidrug efflux system

MexB/AcrB multidrug efflux pump

PhoQ two-component system, OmpR family, sensor histidine kinase PhoQ
PhoP two-component system, OmpR family, response regulator PhoP
PmrB two-component system, OmpR family, sensor histidine kinase BasS
PmrA two-component system, OmpR family, response regulator BasR
SapB cationic peptide transport system permease protein

Cationic SapC cationic peptide transport system permease protein

antimicrobial SapD cationic peptide transport system ATP-binding protein

peptide (CAMP) | SapF cationic peptide transport system ATP-binding protein

resistance CpxA two-component system, OmpR family, sensor histidine kinase CpxA
CpxR two-component system, OmpR family, response regulator CpxR
AcrA membrane fusion protein, multidrug efflux system
AcrB multidrug efflux pump

Figure 5.4.6 Ensemble of genes associated with antibiotic resistance pathways (identified
by assigning KO numbers to the query genes, followed by gene mapping to the biological

pathways using KAAS server) (Mukhopadhyay et al., 2024).

Our dataset revealed that the resistance pathways harbored six genes that were identical to
the two-component signal transduction systems (TCSs): PmrB, PmrA, PhoQ, PhoP, CpxA,
and CpxR (Figure 5.4.7). Additionally, an abundance of genes was discovered which

encoded for multidrug efflux pumps (Figure 5.4.8).
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Figure 5.4.7 Cationic antimicrobial peptide resistance pathway in Gram-negative bacteria (the identified resistance genes from the core genome

are highlighted in green) (Mukhopadhyay et al., 2024).
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Figure 5.4.8 Beta-lactam resistance pathway in Gram-negative bacteria (the identified resistance genes from the core genome are highlighted

in green) (Mukhopadhyay et al., 2024).
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5.5 Annotation of Hypothetical Proteins

In this work, we have attempted to assign functions to 432 hypothetical proteins from
Shigella flexneri (Figure 5.5.1). We used a computational pipeline to analyse the gene
ontology of the dataset (CC- Cellular Compartment predicted using localization tools, MF-
Molecular Function predicted using homology analyses tools, and BP- Biological

Pathway predicted using interactomics tools).
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Figure 5.5.1 The cumulative distribution of the pool of 432 hypothetical proteins analysed,

into distinct functional categories (Mukhopadhyay ef al., 2022).
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The sequence-based homology method successfully deduced the superfamily of 381

undeciphered proteins (Figure 5.5.2).

AidA like superfamily of proteins
TatD superfamily of proteins.
Haloacid Dehalogenase (HAD) superfamily of proteins
AraC superfamily of proteins
EAL superfamily of protein
UvrD superfamily protein
Rossmann fold NAD(P)H/NADP binding superfamily of...
autotransporter superfamily of proteins
Type Ill Pyridoxal 5-phosphate (PLP)-Dependent Enzymes...
Tiki and TraB like superfamily of proteins.

BAX inhibitor (Bl)-1 like superfamily of proteins.
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Figure 5.5.2 A graph illustrating the different ubiquitous protein superfamilies detected
within the set of unknown proteins examined, along with proportion of proteins belonging

to each mentioned head (Mukhopadhyay et al., 2022).

The InterPro database was successfully used to identify certain conserved domains of
hypothetical proteins. The identification of certain domains such as the CNNM
transmembrane domain, CBS domain, AAA+ATPase domain, FAD/NADP binding
domain, EAL domain, and others from these proteins indicated their potential participation
in important pathogenic pathways of Shigella. The placement of HPs within cells is thought
to be crucial for their activity. For this goal, two independent computational tools were
used: CELLO and PSORTb. Approximately half of the proteins were discovered in the
cytoplasm, whereas 25% were located in the membrane. 88% of the potential proteins' sub-
cellular addresses were identified with high confidence. 277 proteins were determined to
have identical results in both applications, 72 proteins had contradicting results, and 83

proteins had predictions from either tool (Figure 5.5.3).
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PROTEINS WITH CONSISTENT CELLO AND PSORTD
PREDICTIONS
PROTEINS WITH PREDICTIONS FROM EITHER CELLO OR
PSORTb

0 50 100 150 200 250 300

Figure 5.5.3 A bar graph evaluating the accuracy and consistency of the two localisation
prediction tools, viz. CELLO and PSORTD, in ascertaining the sub-cellular localisation, for

the pool of 432 proteins analysed in the study (Mukhopadhyay et al., 2022).
5.6 Prioritization of drug targets from core genome and hypothetical proteins

The core proteins and hypothetical proteins with key functions were searched against the
DEG (Database of Essential Genes) database for eukaryotes to perform non-homology
analysis with host, followed by an essentiality analysis, which was accomplished by using
the DEG database for bacteria. The obligatory non-homologous proteins thus identified
were next searched against the core dataset of VFDB (Virulence Factor Database). A
combination of template free modelling together with fold recognition-based threading
techniques was employed to generate the 3-D models of the potential target proteins that
qualified the above check points. The obtained models were assessed for structural stability
by using the available benchmarks like Ramachandran plot distribution, Q-mean score and
Root Mean Square Fluctuation values. The conformationally sound proteins were pursued
for docking interactions with suitable hits to recognize the most target potent candidates

(Figure 5.6.1).
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Core Proteins Hypothetical Proteins

2448 +—— Non-homology analysis ——— 432
183 «~—— Essentiality analysis — 122
183 Screening the virulence proteins —+ 199

21 ~—— Constructing three-dimensional protein models —— 93

Docking with small molecule hits identified using
pharmacokinetic and pharmacodynamic screening

21—

Figure 5.6.1 Screening of drug targets from core genome and hypothetical proteins.

5.7 Curation of Ethnomedicinal Plants and Preparation of Crude Extracts

Several folk medicinal practices have conventionally used plants in treating endemic
diarrhoea. We underwent a rigorous text mining to identify such plants and collected them
from various medicinal gardens across West Bengal, India (Table 5.7.1). The cleaned and
dried leaves were ground in a mechanical blender until they were powdered, and the powder
was smashed with methanol in a mortar and pestle. Whatman filter paper was used to filter

the resultant crude extract, and the filtrate was used for subsequent analysis.

Table 5.7.1 List of plants collected and analysed.

Sl.no. Plant names Family

1 Glinus oppositifolius (Gima shag) Molluginaceae
2 Aegle marmelos (Indian Byel) Rutaceae
3 Bruguiera gymnorhiza

(Oriental mangrove) Rhizophoraceae
4 Avicennia marina (Grey mangrove) Acanthaceae
5 Psidium guajava (Guava) Myrtaceae
6 Paederia foetida (Gandal lata) Rubiaceae
7 Eclipta prostrata (Bhringraj) Asteraceae
8 Mangifera indica (Mango) Anacardiaceae
9 Centella asiatica (Thankuni) Apiaceae
10 Scoparia dulcis (Bon dhaniya) Plantaginaceae
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5.8 Phenotypic Assays for Antimicrobial Susceptibility Testing
The in vitro susceptibility profile of the selected strain revealed resistance to all the 11
different antibiotics used, thus confirming the isolate as multidrug resistant (MDR) (Figure

5.8.1, Table 5.8.1).
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Figure 5.8.1 Resistance profile for the isolated bacteria, obtained on Nutrient agar against;

Abl: Ampicillin, Ab2: Tetracycline, Ab3: Norfloxacin, Ab4: Amoxycillin, Ab6:
Gentamicin, Ab7: Amikacin, Ab8: Cefoxitin, Ab9: Imipenem, Ab10: Cefuroxime, Ab11:

Trimeth-sulfa, Ab12: Ciprofloxacin.

Table 5.8.1 Antibiotic susceptibility pattern of the isolated bacteria.

Disk Observed Interpretive categories and zone
Content zone diameter breakpoints based on CLSI
Antimicrobial = (in pg/ diameter standards Susceptibility
Agent disc) + SE (nearest whole mm)
(in mm) st 12 R®
Ampicillin 10 6.5+0.5 >17 14-16 <13 R
(Abl)
Tetracycline 30 6.5+0.5 >15 12-14 <11 R
(Ab2)
Norfloxacin 10 60.6 >17 13-16 <12 R
(Ab3)
Amoxycillin 30 7+0.5 >18 14-17 <13 R
(Ab4)
Gentamicin 10 6+0.8 >18 15-17 <14 R
(Ab5)
Amikacin 30 6.5+0.65 >20 17-19 <16 R
(Ab6)
Cefoxitin 30 6.5+1.20 >18 15-17 <14 R
(Ab7)

1S: Susceptible
2|: Intermediate
3 R: Resistant
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Imipenem 10 7.5+1.30 >23 20-22 <19 R

(Ab8)
Cefuroxime 30 7.5+0.8 >18 15-17 <14 R
(Ab9)
Trimeth-sulfa 25 6.5+0.5 >16 11-15 <10 R
(Ab10)
Ciprofloxacin 5 6.5+1.20 >31 21-30 <20 R
(Ab11)
Ceftriaxone 30 6.5+£0.5 >26->23 23-25 and <22-< R
(Ab12) 20-22 19

The best inhibition was observed with the crude extracts of Psidium guajava and Scoparia

dulcis (Figure 5.8.2, Table 5.8.2).
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Figure 5.8.2 Susceptibility/resistance profile of the isolated strain of Shigella flexneri
against the selected herbal extracts; 1) No zone of inhibition was observed on nutrient agar
for the isolated bacteria against crude extracts of A: Mangifera indica; C: Centella asiatica;
D: Avicennia marina; E: Aegle marmelos; G: Bruguiera gymnorhiza; H: Glinus
oppositifolius; I: Eclipta prostrata; J: Paederia foetida ii) Zone of inhibition obtained on
nutrient agar for the isolated bacteria against crude extracts of B: Psidium guajava; F:

Scoparia dulcis; M: methanol was used as a control in each assay.
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Table 5.8.2 Susceptibility pattern of the isolated bacteria against crude herbal extracts.

ZONE OF INHIBITION % SE
SOURCE PLANT (measured in mm)
A. Mangifera indica (Mango) 7.5+0.5
B. Psidium guajava (Guava) 12.6+1.20

C. Centella asiatica (Thankuni) 6.4+0.5
D. Avicennia marina (Grey mangrove) 6+0.5

E. Aegle marmelos (Indian Byel) 7.610.4

F. Scoparia dulcis (Bon dhaniya) 9.8+0.6
G. Bruguiera gymnorhiza (Oriental mangrove) 7+0.3

H. Glinus oppositifolius (Gima shag) 7.5£0.4

I. Eclipta prostrata (Bhringraj) 7.2+0.6

J. Paederia foetida (Gandal lata) 6.5+0.5
M. Methanol 6+0.6

5.9 Spectrometric analysis and virtual screening of small molecules

2152 compounds were identified by GC-MS analysis, and these were then evaluated for
drug-likeness based on structural or physicochemical characteristics that have a significant
impact on the molecules' pharmacokinetics and pharmacodynamics ((Figure 5.9.1, Table
5.9.1). The pipeline made it possible to identify 23 promising molecules, which were then
further correlated with the results of in-vitro assays. Finally, three compounds were
identified, namely limonene from Psidium guajava and 5-hydroxy-1-isopropyl-6,6-
dimethyl-5-phenyl-piperidin-2-one and N-(2-hydroxyphenyl)-2,6-dimethoxybenzamide

from Scoparia dulcis, (Figure 5.9.2, Figure 5.9.3).
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Figure 5.9.1 Representative images of peaks observed on GC-MS analysis of methanolic

extract for 2 selected plants, viz. 1.: Psidium and 2.: Scoparia.
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Table 5.9.1 Table representing some of the active ingredients identified on GC-MS

analysis of methanolic extract of 2 chosen plants at different time intervals.

Retention Time (in minutes)

Active principles in MeOH extract of Guava

4.38
6.59
14.44
15.42
15.84
16.16
17.1
17.25
17.56

Retention Time (in minutes)
10.2
10.97
13.15
14.19
14.97
15.51
16.79
17.14
17.62

1-Fluoroforskolin
Limonene
Ylangene
Isocaryophillene
Aromadendrene
a-Caryophyllene
Docosahexaenoic acid, 1,2,3-propanetriyl ester
Lycopene

Zeaxanthin

Active Principles in MeOh Extract of Scoparia
1H-Imidazole, 1-methyl-5-nitro
4-tert-Butoxystyrene
2-Methoxy-4-vinylphenol
Borazine, 2,4,6-trimethyl
Decane, 2,4-dimethyl
Styrene
Malonic acid, eicosyl isobutyl ester
Methenamine

Mesalamine
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Figure 5.9.2 2-D Structures of the selected natural ingredients along with their drug-likeness and pharmacokinetic properties; 1.: Limonene;
2.: 5-Hydroxy-1-isopropyl-6,6-dimethyl-5-phenyl- piperidin-2-one; 3.: N-(2-Hydroxyphenyl)-2,6-dimethoxybenzamide.
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Figure 5.9.3 Pharmacodynamic properties and bioactivity profiling of selected hits.
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5.10 Docking interaction analysis and identification of potential targets

The prospective targets were screened against the 3 selected herbal compounds, viz. Limonene, Piperidine and Benzamide separately to verify
the binding efficacy of these target candidates using docking and post docking analysis (Figure 5.10.1; Figure 5.10.2; Figure 5.10.3; Figure
5.10.4; Figure 5.10.5; Figure 5.10.6)

@) AFFINITY SCORE (kcal/mol) Number of Interactions

AFFINITY SCORE (kcal/mol)
Limonene - R1
Limonene - R2

Limonene - R3

L o »® > 2> 2 > S S N Y B> X H o A D> O P

@ Limonene-R1 M Limonene - R2 @ Limonene- R3

Q P z

Figure 5.10.1 Docking profile of limonene with top 3 targets from core proteins (R1, R2, R3), based on binding scores and structural alignments; target
proteins in grey and ligands in green.
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Figure 5.10.2 Docking profile of piperidine with top 3 targets from core proteins (R1, R4, R5), based on binding scores and structural alignments; target
proteins in grey and ligands in green.
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Figure 5.10.3 Docking profile of benzamide with top 3 targets from core proteins (R4, R6, R7), based on binding scores and structural alignments; target
proteins in grey and ligands in green.
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Figure 5.10.4 Docking profile of limonene with top 3 targets from hypothetical proteins (T1, T2, T3), based on binding scores and structural alignments;

target proteins in grey and ligands in green.
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Figure 5.10.5 Docking profile of piperidine with top 3 targets from core proteins (T1, T2, T3), based on binding scores and structural alignments; target
proteins in grey and ligands in green.
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Figure 5.10.6 Docking profile of benzamide with top 3 targets from core proteins (T1, T2, T3), based on binding scores and structural alignments; target

proteins in grey and ligands in green.
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Table 5.10.1 Prioritized Targets from Core Genome and Hypothetical Proteins along with

their Molecular Functions and Biological Pathways.

TARGETS

R1

R2

R3

R4

RS

R6

R7

T1

T2

T3

CODING
GENES

adrB,
pdeD

modB

rimL

thiP

yhal

ydgJ

yfcV

perA

ydiP

ripA

MOLECULAR
FUNCTIONS

c-di-GMP
phosphodiesterase

molybdate
transport system
permease protein

ribosomal-protein-
serine
acetyltransferase

thiamine transport
system permease
protein

LysR family of
transcriptional
regulators

Conserved
expressed
oxidoreductase

fimbrial adhesion
protein elfA

AraC superfamily
of proteins

AraC superfamily
of proteins

AraC superfamily
of proteins

BIOLOGICAL PATHWAYS

Biofilm formation - Escherichia coli

ABC transporters

Genetic information processing

ABC transporters

Regulation of DNA-templated
transcription

Various metabolic processes

Cell adhesion involved in single-
species biofilm formation and pilus
organization

Regulation of DNA-templated
transcription

Regulation of DNA-templated
transcription

Regulation of DNA-templated
transcription

5.11 In-vitro assays for efficacy testing of leads against the isolated Shigella strain

Zones of inhibition of bacterial growth were monitored by performing disc assays with the

identified leads following identical protocol as executed earlier (Figure 5.11.1).
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ZONE OF INHIBITION # SE

c1 ™M $ ACTIVE INGREDIENTS .
4 (measured in mm)
C1. Benzamide 7+0.5
C2. Piperidine 35+3.4
C3. Limonene 15+ 0.3
M. Methanol 6+0.2

Figure 5.11.1 Susceptibility pattern of the isolated Shigella strain observed using selected

lead compounds.

Of the three chosen leads, piperidine and limonene demonstrated remarkable zones of
inhibition in the disc diffusion assay, while benzamide did not exhibit any susceptibility
zone. Thus, all subsequent analysis were carried out using these two compounds. To further
establish the potential of the leads, bacterial cell viability assays were performed to evaluate
the impact of the leads as well as the crude extracts on bacterial survival. In theory, this
assay distinguishes between cells with damaged membranes (dead cells) and those with
intact membranes (living cells) using two nucleic acid-binding stains. The side scatter
(SSC-A) and forward scatter (FSC-A) quadrant plots display the cells that were identified
based on physical parameters. Dead cells were identified using propidium iodide marker,
whereas thiazole orange was used to label living cells (Figure 5.11.2). The results revealed
increased permeability of cells to propidium iodide in cultures treated with crude extracts
and identified chemical leads. Whereas in untreated bacterial culture, the cells were less
permeable to propidium iodide as evidenced by a steady proportion of live cells (96.12%).
The transition from untreated to treated cultures reduced the cell viability to less than 20%
upon administration of Psidium guajava extract, while the viability was brought down to
31.75%, 56.65% and 71.45% upon application of the Scoparia dulcis extract, piperidine

and limonene respectively.
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Figure 5.11.2 Bacterial Cells checked for Viability by FACS technique using Propidium lodide (PI) and Thiazole orange dye; E1: treated with

Psidium extract, E2: treated with Scoparia extract, C2: treated with piperidine, C3: treated with limonene.
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The changes in the surface morphology of the bacteria upon treatment with the leads and

crude extracts were analysed by using scanning electron microscopy (Figure 5.11.3).

300nm EHT=15.00kV Signal A = SE1 Time: 15:47:00

H WD = 9.61 mm Mag= 25.00 KX Date: 21 Mar 2024
Control

| 300nm EHT=15.00kv Signal A = SE1 Time: 14:33:06
H .
WD = 8.16 mm Mag= 25.00 KX Date: 21 Mar 2024
E1l Treated
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Signal A = SE1 Time: 16:18:35

WD =7.34 mm Mag= 25.00 KX Date: 21 Mar 2024
E2 Treated

300 nm EHT = 15.00 kV Signal A = SE1 Time: 17:09:08
H .
WD = 6.67 mm Mag= 25.00KX Date: 21 Mar 2024
C2 Treated
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300nm EHT =15.00kV Signal A = SE1 Time: 16:52:18

l_I .
WD =6.73 mm Mag= 25.00 KX Date: 21 Mar 2024
C3 Treated

Figure 5.11.3 Scanning electron microscopy (SEM) images of Control: Untreated bacteria
appeared as expected, with a smooth surface; El: Treated with methanolic extract of
Psidium guajava; E2: Treated with methanolic extract of Scoparia dulcis; both the extract
treatments had bacteria with a withered and recessed surface; C2: Treated with Piperidine;
C3: Treated with Limonene. Both the chemical treatments exhibited greater bacterial

damage.

Upon investigation of the alterations in cell morphology and structure using SEM, the
untreated bacteria showed up as complete rods with no signs of cell wall rupture or collapse
(Figure 5.11.3). Cells exposed to herbal extracts, on the other hand, grew more twisted and
coarser. Regular creases were harmed, and the surface developed rifts that resembled
grooves. The cells were also observed to have undergone a significant change in shape,
becoming shorter and wider (Figure 5.11.3). This was in complete contrast to the surface

structure of rod-shaped Shigella flexneri in untreated culture, where the bacteria remained
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nearly intact exhibiting regular wrinkles at nanoscale resolution. Alternatively, after
applying chemical leads, the cells demonstrated severe cell wall damage and leakage of
internal components, indicating cell lysis (Figure 5.11.3). The observations recorded using
SEM thus amply demonstrated the efficacy of the chosen herbal extracts and small
molecule inhibitors in triggering membrane injuries, plasmolysis, and deformation of cells

in the MDR Shigella flexneri strain.

5.12 Identification of Differentially Regulated Genes

Transcriptome sequencing generated reads were mapped to the reference genome of
Shigella flexneri (SFMMGSG_23) and the gene counts were used as inputs to edgeR with
exactTest for differential expression estimation. An adjusted p-value threshold <= 0.05 and
log2 fold change of +1.0 was used for statistical estimation of gene expression (Figure

5.12.1).
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Figure 5.12.1 a) Volcano plot of Treated vs Control; b) Top 50 variable gene heatmap

Treated vs Control.

The differentially regulated protein sequences were subjected to the COG classifier (Cluster
of Orthologous Genes) v1.0.5 for functional annotation, classification, and analysis of each

gene (Figure 5.12.2).
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COG Functional Classification

300+ " | J: Translation, ribosomal structure and biogenesis

J
A - RNA processing and modification
K : Transcription
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Figure 5.12.2 Functionally Enriched COG categories visualized in bar plot based on up and down regulated genes of Treated vs Control.
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5.13 Differentially Regulated Genes and Their Homogeneity to Identified Targets

The differentially regulated genes were screened against prioritized targets based on
sequence homogeneity, functional similarity and the presence of overlapping domains,
which effectively lead us to 4 such genes (2 upregulated and 2 down regulated) that further
established the correlation between the projected targets from core genome and the

up/down regulated genes (Table 5.13.1).

Table 5.13.1 Differentially Regulated Genes and Their Homogeneity to Identified Targets.

Genes Expression Encoded Molecular Function Biological
Status Protein Pathway

pdeG Downregulated PDEG c-di-GMP Biofilm
phosphodiesterase Formation

nikC Downregulated NIKC nickel transport ABC transporter
system permease
protein

torR Upregulated TORR two-component Two-component
system OmpR system
family torCAD
operon response
regulator TorR

torY Upregulated TORY trimethylamine-N- Microbial
oxide reductase metabolism in
(cytochrome c) diverse
cytochrome environments

pykF Unchanged PYKF Pyruvate kinase | Pyruvate

metabolism

5.14 Validation of the differential gene expression using quantitative PCR

Quantitative polymerase chain reaction (QPCR) was used to determine the RNA load in the
treated cell cultures in order to evaluate the differential expression of the selected genes
more extensively (Figure 5.14.1). Nutrient broth was inoculated with enriched bacterial
culture (1%) and treated with equal volume of herbal extracts and identified leads,

separately. After an incubation period of 3 hours, cell culture supernatants were harvested

150



and the load of chosen ribonucleic acids (RNA) was quantified by reverse-
transcription/real-time quantitative polymerase chain reaction (qPCR) using the Quant

Studio™ system (Applied Biosystems) with pyruvate kinase (pykF) as internal control.
Treatments B Psidium extract Scoparia extract B Piperidine Limonene

L *

by - I : I
Sl Lid
ol

b

Fold Change (Log Transformed)

EEE

0.2 :[ I

0 EEEE RkEE EEEE
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(Q' \P‘ Qb'e(, (“\*

Differentially regulated genes

Figure 5.14.1 qPCR verification of differentially regulated genes. Graphs show relative
fold change values of selected up regulated and down regulated genes in the naturally
isolated Shigella flexneri, upon treatment with identified herbal extracts and chemical leads.
An untreated bacterial culture of the same strain was used as control with a reference value
of 1. Plotted with standard errors are the mean values obtained from trials conducted in
triplicate. With respect to the unpaired t-test, the *, **, *** and **** p-values denote the

<0.05,<0.01,<0.001, and <0.0001 levels of significance, in that order.
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6. Discussion

Shigella is an important contributor of bacillary dysentery on a global scale, especially in
countries that struggle with inadequate hygiene and sanitation. The rise of multidrug-
resistant forms compounds the complexity of addressing Shigella infections, notably in
areas that have restricted opportunities for alternative therapies and healthcare services.
Therefore, with the intention to conquer this possible community health emergency, novel
approaches to shigellosis prevention and therapy are imperative. Through the use of an
integrated in-silico technique and experimental in-vitro assays to ensure further
endorsement, this investigation attempted to identify and qualitatively characterize
prospective therapeutic targets from Shigella flexneri. Given the state of affairs, wherein
successive generations of antimicrobials have either been or will soon prove inept against
Shigella spp., it is evident to assume that multiple concomitant initiatives are called for to
keep shigellosis in check for a considerable amount of time. In an effort to manage
shigellosis affected by antibiotic resistance, the final component of this research focussed

in recognizing and validating novel antimicrobials derived from natural herbal products.

In this work, we successfully managed to isolate and identify a strain of Shigella flexneri
from a natural reservoir (drainage system). The National Center for Biotechnology
Information (NCBI) provides access to the entire genome sequence information of the
isolated Shigella flexneri (SFMMGSG 23) under Accession CP123365. We further
reported on the environmental isolate's whole genome sequencing (WGS) analysis,
alongside the characterization of its resistance genes and associated antimicrobial
phenotype. Approximately 4500 protein-coding genes were identified in the naturally
isolated Shigella flexneri strain, of which 57 genes conferred antibiotic resistance. 15% of
the resistance genes were found to code for proteins involved in target alteration, and

around 50% of the resistance genes were identified to code for antibiotic efflux proteins.
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Five different CRISPR arrays were obtained from the genome; however, none of the
CRISPR arrays had CRISPR-associated genes (Cas genes) located nearby. In a recent study
by Shmakov et al., 2020, such isolated CRISPR arrays were found to constitute 25% of the
known CRISPR-Cas systems in complete bacterial genomes and were hypothesized to give
rise to functional diversification of CRISPR-Cas systems by acting in conjunction with
novel Cas proteins (Shmakov et al., 2020). Even though there are a number of theories as
to how orphan arrays came to be i.e., i. Cas genes were eventually deleted from CRISPR-
Cas loci; 1i. isolated CRISPR arrays were inserted via mobile genetic elements; iii. de novo
CRISPR arrays emerged from off-target spacer integration; the genomic segment for four
of the five isolated CRISPR arrays that were discovered in our isolated bacteria was found
to lie close to the predicted mobile genomic elements, which certainly supports the feasible
dissemination of CRISPR arrays within MGEs. The draft genome's annotation using
mobile-OG-db revealed 826 sequences, of which 484 were functional at integrating or
cutting off from one genetic locus to another; 137 were linked to bacteriophage-related life
cycle processes; 118 were proficient to set forth nucleic acid replication, recombination,
and repair; 47 were suited for interbacterial dissemination; and 40 had effects that extend
to the durability and protection of such elements. Analysing horizontally acquired genomic
spots from whole genome sequences proves essential in deciding the scope of lateral gene
transfer events, that constitute crucial variables in shaping up bacterial genome
and evolution of diseases. The horizontally transferred genomic sections frequently adopt
the shape of genomic islands, which are collections of acquired genes that are often grouped
together in bacterial genomes with differing codon use, dinucleotide frequencies, and GC
contents than the genes next to them. Nearly 11% of the isolated bacteria's genomic material
were found to consist of an immense pool of such horizontally transmitted genomic

possibilities. Given the isolated strain's remarkable proportion of genomic islands, the
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genome is versatile enough to encode a wide variety of accessory genes for enhanced
fitness, pathogenicity, resistance potential, ecological flexibility, etc. therefore rendering it
to develop novel properties over a short duration. Such substantial ratio of horizontally
acquired genomic areas are also anticipated to contribute to the subsequent acquisition and
deletion of supplementary genes inside genomic islands, thus optimizing the genome while
supporting adaptations in stressful circumstances. Three BGCs were discovered to be
present in the genome, of which two were engaged in the production and internalization of
siderophores of the chemical kinds catechols (enterobactin) and hydroxamic acids
(aerobactin). These high affinity iron sequestering mechanisms give the pathogen the
ability to thrive in iron-deficient settings within the host by allowing it to solubilize and
remove ferric iron from insoluble complexes and host iron binding proteins (Sheldon et al.,
2016)). In addition to aiding in the uptake of iron, siderophores have been linked to
increased virulence, detoxification of reactive oxygen species (ROS), and resistance to
oxidative stress. It has also been discovered that the genome contains putative thiazolyl-
like biosynthetic genes, many of which are thought to function as signalling chemicals that
affect bacterial phenotypes in ways that are important to humans and the environment
(Bleich et al., 2015). Thus, the possibility to investigate if and how unique thiopeptides
function as chemical cues in determining the distribution and phenotypes of medically
significant infections is made possible by the finding of such likely thiopeptide synthesis

genes in Shigella.

In an effort to investigate pathogen genomics within this species, we further opted to
perform a pangenome analysis. By determining the magnitude of the pangenome, the
proportions of the core and dispensable gene pools, the gain/loss of putative virulence
factors, and the presence of genomic islands, this analysis allowed us to gain deeper insight

into the species' current genomic diversity and pointed out the fundamental drivers that led

154



to the emergence of rapid escape variants following vaccination. A comparative pan-
genomic analysis with 16 different strains of Shigella flexneri ( 1 isolated and 15 collected
from public databases), demonstrated a startling ~64% genomic variability, common
conservation of core genes in key metabolic activities, and enrichment of unique/accessory
genes in defence and virulence mechanisms that help explain a large portion of the observed
resistance to antibiotics and the quick dismissal of infection induced immunity against
related Shigella flexneri serotypes. The pangenome curve shows that the total repertoire of
gene families increases steadily with each new genome added. In the case of core genes,
opposing tendencies were seen as their numbers steadily decreased as the number of
genomes increased. The pangenome and core genome sizes did not reach a stationary phase,
despite the fact that we could see a slowdown in the rate of increase of pangenome
dimensions. Similar trends were observed in a study conducted by Parajuli et al., where
pangenome analysis between 11 different Shigella flexneri strains showed a pangenome
including 6,056 homologous groups, of which around half were shared by all strains
(Parajuli ef al., 2019). In another investigation, pangenome analysis was carried out for
1,246 methodically collected Shigella samples from seven nations in sub-Saharan Africa
and South Asia, with the objective of studying genomic diversity in Shigella spp. in low-
and middle-income countries (LMICs) (Bengtsson ef al., 2022). Examination of the varying
gene content revealed open pangenomes in all four species, suggesting that additional
genome inclusions may still allow for the insertion of new genes, as evidenced from our
findings. The fluid character of core genes, where inclusion/exclusion of core genes is
determined by a complex interplay between the genetic background and environment, is
highlighted by the dynamic genome composition, as demonstrated by shifting pan/core
genome sizes. There was no clear pattern of correlation between the nation or period of

origin of the strains and their phylogenetic distance, according to a thorough phylogenetic
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inference based on concatenated core gene alignments and the presence/absence of pan or
accessory genes. This implies that similar selection pressures acting under the same
environmental conditions may have compelled the evolution of shared traits, which are then
influenced by serotype switching and horizontal gene transfer events (Blount ez al., 2018).
22 genes were identified by pathway analysis of the core genome, mapped to 2
antimicrobial resistance pathways. Multidrug efflux pumps, outer membrane permeability
proteins, and two-component systems controlling gene expression in response to antibiotic
stress are instances of specific resistance activities encoded by the core genomic elements.
Latest research has demonstrated the role of TCSs, PmrA/B, and PhoP/Q, which
was discovered as being a component of the core genome, in executing lipid A alterations
that impart resistance to polymixins and a variety of cationic antimicrobial peptides. It has
been further shown that the CpxA/R genes identified by KAAS annotation substantially
influence B-lactam resistance in a variety of clinically significant enteropathogens. The
emergence of resistance behaviour in bacterial populations can be attributed to a multitude
of factors, however one of the most effective and fast-acting resistance mechanisms found
in gram negative pathogens is the presence of chromosomally encoded efflux pumps
(Gaurav et al., 2023). The existence of genes coding for outer membrane channel (TolC),
inner membrane transporter (AcrB), and their periplasmic counterpart, membrane fusion
protein (AcrA), that operate as a coordinated structure and comprise a tripartite Resistance
Nodulation Division (RND) complex, is particularly significant in clinical terms among our
collection of core genomic elements traced to various resistance pathways. A build-up of
multi drug resistance in Gram-negative organisms has often been linked to an increase in
the efflux activity of RND pumps (Colclough et al. 2020;). The enhanced expression of
RND efflux pumps can either be a result of a random mutation originating within the

transporter genes itself in response to environmental signals, or it could result from an
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intricate interaction between transcription factors (Huang ef al., 2022). New investigations
have additionally shown that TCSs modulate the expression of efflux pumps, as illustrated
by the contribution of CpxAR in inducing multidrug efflux pumps in a number of
Enterobacteriaceae species (Dbeibo et al. 2018). Therefore, the coexistence of genes
encoding multidrug efflux pumps and TCSs as a fundamental component of the core
genome demonstrates an intricate framework of biological responses that support
antimicrobial resistance in Shigella flexneri. The reality that such efflux pumps and two
component systems are omnipresent and evolutionary preserved across various bacterial
genera, and lack obvious human homologs also renders them as appealing options for future

target discovery.

The Shigella flexneri genome expresses an overwhelming number of hypothetical proteins,
in addition to core proteins, which makes it tricky to prioritize treatment targets until their
functions are understood and logically categorized. An in-silico process was used to
functionally annotate and classify a set of 432 hypothetical proteins. In addition to
expanding the spectrum of potential therapeutic targets, the functional characterization of
these unidentified proteins and the identification of their interaction partner facilitated a

deeper comprehension of the pathogenic pathways.

Following functional annotation of both core and hypothetical proteins, the work undertook
a gradual screening of these proteins following an integrated comparative and subtractive
genomics approach, which eventually led us to recognize 10 potential targets (7 from core
proteins and 3 from hypothetical proteins), disclosing the metabolic pathways they regulate
and therefore expanding the repertoire of druggable genes beyond the ones that are already
known. Out of the 10 projected targets, 4 are enzymes (PdeD, RimL, YdgJ, YfcV)
catalysing critical steps in fundamental cellular processes like genetic information
processing, bacterial motility and metabolism of principal biomacromolecules, 2 proteins
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are ion- transporters (ModB, ThiP) with strong implications in maintenance of ion-

homeostasis, and 4 are transcriptional regulators (Yhal, RipA, PerA, ydiP).

PdeD is a GGDEF/EAL domain containing protein, that is documented to generate and
degrade the second messenger cyclic di-GMP (c-di-GMP) and is reported to have
implications in bacterial adaptation to host specific niche by influencing the adherence

mechanism (Sarenko et al., 2017).

RimL is a chromosomally encoded acetyltransferase, which besides acetylating ribosomal
proteins are also known to acetylate various toxic aminoacyl nucleotides, which are often
produced as chemical intermediates after antibiotic administration. This detoxification
process executed by RimL significantly contributes to bacterial fitness and might be
regarded as a source of antibiotic resistance, thus making this protein an appealing target

(Kazakov et al., 2014).

The ydgJ gene encodes an oxidoreductase that participates in oxidative function in bacteria.
A number of findings suggested that ydg] may be involved in cell metabolism or ROS
detoxification. In 2016, the Bolt lab conducted a genetic screen to identify and characterize
this putative oxidoreductase named YdglJ, that conferred resistance to the antibiotic

nalidixic acid among Escherichia coli isolates (Cusin, 2020).

YfcV genes are evidenced to code for a variety of fimbrial or afimbrial adhesins, which
enables attachment to the host epithelial cells and are thus regarded as notable virulence

factors in bacterial pathogenesis (Nunes ef al., 2022).

Molybdenum (Mo) serves as a crucial element in bacteria as it plays a role in the microbial
breakdown of carbon, nitrogen, and sulfur and acts as a cofactor for several enzymes that
catalyse different oxidation/reduction reactions. In order to produce molybdoenzymes,

bacteria have to transport molybdate, convert it into the proper form by activation, and then
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integrate it into the organic portion of the molybdenum cofactor. This investigation revealed
the ModB protein as a target, which forms the transmembrane component of an ABC-type
transport system, where it functions as a permease to facilitate the import of molybdenum

into the cell (Xia et al., 2018).

Transmembrane carriers allow bacteria to employ exogenous thiamin and thiamin
components to augment their own de novo production. In this work, the ThiP protein is
suggested as a potential therapeutic target, which functions as a transmembrane thiamin

channel, allowing thiamin to enter the cell (Liu ef al., 2022).

Through concentration-dependent inhibition of the bacteria's type III secretion system, the
host metabolite D-serine can significantly affect the course of an infection. In this work,
the highly conserved core protein Yhal is shortlisted as a potential pharmacological target.
It regulates the uptake of D-serine from the environment, which in turn affects global gene
expression and aids in the perception of D-serine levels. Thus, the protein serves as a layer
of protection and is an adaptation of the core genome relevant to infections (Connolly et

al., 2016).

Several studies have reported on the iron-dependent control of the citric acid cycle by the
RipA protein, which is identified as a prospective therapeutic target in this work. In iron
deficient circumstances, RipA inhibits the function of aconitase, which catalyses the
stereospecific and reversible isomerization of citrate to isocitrate via cis-aconitate
(Wennerhold et al., 2005). RipA's control of internal iron consumption thereby enhances

iron acquisition processes and allows bacteria to survive under harsh settings.

The PerA protein, put forward as one of the therapeutic targets in this study, has been shown
to act as an activator of many virulence genes in Enteropathogenic E. coli (EPEC) (Lara-

Ochoa et al., 2021). EPEC typically adheres to the small intestinal epithelial cells,

159



by producing an attaching and effacing (A/E) lesion. The TTSS encoded within the nexus
of enterocyte effacement (LEE) pathogenicity island, acts as the catalyst for the formation
of the A/E lesions (Lara-Ochoa et al., 2021). The PerA protein, a member of the AraC/XylS
family of transcriptional activators produced by the per (perABC) operon, has been
confirmed to activate LEE gene expression, thus establishing itself as a key driver of the
infectious process induced by normal EPEC strains (Lara-Ochoa et al., 2021). Therefore,
PerA protein's fundamental importance in closely related Shigella homologs improves its

suitability as a therapeutic target in Shigella flexneri.

While a number of antiquated medical texts, highlight the historical importance of plant-
based natural products in the treatment of various illnesses, the majority of the information
comes from countless human trial and error experiments conducted over hundreds of years
with little to no understanding of the underlying bioactive constituents (Dzobo, 2022). In
this investigation, we adopted a direct inoculation approach to test the antibacterial
characteristics of 10 different herbal extracts against the isolated multidrug resistant
Shigella flexneri strain, replicating the conventional disc diffusion experiment. In essence,
we made an effort to subject these herbal extracts to the same stringent testing procedures
that are usually employed to assess any possible antimicrobial agents obtained from
pharmaceuticals. Subsequently a wider zone of inhibition on agar plates indicated that 20%
of the screened herbal extracts (methanolic extracts of Psidium guajava and Scoparia
dulcis) had in vitro antibacterial activity against the MDR-Shigella flexneri and were thus
regarded as the best performing extracts. Our approach of combining the GC-HRMS
platform together with high throughput virtual screening, could effectively capture and
identify 3 promising small molecules (Piperidine, Limonene and Benzamide) from the 2
selected plants. All the three compounds were found to demonstrate binding energies in the

range of -7 kcal/mol to -9 kcal/mol with the proposed therapeutic targets and were found to
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obey all the parameters of Lipinski’s rule. The favourable pharmacokinetic and
pharmacodynamic metrices and spontaneous binding between the identified leads and
proposed target candidates demonstrated by in-silico findings, were further legitimized by
confirmatory invitro assays, viz. live and dead assay in conjunction with flow cytometry,
which exhibited significant increase in percentage of dead cells upon treatment with
selected crude extracts and lead compounds (Govindarajan et al., 2017). Additionally,
changes in bacterial cellular morphology following treatment with the best functioning
herbal extracts and specific chemical leads were assessed using scanning electron
microscopy (SEM) analysis. Scanning electron microscopy images demonstrated that
Shigella flexneri cells in the untreated control set had uniform and smooth membranes. On
the other hand, the bacterial cells in the treatment group underwent major degeneration and
intracellular content leakage as evidenced from the uneven and collapsed surfaces often
with signs of severe cellular damage as also observed in similar works monitoring
morphological changes in Shigella (Nickerson et al., 2017; Ahamed et al., 2023; Wang et
al., 2022). These findings indicate that the mechanism of action of the plants and the
constituents is possibly linked to alterations in bacterial membranes resulting in
intracellular content leakage and eventual bacterial death as concluded from similar
observations in the work of Li et al (Li ef al., 2021). The possible mechanisms of action of
the herbal extracts in curbing bacterial growth were investigated by RNA-sequencing in
combination with bioinformatics analysis. Results showed that treatment with crude herbal
extracts of Psidium guajava and Scoparia dulcis enhanced the activities of two component
signal transduction systems that are preliminary sensors of environmental stress thus
prompting the organism to cope up with changing conditions. RNA sequencing results also
highlighted downregulation of genes related to adherence mechanism and transport

systems, thus indicating the synergistic effect of membrane damage and oxidative stress
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leading to bacterial growth inhibition and death (Chandrangsu et al., 2017; Wan et al.,
2021). Limonene is a monoterpenoid compound and has been observed to exhibit
antimicrobial activity against the gram-positive pathogen Listeria monocytogenes possibly
working by manipulating membrane permeability (Han et al., 2019). Piperidine and its
derivatives were also reported to have antimicrobial activity against Fusarium
verticilliodes, Candida utilus and Penicillium digitatium, however no investigations have
reported on the potential antibacterial activity of pieridine so far (Naicker et al., 2015).
Thus, the effectiveness of these two phytocompounds are well in conformation with our
observations and results, which indicates that these may be effective as important
therapeutic interventions against multiple pathogenic microbes. The target candidates and
potential leads nominated through our work can be investigated further experimentally,
which may eventually open up new therapeutic strategies for effective treatment in the face
of emerging antimicrobial resistance. Last but not least it is usually an ideal move when

herbs can offer less expensive therapy options in settings with limited resources.

The possibility of the emergence of novel serotypes in the near future is strengthened by
the potential evolvability of Shigella species, as evidenced by the notable differences in
genomic content, the strain-specific essentiality of unique/accessory genes, and the
inclusion of potent resistance mechanisms within the core genome (Bengtsson et al., 2022).
This underscores the significance of tracking down genomic diversity in drug/vaccine
design and AMR governance. We believe that the sequence of our isolated genome can be
a valuable resource for upcoming research on comparative genomics and devising

therapeutic interventions against shigellosis.
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7. Future Prospect:

Our findings established the selective potential of Psidium guajava and Scoparia dulcis
extracts, as a source of novel leads for treating infections with multi-drug resistant Shigella
strains. The novel therapeutic targets and the potential leads proposed in this work, can be
taken up by pharmaceutical giants for conducting intensive in-vivo investigations and
stipulated clinical trials, passing which the compounds can be marketed as efficient shigella
therapeutics. The efficacy of the extracts and the identified compounds can be further
utilized for investigating anticancer effects using assays directed towards evaluation of
invitro toxicity, such as MTT assay (Microculture Tetrazolium Assay); using suitable cell
lines, along with investigations which enable identification of alterations in morphology,
formation of acidic vesicular organelles (Acridine orange staining followed by fluorescence

microscopy and apoptotic cell death (DAPI staining).
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8. Summary of Work

Shigellosis is classified as a diarrheal illness that has a significant fatality rate, particularly
in paediatric patients, older adults, and individuals with impaired immune systems. In light
of the bacteria's expanding resistance patterns, the World Health Organization has
recommended innovative therapeutic design to combat shigellosis in more recent times.
Thus, finding new therapeutic targets and possible natural inhibitors of Shigella flexneri
was the goal of this investigation. Using a comprehensive computational method that
combined subtractive and comparative genomics, novel therapeutic targets from Shigella
flexneri were recognized by analysing all the relevant genes and proteins across the entire
genome. From the extensive diversity of metabolites discovered through spectrometric
analysis of traditional medicinal herbs, promising inhibitors were additionally identified by
executing ligand-based virtual screening and ADMET studies. Following multiple
iterations of prioritization, 10 distinct proteins (PdeD, ModB, RimL, ThiP, Yhal, YdgJ,
YfcV, PerA, YdiP, RipA) were ultimately suggested as prospective therapeutic targets,
accompanied by the 3 small molecule inhibitors (Piperidine, Limonene, Benzamide) that
were most effective against them. The proteins and natural drug leads proposed through
this investigation, have not been recognized as therapeutic targets or antimicrobials against
Shigella flexneri thus far. In addition, this study also accurately characterized a novel
multidrug resistant strain of Shigella flexneri isolated from urban wastewater of West
Bengal, India. The identification of the mechanisms granting high resistance to antibiotics
in Shigella flexneri strains apparently isolated from various places across the globe could
potentially be facilitated by the genetic information and comparative genomic profile of the
isolated MDR strain reported in this study. To end, we anticipate that our recommended
targets for therapy and their natural inhibitors might lead to an exciting advance in the

efficient treatment of shigellosis in the near future.
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9. Data availability

Bioproject Accession Description
- MW380613 Shigella flexneri strain MMG_01
16S ribosomal RNA gene, partial
sequence.
PRINA922074 CP123365 Shigella flexneri strain MMGSG_23
chromosome, complete genome.
PRINA1135748 SRR29832218 RNA-Seq of untreated Shigella
flexneri
PRINA1135748 SRR29832216 RNA-Seq of Shigella flexneri treated
with Scoparia dulcis extract
PRINA1135748 SRR29832217 RNA-Seq of Shigella flexneri treated
with Psidium guajava extract
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