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Abstract

The degradation of air quality has emerged as a critical socio-environmental chal-
lenge with serious health implications. The present study investigated the impact
of prolonged smog exposure in different highly populated areas of Pakistan through
an integrated animal model and environmental analysis. The research was con-
ducted in two major components. In the first phase, the effects of continuous
smog exposure were evaluated in albino rats with a focus on behavioral, immuno-
logical, and histopathological profiles. Two groups were established: a control
group maintained under clean air conditions and an experimental group exposed
to a smog-laden environment for 60 days. Behavioral outcomes were assessed us-
ing the Open Field Test and the Y-Maze Test. Immunological responses were
quantified through CD4+4 and CD8+ lymphocyte profiling, while histopathologi-
cal examinations of lung tissues were performed post-sacrifice. Findings demon-
strated significant behavioral alterations, heightened immune activation (CD4+
from 25.10% to 37.04% and CD8+ from 15.67% to 28.81%), and notable tissue
damage, collectively indicating smog-induced oxidative stress and inflammatory
responses. In the second phase, metagenomic approaches were employed to ex-
amine microbial communities and antibiotic resistance gene (ARG) profiles in
both smog-exposed rat lung tissues and environmental smog particulate matter
collected from three densely populated Pakistani cities: Islamabad, Lahore, and
Okara. Results revealed a diverse microbial composition with a marked enrich-
ment of high-risk ARGs. Dominant resistance determinants included MCR-3.15,
CTX-M-214, and vancomycin-associated genes (vanN and vanG), highlighting the
emergence of multidrug resistance potential in smog-associated microbiota. This
study provides comprehensive evidence that smog exposure not only induces be-
havioral, immunological, and histopathological alterations in mammals but also
harbors a reservoir of clinically significant antibiotic resistance genes. The find-
ings underscore the urgent need for continuous surveillance, effective mitigation
strategies, and targeted interventions to address the dual threats of environmental

pollution and antimicrobial resistance.



Keywords: Smog, Health hazards, Behavioral studies, PM 2.5, Histopathology,
ARGs
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Chapter 1

Introduction

1.1 Introduction

Air pollution, a significant threat to public health in the world, contributing to
numerous illnesses and deaths worldwide. The primary pollutants in the air in-
clude solids, gases, and liquids, each with its own harmful effects. Although the
industrial revolution was a major technological milestone, it also resulted in the
generation of enormous pollutants that are harmful when emitted into the atmo-
sphere. Even at times when air pollution is low, the health of weak and sensitive
individuals may be threatened. COPD, breathing problems, coughing, respiratory
diseases, and high hospitalization are all connected with particulate matter expo-
sure. Air pollution does indeed have a negative impact on people who reside in
cities, where most air pollution is due to vehicular emissions [1-3]. Few studies
have offered fresh perspectives on the correlation between elevated levels of air
pollutants and increased mortality rates while taking demographic changes and
historical context into account. Although household air pollution has declined,
the overall impact of air pollution on global mortality rates has worsened due to
increases in outdoor pollutants like ozone and particulate matter. Studies have
shown that particulate matter pollution can contribute to higher rates of diabetes
and increased mortality from conditions such as ischemic heart disease and stroke

in many nations as shown in figure 1.1 [4]. In Asian countries, e.g. China, with
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foremost air pollution issues, because of increasing industrialization and overpop-
ulation [5]. Elevated levels of fine particulate air pollution in China have been
associated with increased mortality rates from lung cancer [6]. Long-term inhala-
tion of polluted air can lead to serious health problems affecting the heart and

lungs [7, 8.

Industrialized countries with significant air pollution tend to have higher rates of
cardiovascular disease [9]. India’s capital, New Delhi, is one of the world’s most
polluted cities, with air quality frequently deteriorating to hazardous levels. This
alarming trend is driven by factors such as increasing industrial activity, rapid

urbanization, and a surge in vehicular emissions [10, 11].

Elevated levels of sulfur dioxide and other air pollutants, such as those from smok-
ing, have been linked to increased mortality rates. Mitigating air pollution by
reducing or eliminating harmful emissions can significantly improve public health
and environmental quality [12]. Governmental and non-governmental groups and

authorities take measures to confirm air quality [13].

Airborne particulate matter with a diameter of <2.5 micrometers (PM,5), a major
component of smog, is linked to respiratory and cardiovascular diseases. Mean-
while, antimicrobial resistance genes (ARGs)—genetic elements that enable bac-

teria to evade antibiotics—are increasingly detected in urban environments.

Recent studies suggest that PMs 5 may act as a carrier for ARGs, facilitating their
spread through air and water. Understanding this synergy is critical, as it could

exacerbate the global antimicrobial resistance (AMR) crisis [14].

Air quality is assessed by measuring levels of pollutants and comparing them to
standards set by the WHO and EPA. The evolution of environmental control,
combined with technological innovations triggered the establishment of a debate

13, 15].

The operation of large-scale industrial power plants and combustion engines, par-
ticularly in vehicles, is a primary cause of environmental pollution. Because these

activities are so widespread, and these are major sources of air pollution, the
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automobile sector is responsible for >80% of pollution, they are a significant en-

vironmental concern [16].

AIR POLLUTION - THE SILENT KILLER

Air pollution is a major environmental risk to
- health. By reducing air pollution levels, countries
; can reduce:
7 MILLION redt
DEATHS

are due to exposure
from both outdoor
and household air

pollution.

REGIONAL ESTIMATES ACCORDING
TO WHO REGIONAL GROUPINGS: Over 2 million

in South-East Asia Region

Over 2 million

in Western Pacific Region

Nearly 1 million

in Africa Region

About 500 000

deaths in Eastern Mediterranean Region

About 500 000

deaths in European Region

More than 300 000
in the Region of the Americas

FiGURE 1.1: Global burden of mortality due to pollution as per WHO, 2016

[4]

Air pollution, particularly smog, poses a well-documented threat to public health,
exacerbating respiratory and cardiovascular diseases. However, emerging evidence
suggests that smog may also play a critical role in the dissemination of antimicro-
bial resistance genes (ARGs), further complicating global health challenges. Smog
components, such as particulate matter and heavy metals, can act as vectors for

ARGs, facilitating their spread through environmental and biological pathways.

This interaction may accelerate the evolution of resistant bacterial strains, under-

mining efforts to combat antimicrobial resistance. While the broader impacts of
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air pollution are widely recognized, the specific mechanisms linking smog to ARG

proliferation remain underexplored [17].

Furthermore, human activities, including those of petrochemical plants, fertilizer
industries, and other industrial facilities, can harm the environment and endanger

human health [18].

Many classification approaches are presented, one of which is supported on the
addressee of the pollution, for instance the air pollution is defined as the manifes-
tation of toxins at high concentrations in air over extended periods [19]. Aerosol
chemicals, due to their microscopic size, can penetrate deeper into the respiratory
system compared to gaseous compounds. This increased penetration allows them
to cause more significant damage to the lungs, contributing to millions of prema-
ture deaths annually. Additionally, it looks as if aerosol acidity encourages further
synthesis of secondary organic aerosols [20]. Change of climate is the other side

of the issue that is damaging our globe’s condition [21].

Particulate matter (PM) pollution in the form of nanoscale particles (NPs) poses
serious threats to public health, particularly to brain function. Because of toxi-
cants such organics and metals, both nano-PM(nPM) & sub-PM(sPM) may elicit
the neurotoxic consequences in cerebral cortex. During pregnancy, glutamater-
gic gene expression is specifically impacted by sPM due to its high concentration
of water-insoluble PAHs. Because PM, especially PM0.2 ultrafine particles can
enter the brain cells through our olfactive system. Many of the recent studies
have shown a strong relationship between exposure to these particles and proba-
bility of neurodegenerative diseases like dementia, as well as DNA damage, and
cognitive deficits [22, 23]. The increasing frequency of natural climate disasters,
such as storms, has been linked to outbreaks of disease [24]. These occurrences
may influence healthcare and sanitation mechanisms, increasing the possibility
of disease transmission through polluted water. This emphasizes how intricately

environmental changes and pandemic susceptibility are related [25].

Microscopic airborne chemicals, known as aerosols, have a substantial influence on

the environment. Deteriorating air quality is a major societal concern. Industrial
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production is frequently associated with elevated levels of pollutants [8]. This
means that any increase in output will certainly lead to an increase in emissions,
whereas any decline in output, such as during an economic crisis, will result in a
decrease in emissions. This is true, but emissions are also lowered as a result of
improved production processes, the deployment of new technologies, the outfitting
of facilities with more effective emission-reduction systems, and the diversification
of legal regulations. Furthermore, higher pollutant emissions do not always equate

to greater environmental harm.

Although there is a link, this pollution is influenced by a far broader sum of
reasons than just the number of emissions. Environmental pollution arises from
alterations in the factors like physical/chemical, & biological properties of the
environment. Pollutants can degrade air-quality by increasing the concentration
of existing substances or compounds that pose risks to health of human population.
The type of primary pollutants emitted directly from the sources, while secondary

pollutants come from the reactions involving these primary pollutants.
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FIGURE 1.2: Basic classification of common air pollutants: Natural, lo-
cal(Area), capital(stationary), kinetic(mobile), primary and secondary pollu-
tants [26]
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Air pollution stems from a variety of sources, including natural, localized, station-
ary, and mobile origin as shown in figure 1.2 [27, 28]. Primary sources for sulfur
dioxide emissions are large-scale combustion industries, including power plants
and heat and big power plants. Residential heating (Home boilers) and industrial
combustion processes are the second and third largest contributors, respectively.
Road transportation, metallurgical industries, and cement production are the key

sources of nitrogen oxide productions.

1.2 Problem Statement

Temperature inversions and fog are two effects of smog, an atmospheric phe-
nomenon that results from the simultaneous presence of air pollution generated
by humans. One of the main pollutants of smog is PMs. Antibiotic-resistant
genes are transcribed on airborne particulate matter, which also acts as a solid
surface for a variety of airborne bacteria. The strength of airborne microorgan-
isms may have changed significantly depending on the relative concentration of air
particulate matter in smog and non-smog seasons. The spread of antibiotic resis-
tance is facilitated by genes for antibiotic resistance found on particulate matter.
Long term exposure to PM is linked to both newborn mortality and cardiovascu-
lar illness. Moreover, long-term chronic consequences have been noted, including
immune system issues and respiratory illnesses. Pneumonitis, hyperglycemia, and
issues with the heart and lungs are among the negative consequences of PM. Be-
cause PMy 5 and PM can penetrate indoor areas, they have been linked to several
respiratory system ailments. Chronic consequences also include established lung
issues. Due to their ability to penetrate, respiratory illnesses are closely linked
to PMs 5 and PMyq levels. Short-term side effects can include neurological issues,
asthma, pneumonia, bronchitis, and optical irritation, skin, and throat in addition
to coughing and breathing difficulties. Headaches and dizziness are potential side
effects for individuals who are momentarily exposed to air pollution. Examining
the epidemiology of exogenous ARGs and resistant bacteria on PM during smog

is crucial.
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1.3 Research Questions

1. What are the hot spot areas for smog with high AQI indexes in Punjab,

Pakistan?
2. What is the total bacterial load against the external load of ARGs?

3. What is the impact of smog pollutant on neurological factors, and behavior

of animals?
4. How does smog affect the histology of animal organs?
5. How smog effects the levels of pro-inflammatory cytokines and antioxidants?
6. How many amount of ARGs are inhaled by exposed animal group?

7. What are the effects of smog PM with increased ARGs?

1.4 Objectives and Significance

This research is aimed to find out the epidemiology of microbial communities and
ARGs concerning the particulate matter in smog and non-smog air. Its health

implications will also be explored. Objectives of the study are:

1. To screen the hotspots, based on high AQI indexes across the agricultural

and industrial belts in Pakistan.

2. To analyze the effects of smog pollutants on neurological factors and immune
response in rat model & to find out the effect of smog pollutants on the

histology of lungs in rat model.

3. To estimate inhaled ARGs in exposed animal group & to correlate the effects

of smog PM with increased ingraining of ARGs.

4. To estimate resistome in airborne internal and external DNA.
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It is necessary to do a thorough investigation into the occupancy of ARGs on
particles under an unembellished smog scenario. Smog air is comparable to adja-
cent air in terms of ARG profiles, but it is different from further environmental
channels and more closely associated with soils. The profiles of airborne ARGs
can be influenced by physico-chemical factors, the climate parameters, and bac-
terial ecology. Smog may increase the amount and variety of ARGs, which may
be harmful to the health of nearby residents because opportunistic illnesses and
some ARGs occur in PM particularly fine PM. The purpose of the current study is
to deeply expose the molecular epidemiology of both internal and external ARG,s

embedded in smog Particulate matters.



Chapter 2

Literature Review

2.1 The Origins and Modern Impact of Smog

Smog is one of the main classes of air pollution that is formed when the sunlight
make contact with air pollutants like nitrogen oxides(NOs) and volatile organic
compounds (VOCs) in atmosphere. In this the Photochemical smog is the most
common and is a major contributor to urban air pollution. Smog primarily affects
the Earth’s surface layer, harming both the environment and health of humans.
As seen in Table 2.1, it is an atmospheric phenomenon that results in temperature
inversion and, occasionally, fog [29, 30]. It is caused by the coexistence of air

pollution created by humans.

‘Smog’ term was first used in 1950s to describe a specific type of air pollution
that plagued London. It was derived from the words 'smoke’ and ’fog.” Today,
we commonly use the term to refer to a broader range of air-pollution caused by
activities of humans, markedly in city populations. This pollution often arises
from emissions produced by vehicles and residential burning. Under certain at-
mospheric conditions, such as calm or light winds, these pollutants can become
trapped near the surface of earth, making a buildup of harmful substances [31, 32].
A layer of acidic aerosol forms close to the ground, which can be detrimental to
human health, the environment, and can cause allergic reactions in certain peo-
ple [33, 34]. Photochemical smog, primarily composed of nitrogen oxides, carbon

9
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monoxide, and hydrocarbons, is exacerbated by ozone formation through pho-
tochemical processes. This environmental issue is widespread, affecting numer-
ous countries and cities, including Poland [35, 36]. In Poland, household boilers
are a major contributor to smog, releasing substantial amounts of PM;y, PMs 5,
and other carcinogenic substances. This issue isn’t unique to Poland, as similar
meteorological conditions and pollution emission patterns are observed in other

European nations [37].

TABLE 2.1: Contrast between Smog types: Industrialized and photochemical

Industrial Smog Photochemical Smog
London Smog Los Angeles Smog
Gray in color Brown in Color

Produced by burning coal & oil in power Produced from the automobiles & solar ra-
industries diations
Sulphur oxide mixed with particulate mat- Nitrogen oxide makes reactions with differ-

ter ent organic moieties

2.2 Health and Microbial Impact

Chronic exposure to PM is mainly associated with an elevated risk of cardiovas-
cular disease and neonatal death [38]. Due to limited data availability, studies are
often confined to specific regions or urban areas, and may not accurately reflect
the experiences of the entire population [39]. Recent research has utilized remote
sensing to develop a PMjy 5 model capable of assessing both short-term regional ef-
fects and long-term population health effects. These long-term effects can include

chronic respiratory and immune system disorders [39].

PM exposure, particularly the PMs 5& PMj, can significantly worsen respiratory
and cardiovascular health conditions because these PM, 5& PM;q fine particles can
easily penetrate deep tissues like alveoli of lungs, causing chronic inflammation
and severe respiratory ailments. [40] [38, 41]. Chronic lung diseases can arise
due to Long-term exposure to air pollution. Due to their small size, PMs 5 and

PM;, particles can easily penetrate deep into the lungs, increasing the risk of
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respiratory illnesses. [42-44]. Furthermore, these hazardous molecules can be

organic or inorganic in nature [45].

TABLE 2.2: The degree of penetration and size of different Particulate matters
in human airway system

Degree of Penetration Size of PMs

Alveolar 0.43-0.65 um
Bronchioles 0.65-1.1 um
Terminal Bronchial 1.1-2.1 um
Bronchial area 2.1-3.3 um
Trachea 3.3-4.7 um
Larynx 4.7-7 um
Nasal Cavity 7-11 um

Upper respiratory tract >=11um

GLOs form when NOs and volatile VOCs, primarily from human activities, react
in the atmosphere. Despite increasing urban pollution, levels of ozone in these
cities remain relatively low. This potentially harm ecosystems by limiting carbon
absorption in forests and vegetation [46, 47]. Ozone primarily enters the human
body through inhalation. Once inhaled, it can easily penetrate deep into lung
tissues and cells. Additionally, exposure to ozone can damage the skin’s outer lay-
ers. In urban environments, ozone pollution can result in health issues, including

biochemical, morphological, functional, and immunological issues [47].

Carbon monoxide (CO) enters the atmosphere due to incomplete combustion of
fossil fuels. Exposure to >CO leads to multiple health complications like headache,
weakness, nausea, and vomiting, while at extreme cases even to death. CO is
especially deadly because it binds to hemoglobin in the blood more readily than
oxygen does, decreasing the amount of oxygen-carrying capacity in the blood.
Long-term exposure to high CO levels leads to diseases like hypoxia, ischemic

heart disease, and cardiovascular disease.

NO (nitrogen oxide), a pollutant amounting to 65% of the air pollution emitted
by automobiles, is highly relevant to health planning. When NO concentration is

more than 0.2 parts per million (ppm), the function of T-lymphocytes (especially
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natural killer cells) is inhibited and the immune response suppressed. And this is

going to cause health problems and health issues.

Higher concentrations, above 2.0 ppm, can further disrupt T-lymphocyte function,
specifically affecting CD8+ cells and natural killer cells . Prolonged exposure to
NOs is connected to chronic lung ailments and can also impair one’s sense of smell

[44].

In Aotearoa New Zealand in 2016, hospitalizations and premature deaths were
projected to have totaled 13,155 and 3,317, respectively, and were linked to the
two man-made air pollutants of greatest concern, NOy (primarily from vehicle
emissions) and PMsy 5 (primarily from combustion) as demonstrated in figure 2.1

[48)].

A 8,529
Respiratory hospitalisations (all ages)

4,626
Cardiovascular hospitalisations (all ages)

3,317 T

Premature deaths (30+years)
E -

&) 845
" Asthma hospitalisations (0-18years)*

FIGURE 2.1: Estimated annual asthma cases in children attributed to anthro-
pogenic NOy and PMjy 5 in Europe (2015-2020). [48]

A

1,987

A very harmful gas, Sulfur dioxide (SOz) released primarily from the burning
in industrial processes and fossil fuels, poses significant risks to human, animal,
and plant life. When inhaled, SO, irritates the lungs, transforming into bisulfite
and triggering sensory receptors. This reaction can lead to bronchoconstriction,

respiratory irritation, and bronchitis [44].
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2.3 Air Quality Index

Overall, AQI indicates air quality and purity in the given area. It is however com-
puted by U.S.-Environmental-Protection-Agency (EPA) based on the 5 foremost
air pollutants, GLO, PM, CO, SO, and NO3. AQI monitoring systems (which may
use sensors to detect particulate matter) can measure current or past air quality.
These systems can be used across spaces such as homes, offices, and industrial

facilities.

A Higher> AQI value indicates worst air quality and greater> potential health
issues and concerns. The Air Quality Index (AQI) ranges from 0 to 500 as shown
in table 2.3. An AQI between 0 and 50 indicates good (green) air quality, pos-
ing minimal health risks. An AQI between 51-100 signifies moderate (yellow) air
quality, which is generally acceptable. However, certain pollutants may affect sen-
sitive individuals, such as people with asthma, who might experience breathing
difficulties. Everyone should limit prolonged outdoor activities during these pe-
riods. An AQI between 101 - 150 is considered unhealthy for sensitive groups
(orange), meaning that certain individuals may experience health effects. Certain
individuals, particularly those in sensitive groups, may experience health issues.
The general public is unlikely to be affected by air quality within this range. Sen-
sitive groups include the elderly, children, and people with pre-existing conditions
like lung disease, heart disease, or chronic respiratory illnesses. Individuals with
asthma should adhere to their prescribed action plans and consult with a health-
care provider if they experience worsening symptoms or difficulty breathing. Those
with heart or circulatory conditions should monitor for signs such as rapid heart
rate, shortness of breath, or unusual tiredness and seek medical advice if necessary

[49].

Different anthropogenic and natural sources produce complex matter pollution,
which varies in size distribution, chemical composition, and other properties as
can be seen in figure 2.2. Depending on which individual’s particular afflicted
physiological system or organ, the ensuing health implications vary greatly. Fur-

thermore, assessing the correlations between PM pollution and health outcomes is
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challenging due to a variety of mixed and, occasionally, synergistic impacts that

can be impacted by airborne microbes, heat waves, cold spells, and allergic pollen.

TABLE 2.3: The table below shows the Air Quality Index Chart[50]

AQI Color Index Value Concern level

Maroon 301 & higher  Hazardous

Purple 201-300 Very Unhealthy

Red 151-200 Unhealthy

Orange 101-150 Unhealthy for sensitive group
Yellow 51-100 Moderate

Green 0-50 Good

2.4 Characteristics and Variety of the Airborne

Microbiome

The atmosphere contains a significant portion of microbiological bioaerosols, com-
prising 30-80% of particulate matter (PM). These bioaerosols primarily consist of

bacteria, fungi, viruses, cellular debris, and pollen.

While Louis Pasteur first identified airborne bacteria in 1860, recent advancements
in DNA-based molecular technologies have reignited scientific interest in these
microorganisms [51]. Bacteria are introduced into the troposphere through the

aerosolization of various surfaces, including soil and plant matter [52].

Bioaerosol emissions are substantial in both agricultural and wastewater treatment
sectors [53]. Bacteria can survive in harsh conditions by attaching to particles or
forming clusters, extending their lifespan compared to free-living microorganisms.
This ability, combined with their diverse size range (0.0001-100 mm), influences

their potential for both short and long-distance dispersal.

While some bacteria may travel short distances, others can be transported over
significant distances, especially when associated with particles from desert dust or

hurricanes.
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A study found that terrestrial microbes can persist in the air for up to 17 days, with
concentrations ranging from 5102 to 8104 cells per cubic meter. The researchers
concluded that islands can act as steppingstones, allowing 50% of prokaryotes to

survive long-distance transport over 22,000 kilometers [54].

The pulmonary-microbiota contains different microorganisms as well as their ge-
netic material and metabolic by-products. In both the upper & lower respiratory
tracts, these bacteria vary in diversity and quantity. Microbial colonization of the

human body begins at birth and continues to evolve throughout life.

This dynamic process is influenced by both genetic factors and environmental
exposures. Air pollution, both indoors and outdoors, can negatively impact the
airway tract microbiota, potentially increasing the risk of airway infections, i.e.
pneumonia. Air pollution can present microorganisms, such as pathogens, into
the human body through aerial spread. Inhalable PM is one mechanism by which
the composition of the human microbiome, especially in the gastrointestinal and

respiratory tracts, can be altered [51].

The metagenomic analysis of PM pollutants in Beijing has shown that bacte-
ria are the dominant microbial component during severe smog events. Some of
these bacteria are known to cause or contribute to respiratory infections. Qin
and co-workers identified 142 novel taxa in the pharyngeal microbiota after smog

exposure, originating from diverse sources [55].

These significant shifts in microbial composition suggest that PM particles may act
as vectors, transporting microorganisms from various environments to the human

respiratory tract. Bacteria are the most prevalent prokaryotic organisms found in

PMs 5 and PM;, pollution.

The abundant phylum on PM, are Chlorofiexi; Firmicutes, Actinobacteria; Pro-
teobacteria, Bacteroidetes; and FEuryarchaeota. Microorganisms in PMs 5 and
PM;, samples are associated with fecal and terrestrial sources, microorganisms
that are found in soil [55]. Given the diverse origins of airborne microbes, their
phylogenetic and practical diversity can be analogous to that of soil and water

environments [56].
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2.5 Health Risks of Air Pollutants from Global

and Regional Perspectives

As per the World Health Organization, there are significant health concerns as-
sociated with ambient air pollutants such as PM;y, PMsy5, CO, NO, SOy, and
ozone layer. The main sources of these pollutants are human activities, such as
heating operations and car emissions [54]. High pollution exposure increases the
risk of developing a number of ailments, especially in the elderly, young children,
and people with pre-existing lung or cardiovascular disorders like asthma. The
short term exposure to smog laden environment can result in respiratory/airway
difficulties and issues such coughing, asthma, pneumonia, bronchitis, and various
cardiac issues. Headaches and lightheadedness can occur after a brief exposure to

contaminated air [57].

Improvement in air quality is key and essential for safeguarding the human health,
as pollutants are linked to a range of different health issues and ailments, including
heart disease, skin conditions, and eye disorders. Smog exposure, for instance,
triggers inflammatory responses and can lead to ear, nose, and throat (ENT)
conditions [58]. Pollutants interact with the tear film, altering its composition,
making individuals more susceptible to eye problems like dry eye and infections.
Historical examples, such as the 1952 London smog, which caused thousands of
deaths due to coal combustion, and photochemical haze in Los Angeles during the
1940s and 1950s, demonstrate the deadly effects of air pollution. Similarly, smog

has caused nearly 2 million deaths in China and India [59].

While a strong haze enveloped Lahore, obstructing sunlight, in November 2016,
PM;y and PM, 5 levels in New Delhi were noted as haze, functioning as an indica-
tor of air quality [54, 60, 61]. During this pollution episode, there were reported
accidents and health hazards. Deeply ingrained in the respiratory system, PMs 5
has been connected to a number of health issues [62]. A decrease in PMy 5 levels
has been observed in China in recent years as a result of improved knowledge of its
physicochemical characteristics. Five to ten percent of airborne particulate matter

is made up of bioaerosols, which can be harmful to health, especially if they are
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Relative risks - the particulate matter integrated exposure response curve
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FIGURE 2.3: Integrated exposure-response curve: Relative risk values for long-
term PMs 5 exposure [64]
smaller than PM, 5. Research has demonstrated that respiratory illnesses can be

caused by opportunistic bacterial pathogens found in bioaerosols [63].

Pollution exposure during pregnancy and the early years of life has been linked to
childhood LRIs. According to one study, there is a correlation between the usage
of antibiotics and PMs 5 exposure from coal mine fires, which suggests that young
children are more likely to get bacterial infections. According to a different study,
children who are exposed to pollution during pregnancy are more likely to have
lung illnesses from opportunistic microorganisms. Studies conducted on BALB/c
mice that were exposed to ambient tobacco smoke (ETS) prior to birth validated
that this type of exposure intensifies lung infections caused by Staphylococcus
aureus, leading to increased inflammation in the lungs [65]. Chronic air pollution
exposure has also been linked to cardiovascular complications include myocardial

ischemia, heart failure, coronary arteriosclerosis, and stroke [66—69].

Ventricular hypertrophy can result from prolonged exposure to NO,, and oxida-
tive stress, protein aggregation, inflammation, and dysfunctional mitochondria in
neurons have all been connected to neurodegenerative disorders. By causing neu-
roinflammation and raising immunoglobulin levels, air pollution can compromise

immune function [66, 70, 71]. Figure 2.4 shows the effect of air pollutants on
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the immune system [8]. Strong evidence that prenatal exposure to air pollution
increases children’s vulnerability to opportunistic bacterial infection-related lung
illnesses was found in a different investigation [71]. A week before to giving birth,
the pregnant BALB/c mice in this study were exposed to ambient tobacco smoke
[69]. At seven weeks of age, their progeny received an influenza A vaccination and
then faced a Staphylococcus aureus challenge. Exposure to tobacco smoke in the
environment during the perinatal period resulted in heightened susceptibility to
S. aureus lung infections and consequent pulmonary inflammation [65]. Further-
more, a wide spectrum of cardiovascular effects has been connected to ambient
air pollution exposure. Prolonged contact can change red blood cells and impair
heart health. Air pollution from traffic has been linked to coronary arteriosclero-
sis [72], and short-term exposure to it has been linked to myocardial ischaemia,
heart failure, and stroke. Ventricular hypertrophy has specifically been linked to
extended exposure to NOg [73].
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FIGURE 2.4: Key pathways linking air pollution to immune dysfunction [8]
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Air pollution affects neurodegenerative disorders as well. These diseases are typ-
ified by oxidative stress, protein aggregation, inflammation, and dysfunctional
mitochondria in neurons [74]. These toxins set up immunological reactions, which
result in inflammation of the nerves [47]. Air pollution has been shown to raise im-
munoglobulin levels, which can impact antigen presentation by causing macrophages

to express co-stimulatory molecules like CD-80 and CD-86 more frequently [75].

2.6 Extracellular DNA

Extracellular DNA (eDNA) refers to genetic material found outside of cells, dis-
tinct from intracellular DNA (iDNA) which resides within cells. EDNA can be
detected in various environmental samples. It originates from intracellular DNA

through mechanisms such as active or passive release or cell lysis [76].

In 1950s, the presence of the extracellular DNA also called as eDNA in the air
environment made an interest in its potential role in horizontal gene transfer or
(HGT) and the acquisition of antibiotic resistance by bacteria through ARG-
genetic modification with foreign DNA, such as plasmids. Subsequent research in
the 1980s and 1990s focused on eDNA’s ability to persist in soil environments,
where it can bind to various soil components and evade degradation by nucleases

7).

Various studies have demonstrated the significance of eDNA in relation to PM
and air pollution. For example, it has been shown that eDNA influences the
variety and make-up of microbiota—bacteria, fungi, and viruses—that are linked
to PM. It has been demonstrated that PM-associated DNA affects the ability of
microorganisms to survive, colonies new areas, and spread. Additionally, other

creatures can receive genetic information from PM via eDNA.

One worry about antimicrobial resistance (AMR) is the presence of antibiotic
resistance genes (ARGs) [78]. Antimicrobial resistance (AMR) ranks among the
top ten risks to the health of the world. Global antibiotic abuse and misuse

are recognized as important etiologic factors contributing to the emergence of
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antimicrobial resistance (AMR). According to statistics, countries with low or

middle incomes are driving up AMR rates relative to high-income nations [79].

Concerns are there regarding the potential for horizontal gene transfer and the
spread of antibiotic resistance are increased by the discovery of ARGs within
PM-associated eDNA. The risk of ARG exposure increases when people and pets
inhale the airborne PM, which can travel great distances. This has significant

ramifications for public safety and emphasises the need for a deeper understanding

of how eDNA functions in PM in ARGs and the transmission of AMR.

Recent studies have examined eDNA in the air using sophisticated molecular tech-
niques like metagenomics. These methods have provided valuable information
about the types and quantities of environmental DNA (eDNA) present in partic-
ulate matter (PM), as well as how these levels fluctuate over time. Additionally,
they have shed light on the sources, transport mechanisms, and potential impacts
of eDNA in PM. However, challenges remain in accurately measuring eDNA con-
centrations, understanding its biological role, and assessing the risks associated

with PM-borne eDNA [78, 80].

2.7 Antibiotic Resistance in the Environment

Fine particulate matter (PM), known as PMsy 5, can have significant contribution
to the spread of various microorganisms, like antibiotic resistant bacteria (ARB).
The over-use and misuse of various antibiotics may have led to the emergence
of drug-resistant ”super-bugs,” posing a serious public health concern in the 21%
century. These super-bugs can render traditional treatments to be ineffective, and

making the serious infections more difficult for treatment. [81].

According to research by Algammal and co-workers, Pseudomonas aeruginosa is
emerged as extremely drug-resistant in grilled chickens, have a very serious concern
to public health. It has been highlighted that how virulence, quorum sensing, and
resistance genes may co-exist, underscoring the relationship between pathogenic-

ity and antibiotic resistance in chickens [80]. According to another study done by



Literature Review 22

Lin and coworkers [82], multiple colistin resistance genes were found in multidrug-
resistant A study conducted in a Shanghai veterinary clinic found Escherichia coli
bacteria in companion animals, highlighting a potential risk of zoonotic trans-
mission [79]. The increasing awareness of antibiotic resistance as a major public
health threat is driven by concerns about its potential to spread to humans and un-
dermine the effectiveness of existing antibiotic treatments. In several bacterially-
caused infectious illnesses, the incidence of antibiotic resistance has increased [82].
Methicillin-resistant Staphylococcus aureus (MRSA), first identified in 1962, is a
major cause of large-scale healthcare-associated infections. Along with certain
Enterococcus species, MRSA is a primary driver of the global antibiotic resistance

crisis [83].

Antibiotic environmental factors promote the dispersion of antibiotic-resistance
genes [84]. Additionally, ARGs can be airborne and inhaled by humans. Bac-
teria, originating from soil, are lifted into the atmosphere through wind-driven
processes like soil resuspension. These bacteria can attach to particulate matter,
often exceeding the typical size of bacteria 1 um and reaching diameters of ap-
proximately 4um [81]. Airborne bacteria, due to their widespread dispersal, can
be exposed to unique physicochemical stressors compared to terrestrial bacteria.
PMa 5 can contribute to the dissemination of antibiotic resistance genes (ARGs)
in the environment. Human exposure to ARGs, inhalation must be considered
as a significant route for accurate assessments. A greater understanding of these
factors is very crucial for developing effective mitigation strategies to reduce ARG
sources and human exposure, as well as addressing public health concerns related
to antibiotic resistance and bioaerosols. Research has shown that host bacterial
communities, environmental conditions, and human activities can all influence the

environmental resistome, shaping the redistribution of different ARGs [85].

These bacteria produce catalase and oxidase enzymes. They are capable of fer-
menting glucose and liquid gelatin but not inositol. Classified as facultative anaer-
obes, they can tolerate high salt concentrations ranging from 0.3% to 5% [86].
Among other extracellular hydrolytic enzymes, they can produce amylases, de-

oxyribonucleases, peptidases, and lipase enzymes [87]. Antibiotic concentrations
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in the environment are rising, especially in human waste materials, where these
genes are created and coupled with antibiotics and other materials [88]. Horizon-
tal gene transfer (HGT) can occur when bacteria in the environment are exposed
to this mixture, enabling them to acquire new genetic material and potentially
colonize new environments or hosts [89]. Considering the intrinsic resistance of
Aeromonas bacteria to beta-lactam antibiotics, treating infections caused by these

bacteria is notoriously difficult [90, 91].

Soil environments harbor a significant portion of the resistome, a collective term
for environmental bacterial resistance genes [92]. This genetic reservoir, coupled
with the potential for horizontal gene transfer, poses a significant threat to global
health by facilitating the rapid evolution of antibiotic-resistant bacteria [93]. There
are two types of resistome: 1. intrinsic (innate) and 2. extrinsic (acquired). The
intrinsic resistome is defined as a set of chromosomic genes that engage in innate
resistance, and their presence in strains of a bacterial species is unconnected to
HGT and independent of previous antibiotic exposure[94, 95]. Furthermore, the
extrinsic is a set of genes acquired through numerous alterations in the genome
that can be passed down from generation to generation in a stable manner. Antibi-
otic resistance genes can be transferred between various bacteria, including both
harmful and harmless strains, across diverse environments like humans, animals,
and the natural world. The resistome encompasses the entire collection of these

naturally occurring genes [92].

The mobilome refers to the collection of mobile genetic elements capable of mo-
bilizing resistance genes in a variety of genetic settings [96]. Key enzymes driving
these processes include recombinases, which facilitate homologous recombination,
a host-encoded mechanism safeguarding genome integrity. Additionally, trans-
posases catalyze the movement and integration of transposons, enabling the inser-
tion of genetic elements like resistance cassettes into integrons through site-specific
recombination [40]. Many enzymes are expressed by mobile elements which can
promote gene excision. Knowledge of these genetic material transmission mecha-
nisms in natural settings is becoming increasingly essential due to the implications

for a range of businesses, including the food industry, clinic and hospital settings,
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and aquaculture, among others. Horizontal gene transfer (HGT) significantly im-
pacts bacterial evolution by facilitating the spread of genes conferring antibiotic
and metal resistance. These traits can enhance bacterial fitness by enabling them
to utilize novel resources or survive in toxic environments [97]. Prokaryotes primar-
ily exchange genetic material through three primary mechanisms: transformation,
transduction, and conjugation. Some of the other methods, such as the transfer
of DNA through outer membrane vesicles and nanotubes, also have contribution
to horizontal gene transfer in these organisms [98]. Furthermore, Virus like gene
transfer agents [99], have recently been discovered but are less well studied and
investigated. Several mechanisms may hinder horizontal gene transfer in prokary-
otes. One of these mechanisms is the restriction modification system. This system
identifies and degrades foreign DNA through the action of restriction of endonucle-
ases, which cleaves double-stranded DNA into smaller fragments. These fragments
are subsequently eliminated by other cellular enzymes. Another defense system
is CRISPR-Cas, a prokaryotic immune system that targets and destroys invading
genetic elements, such as plasmids and phages. CRISPR-Cas systems utilizes the

Cas-proteins to cleave and disable foreign DNA [100, 101].

2.8 COVID-19 on PM

COVID-19 (SARS-CoV-2) disease, a severe acute respiratory disorder caused by
the virus, is spread by respiratory droplets [102]. Recent studies have indicated
a probable relationship between air pollution, mainly NO,, CO, and fine PM
(PM, 5), and increased risk and sternness of COVID-19, a disease caused by SARS-
CoV-2 virus commonly called as corona virus. This correlation has been observed
in regions with high pollution levels, where a significant number of COVID-19
cases emerged during the pandemic. Researchers have hypothesized that air pol-
lution may influence the spread and virulence of the virus. The underlying cellular
mechanisms of fine particulate matter and SARS-CoV-2 on lung cells have been
depicted in the Figure 2.5 [103]. Several recent systematic reviews have found a

strong link between long-term exposure to PM;y and PM, 5 and increased rates
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of COVID-19 infection, severity, and mortality [104] [105]. According to a study,
there is a link between increased PM concentrations and COVID-19-related death
rates[106]. In previous communications, predicted that the SARS-CoV-2 virus
would present day on PM, which is consistent with findings for other viruses. The
RNA virus may be discovered on ambient atmospheric PM in stable atmospheric
circumstances and at high PM;4 concentrations, according to an experimental in-
vestigation. This data suggests that PM concentrations may be used as a marker
indicating a high risk of sickness. The topic of PM-associated microbiota, partic-
ularly in cities, is, nevertheless, relatively unexplored, yet no one has conducted
experimental tests especially focused on confirming or rejecting the presence of

SARS-CoV-2 on PM as of yet[107].

2.9 Smog Analysis in Pakistan

A recent study of smog data revealed a significant increase in nitrogen oxide (NOx)
levels, approximately 17 times higher than baseline levels. Additionally, SOy and
concentrations of ozone were 4-times > higher, while CO, VOCs, and PMs 5 levels
doubled. Satellite imagery analysis in Pakistan has confirmed elevated NO produc-
tion during smog events compared to previous years. To mitigate this pollution,
strategies such as reducing personal vehicle usage, promoting public transporta-
tion, curbing industrial emissions, expanding urban green spaces, and fostering
international cooperation to address transboundary pollution are essential. The
report also highlights a 60% surge in patients with optical diseases during Lahore’s
heavy smog [108]. Gujranwala, Lahore, and Faisalabad had air quality levels of
201.6 pg/m3, 271.8 ug/m3, and 297.2 ug/m?, respectively, according to recent
IQ-Air numbers from November 2021. The level of air pollution that is deemed
acceptable for humans is significantly higher than this [109]. The IQ-Air data
from 2018 to 2023 shows consistently high and worsening PM, 5 levels in major
Pakistani cities, far exceeding WHO guidelines. Islamabad’s PMs 5 concentration
rose from 38.6 pg/m3 in 2018 to 42.4 pug/m? in 2023, exceeding guidelines by over

8 times.
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Lahore, with the highest levels, saw PM, 5 drop from 114.9 pg/m? in 2018 to 79.2
pg/m? in 2020 but then rise to 99.5 ug/m? in 2023, exceeding safe limits by nearly
20 times, reflecting severe air quality issues. Faisalabad also showed fluctuation,
with levels dropping to 73.2 pg/m? in 2020 but rising to 88.2 ug/m? in 2023, more
than 17 times the WHO guideline. Karachi’s air quality has steadily deteriorated,
from 33.7 pg/m? in 2018 to 56.4 pg/m?3 in 2023, exceeding the limit by over 11
times. This data highlights a critical and escalating air pollution issue, attributed
to industrial emissions, vehicular pollution, and urbanization, emphasizing the

urgent need for stricter air quality measures to safeguard public health.

Negative effects of smog on health and the air, due to a variety of air pollutants
that were released and then dispersed into our atmosphere, have significant impor-
tance in the globe. As already discussed, the including these, the fine particulate
mattersPMs 5) are of major environmental and health concern. As these enormous,
tiny particles of PM can easily enter into the human airway and can penetrate
easily to the lung tissues and alveoli, that will lead to shortness of breath, and
variety of human airway ailments i.e. severe acute respiratory syndrome (SARS).
Components of PM include the different type of inorganic and organic moieties
various molecules of hydrocarbons and droplets of water[110]. Construction sites,
mining operations, power generating, general combustion, road dust, vehicle emis-
sions, and agricultural activities are the main contributors of PMy 5 [111]. One of
the significant environmental issues faced by Pakistan in recent years has been air
pollution. The situation in Lahore has been deteriorating, which is the 2" largest
city in Pakistan, while Karachi, Pakistan’s 1%¢ largest city with AQI 170 & 155
[112].

Human activities that release emissions like from agricultural and automobiles
mainly are usually said as key reason to increase prevalence of polluted air and
smog specifically in winter season. Therefore, it is essential to make a collective
effort to raise public awareness regarding negative impacts of smog on environment
and health. Moreover, there has been minimal research conducted on the economic
consequences of pollution in Pakistan, and there are limited studies assessing its

negative effects on human health [113].
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Because of the temporal and spatial diversity in its composition, the chemistry
of smog is complicated and impossible to precisely define. Nonetheless, it is typ-
ically divided into two categories: photochemical (also known as Los Angeles, or
LA) smog and classical (also known as London) smog. Given their harmful con-
sequences on the environment and human health, both are cause for great worry.
In addition to these varieties, Polish smog is a unique kind of smog that was

discovered more recently[110, 114-116].

London smog, frequently referred to as classical-smog, is a hazardous pollution.
This kind of haze formed in London for approx. 5-days in December-1952, resulting
in the deaths of thousands of individuals [117].

Because of very high concentrations of sulfur oxides, primarily from burning fossil
fuels like coal, this type of smog is referred to as sulfurous smog. The accumulation
of high particulate matter in the atmosphere led to the phenomenon known as

London Smog.

Increased humidity causes particulate matter in classical smog to grow larger,
as they will make the foundation of smog. Acid rain forms when sulfur dioxide
oxidizes into sulfuric acid after it dissolves in the droplets of fog. Research showed
that the oxidation of sulfur dioxide by nitrogen dioxide in clouds is similar to the

formation of classical smog.

The key factors required for the development of classical smog include: primary
precursors like SOs, secondary precursors such as aerosols; temperature inversion
(TI); high relative humidity (RH) ; & winters low temperature. In the area of the
1%t devastating polluted smog episode in London, governments and environmental
groups globally implemented Clean Air Acts, including the UK Clean Air Act,
introduced by the British government in 1956 [118].

Smog that is triggered by photochemical processes is frequently seen in heavily
populated areas as photochemical/Los Angeles (LA) smog. This kind of smog
is caused by chemical moieties in the urban air, sunlight, and other particular

meteorological factors. High concentrations of a variety of pollutants, such as
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aldehydes, carbon monoxide, ozone, and nitrogen oxides, make up the majority of

photochemical smog.

Solar light photocatalyzes the nitrogen dioxide from factories and cars to produce
nitrogen oxide and free, unpaired oxygen, which is what causes ozone to form
in the atmosphere. By interacting with oxygen radicals, this unpaired oxygen
creates more ozone. Under typical circumstances, nitrogen dioxide is produced
while the cycle proceeds. However, the reaction pathway may instead result in
deadly photochemical smog when volatile organic compounds (VOCs) are present

[119).

According AQI and studies, Poland country was among the most polluted na-
tions in Europe between 2015-2016 in previously reported data [120]. Because
of this, the average life expectancy of European citizens has decreased by nine
months, posing major risks. The termed ”Polish smog” was different chemically
from the smog types that had been previously reported. Household boilers are
the primary source of Polish smog, releasing significant levels of PMs 5 and PM;
along with additional carcinogenic substances like benzo [a]pyrene. Polish smog is
unique in that it has high PM;, concentrations due to cold temperatures and high
atmospheric pressure. Polish fog is the cause of up to 48,000 premature deaths
in Poland each year. This kind of fog is not just found in Poland; other Euro-
pean nations with comparable meteorological conditions and pollutant emissions
profiles are also experiencing its impacts. Therefore, researchers in other parts
of the world need to do further research on this new kind of fog. Since there
are numerous contributing components, it is challenging to pinpoint the precise
makeup of Pakistani smog. Nonetheless, the chemical makeup of Pakistani haze

is comparable to that of other smog kinds [121].

2.9.1 Pakistani Smog Causes and Detection Techniques

Like many other developing countries, Pakistan’s AQI is negatively affected by a
number of emissions sources, including industrial sector pollutants, vehicle exhaust

gases, solid waste management, use, and burning, and agricultural activities. As
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the population of Pakistan has increased in last 20-years, so too has the use of
motorcars, scooters, and motorcycles, and the countries over 10 million vehicles

contribute significantly to air pollution.

The number of automobiles increased dramatically between 1991 and 2012 in
Pakistan. According to an evaluation of the photochemical reactions that produce
ozone in the Quetta area of Pakistan, car exhaust was proposed as the primary

cause of the process [122].

Many enterprises of Pakistan use furnace oil, a major source of sulfur, including
factories, power plants, and steel mills, and will contribute majorly to air pollution.
Further, burning agricultural-waste is a major factor in the creation of smog in
many Pakistani cities. Pakistan produces around 50,000 tons of solid garbage

every day, most of which is burned.

PM and harmful gas pollutants (CO, SOx, and NOx) are released into the envi-
ronment during the incineration process. Additionally, high tropospheric O3 con-
centrations combined with aldehydes and ketones produce a PAN photochemical
fog that can be harmful to health of human beings as already discussed. For in-
stance, the manufacturing of building supplies like cement and hydrated lime may
result in the release of harmful gasses [123]. Although cigarette trash has gotten
less attention, it contains extremely dangerous and toxic substances (such as Pb,
Cd, As, and Cr). Moreover, a considerable amount of wasted food is produced by
hotels and restaurants. When the organic materials in this waste break down, they
generate biogas, which consist primarily of large quantities of organic gases like
CH, & CO,, along with minor amounts of HoS and NH3. Consequently, there may
be risks of asphyxiation and environmental contamination if these organic wastes
are allowed to decay outside of an appropriate facility. Several techniques have
been developed & utilized for prompt detection and analyses of these pollutants.
Available commercial smog detectors, like the AQS/1-smog-monitor or monitor-
ing system that measures photochemical smog, track the seriousness of smog and
its harmful components as inorganic and organic moieties, PMs 5, harmful gases
CO, SO3 VOCs and other species. To provide accurate data on haze occurrences,

numerous government agencies, NGOs and environmental activities are actively
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working in key cities such as provincial capital Lahore, and the Federal city. This
assessment was specifically designed to concentrate on the sources associated with
smog emissions or major elements of smog, rather than solely on general air pol-

lution causes [123].

2.9.2 Pakistan’s General Smog Concerns

Pakistan smog consists of numerous pollutants, such as SOs, NOs, CO, VOCs,
03, PANs, aldehydes, and PM. When present in high quantities, each of these
components can be dangerous to the health of humans, plants, animals, and the
environment. A recent study highlighted the various health effects that smog
events in Lahore can cause in individuals, including headaches, diabetes, and

asthma. However, the study only involved medical students [124].

Smog poses significant dangers to the health of the human population. Several
recent studies are there that suggest the very harmful adverse effects on the hu-
man airway system and CV system. The severity of the risks associated with
smog depends on several factors, including the volume inhaled, the specific sub-
stances involved, and the characteristics of the individual (such as weight, age,
and overall health). In 2005, almost 3,000,0000 people worldwide lost their lives
due to pulmonary ailments, cancers of the lungs, and heart conditions that are
closely associated tiny matter in the smog i.e. PMs 5 and O3, which are the main
elements of smog [114]. Any form of particulate matter (PM), which contributes
significantly to pollution, is known to lead to premature mortality. Nevertheless,
the health issues associated with PM are intricately linked to its particle size.
Smaller particles have a greater tendency to enter deeper into the airway tract of
human, potentially causing greater damage to the lungs and respiratory function.
A recent study that was done in the United States has found a strong connection
between levels of airborne PM and the incidence of diabetes in adults. Children
are more vulnerable to respiratory conditions when exposed to elevated levels of
PM present in smog for prolonged periods, as they have lower immunity to infec-

tions compared to adults. Several studies in the United States, China, Europe,
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and Pakistan have reported that excessive exposure to PMy 5 in smog can act
as the main factors for intrauterine inflammation, which can lead to premature
births and other neonatal complications. Premature birth of babies can signifi-
cantly reduce life expectancy over time and is a leading cause of postpartum death
in early maturity. Like PM, ozone, once absorbed through the mouth and nose,
adversely affects the respiratory and cardiovascular systems, particularly putting
women and children at greater risk. Damage to cells and tissues can occur due
to secondary oxidation products formed when O3 interacts with elements of the
fluid of epithelial lining of lung mucosa. Research indicates that the likelihood of

mortality increases by 0.26% for every 10 mg m3 increment in ozone levels. [125].

The levels of tiny particles like PMs 5 in Lahore are 9-times more than the rec-
ommendations set by WHO, indicating potential serious health risks due to air
pollution. According to data from the Pakistan-AQI, the Federal capital, Lahore,
Peshawar, and Karachi, all are above the World Health Organization’s advised air
quality limit of 10mg/m3, recording PM, 5 levels of 42, 130, 63, and 40mg/m3,
accordingly. Moreover. A recent study reported eye surface disorders in patients
at tertiary—care facilities in November-2016 revealed that Lahore had the poorest
air quality, noting 28 cases. Smog samples were collected from three well-known
locations in Lahore—Mall Road, Gulberg, and Township—both during the smog
days that occurred in November-2016. A study also suggests the ocular surface
diseases on the basis of data collected from Sheikh Zaid & Mayo Hospitals in
November-2016. Using the measurement techniques established by the US Envi-
ronmental Protection Agency, it was found that NOx was the most concentrated
smog component, being 17 times higher than the same measurement in November
2015. Considerable increases in other smog components were also observed, likely
exacerbating health issues. The air quality index was recorded at six times its

level from 2015 [126].

The smog negatively affects Pakistan’s agricultural exports, such as rice, wheat,
and cotton. Recent studies have revealed that smog, particularly PM and ozone,
has led to a notable decrease in crop yields. Research examined the impact of

smog pollutants on two winter wheat varieties. The findings indicated that ozone
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was primarily responsible for the 34.8-46.7% reduction in wheat yield. In a related
study, it was found that exposure to smog components, chiefly ozone, considerably
decreased the photosynthetic efficiency in three wheat varieties that are important
sources of food in Pakistan. Additionally, barley that is a very important crop
in Pakistan after wheat has also experienced a significant reduction in seed yield
(from 13%—44%) due to exposure to smog constituents like NOx, SOx, and ozone.
In another study by the same researchers, the yield of two local rice cultivars
was decreased by 37-42%. Research focuses on the effect of emissions from brick-
kilns, a chief source of air pollution, on wheat production in Punjab that exposure
resulted in less yields, shorter plant heights, decreased photosynthetic activity,
and metal contamination in the crops. For a developing nation that heavily relies
on agriculture, such a significant decline in agricultural productivity is deeply
alarming. To ensure adequate food production as the population grows, it is

crucial to mitigate the harmful effects of air pollution [127].

A nation’s economic development and air quality are linked. Healthy people,
thriving enterprises, thriving tourists, and growing employment are all factors
that contribute to the economy’s success. All of these operations are hampered
by air pollution, particularly smog, which slows the economy. Productivity during
the working day is adversely affected by the buildup of smog from the morning
until the afternoon. Public and private schools in Lahore were recently closed for
many days owing to severe pollution (2019). One of the largest economic projects
in Asia, the 62 billion USD commercial corridor between China and Pakistan,
is also confronting significant obstacles as a result of smog’s impact on nearby
transportation routes [128]. It is said that if smog is not well controlled, Pakistan’s
GDP (47.8 USD billion) will drop by more than 5.88%. An economic recession
could result from the terrible impacts of smog on Pakistan’s agriculture industry
and human health (11 million individuals reported headaches and eye irritation).
Economic setbacks, including a drop in household income, can arise from the
premature deaths and chronic health issues of employed men and women caused by
smog pollution. A study by the World Bank in 2016 estimated that air pollution
resulted in an economic loss of $5 trillion USD annually. Pakistan and other

developing countries are particularly at higher danger, with annual labor income
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losses amounting to 1% of South Asia’s overall GDP. The total welfare costs linked
to air pollution encompass four primary elements: mortality, disutility, indirect
costs, and direct market expenses. As reported by the OECD in 2016, the global
welfare cost of atmospheric air pollution reached 3.8 trillion USD in 2015 and is
forecasted to rise to between 24-31 trillion $ by year 2060. PMj; 5 and ozone, along
with other smog components are largely be attributed to smog, as the primary air
pollutants. This indicates that stringent pollution control measures are critically

needed to avoid significant consequences in the future[129].

Smog has a negative impact on a nation’s tourism industry by seriously damaging
tourist destinations like historic structures and monuments. Furthermore, many
travelers will steer clear of a nation known for its high levels of air pollution for
health reasons. Seeing a country’s landscapes, rivers, mountains, and modern or
historic structures is one of the primary reasons travelers travel there. However,
because haze reduces visibility and the scenic attractiveness of the area, it detracts
from the visitor experience. The danger of traffic accidents is increased by smog’s
loss of visibility. For instance, in November 2017, smog-induced poor visibility re-
sulted in 10 fatalities and several injuries. A 10-percent improvement in-visibility
might result as extra 1000000 visitors to park, there are several historical sites and
archaeologically significant places in Pakistan. Its tourism business is expanding,
and it has the potential to become a highly sought-after international travel desti-
nation. Nonetheless, the air pollution caused by fog in major cities like Lahore and
Peshawar has raised serious concerns among both the local populace and foreign

tourists, including Sikhs who travel to Katarpur to see their sacred shrine [130].

2.9.3 Current Smog Prevention Initiatives in Pakistan

Anthropogenic emissions are the main source of precursors for all forms of smog.
Therefore, in order to effectively reduce smog, these pollutants must be properly
mitigated. On a local, regional, and even global level, numerous methods have

been established. However, preventing smog (to raise air quality indices for a
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particular location) usually requires a few abatement strategies that function to-
gether rather than relying on a single intervention. These interventions could be

technological, social, economic, or regulatory in character.

Increased vehicle use has been a major contributor to smog events in Pakistan
because of the country’s fast economic and population growth. Vehicles are re-
sponsible for almost half of the total emitted volatile moieties that impact quality
of air in the various parts of the globe. In this regard, Pakistan is confronted with
significant obstacles in the transportation sector, such as the need to replace the
fleet of vehicles with cleaner models and the absence of laws pertaining to vehicle
maintenance and monitoring now. In Pakistan, the growing number of private au-
tomobiles has created significant air quality issues. 6.2 million of the 19.6 million
automobiles in Punjab province come from Lahore. Motorbikes, rickshaws, and
other vehicles with two-stroke engines are the most dangerous types of fuel vehi-
cles in terms of air pollution and are frequently used for transportation in Lahore.
Large volumes of gaseous moieties and harmful compounds, key precursors for
development of air pollution and smog, are produced by the enormous number of
private vehicles on the road. In this situation, fewer private vehicles must be used,
and public transportation must be promoted, perhaps with the help of "low emis-
sions zones” like those in London [123]. Creating a mass transit railway system,
for example, by utilizing high-speed electric trains—would significantly improve
the quality of the air. Another preventive measure to lessen hazardous emissions
and, consequently, the development of smog is the implementation of strategic
strategies for monitoring and managing traffic congestion. Second, in order to
gradually lower the likelihood of smog events, critical to improve the monitoring
and other regulations on cars and encourage the adoption of clean technologies

and vehicle powered by renewable energy [131].

Routine vehicle inspections and maintenance can be effective measures for re-
ducing harmful emissions in the transportation sector. The level of air pollution
produced by a vehicle is primarily influenced by the state of its engine. Therefore,
it is essential to regularly adjust the engine and frequently check the fuel system,

muffler, and engine case ventilation system. When considering how to decrease
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the volume of hazardous pollutants in exhaust emissions, it is also important to
take into account the engine designs, operating conditions, type of fuel used, dis-
tance travel, and the amount of work done. To enhance the use of sustainable
energy, the automotive industry has recently supported the hybrid engine ap-
proach. By integrating advanced-combustion-techniques with hybrid and electric
vehicle technology, harmful gaseous and dust can be reduced by 12%-30%. Since
consumers often hesitate to change their car preferences until the new option look
more better and comfortable than already available technologies, factors such as
the operational and production costs of the technology, along with the extended

recharging time, must be considered [132].

The main contributors to carbon emissions, especially CO, in households are other
oil and gas devices like our home heaters, kitchen stoves, gas/fuel generators, oil
pumps, fridge and AC compressors, other high-pressure washers, & high-pressure
drills and floor baffles. To cope with this problem, we have to adopt a novel
technology that operates on compressed air or electricity, provided that these al-
ternatives are available and safe to utilize. The increase in manufacturing and
domestic activities in Pakistan has resulted in a rise in smog levels. Recent ad-
vancements like fuzzy-VIKOR offer a way to alleviate the adverse effects of harmful
air pollutants, PM and smog by using an effective environmental-strategy. Results
of fuzzy-VIKOR models indicate that reducing factories waste and educating our
farmers and local communities about the smog and its prevention on lowering
their emissions and, in turn, contribution to pollution and smog production can
alleviate the impact of smog. Employing this method will assist the Pakistan

government in shaping future policies [133].

Contemporary abatement technologies are rarely implemented in Pakistan’s indus-
trial sectors due to the country’s ongoing economic development. Brick production
primarily occurs in brick kilns fueled through coal and agricultural waste. There
are approx. twenty thousand operative kilns across Pakistan, most located near
urban areas like Lahore and Faisalabad. The emissions from these facilities pose a
significant risk to the environmental health of cities in Pakistan. To diminish smog

occurrences, it is crucial for the nation’s brick industry to cut down on emissions.
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Utilizing either wet or dry filtration systems, employing air purifiers, and adopting
modern and advanced kilns are potential resolutions to this issue. Additionally,
gas bypass systems and specially designed pollution and smog control devices hav-
ing specific internal-baffle arrangements in their chimneys and boilers can assist
in reducing pollution levels. Because they ensure the optimal combustion of coal,
Advanced technologies and mechanical feeders like vertical-shaft-kilns(VSK) can
also play a role in lowering emissions. The transition from traditional fossil-fuels
to these latest energy sources, and like biomass and solid-waste fuels, being ex-
plored feasible choice for the forthcoming of industrial power in country as this

could diminish CH4 and N20O emissions from conventional sources [134].

Another source of chemical contamination that can spread over great distances
and have an impact on the ecosystem worldwide is anthropogenic activity. Coal
accounts for over 90% of all industrial emissions worldwide, which is significantly
more than the emissions from other man-made sources such cement production,
gold-smelting, nonferrous-smelting, iron/steel manufacture, mercurial mining, and
household garbage. Solid fuel combustion, which is often a major but unknown
source of smog precursors in Pakistan and other emerging nations, is the primary
source of emissions from industrial processes like power generation. Therefore,
Pakistan’s smog generation would be reduced by using alternative industrial fuels
like oil and gas and developing techniques for utilizing energy from renewable

sources [135].

At present, Lahore faces significant air pollution challenges from November-February
every year, thick layer of hazardous smog-haze envelops the whole city and sev-
eral regions of Khyber Pakhtunkhwa (KP) in Pakistan. Many researchers have
highlighted the role of green spaces in mitigating environmental pollutants such as
smog. In this context, governments worldwide have begun to introduce new strate-
gies for smog management by creating forests in and around main manufacturing

cities to serve as a natural wall between urban areas and industrial zones.

In addition, supplying oxygen to the air, the expansion of forests and plantations
helps regulate the local climate and protects communities from heat waves. Shade

can decrease extreme smog levels by 5%, amounting to a reduction of 175 tons
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of NOx daily, which is twenty-five times more than the four tons/day reduction
achieved by cutting down power plant emissions. Although increasing the size of
plantations is a beneficial approach, Professor Barry Lefer from the University of
Houston notes that “no guarantee that the florae are addressing emissions where
drops are necessary.” This is due to certain plant species emitting biogenic volatile
organic compounds that can negatively affect air quality by increasing ozone and
particulate matter, making the timing and placement of the plantations essential.
Plants produce pollen grains and fungal spores that can pose health problems and

risks to individuals with allergies or other sensitivities [136].

Adopting simple smog prevention techniques like walking, bicycling, and taking
public transportation can have a big impact because vehicle emissions are a major
source of smog. Switching to environmentally friendly consumer goods includ-
ing paints, paper, plastics, and sprays with minimal volatile organic compounds

(VOCs) is another strategy.

Laumbach and co-workers emphasized individual actions to lower the danger of
air pollution, including smog episodes, on one’s own health. To safeguard one’s
health during winter smog, they recommended reducing exposure by remaining
inside, using HEPA filters and thus filtering indoor air, and minimizing physical
action. Guidelines for wearing masks, avoiding outside activities during smog time
specially in winters, and utilizing and spring-cleaning interior air-filters have been

released by Pakistan Disaster Management Authority (PDMA) [137].

When tackling these issues, public and knowledge of pollution and smog, its con-
sequences on the environment and health of human being are crucial components
that cann’t be ignored. Increasing public education and awareness about smog
and air pollution can be crucial in reducing smog-related air pollution, according

to a survey of 607 carefully chosen people.

Therefore, public awareness sessions and initiatives for preventive actions should
be used to educate the public more broadly about the harmful impacts of smog.
In a related study, sociodemographic characteristics, especially educational attain-

ment, can be crucial in helping Lahore inhabitants comprehend pollution threats
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and smog mitigation measures. The people should be made aware of the seri-
ousness of air pollution through information sources like mobile applications and
internet media material, which will enable them to lessen the short term health
consequences by remaining indoors and not exerting themselves in the smog events

and winter season [138].

2.9.4 Advanced Preventive Measures for Smog

Anthropogenic emissions are the main source of precursors for all forms of smog.
Therefore, to effectively reduce smog, these pollutants must be properly mitigated.
Numerous tactics have been created at the local, regional, and even global levels.
However, preventing smog (to raise air quality indices for a particular location)
usually requires a few abatement strategies that function together rather than
relying on a single intervention. Due to convenience or a lack of other options,
people frequently choose their own cars over public transportation, which worsens
traffic congestion and increases dust and exhaust emissions from worn tires and
asphalt, further polluting the air. This circumstance emphasizes how important
it is to have air quality monitoring systems that can act quickly to restore the
quality of the air when it is degraded. Air quality monitoring is essential to the
global effort to address air pollution problems, even with advancements in emis-
sion reduction and air quality improvement [139]. Modern greenhouses provide
increased yields and enhanced planting efficiency, offering a sustainable approach
to agriculture with little environmental impact. They are distinguished by their
portability and ease of customization. Concerns are raised by the contamina-
tion of the immediate human environment, which includes tainted food, water,
and indoor air that is contaminated by CO,, CO, NOx, radon, cigarette smoke,
volatile organic compounds, and oxygen shortage. Particularly noticeable is the
increase of smog, a type of air pollution, in cities with high energy consumption
and exhaust emissions, which are mostly caused by traffic. Innovative technol-
ogy combinations have been the focus of recent developments in smart greenhouse
systems. Data analysis, automation, and monitoring are all integrated into these

systems. The automated monitoring framework’s four main parts make up the
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system architecture. It comprises cloud-based data storage and monitoring of soil
moisture, humidity, and climate. Technology notifies the farmer in the case that
ideal circumstances are not met, allowing for prompt remedial action. Addition-
ally, the system enables automated irrigation switching based on sensor data. It

also makes use of deep learning methods to identify plant illnesses [129].

Dust generated from the construction industry significantly contributes to mu-
nicipal smog in China, driven by rapid urbanization. A study was conducted to
analyze the potential of synthetic natural gas (SNG) as a replacement for coal
in Beijing to enhance energy efficiency. Utilizing SNG for heating can decrease
haze pollution emissions by 44%. Research findings have shown that hybrid, elec-
tric and renewable energy sources, retro-fitting processes, recovering the harmful
chemicals and components, and optimizing energy systems offer effective con-
trol advantages, with retro-fitting, chemical recovery, and saving energy measures
proving to be more effective than renewable energy sources. An assessment was
performed to analyze the carbon footprint associated with the oxygen-thermal
coal-to-acetylene process, which involved establishing an appropriate boundary,

collecting relevant data, and applying suitable allocation principles.

To enhance precision, the activity data was thoroughly verified as mass balance,
carbon, and renewable energy balance evaluations of the system. In addition, the
distinct contributions of both acetylene and CO to the carbon footprint were fac-
tored into the total carbon footprint, highlighting the multi-product characteristic
of the coal-to-acetylene process. Ultimately, recommendations were put forward to
reduce carbon emissions from the oxygen-thermal coal to acetylene process. Given
the difficulties in integrating life cycle assessment with life cycle cost methods to
evaluate economic value, a simplified ecodesign approach was adopted, focusing

on greenhouse gas emissions alongside material expenses for a product.

A case study involving urban electric railway vehicles (comprising six cars in one
configuration) was conducted to validate this method, resulting in favorable out-
comes. Moreover, a comparison was made regarding the environmental effects

of open-field burning of corn straw versus alternative technologies for utilizing
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corn straw through life cycle assessment. The findings indicated that compost-
ing methods were more effective and environmentally favorable in terms of air
pollution compared to directly returning straw to fields, using it for animal feed,
turning it into biogas, or generating electricity, especially in contrast to open
burning. Additionally, composted corn straw can act as a viable alternative to
synthetic fertilizers. So, two innovative methods, namely Electron Beam Flue Gas
Treatment (EBFGT) and Dielectric Barrier Discharge (DBD), were analyzed and
compared with conventional technologies for flue gas treatment, including Wet
Flue Gas Desulfurization combined with Selective Catalytic Reduction (WFGD
+ SCR), biofiltration, and adsorption. The comparison was conducted using a
comprehensive Life Cycle Analysis (LCA) framework to evaluate the performance
of these methods in terms of resource efficiency, environmental impact, and energy
consumption. The analysis focused on three key factors: the use of raw materials,
the generation of waste, and the total energy required for operation. To quantify
and assess the environmental implications of each method, five major impact cat-
egories were considered, based on the widely recognized CML2001 method. These
categories include global warming potential, which accounts for greenhouse gas
emissions; ozone depletion potential, which evaluates contributions to the degra-
dation of the ozone layer; acidification potential, which measures the release of
acidic compounds affecting ecosystems; eutrophication potential, which considers
nutrient pollution leading to ecosystem imbalances; and human toxicity potential,
which examines the effects of toxic substances on human health. This approach
provides a detailed comparison to identify the most sustainable and environmen-

tally friendly technology for flue gas treatment [118, 137].

2.10 Antibiotic Resistance Gene in Particulate
Matter in Smog Season
A metagenomic approach was employed to assess the quantity and diversity of

airborne antibiotic resistance genes (ARGs). While ARGs were less prevalent in

airborne particulate matter (PM) compared to fecal samples, their abundance
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was comparable to that found in soil and activated sludge. Resistance genes of
different environments, such as PM and soil, exhibit similarities, suggesting that
environmental factors can influence the airborne ARG profile. Given the bacterial
transmission of ARGs, we propose that terrestrial bacteria could be a significant
source of airborne ARGs in smog, a hypothesis supported by previous studies
[140]. While no significant linear correlation was found between PM concentra-
tions and ARG levels, smog days exhibited higher levels of both total and diverse
airborne ARGs compared to non-smog days. This may be attributed to the in-
creased presence of particulate matter during hazy conditions, which can serve as
attachment sites for bacteria. Industrial waste, soot, and vehicle emissions can
contribute to this phenomenon, as PM particles can easily become airborne and

remain suspended, facilitating their dispersal [141].

The airborne transport of microbes carrying antibiotic resistance genes (ARGs)
from soil environments may lead to a higher prevalence of antibiotic inactivation
resistance in particulate matter (PM). This is because antibiotic inactivation is
a common mechanism by which bacteria resist commonly used antibiotics, such
as aminoglycosides, beta-lactams, and macrolides [142], and ARGs are abundant
in soils and water as well. Research indicates that airborne bacteria can de-
velop novel resistance genes and mechanisms in response to the elevated selective
pressure imposed by various pollutants in human-impacted environments [143].
Membrane efflux proteins are capable of transporting a wide range of intracellular
pollutants, including drugs and heavy metals, out of cells [144]. Research indi-
cates that increased levels of airborne antibiotic resistance genes (ARGs) during
smog events are linked to the accumulation of specific resistance genes, including
those associated with tetracycline, lactam, and aminoglycoside antibiotics. Given
the extensive use of tetracycline in human and veterinary medicine, as well as its
application as a growth promoter in livestock feed, it’s plausible that tetracycline

resistance genes may be particularly prevalent in these environmental samples

[145).



Chapter 3

Materials and Methods

This study was planned in two modules to assess thoroughly the impacts of smog
exposure on biological systems and the antimicrobial resistance potentiality of
suspended particulate matter (PMss). The rat model study was conducted in
November—December 2023, the smog season, in two major Pakistani cities, [slam-
abad and Lahore. Experimental rats were segregated into groups by smog and
non-smog exposure conditions in both cities, forming control and experimental
groups. Following exposure, a series of examinations were conducted that in-
cluded behavioral studies, immunological studies, lung histopathology, and lung
metagenomic analysis. The second module was on the PM, 5 filter paper exper-
iment and was done over a span of two years, 2022 and 2023, that is, between
November—December when it is normally smog season. PM2.5 were sampled with
an air sampler that used quartz microfiber filter papers. Internal and external
DNA were then recovered from these filters with the ultimate goal of examining
antimicrobial resistance (AMR) gene profiles. The study was segregated into two
groups according to DNA type. In the external DNA category, real-time PCR was
conducted to analyze the expression of chosen antimicrobial resistance genes. In
the internal DNA category, the isolated DNA was subjected to metagenomic se-
quencing through the Illumina Nova 6000 platform, allowing for a high-resolution
and high-throughput analysis of resistance genes contained within particulate mat-
ter. Figure 3.1
43
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FIGURE 3.1: Overview of the research methodology showing Module 1 (rat
model under smog and non-smog conditions) and Module 2 (PM2.5 filter paper
analysis)

3.1 Animal Model Studies

Male Sprague-Dawley rats, weighing 200-250gm having aged 8 weeks were taken
from the Faculty of Pharmacy, CUST, Islamabad. The whole study protocol was
approved by the Research Ethics Committee of the Faculty of Pharmacy, CUST,
Islamabad (REC/01/12/22).

To investigate the effects of smog exposure, 24-rats were divided into 2 primary
groups: a Islamabad group and a Lahore group, each with 12-rats. The experimen-
tal animals were housed in a controlled environment at 22-250C and acclimatized
for one week prior to the experiment. Both groups had ad libitum access to food
and water. Both groups were further subdivided into two subgroups based on smog
and Non-smog environment. Rats were divided into Islamabad and Lahore groups
(n=12 each), further split into subgroups labeled “Non-Smog exposed (Control)”
and Smog exposed (Test) to assess location-dependent smog effects. All rats were
reared in a common facility; subgroups were exposed to smog samples collected

from each city. The control group was maintained in a smog-free environment,
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while the test group was exposed to ambient smog for two hours daily over a

60-day period.

After the exposure period, a series of behavioral and biochemical tests were con-
ducted on both groups. Blood samples were collected from each rat for flow
cytometry analysis of CD4 and CD8 T cell levels. Subsequently, the animals
were euthanized by cervical dislocation, and their lung tissues were harvested for

histopathological examination.

3.2 Behavioral Studies Tests

To check the mental conditions of rats due to smog exposure following behavioral

tests were performed on each animal of both groups: (Control & Test)

Open Field Test An open field test was performed to check locomotion, anxiety,
and exploratory behavior. In this test each experimental rat was individually
placed in the center of a well-lit arena and allowed to freely explore for approx-
imately 5-minutes as depicted in figure 3.2. Parameters such as duration and

frequency of grooming behaviors were recorded manually [146].

CORNERS

CENTRE
50%

WALLS

FIGURE 3.2: Different zones of box in open field test for animal behavioral
activity
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Y-maze Test The Y-maze test was employed for analyzing animals’ spontaneous
alternation in behavior, a measure of working memory of animal. The random
alternation, characterized by the animal’s tendency to explore each arm of the
maze, is considered a typical exploratory behavior [147]. Both test groups and
control animals were individually placed at the start arm of the Y-maze and al-
lowed freely explore the apparatus as depicted in figure 3.3. The entry of each

animal into each arm was visually recorded [148].
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FIGURE 3.3: Y-Maze apparatus for analyzing the animals’ spontaneous-
alternation in behavior, a measure of working memory of animal

3.3 Flow Cytometry

A 10x concentrated stock solution of Trypan blue was prepared. This Trypan
blue stock solution was diluted to a lxworking solution. Equal volumes (0.1ml)
of the 1xTrypan blue solution and cell culture homogenate were mixed together
and pipetted thoroughly. The mixture was loaded onto a hemacytometer and
immediately examined under a low-power microscope as depicted in figure 3.4
and 3.5 respectively. The number of non-viable the blue-stained cells, and total
cells were counted. The total cell count was calculated using the appropriate

dilution factor.

No. of live cells counted

x 10 (dilution factor) x 107
No. Of quadr(mt counted ( f ) (Depth of hemocytometer)x0.5ml
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Each of the four samples was divided into two equal aliquots. One aliquot from
each sample was kept unstained as a control. The remaining aliquots were stained
with either CD8 or CD4 primary antibodies. Fifteen microliters of the appropriate

antibody were added for each sample and then incubated for 15-minutes.

Following incubation, the samples were washed with phosphate-buffered saline
(Phosphate saline buffer-PBS, pH 7.4) at 500 xg for 5-minutes at room tempera-
ture(RT). The washed samples were then immediately analyzed by flow cytometry
as depicted in figure 3.6 [149].

Fi1cURE 3.5: Microscope for the analysis of viable and non-viable cells
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FIGURE 3.6: Analysis of CD4 and CD8 T cells by Flow Cytometer

3.4 Histopathological Testing and Analysis

Following euthanasia, rat lungs were aseptically harvested and preserved in 10%
of buffered formalin’s solution. The gross inspection involved a visual evaluation
of the lung tissue, including its texture, the color, size, shape, and if any abnor-
malities such as some lesions discoloration, abnormal masses, or congestion. After
gross examination the tissue was carried out Fixation, dehydration and clearing

by automated tissue processor as depicted in figure 3.7.

FIGURE 3.7: Initial Tissue Processing procedure is being carried out by Tissue
Processor
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After tissue processing steps the processed tissue was put in the tissue cassette
and hot liquid paraffin wax was added in it. Put the cassette on refrigerator for

solid block formation. This process is also named as embedding. Now the block

is ready for microtomy process as depicted in figure 3.8.

F1GURE 3.8: Embedded rat lungs Tissue in paraffin wax cassettes

The embedded paraffin blocks were then mounted on microtome for microtomy
process. Which was done by thin sharp blade and each slice have size of 4microns,

which can be adjust by adjusting knobs of blade as depicted in figure 3.9.

F1cUrE 3.9: Sledging of Tissue blocks by Microtome for slide preparation
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To prepare lung tissue samples for H&E staining, the tissue was first dehydrated
by immersing it in a graded series of ethanolic solutions (70%/95%/100%). Each
step involved incubation for approximately 1-2 hours. Following dehydration, the

tissue was cleared in xylene.

Next, the tissue was infiltrated with molten paraffin wax, which solidifies to form
a paraffin block. Thin sections of tissues (4-5um) were then cut from the paraffin
block with the help of microtome and mounted on glass slides. These sections were
then finally stained with the help of hematoxylin and eosin(H&E) as depicted in
figure 3.10.

Stained tissue section was analyzed under a high resolution imaging microscope
(Leica) to check histopathological changes in the lung tissues as depicted in figure

3.11 [150].

FiGURE 3.10: Carrying H and E staining process of Tissue section for micro-
scopic analysis
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FIGURE 3.11: Prepared and stained microscopic slide for Microscopic analysis

3.5 Metagenomic Analysis of Rat Lungs

A typical phenol-chloroform extraction procedure was used to extract internal
DNA from 20 mg of rat lung tissue samples. After lysing the samples for 20 to
30 minutes at 65°C in 500 pL of lysis solution, proteinase K and SDS were added
to break down the proteins. Proteins and cellular detritus were then extracted
from the lysate using phenol-chloroform. Isopropanol was used to precipitate the
DNA-containing aqueous phase, and ethanol was used to wash away any salts.
The purified DNA pellet was then kept at 4°C after being resuspended in TE
buffer [151, 152]. One gram of agarose was dissolved in 100 milliliters of 1X TAE
buffer to create a 1% agarose gel, which was then used for gel electrophoresis.
After heating the solution until it became clear, 8 uL of ethidium bromide was
added. A comb was used to create wells in the gel in a tray. The gel was moved
to an electrophoresis tank containing 1X TAE buffer once it had solidified. After
combining 6 L of extracted DNA with 2 L. of 6X loading dye, the mixture was
put into the wells. For 60 minutes, electrophoresis was carried out at 75 volts. A gel
documentation system was used to visualize the gel under UV light. In contrast
to a 1 kb DNA ladder, the resultant image displays representative DNA bands
[153]. Using a Thermo Scientific MultiSkan Go Microplate Spectrophotometer,

the amount and quality of DNA were evaluated. The concentration was expressed
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in ng/uli, and the purity of the sample was assessed using the 260/280 ratio.
Assembly-based and alignment-based methods were the two main strategies used
to analyze metagenomic data. The FASTQC tool was used to assess the raw

sequencing data’s quality [154].

After quality control, the primer obtained the paid end clean reads. To remove
the primer information at both ends of the sequence, use the cutadapt software
(https://github.com/marcelm/cutadapt/) and fastp (a preprocessor version 0.14.1
(https://github.com/opengene/fastp)) to cut the sliding window quality (- w4-

m20) of the two end raw reads data, respectively.

The inconsistent tags should be removed and the original raw tags should be ob-
tained for the data of two terminal sequencing based on the overlap relationship
between PE (Pair End) reads (V10 (http://www.driveb.com/usearch/preset) pa-
rameters, which include the minimum overlap length set to 16bp and the maximum

mismatch allowed in the overlap area of splicing sequence 5bp, etc.).

Kraken 2 was used to taxonomically classify reads against a curated database
[155]. After assessing the quality of the sequencing data, a metagenome assembly

was conducted using the MEGAHIT assembler.

We first eliminated human readings in order to compile the metagenomic data.
We then used MEGA-HIT with default assembly parameters, using a k-mer size
range of 21, 41, 61, 81, and 99, and a minimum multiplicity of 2 for filtering (k-
mer+1)-mers. We also set the low local coverage criterion to 0.2 and the trimming
level to 2. For every iteration, the maximum tip length was set to double the size

of the k-mer.

We applied the precise statistical technique Bracken to assess species abundance
in the metagenomic dataset. Bracken and Kraken both gave accurate estimates
of abundance at the species and genus levels. The CARD database server was
used to find antibiotic resistance genes (ARGs). The metagenomic sequencing
data from the assembly FASTA files were used as input for the ARG prediction.

Phyloseq was employed for data analysis and visualization [156]


https://github.com/marcelm/cutadapt/
https://github.com/opengene/fastp
http://www.drive5.com/usearch/preset
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3.6 Statistical Analysis

Data received from all methods were analyzed using Graph Pad Prism 6.0 version
and were then presented in the form of mean + standard error of the mean (SEM).
One-way ANOVA followed by Tukey’s multiple comparisons test was employed to
check and analyze the statistical significance. Further, a p-value of less than 0.05

p<0.05) was considered statistically significant for all the results [157].

3.7 Air Quality Index and Climate Data Across
Cities

Smog sampling was done for two consecutive years in 2022 and 2023 in three
cities of Pakistan (Islamabad, Lahore, and okara). The PM2.5 was collected in
November and December months of each year. PM2.5 was collected on quartz
microfiber filters using an air sampler. At all locations, there was an average of
one 24-hour PM2.5 sample taken every day. Before further processing, all the
filter samples will be kept in storage at -20 °C. Then two different types of DNA
was extracted and processed. One is iDNA & eDNA (Extracellular DNA). The
figures 3.12, 3.13, 3.14 showing the air monitoring system, Quartz microfiber filter

and site of air sample collection respectively.

e
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FIGURE 3.12: Air monitoring system for collecting smog air samples
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FIGURE 3.13: Particulate collection by quartz microfiber filters
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FIGURE 3.14: A picture shows the site of air sample Installation in Islamabad
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3.8 Internal DNA Analysis of Antibiotic Resis-

tance Genes

Internal DNA Extraction: Internal DNA was isolated, employing CTAB method.
The extracted DNA was subsequently analyzed on a 1% agarose gel to evaluate

its integrity, purity, and concentration as shown in figure 3.15.

Polymerase Chain Reaction (PCR) Amplification: Internal DNA was amplified by
PCR using region-specific primers with barcodes. Takara Premier Taq Version 2.0
(Takara Bio, Dalian, China) was used as the DNA polymerase. Takara Premier
Taq Version 2.0 is a thermostable DNA polymerase that amplifies complicated

and GC-rich templates with great precision and efficiency.

Primer Corresponding Region: Primer corresponding regions include the 16S V4
primers (515f and 806r) that identify bacterial diversity,18S V4 primers (528f and
706r) to identify the diversity of eukaryotes & ITS1 primers (its5-1737f and its2-
2043r) to identify the diversity of fungi

PCR Reaction System

TABLE 3.1: Reagent name and dosage

S.No Reagent Name Dosage

1 Primer-R 10 mM

2 Primer-F 10 mM

3 Nuclease-free water Add to 50uL
4 DNA 60 ng

) 2x Premix Taq 25uL

PCR Reaction Conditions: Following a 5-minute initial denaturation at 94°C, 30
cycles of 9°C for 30 seconds, 52°C for 30 seconds, and 72°C for 30 seconds were
carried out for the PCR reaction cycles. Then a 10-minute extension step at 72°C,
followed by a hold at 4°C. The Biorad S1000 (CA) PCR apparatus was used to
combine the PCR results after each sample was run three times. The Bio-Rad

S1000 thermal cycler, which provides accurate temperature control and consistent
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FIGURE 3.15: A flow chart showing extracellular DNA extraction and proce-
dure for analysis
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ramping for reliable and reproducible PCR amplification, was used to create the

thermal cycling settings [158].

Electrophoresis Detection of PCR Products: One percent agarose-gel electrophore-
sis was used to measure the PCR product’s size and concentration. The principal
band’s size was within the usual range for the particular PCR product, such as
16S v4,290-310 bp, and 16S v4-v5:400-450 bp, and it was in line with expected

values.

The principal band’s size was within the usual range for the particular PCR prod-
uct, such as 16S v4,290-310 bp, and 16S v4-v5:400-450 bp, and it was in line with

expected values. Future research can make use of this PCR product.

Pooling and Gel Cutting Purification: The concentration of each PCR product
was determined using gene tools analysis software. Based on these concentrations,
the volumes of each sample were adjusted to ensure equal amounts of DNA. The

adjusted PCR products were then pooled.

Subsequently, the pooled the PCR-products were purified using the EZNA. PCR
Gel-extraction Kit. Finally, the target DNA fragment was eluted with TE buffer.
Database Building: The database was build up according to the standard process
of nebnext ultra-DNA library preparation kit for Illumina.

Database Building: The database was build up according to the standard process

of nebnext ultra-DNA library preparation kit for Illumina.

Sequencing: The amplify library was sequenced by PE-250 using I[llumina Nova
6000-platform.

Analysis of Antibiotic Resistance Genes from Internal DNA: We used the Compre-
hensive Antibiotic Resistance Database (CARD) to find and measure antibiotic
resistance genes (ARGs) in our samples after removing low-quality sequencing
reads. We were able to identify the kinds and relative abundance of ARGs found
in the microbial communities under investigation by comparing filtered sequences
to CARD’s large reference library. The resistome, or group of resistance genes

found in a certain environment, is better understood thanks to this analysis.
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3.9 Antibiotic Resistance Gene Expression of Ex-

ternal DN A

Antibiotic Resistance Gene Expression of External DNA: All the consumables
including pipettes, tips, microfuges tubes were autoclaved and dried. The instru-
ments were contaminated free. The Pestle mortar were autoclaved, dried and
prechilled at -20°C. The centrifuge were set at 4°C. The ice boxes was prepared
because RNA is temperature sensitive [159].

eDNA Extraction: The external DNA that is bound to particulate matter was ex-
tracted. Dust particles from the filters were collected and 1 gram PM was added
into 9 ml of 0.1m sodium phosphate buffer at pH 8.0 in falcon tube. Now 0.5 g
of acid-washed PVP was added to the mixture. The speed of horizontal shaker
was adjusted at 150 horizontal shakes per minute and samples were placed on
the shaker for 1 minute. This mixing step was repeated three time for 1-minute
break at each time. During the break of 1 minute the samples were placed on
ice. Now a very small amount of Sodium dodecyl sulfate (SDS) at final concen-
tration, 0.1percent was added, and the samples were shaken again for 10s. Low
speed centrifugation at 500 x g for 10 minutes was performed. The temperature
of the centrifuge was maintained at 4°C [160]. Following centrifugation, the su-
pernatant was gathered and put into a sterile tube. Following two further rounds
of washing, the pellet’s supernatants were gathered. After combining the three
supernatants, they were centrifuged at a high speed. This time, 10,000g for 20
minutes at 4°C was chosen as the centrifugation speed. To precipitate the DNA,
one volume of a cetyltrimethylammonium bromide CTAB solution was added. Af-
ter 30 minutes of incubation at 65°C, the samples were centrifuged once more at
5,000x g for 10 minutes at 4°C. The pellet was dissolved in TE buffer (10 mM
Tris-HCI, 0.1 mM EDTA, 1 M NaCl; pH 8.0) after the supernatant was disposed
of. The samples were then incubated on ice for an hour after we added 0.6 vol-
ume of cold isopropanol. At 4°C, high speed centrifugation was carried out for
15 minutes at 10,000 x g. The pellet was reconstituted in 10 mM Tris-HCI-0.1
mM EDTA at a final pH of 8.0. Each sample was then given an equal volume of

phenol-chloroform-isoamyl alcohol in a 25:24:1 by volume ratio, and a 5-minute
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high-speed centrifugation at 10,000 x g was carried out. After separating the su-
pernatant, add an equal volume of chloroform-isoamyl alcohol in a 24:1 by volume
ratio, and centrifuge once more for five minutes at 10,000 x g. After the super-
natant was separated, 70% ethanol and sodium chloride were added at a final
concentration of 0.2 M. Samples were incubated for 1 hour at 20°C [161]. Follow-
ing the incubation period, samples were centrifuged once more for 15 minutes at
10,000 x g. After discarding the supernatant, the pellet was vacuum-dried and
cleaned with ethanol. The particle was stored, and the supernatant was disposed
of and allowed to air dry. The DNA pellet was kept at 4°C after being reconsti-
tuted in TE Buffer (Tris EDTA) [162].

Agarose Gel-Electrophoresis: One gram of agarose powder was dissolved in 100
milliliters of 1x TAE-buffer to create 1% agarose-gel. To guarantee that the agarose
was completely dissolved, the solution was heated. To enable DNA visibility, 8
L of ethidium bromide was then added to the gel solution. After that, the gel
mixture was poured into wells for sample loading in a casting tray fitted with a
comb. The gel was moved to an electrophoresis tank with 1X TAE buffer once it
had solidified, and the comb was gently taken out. [163]. 2 uL of 6X bromophenol
blue loading dye was mixed with a 7 uL aliquot of isolated DNA before loaded
onto the gel wells. For 60 minutes, the electrophoresis was run at 75 volts and 500
mA. A UV transilluminator was then used to visualize the gel [164]. The gel elec-
trophoresis results presented below illustrate DNA fragments visualized against a

1 kb DNA ladder as depicted in figure 3.16.

1KB ladder 1 2 3 4 5 6

eDNA Is| eDNA Isl eDNA Lhr eDNALhr  ¢pNA Okara eDNA Okara
2022 plork] 2022 2023 2022 2023

(I B

FI1GURE 3.16: A pictorial view of agarose gel-electrophoresis: Ladder of 1KB
was loaded in first well with DNA samples in next wells



TABLE 3.2: Primer Details for Antibiotic Resistance and 165 rRNA Genes

Sr# Primer Name

Gene Name

Forward Seq

Reverse Seq

Tm

1

10

Sulfonamide

[B-Lactamasel

B-Lactamase?2

[B-Lactamase3

Vancomycin-1

Vancomycin-3

Transposase

Integrase

blaTEM_F

16S rRNA

sull

blaTEM

blaCTX-M-32

blaNDM-1

vanA

vanRA

tnpA

ntl1

blaTEM_F

16S rRNA

CGCACCGGAAACATCGCTGCAC

TTCCTGTTTTTGCTCACCCAG

CGTCACGCTGTTGTTAGGAA

TTGGCCTTGCTGTCCTTG

AAAAGGCTCTGAAAACGCAGTTAT

CCCTTACTCCCACCGAGTTTT

AATTGATGCGGACGGCTTAA

CGAACGAGTGGCGGAGGGTG

ATCTCAACAGCGGTAAGATC

GGGTTGCGCTCGTTGC

TGAAGTTCCGCCGCAAGGCT CG

CTCAAGGATCTTACCGCTGT TG

CGCTCATCAGCACGATAAAG

ACACCAGTGACAATATCACC G

CGGCCGTTATCTTGTAAAAA CAT

TTCGTCGCCCCATATCTCAT

TCACCAAACTGTTTATGGAG TCGTT

TACCCGAGAGCTTGGCACCC A

GAGAATAGTGTATGCGGCG

ATGGYTGTCGTCAGCTCGTG

F-67.7°C, R-67.7°C

F-67.7°C, R-67.7°C

F-59.4°C, R-62.1°C

F-56.1°C, R-59.4°C

F-60.1°C, R-59.3°C

F-60.3°C, R-58.4°C

F-56.4°C, R-62.5°C

F-66.6°C, R-65.2°C

F-56.4°C, R-57.3°C

F-55.8°C, R-61.5°C

SPOYIIIN PUD. (DL

09
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Polymerase Chain Reaction (PCR): Polymerase Chain Reaction (PCR) is a labo-

ratory technique used to multiply specific segments of DNA [165].

Following chemicals were used and in table all used and concentrations are men-

tioned below in table 3.3.

TABLE 3.3: Chemicals used for PCR and concentrations

S.No PCR Reagents Stock Conc. Working Conc. Vol/Rec Vol. x (26)
1 taq Polymerase 5U/ uL 15U 0.3 uL 7.8uL
2 PR 10 uM 0.2 M 0.2 pL 5.2uL
3 PF 10 pM 0.2 uM 02uL  5.2uL
4 PCR H20 6.1 uL 158.64L
5 MgCl12 25 mM 2.5 Mm 1 puL 26uL
6 eDNA template - - 1 uL
7 dNTPs 10 mM 0.2 mM 0.2 pL 5.2uL
8 Buffer 10X 1X 1 pL 26uL
9 Final Volume 10 pL
Where “n” would be any number for which you are making master mix.

Polymerase chain reactions were performed on a Galaxy XP Thermal Cycler

(BIOER , PRC) [166]. optimized PCR conditions were shown in table 3.4.

TABLE 3.4: Optimized PCR conditions

# Steps Temp Duration Sub-cycles No of PCR
cycles

1 Initial De- 95 °C 10min 1
naturation

2 PCR 95 °C 1min Denaturation 40
Cycles

3 — 1min Primer annealing

4 72 °C 1min Primer extension

5 Final 72 °C 10min 1
extension

6 Hold C, o0 Indefinite: oo 1

Gradient 1:16S Primer: By considering the Tm of primers, the first was run from

55°C to 65°C. In first row 16S amplified product was run with 1:10 dilution of
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eDNA, while in Second row amplified products of 16S Primer with eDNA dilution
of 1:100 as can be seen in figure 3.17. By analyzing the gel picture, there were

desired amplified product, most suitable Tm was selected for qPCR was 58.65°C
with 1:10 eDNA dilution [167].

168 Primer with 1:10 aDNA Dilution

168 Primer with 1:100 eDNA Dilution

FIGURE 3.17: 16S amplified product run with 1:10 eDNA dilution in the first
row and 1:100 eDNA dilution in the second row

Gradient 2: Primer Sulfonamide: The second gradient was conducted from 50°C

to 60°C while taking the primer’s Tm into account. Primer Sulfonamide amplified

products were run in Figure 3.18.

Primer Sulfonamide with 1:10 dilution of eEDNA

Primer Sulfonamida with 1:10 dilution of eDNA

FIGURE 3.18: Primer sulfonamide run with 1:10 eDNA dilution in the first row
and 1:10 eDNA dilution in the second row



Material and Methods 63

Gradient 3: (-Lactamase-2 and p-Lactamase-3 Optimization: The gradient was
conducted from 55°C to 67°C while taking the primers’ Tm into account. Figure
3.19 shows the results of §-Lactamase-2 amplified products. Figure 3.20 shows
the amplified products of the primer S-lactamase-3. [169]. The gel image anal-
ysis revealed the presence of unused eDNA bands, nonspecific binding, and the
intended amplified product. With a 1:100 eDNA dilution, the Tm selected for
[-lactamase-2 was 59.3°C, and the Tm selected for f-lactamase-3 for qRT-PCR
was 62.4°C.

Primer B-Lactamase 2 with 1:10 dilution of eDNA

100Bp
Ladder Primer B-Lactamase 2 with 1:100 dilution of eDNA

= |

FI1GURE 3.19: Primer p-lactamase 2 runs with 1:10 eDNA dilution in the first
row and 1:100 eDNA dilution in the second row

Primer B-Lactamase3 with 1:10 eDNA dilution

50Bp
Ladder Primer B-Lactamase3 with 1:100 eDNA dilution

F1GURE 3.20: Primer g-lactamase 3 runs with 1:10 eDNA dilution in the first
row and 1:100 eDNA dilution in the second row
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Gradient 4: [-Lactamase-1 Optimization: A gradient was conducted from 59°C
to 69°C while taking the primer’s Tm into account. Figure 3.21 shows the results

of p-Lactamase-1 amplified products.

The gel image analysis revealed the presence of unused eDNA bands, nonspe-
cific binding, and the intended amplified product. The temperature at which
p-lactamase-1 was selected was 64.3°C and the eDNA dilution was 1:100. [170].

Primer f-Lactamase-1 with 1:10 eDNA dilution

Prnimer f-Lactamase-1 with 1:10 eDNA dilution

FIGURE 3.21: Primer S-lactamase 1 runs with 1:10 eDNA dilution in the first
row and 1:10 eDNA dilution in the second row

Gradient 5: Vancomycin-1 and Vancomycin-3 Optimization.

A gradient was conducted from 56°C to 66°C while taking the primers’ Tm into

account. Vancomycin-1 amplified products were run in figure 3.22.

Figure 3.23 shows the amplified products of the Vancomycin-3 primer. The gel
image analysis revealed the presence of unused eDNA bands, nonspecific binding,

and the intended amplified product.

Vancomycin-1 Tm was chosen at 57.3°C with a 1:10 eDNA dilution, whereas
Vancomycin-3 Tm was chosen for qRT-PCR at 56.9°C with a 1:10 eDNA dilution
[171].
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.
50Bp
Ladder

Primer Vancomycin-1 with 1:10 eDNA Dilution

Primer Vancomycin-1 with 1:100 eDNA Dilution

FIGURE 3.22: Primer Vancomycin 1 runs with 1:10 eDNA dilution in the first
row and 1:100 eDNA dilution in the second row

50Bp

Primer Vancomycin-3 with 1:10 dilution L2dder

-
-

50Bp

Primer Vancomycin-3 with 1:100 dilution
. Ladder

Y
—
—

FIGURE 3.23: Primer Vancomycin 3 runs with 1:10 eDNA dilution in the first
row and 1:100 eDNA dilution in the second row

Gradient 6: Transposase Optimization.

A gradient was conducted from 53°C to 63°C while taking the primer’s Tm into
account. Transposase amplified products were run in the first two rows, as seen in
figure 3.24. The gel image analysis revealed the presence of unused eDNA bands,
nonspecific binding, and the intended amplified product. Transposase was selected

at 57.3°C with a 1:100 eDNA dilution. [172].
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Primer Transposase with 1:10 eDNA dilution

50BP
Ladder

50BP
Primer Transposase with 1:100 eDNA dilution | ;4der

FI1GURE 3.24: Primer Transposase runs with 1:10 eDNA dilution in the first
row and 1:100 eDNA dilution in the second row

Gradient 7: Integrase Optimization.

A gradient was performed from 58°C to 68°C while taking the primer’s Tm into
account. Integrase amplified products were run in figure 3.25. The gel image
analysis revealed the presence of unused eDNA bands, nonspecific binding, and
the intended amplified product. Tm used for Integrase was 1:100 eDNA dilution
at 63.3°C. [173].

Primer Integrase with 1:10 dilution

Primer Integrase with 1:100 dilution

FIGURE 3.25: Primer Integrase runs with 1:10 eDNA dilution in the first row
and 1:100 eDNA dilution in the second row

Gradient 8: blaTEM F Optimization
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A gradient was performed from 55°C to 65°C while taking the primer’s Tm into
account. Figure 3.26 illustrates the amplified results of blaTEM F' that were run in
the first two rows. The gel image analysis revealed the presence of unused eDNA
bands, nonspecific binding, and the intended amplified product. The temperature
chosen for blaTEM was 62°C, and the eDNA dilution was 1:100 [174].

30Bp
Ladder Primer blaTem 1:10 eDNA dilution

50Bp Primer blaTem 1:100 eDNA dilution
Ladder

FIGURE 3.26: Primer blaTEM runs with 1:10 eDNA dilution in the first row
and 1:100 eDNA dilution in the second row

Real-time polymerase chain reaction(RT-PCR) is a laboratory technique that am-
plifies and simultaneously quantifies specific DNA sequences. It involves a ther-
mal cycler that heats and cools samples, and a fluorescence detection system that
measures the amount of fluorescently labeled DNA product produced during every

cycle. The following chemicals were used:

All the optimized concentrations are shown in table 3.5 & 3.6.

TABLE 3.5: Chemicals and concentrations for RT-PCR

S.No PCR Reagents Stock Conc. Working Conc. Vol/Rec Vol. x (n)
1 SYBR Green 2X 1X 5 pL 360 puL

2 PR 10 pM 0.2 uM 02puL 144 uL

3 PF 10 pM 0.2 uM 0.2 puL 14.4 pL

4 PCR H20 3.6uL 9259.2 4L

5 eDNA template - 1:10 1 ul

Final Volume 10 pL
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Where "n” can be any number that you are creating a master mix for.

Real time polymerase chain reactions were performed on Mic PCR (Bio Molecular

System) [175].

TABLE 3.6: Optimized PCR conditions

Sr. Steps Conditions Duration Sub-cycles PCR cycles

1 Initial 95 °C 12min 1
Denaturation

2 PCR Cycles 95 °C 15 sec Denaturation 40

3 —_— 20 Sec Primer annealing

4 72 °C 20 Sec Primer extension

5 Hold 95°C 15 sec

Representative Graphs of Real Time PCR

Cycling Graph

3

-

a9

0.9

Cycles

FI1GURE 3.27: Image showing the cycling graph
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Cycles (Cq) at the X axis and normalized fluorescence on the Y axis are displayed
in real-time cycling graphs. Various colored peaks indicate distinct samples versus

the threshold as depicted in Figure 3.27.

Melt Curve Graph

0.18

0.16

0.14

0.12

-dF/dT
o

0.08

0.06

0.04 0.030

0.02

75 80 85 90 95
Temperature (°C)

FiGure 3.28: Image showing the Melt curve graph

Plotting the first derivative curve as F/T (y-axis) against temperature (°C, x-
axis) only shows the desired result being amplified. There are two peaks in the
temperature range of 75°C to 80°C when dimer formation occurs as depicted in

figure 3.28.



Chapter 4

Results

4.1 Results and Findings of Experiments on An-

imal Model Studies

To assess the effects of smog exposure on locomotor activity of animals (rats), an
open field test was employed. This test measures the movement and exploratory
behavior of rats within a confined space. The rats were grouped as control and test
groups as in figure 4.1. As depicted in Figure 4.2, the results revealed a significant
decrease in locomotor activity during the 5-minute duration of the 60 x 60 cm

open field test.

o Control Group-;
uhammad Imran Khan)

FI1GURE 4.1: Animal groups for the behavioral studies i.e. Control groups

70
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FIGURE 4.2: Effect of smog-laden environment on locomotor activity of rats

in the open field test. Data are presented as mean + SEM (standard error of

the mean; n = 6 rats per group). Symbols denote statistical significance: * p

< 0.05, ** p < 0.01 (Control A) Control Islamabad (Test A) Test Islamabad
(Control B) Control Lahore (Test B) Test Lahore

4.2 Behavioral Studies on Rat’s Model

Behavioral studies show that smog exposed rats spent minimum time as compare
to control in the center also decrese velocity and grooming latency and increase
the time spent with grooming. These findings suggested that exposure to a smog
environment has a statistically significant inhibitory effect on locomotor activity
in tested Sprague Dawley rats, as compared to control groups as shown in figure

4.2.

The Y maze test conclude that smog expose rats increase its alternative behavior.
The results indicated that exposure to smog may impact the animals’ memory

functions. Data presented in Figure 4.3, analyzed using mean 4 standard error of
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the mean (SEM) with a sample size of 6, reveals significant changes in alteration

behavior.

These findings suggested that smog exposure may compromise spatial memory or

cognitive flexibility in the studied animals.

[+:]
o
1

Bl Control A
Bl TestA
B Control B
B TestB

(=2
o
1

N
o
1

Alteration behavior (%)
8

o
1

N N o N S

FIGURE 4.3: Effect of smog laden environment on rat’s memory in Y-maze

test. % alteration in animal behavior is shown. Data were analyzed by Mean

+ SEM with (n = 6). Symbols denote statistical significance: * p < 0.05 , **

p < 0.01. (Control A) Control Islamabad (Test A) Test Islamabad (Control B)
Control Lahore (Test B) Test Lahore

4.3 Histopathological Findings

After sacrifice animal lung tissues were collected as shown in figure 4.4, the figure
4.5 displayed histological images of animal lung tissue, providing a microscopic
view of the tissue’s structure and cell types. The labeled groups likely represent

different experimental conditions, such as exposure to varying levels of smog.

The labeled groups likely represent different experimental conditions, such as ex-
posure to varying levels of smog. By comparing the control and experimental
groups, the figure may reveal potential alterations in lung tissue morphology, of-

fering clues about the effects of smog on lung cell integrity.
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FIGURE 4.4: Image shows the collection of lungs tissue from the scarified animal

F1GURE 4.5: The histological examination of rat’s lungs tissues, Arrows in-

dicting the injury and carbon deposition the alveoli and smog exposed groups.

(Control A) Control Islamabad (Test A) Test Islamabad (Control B) Control
Lahore (Test B) Test Lahore

4.4 Immunological Assay Results

Data on CD4+ and CD8+ T cell populations in different samples that may have
been exposed to pollution are shown in Table 4.1. The number of CD4+ and
CD8+ T cells varies throughout samples. These observed alterations in T cell

populations would suggest that the animals under study’s immune systems may
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be impacted by smog exposure. Using flow cytometry, the CD4+4 and CD8+ T
cell populations in the experimental and control animal groups are quantitatively
analyzed in Figures 4.6 and 4.7. Flow cytometry is a method that combines
fluorescent markers and lasers to detect and measure cell types according to their
surface markers. This approach allowed for detailed analysis of immune cell types,
including CD4+4 and CD8+ T cells. The comparison of T cell levels between the
control and experimental groups provides insights into potential immunological
changes induced by the experimental conditions, which may involve exposure to

a smog environment.

TABLE 4.1: Percentage of CD4+ and CD8+ cells in control and test animal
groups. (n=3) (Mean £ SEM)

Sample CDS8 Absolute CD8 % (Mean CD4 Absolute CD4 % (Mean
Count + SEM) Count + SEM)
C-A Control 1941 £+ 10 19.41 £+ 0.07 2618 £ 15 26.18 £ 0.09
T-A Test 2234 £ 08 22.34 £ 0.03 3121 £ 10 31.21 £ 0.07
C-B Control 1567 £ 06 15.67 £ 0.06 2510 + 19 25.10 £+ 0.10
T-B Test 2881 £ 11 28.81 £ 0.08 3704 £ 13 37.04 £ 0.05
g =Y
# A - B
£ i’
s
10° 10l w 10
g1 g
™ C D

1
FL2H

FIGURE 4.6: CD4% and CD8' T cell’s quantification by flow cytometry in
control and test groups of animals. (Control A) Control Islamabad (Test A)
Test Islamabad (Control B) Control Lahore (Test B) Test Lahore
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The observed variations in T cell populations between control and test groups sug-
gest that exposure to a smog-laden environment may modulate immune function

in the animals.
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FIGURE 4.7: CD8+ T cells quantification by flow cytometry in control and test
groups of animals. (Control A) Control Islamabad (Test A) Test Islamabad
(Control B) Control Lahore (Test B) Test Lahore

4.5 Metagenomics’ Analysis of Rat Lungs

Rat lung tissues exposed to smog showed a diversified microbial community, ac-
cording to our metagenomic study using Kraken 2. Notably, the CARD database
indicates that the existence of antibiotic-resistant genes, particularly those associ-
ated with Mycobacterium and Staphylococcus, raises questions regarding possible
health consequences. Figure 4.8 displays the alpha diversity findings from the

microbial sequence data of animal lung tissues.

Furthermore, figure 4.9 and figure 4.10 depict the relative abundance of the bacte-
rial genera and bacterial species identified by metagenomic analysis of sequencing

of rat’s lung tissues.
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FIGURE 4.8: The image shows the alpha diversity results of the microbial
sequence data of animal lung tissues.
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FIGURE 4.9: The (%) relative abundance of the bacterial genera identified
by metagenomic analysis of sequencing of rat’s lung tissues. (C1A-P) Control
Islamabad (T1A-P) Test Islamabad (C1A-P) Control Lahore (T1B-P) Test La-
hore
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FIGURE 4.10: The (%) Relative abundance of the bacterial species identified

by metagenomic analysis of sequencing of rat’s lung tissues. (C1A-P) Control

Islamabad (T1A-P) Test Islamabad (C1A-P) Control Lahore (T1B-P) Test La-
hore

The microbial diversity and composition in rat lung tissues across control and
treatment groups are shown in association in Figures 4.8, 4.9 and 4.10. Reduced
biodiversity and uniformity of species in treatment groups are indicated by al-
pha diversity analysis (Figure 4.8), which points to microbial imbalance. While
species-level analysis (Figure 4.10) shows decreased diversity and an increase in
unidentified or low-abundance species, genus-level data (Figure 4.9) shows signif-

icant changes in dominant bacterial genera in treated samples. These findings
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collectively imply that exposure to the environment may disturb the lung mi-
crobiome, resulting in a change in microbial composition and an imbalance in

diversity.

4.5.1 Antibiotic Resistance Genes and Common Pathways

in Islamabad Exposed Rats

The ARGs in the lung samples of test and control rats from Islamabad are dis-
played in Table 4.2. BRO-1, which is found in Test Sample 1, Control Sam-
ple 1, and Control Sample 2, indicates that beta-lactam antibiotic resistance is
widespread. OXA-168, which is present in both Test Sample 1 and Control Sam-

ple 1, points to a common mechanism of resistance to beta-lactam antibiotics.

TABLE 4.2: ARG, s in Control and Test Rats lungs Samples of Islamabad.

S.No TI1A T2A ClA C2A

1 vanT gene in sgm vatB

vanN cluster

2 vanP mphJ opcM
3 Staphylococcus dfrA3b Staphylococcus bacA
aureus mupA aureus mupA
conferring conferring
resistance to resistance to
mupirocin mupirocin
4 qgacB vanXY genein  mezY norC

vanG cluster

5 poxtA tet(X4) dfrA23 mphM
6 pmrA tet(36) cmeB mgrA
7 OXA-7137 catIll Salmonella SHD-1

enterica cmlA

8 O0XA-648 QnrB41 OXA-794 PDC-79

9 OXA-534 QepAl OXA-766 0OXA-92
10 OXA-168 PSV-1 OXA-512 OXA-258
11 O0XA-134 PEDO-3 OXA-18 MCR-1.29
12 OKP-D-1 OXY-2-8 MYX-1 LRA-10
13 MexC MezF MCR-3.9 IMP-37

continued on next page
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S.No TI1A T2A C1lA C2A
14 MCR-3.15 LUS-1 L1 GPC-1
beta-lactamase
15 MCR-8.11 FosB6 Erm(41) FLC-1
16 Klebsiella EAM-1 ESP-1 Erm(49)
pneumonziae
KpnF
17 FAR-1 CTX-M-230 CRP(cAMP Erm(43)
receptor
protein)
18 CGB-1 CME-1 CME-2 Clostridium
butyricum catB
19 BRO-1 Acinetobacter APH(9)-1a BRO-1
baumannii
AbaF
20 abcA tet(32) aadA4 berA
21 AAC(3)-1va AAC(6°)-Ir AAC(6°)-Ib-cr9  APH(3’)-11la
22 vanR gene in
vanO cluster
23 vanX gene in
vanO cluster
24 vgaB

Table 4.3 lists possible population-wide resistance mechanisms that are backed

by shared resistance genes. However, the existence of distinct resistance genes in

every sample points to a variety of resistance tactics, which may be impacted by

different bacterial populations or environmental exposures in rat lungs.

TABLE 4.3: Shared Resistance Genes in Control and test samples of Islamabad

S.No Similar Resistance Genes TiA T2A Cl1A C2A
1 vanXY gene in vanG cluster v
2 tet(X4) v
3 tet(36) v
4 tet(32) v
5 Staphylococcus aureus mupA conferring resis- v v
tance to mupirocin
6 0XA-92 v

continued on next page
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S.No Similar Resistance Genes TiA T2A Cl1A C2A
7 OXA-258 v
8 OXA-168 v v
9 MexF v
10 MCR-3.15 v
11 MCR-3.11 v
12 FosB6 v
13 Erm(49) v
14 Erm(43) v
15 dfrA3b v
16 CTX-M-250 v
17 BRO-1 v v v
18 APH(3’)-1lla v
19 AAC(6°)-Ib-cr9 v

4.5.2 Antibiotic Resistance and Shared Genes in Lahore

Expose Rats

Antibiotic resistance genes (ARGs) from Lahore samples are compared in Tables

4.4 and 4.5 across several datasets (C1B, C2B, T1B, and T2B). This compari-

son aids in locating possible similarities in the mechanisms underlying antibiotic

resistance. Only dataset C1B contained the gene OXA-168, indicating that this

sample has a distinct resistance profile. On the other hand, datasets C1B, C2B,

and T1B all contained the gene OpmB, suggesting that these samples shared a

resistance mechanism.

TABLE 4.4: ARG, s in Control and Test Rats lung Samples of Lahore

S.No TI1B T2B C1B C2B

1 AAC(6°)-1b8 AER-1 ECM-1 AAC(3)-Via

2 AAC(67)-Ij CTX-M-21) LRA-7 MCR-3.1/

3 Acinetobacter baumannii ~ EAM-1 MIR-19 OXA-18
AbaQ

4 Enterobacter cloacae acrA  EC-8 MexB OXA-597

5 MexD ECV-1 MexH 0XA-942

6 OXA-29/ MAB MexK 0XY-1-3

continued on next page
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S.No TI1B T2B C1B C2B
7 OprA MexF 0XA-168 OpmB
8 PEDO-2 OXA-192 OmpA SHV-167
9 evgsS OXA-732 OpmB VAM-1
10 mdtO facT RSA2-1 mdtM
11 mphl tet(38) aacA43 tet(T)
12 myrA vanD cmlA9 vankF
13 tet(O/M/0) dfr22
14 tet(O/W) InuF
15 mecD
16 ters
17 vanK gene in

vanl cluster

TABLE 4.5: Shared Resistance Genes in Control and test samples of Lahore

S.No Similar Genes T1B T2B C1B C2B
1 vank v

2 VAM-1 v

3 tet(T) v

4 0XY-1-3 v
5 OXA-397 v
6 OXA-18 v
7 OXA-168 v

8 OpmB v v v
9 mdtM v

10 MCR-3.1} v
11 AAC(3)-Via v

4.5.3 Significant Disease Associated with Resistance Genes

Developing focused tactics to counter this escalating threat requires a thorough

understanding of both common and distinct antibiotic resistance genes. We can

track resistance tendencies and customize treatment plans for particular popula-

tions and their distinct resistance profiles by keeping an eye on these genes. This

all-encompassing strategy is necessary to address the constantly changing nature

of antibiotic resistance and maximize therapeutic results, as shown in Table 4.6.
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TABLE 4.6: Significant Disease-Associated Resistance Genes

S.No Resistance gene associated Significance

1 vanXY gene in vanG cluster Vancomycin resistance gene

2 tet(32), tet(36), tet(X4) Tetracycline resistance

3 Staphylococcus aureus mupA conferring  Resistance to mupirocin
resistance to mupirocin

4 OXA-168, OXA-134, OXA-534, OXA- Beta-lactamase resistance
648, OXA-737

5 MexF Resistance gene in Pseudomonas

6 MCR-3.11, MCR-3.14, MCR-3.15 Colistin resistance

7 FosB6 Resistance to fosfomycin

8 CTX-M-250 beta-lactamase

9 Acinetobacter baumannii AbaFn, AbaQ  Acinetobacter infections

10 AAC(3)-1va Aminoglycoside resistance

4.6 Air Quality Index and Climate Data Across

Cities

The provided air quality data as shown in table 4.7 highlights the variations in air

pollution levels, as measured by AQI-US and PM, 5 concentrations, across three

cities—Lahore, Islamabad, and Okara—during specified months from November

2022 to December 2022 and November 2023 to December 2023.

TABLE 4.7: Air Quality Index, PMs 5 Concenration and climate data among
different cities in 2022 and 2023.

City Month / AQI-US PMs ;s (ug/m?®) Temp (°C) Humidity
Year (Mean + (Mean + SD) (Mean £+ (%) (Mean
SD) SD) + SD)
Lahore Nov 2022 189.1 £ 354 134.2 £ 25.6 20.0 £ 2.3 62.7 £ 5.1
Lahore Dec 2022 272.2 £ 40.2  276.1 £ 28.7 127+ 1.1 77.8 £6.3
Lahore Nov 2023 272 £+ 38.5 251 + 22.9 20.0 £+ 2.6 68.4 + 6.1
Lahore Dec 2023 289.3 £ 42.7  276.6 £ 274 17.0 £ 2.7 63.2 £ 5.2
Islamabad Nov 2022 143.8 £ 186 729 £ 114 16.9 £ 2.3 409 £ 6.7
Islamabad Dec 2022 185.1 £22.1  110.9 £ 12.8 13.6 £1.9 35.6 £ 7.5

continued on next page
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Table 4.7 continued from previous page

City Month / AQI-US PM,; (ug/m?®) Temp (°C) Humidity
Year (Mean + (Mean + SD) (Mean £+ (%) (Mean
SD) SD) + SD)
Islamabad Nov 2023 149.6 £ 194 80.0 + 13.6 17.7 £ 2.5 359 £ 5.9
Islamabad Dec 2023 184.4 £ 20.7 71.5 £ 14.2 189 £ 3.1 27.8 £6.8
Okara Nov 2022 191.6 £ 24.6 67.5 £ 18.2 23.2 +£ 2.7 29.8 + 7.3
Okara Dec 2022 205.6 £ 28.1 979 £ 215 174 £ 3.2 35.1 £ 6.4
Okara Nov 2023 172.1 £264 743 £19.1 31.2 £ 8.1 31.8 £8.1
Okara Dec 2023 2145 £ 278 99.5 £ 23.1 17.8 £ 6.2 346 £ 7.9

4.7 Genomic DNA Analysis of Antibiotic Resis-

tance Genes

The following tables represent the findings of AMR genes identified in environmen-
tal samples from three cities—Islamabad, Lahore, and Okara—across two years
(2022 and 2023). These genes confer resistance to various antibiotics through
different mechanisms, including antibiotic efflux, target alteration, and antibiotic
inactivation. Below is a detailed discussion based on the gene data from each

location and year.

4.7.1 Antibiotic Resistance Profiles in Islamabad Environ-
mental Isolates (2022-2023)

In Islamabad, a comparative analysis of environmental isolates from 2022 and
2023 reveals consistent resistance patterns, particularly in glycopeptide resistance
genes (vanT, vanY, vanW, vanH) and efflux pump genes (adeF, qacG, qacl).
These findings indicate an ongoing resistance to fluoroquinolones, tetracyclines,
and disinfectants. The presence of RbpA continues to highlight rifamycin resis-
tance within the isolates. Overall, the profile has remained largely stable over the
two years, suggesting persistence or growing resistance in the environment. This

consistency in gene types indicates stable selection pressures that maintain these
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resistant bacterial populations, emphasizing a significant concern for public health
regarding treatment outcomes for serious bacterial infections in the region (table

48 & 4.9).

TABLE 4.8: Resistance gene profiles of Islamabad environmental isolates (2022)

S.No Gene Name Gene Cluster/- Resistance Mecha- Drug Class
Family nism
1 vany vanB, wvanA, wvanM, Antibiotic target al- Glycopeptide
vankF' clusters teration antibiotic
2 van W vanl cluster Antibiotic target al- Glycopeptide
teration antibiotic
3 vanT vanG cluster Antibiotic target al- Glycopeptide
teration antibiotic
4 vanH vanF cluster Antibiotic target al- Glycopeptide
teration antibiotic
5 RbpA RbpA family Antibiotic target pro- Rifamycin  antibi-
tection otic
6 qacJ SMR efflux pump Antibiotic efflux Disinfecting agents,
Antiseptics
7 qacG SMR (Small mul- Antibiotic efflux Disinfecting agents
tidrug  resistance)
eflux pump
8 adeF RND  (Resistance- Antibiotic efflux Fluoroquinolone,

nodulation-division)

eflux pump

Tetracycline antibi-

otics

TABLE 4.9: Resistance gene profiles of Islamabad environmental isolates (2023)

S.No Gene Name Gene Cluster/- Resistance Mecha- Drug Class
Family nism

1 vanyY vanA cluster Antibiotic target al- Glycopeptide
teration antibiotic

2 van W vanl cluster Antibiotic target al- Glycopeptide
teration antibiotic

3 vanT vanG cluster Antibiotic target al- Glycopeptide
teration antibiotic

continued on next page
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S.No Gene Name Gene Cluster/- Resistance Mecha- Drug Class
Family nism

4 vanH vanB cluster Antibiotic target al- Glycopeptide

teration antibiotic

5 RbpA RNA  polymerase- Antibiotic target pro- Rifamycin antibi-
binding protein tection otic

6 qacJ Small multidrug re- Antibiotic efflux Disinfecting agents
sistance (SMR)

7 qacG Small multidrug re- Antibiotic eflux Disinfecting agents
sistance (SMR)

8 adeF Resistance nodula- Antibiotic efflux Fluoroquinolone,
tion division tetracycline

4.7.2 Antibiotic Resistance Profiles in Lahore Environmen-

tal Isolates (2022-2023)

The Lahore 1 (2022) environmental isolates revealed several key antibiotic resis-
tance genes, including adel’, a Resistance-Nodulation-Division (RND) efflux pump
that provides resistance to fluoroquinolones and tetracyclines through drug efiux.
Additionally, various glycopeptide resistance genes (vanY, van W, and vanH) from
clusters like vanG, vanD, and vanM modify bacterial targets, reducing the effi-
cacy of glycopeptide antibiotics such as vancomycin. The gacG and qacJ genes,
both Small Multidrug Resistance (SMR) efflux pumps, increase resistance to dis-
infectants and antiseptics by actively removing these agents from bacterial cells.
Furthermore, RbpA, an RNA polymerase-binding protein, prevents rifamycin bind-
ing to its target, and nimB, a nitroimidazole reductase, enzymatically inactivates
nitroimidazole antibiotics. These mechanisms — including efflux pumps (adeF,
qacG, qacJ), target alteration (glycopeptide resistance genes), and antibiotic in-
activation (nimB) — collectively reduce the effectiveness of critical antibiotics,

posing challenges for treating infections caused by resistant organisms.

In 2023, key findings from Lahore’s environmental isolates highlight an increased
presence of resistance genes such as adeF and various glycopeptide resistance genes

(vanT, vanY, vanH, van W), which play prominent roles in antibiotic resistance.
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Additionally, the detection of OXA-50 indicates resistance to beta-lactam an-
tibiotics, a primary drug class for bacterial infections, while the newly identified
vanRk gene contributes to glycopeptide resistance through regulatory functions.
Compared to 2022, the AMR profile in 2023 shows an increase in the diversity of
resistance genes, especially with the emergence of beta-lactam resistance, suggest-

ing an evolving resistance trend (Appendix-A & Appendix-B).

4.7.3 Antibiotic Resistance Profiles in Okara Environmen-

tal Isolates (2022-2023)

In Okara, an analysis of environmental isolates from 2022 and 2023 reveals the
persistence of significant antimicrobial resistance (AMR) genes. Key genes iden-
tified include efflux pumps, such as adeF’ and rsmA, which confer resistance to
fluoroquinolones, tetracyclines, and other drug classes, as well as glycopeptide
resistance genes (vanH, vanY, vanT) present in multiple clusters, indicating re-
sistance to vancomycin. The efflux pumps gacJ and gacG also persist, conferring
resistance to disinfectants and antiseptics, while the gene poztA is associated with

resistance through target alteration.

In 2023, the presence of adeF and gacJ/qacG remains strong, demonstrating con-
tinuous resistance to fluoroquinolones, tetracyclines, and disinfectants, alongside
high resistance levels to glycopeptides from vanT, vanH, vanY, and vanW. The
persistence of RbpA indicates ongoing resistance to rifamycin. Overall, the AMR
gene profile in Okara remains stable over the two-year period, highlighting a con-
cerning level of multidrug resistance in the environment and the potential impact

on treatment options for bacterial infections (Table 4.10 & 4.11).

TABLE 4.10: Resistance gene profiles of Okara environmental isolates (2022)

# Gene Name Gene Drug Class Resistance Mechanism
Cluster/Family
1 vany vanB cluster Glycopeptide Antibiotic target alteration
antibiotic

continued on next page
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antibiotic,

Tetracycline

Results
# Gene Name Gene Cluster/- Drug Class Resistance Mechanism
Family
2 wanT vanG cluster Glycopeptide Antibiotic target alteration
antibiotic
3 vanH vanB cluster Glycopeptide Antibiotic target alteration
antibiotic
4 vanH vanD cluster Glycopeptide Antibiotic target alteration
antibiotic
5 rsmA RND Fluoroquinolone Antibiotic efflux
antibiotic, Di-
aminopyrimi-
dine, Phenicol
6  qac SMR (Small Mul- Disinfecting Antibiotic efflux
tidrug Resistance)  agents and
antiseptics
7 qacG SMR Disinfecting Antibiotic efflux
agents and
antiseptics
8  poxtA Miscellaneous Antibiotic Antibiotic target alteration
9  adeF RND (Resistance- Fluoroquinolone Antibiotic efflux
Nodulation-Cell antibiotic,
Division) Tetracycline
10 adeF RND Fluoroquinolone Antibiotic efflux

TABLE 4.11: Resistance gene profiles

of Okara environmental isolates (2023)

# Gene Name

Gene

Cluster /Family

Drug Class

Resistance Mechanism

1 vanyY
2 van W
3 vanT

Glycopeptide resis-
tance gene cluster
Glycopeptide resis-
tance gene cluster
Glycopeptide resis-
tance gene cluster,

vanT

Glycopeptide

Glycopeptide

Glycopeptide

Antibiotic target alteration

Antibiotic target alteration

Antibiotic target alteration

continued on next page
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# Gene Name Gene Cluster/- Drug Class Resistance Mechanism
Family
4  wvanH Glycopeptide resis- Glycopeptide Antibiotic target alteration
tance gene cluster
5  RbpA RbpA bacterial ~Rifamycin Antibiotic target protection
RNA polymerase-
binding protein
6 qact SMR, antibiotic ef- Disinfecting Antibiotic eflux
flux pump agents, Anti-
septics
7  qacG SMR antibiotic ef- Disinfecting Antibiotic efflux
flux pump agents, Anti-
septics
8  adeF RND antibiotic ef- Fluoroquinolone, Antibiotic efflux

flux pump

Tetracycline

4.8 Antibiotic Resistance Gene Expression Anal-

ysis of External DNA

4.8.1 Sulfonamide Resistance Gene
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FIGURE 4.11: Real time melt curve graph sulfonamide resistance gene sull
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FIGURE 4.12: Real time cycling graph sulfonamide sull resistance gene

The gene expression analysis for the sull resistance gene reveals significant find-

ings across the three cities as can be seen in table 4.12.

TABLE 4.12: Gene Expression Analysis Sulfonamide

Sample 16S Cq Target Delta Delta Fold Ex- Regulation
ID Values Gene CT Delta pression Status

Cq Val- CT

ues
Isl 2a 21.9739 27.1988 5.2248 -0.0346 1.0243 No significant

change

Lahore 1  22.6663 33.8437 11.1774 5.9179 0.0165 Downregulated
Lahore 1a  22.4493 33.1749 10.7256 5.4662 0.0226 Downregulated
Lahore 2 22.2449 31.4193 9.1744 3.9149 0.0663 Downregulated
Lahore 2a  22.3782 30.9785 8.6003 3.3409 0.0987 Downregulated
Okara 1 20.9312 35.0241 14.0929 8.8335 0.0022 Downregulated
Okara la  21.9960 32.0652 10.0692 4.8097 0.0357 Downregulated
Okara 2 22.0804 28.0549 5.9745 0.7150 0.6092 Downregulated
Okara 2a  21.5711 29.6931 8.1220 2.8626 0.1375 Downregulated
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The sulfonamide resistance gene (sull) expression across Lahore, Islamabad, and
Okara demonstrates a clear correlation with PM, 5 levels and environmental con-

ditions.

High PM, 5 concentrations, particularly in Lahore, correspond to downregulated

sull expression, with colder, humid conditions amplifying this effect.

In contrast, Islamabad’s moderate pollution and balanced climate resulted in rela-
tively stable gene expression, suggesting that lower PM, 5 and stable environmen-

tal conditions may help maintain ARG levels.

Okara, with warmer temperatures and lower humidity but moderate PM, 5, also
showed downregulation but less severe than Lahore’s, indicating that both high

PM, 5 and specific climate factors collectively impact ARG expression stability.

4.8.2 Gene Expression Analysis of g-Lactamase 1
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FI1GURE 4.13: Real time melt curve graph b-lactamasel blaTEM resistance
gene
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FIGURE 4.14: Real time cycling graph b-lactamasel blaTEM resistance gene

The analysis of blaTEM gene expression across the samples shows varying regula-

tion patterns, indicating complex interactions between environmental factors and

antibiotic resistance as can be seen in table 4.13.

TABLE 4.13: B-lactamase 1 Analysis of Gene Expression

Sample ACt (Target - AACt Fold Expression Regulation Type

ID Ref)

Isl 1 8.0155 -1.6318 3.0991 Upregulated

Isl 1a 9.5046 -0.1427 1.1040 Slightly Upregulated

Isl 2 10.1947 0.5475  0.6842 Downregulated

Isl 2a 10.8743 1.2270  0.4272 Downregulated

Lahore 1 10.7226 1.0753  0.4746 Downregulated

Lahore 1a  9.9930 0.3457  0.7869 Downregulated

Lahore 2 9.8743 0.2270  0.8544 Downregulated

Lahore 2a  9.6846 0.0373  0.9745 Slightly Downregulated
Okara 1 11.3373 1.6900  0.3099 Strongly Downregulated
Okara la  9.6502 0.0029  0.9980 No significant change
Okara 2 9.9165 0.2692  0.8298 Downregulated

Okara 2a  11.3004 1.6531  0.3179 Strongly Downregulated

The expression of the blaTEM gene reveals distinct regulatory patterns across

cities, influenced by environmental conditions. In Islamabad, where PMs 5 levels
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were relatively moderate, blaTEM expression was largely upregulated, especially
in sample Isl 1, indicating potential resilience in gene expression under milder

pollution.

In Lahore, where PMs 5 was highest, most samples showed downregulation, re-
flecting a suppression effect likely due to intense pollution combined with colder,

humid conditions.

Okara showed strong downregulation in samples Okara 1 and Okara 2a, despite
moderate PM, 5 levels, suggesting that local climate factors (warmer but variable

humidity) may also play a role in suppressing blaTEM expression.

This analysis underscores how high pollution and specific environmental factors

collectively impact ARG regulation.

4.8.3 Gene Expression Analysis of g-Lactamase 2

0025 o

| W\ ‘\
i
li:‘ \‘
0.02 ‘ /fx\ ‘
I ".|
J
] |
0015 it \
\’:I ” ‘
I ‘ 0012

001 i \

-dF/dT

0.005

60 65 70 75 80 85 %0 95
Temperature (°C)

FIGURE 4.15: Real time melt curve graph g-Lactamase 2 blaCTX-M-32 resis-
tance gene
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The analysis of blaCTX-M-32 gene expression reveals varying regulatory patterns
across the samples from Islamabad, Lahore, and Okara, highlighting the complex
interplay between environmental factors and antibiotic resistance as shown in table

4.14.

TABLE 4.14: BLactamase 2 - Analysis of gene expression in each sample

Sample ACt (Target - AACt Fold Expression Regulation Type

ID Ref)

Isl 1 3.5110 -3.0441 8.2485 Upregulated

Isl 1a 7.2249 0.6697  0.6286 Downregulated

Isl 2 8.4163 1.8612  0.2753 Downregulated

Isl 2a 7.0684 0.5132  0.7007 Downregulated

Lahore 1  6.7607 0.2055  0.8672 Downregulated

Lahore 1a  7.4296 0.8745  0.5454 Downregulated

Lahore 2 6.5614 0.0063  0.9956 No significant change
Lahore 2a  7.0333 0.4782  0.7179 Downregulated

Okara 1 10.0110 3.4559  0.0911 Strongly Downregulated
Okara la  8.6382 2.0830  0.2360 Strongly Downregulated

continued on next page
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Sample ACt (Target - AACt Fold Expression Regulation Type

ID Ref)
Okara 2 11.2441 4.6889  0.0388 Strongly Downregulated
Okara 2a  10.6662 4.1111  0.0579 Strongly Downregulated

The blaCTX-M-32 gene expression shows distinct regulatory trends across Is-
lamabad, Lahore, and Okara, suggesting an impact from varying environmental
conditions. In Islamabad, sample Isl 1 was upregulated, possibly due to moderate
pollution levels that allowed higher blaCTX-M-32 expression, while other samples
from this city displayed downregulation. Lahore generally showed downregulation,
with one sample (Lahore 2) indicating no significant change, which may be linked
to high PMs 5 levels that suppress expression. Okara displayed strong downreg-
ulation across all samples, likely driven by moderate PMs 5 levels combined with
higher temperatures and lower humidity, which may contribute to a suppression of
blaCTX-M-32 expression. These patterns highlight the influence of both pollution

intensity and climate conditions on ARG expressions in each location.

4.8.4 Gene Expression Analysis of f-Lactamase 3
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FIGURE 4.17: Real time melt curve graph B-Lactamase 3 blaNDM-1 resistance
gene
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gene

The analysis of blaNDM-1 gene expression across samples from Islamabad, La-

hore, and Okara shows distinct regulatory patterns, reflecting the influence of

environmental conditions on antibiotic resistance mechanisms as can be seen in

table 4.15.
TABLE 4.15: Gene expression analysis of -Lactamase 3

Sample 16S Cq B-Lactamase Delta CT Fold Ex- Regulation
ID Values 3 Cq Values pression Status

Isl1 23.1747 28.8366 5.6619 0.6566 Downregulated
Isl 1a 22.6488 28.2359 5.5871 0.6916 Downregulated
Isl 2 21.9406 28.3632 6.4226 0.3876 Downregulated
Isl 2a 21.9739 24.5225 2.5486 5.6823 Upregulated
Lahore 1  22.6663 26.3283 3.6619 2.6264 Upregulated
Lahore 1a  22.4493 26.1398 3.6905 2.5749 Upregulated
Lahore 2 22.2449 26.1271 3.8822 2.2545 Upregulated
Lahore 2a  22.3782 25.9852 3.6070 2.7283 Upregulated
Okara 1 20.9312 27.0598 6.1285 0.4752 Downregulated
Okara la  21.9960 29.8178 7.8218 0.1469 Downregulated
Okara 2 22.0804 28.7797 6.6993 0.3199 Downregulated
Okara 2a  21.5711 28.3813 6.8102 0.2962 Downregulated
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The blaNDM-1 gene expression across samples from Islamabad, Lahore, and Okara
reveals varied regulatory responses, likely influenced by local environmental fac-
tors.

In Islamabad, blaNDM-1 was downregulated in most samples, except for sample

Isl 2a, which showed upregulation, possibly due to a moderate pollution level and

temperature.

In Lahore, all samples exhibited upregulation, potentially driven by high PMs 5
concentrations, which may have induced ARG expression under increased stress
conditions. Conversely, Okara showed consistent downregulation, suggesting that

moderate PMs 5 levels combined with warmer conditions may have suppressed
blaNDM-1 expression.
These findings highlight how different pollution levels and climatic conditions can

modulate ARG expression in each city.

4.8.5 Gene Expression Analysis of Vancomycin 1
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FIGURE 4.19: Real time melt curve graph Vancomycin-1 vanA resistance gene
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The expression analysis of the vanA gene, which confers resistance to vancomycin,

reveals distinct regulatory patterns across the samples from Islamabad, Lahore,

and Okara, indicating varying levels of selective pressure in different environments

as can be seen in table 4.16.

TABLE 4.16: Gene expression analysis of vancomycin 1

Sample 16S Cq Vancomycin- Delta CT Fold Ex- Regulation
ID Values 1 Cq Val- pression Status
ues

Isl 1 23.1747 32.6958 9.5211 1.3612 Upregulated
Isl 1a 22.6488 32.2069 9.5581 1.3267 Upregulated
Isl 2 21.9406 32.6787 10.7381 0.5856 Downregulated
Isl 2a 21.9739 32.0204 10.0465 0.9457 Downregulated
Lahore 1  22.6663 32.9469 10.2806 0.8041 Downregulated
Lahore 1a  22.4493 33.8406 11.3914 0.3723 Downregulated
Lahore 2 22.2449 33.6454 11.4005 0.3699 Downregulated
Lahore 2a  22.3782 33.5017 11.1235 0.4483 Downregulated
Okara 1 20.9312 30.0587 9.1275 1.7882 Upregulated
Okara la  21.9960 31.3333 9.3373 1.5461 Upregulated
Okara 2 22.0804 31.9077 9.8274 1.1008 Upregulated
Okara 2a  21.5711 30.8597 9.2886 1.5992 Upregulated
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The vanA gene expression analysis shows clear differences across Islamabad, La-

hore, and Okara, potentially reflecting environmental selection pressures.

In Islamabad, samples Isl 1 and Isl 1a showed upregulation, while the rest were
downregulated, likely influenced by moderate PM, 5 levels and stable climate con-

ditions.

In Lahore, all samples exhibited downregulation, which may be linked to the city’s

high PM, 5 and colder temperatures, potentially suppressing ARG expression.

In Okara, vanA was consistently upregulated across samples, possibly due to mod-
erate pollution levels and warmer conditions that might favor gene expression.
These results suggest that environmental factors, particularly air quality and tem-

perature, play key roles in modulating ARG expression in each location.

4.8.6 Gene Expression Analysis of Vancomycin 2
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FIGURE 4.21: Real time melt curve graphs Vancomycin-3 vanRA resistance
gene
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The expression analysis of the vanRA gene, associated with vancomycin resis-
tance, provides insights into the regulatory dynamics of antibiotic resistance across

samples from Islamabad, Lahore, and Okara as can be seen in table 4.17.

TABLE 4.17: Gene expression analysis of vancomycin 2

Sample 16S Cq Vancomycin- Delta CT Fold Ex- Regulation

ID Values 3 Cq Val- pression Status
ues

Isl 1 23.1747 28.5748 5.4000 1.6207 Upregulated
Isl 1a 22.6488 28.3340 5.6852 1.3300 Upregulated
Isl 2 21.9406 28.4059 6.4652 0.7745 Downregulated
Isl 2a 21.9739 28.8100 6.8360 0.5990 Downregulated
Lahore 1 22.6663 28.9524 6.2861 0.8769 Downregulated
Lahore 1a 22.4493 28.5504 6.1012 0.9969 Downregulated
Lahore 2 22.2449 28.8851 6.6402 0.6861 Downregulated
Lahore 2a  22.3782 28.8069 6.4288 0.7944 Downregulated
Okara 1 20.9312 28.5130 7.5818 0.3572 Downregulated
Okara la 21.9960 29.1196 7.1236 0.4907 Downregulated
Okara 2 22.0804 28.3203 6.2399 0.9054 Downregulated

Okara 2a 21.5711 28.8086 7.2375 0.4535 Downregulated
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The vanRA gene expression analysis shows consistent downregulation across most
samples from Islamabad, Lahore, and Okara, with limited upregulation observed

only in Islamabad samples Isl 1 and Isl 1a.

These two samples’ upregulation may be attributed to Islamabad’s moderate

PM, 5 levels and stable climate, creating conditions favorable to ARG expression.

In Lahore, all samples showed downregulation, likely due to high PMs 5 and colder,

humid conditions that may inhibit gene expression.

Okara’s samples were similarly downregulated, suggesting that moderate pollution
levels and local environmental factors, like higher temperatures, could suppress
vanRA expression. This analysis underscores the role of environmental conditions,
particularly air quality and climate, in influencing ARG regulation across different

regions.

4.8.7 Gene Expression Analysis of Transposase

0.06

0.05

0.04

< 003
ks

0.020

0.02

60 65 70 75 80 85 90 95

Temperature (°C)

FIGURE 4.23: Real time melt curve graph Transposase tnpA resistance gene
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The analysis of the tnpA gene, which encodes transposase and plays a role in the
mobility of antibiotic resistance genes, reveals distinct expression patterns across

samples from Islamabad, Lahore, and Okara as can be seen in table 4.18.

TABLE 4.18: Gene expression analysis of Transposase

Sample 16S Cq Transposase Delta CT Fold Ex- Regulation

ID Values Cq Values pression Status

Isl 1 23.1747 27.4502 4.2755 3.1948 Upregulated
Isl 1a 22.6488 29.0025 6.3537 0.7566 Downregulated
Isl 2 21.9406 28.0904 6.1497 0.8715 Downregulated
Isl 2a 21.9739 28.9999 7.0260 0.4747 Downregulated
Lahore 1 22.6663 29.4359 6.7696 0.5671 Downregulated
Lahore 1a 22.4493 29.0792 6.6299 0.6247 Downregulated
Lahore 2 22.2449 28.3428 6.0979 0.9033 Downregulated
Lahore 2a  22.3782 29.3397 6.9615 0.4964 Downregulated
Okara 1 20.9312 28.7659 7.8347 0.2710 Downregulated
Okara la 21.9960 29.2227 7.2268 0.4131 Downregulated
Okara 2 22.0804 29.0774 6.9970 0.4844 Downregulated

Okara 2a 21.5711 28.0650 6.4939 0.6865 Downregulated
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The tnpA gene expression analysis across samples from Islamabad, Lahore, and

Okara shows varied regulatory responses.

In Islamabad, sample Isl 1 was notably upregulated, possibly due to moderate
air quality that allowed for higher tnpA expression, while all other samples from

Islamabad, Lahore, and Okara showed downregulation.

The consistent downregulation observed in Lahore and Okara samples may result
from higher pollution levels, which could suppress gene mobility activity, partic-
ularly in colder, more humid conditions in Lahore and warmer temperatures in

Okara.

These findings suggest that environmental factors such as air quality, temperature,
and humidity have a strong influence on the regulation of tnpA across different

cities.

4.8.8 Gene Expression Analysis of Integrase
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FIGURE 4.25: Real time melt curve graph Integrase intl1 resistance gene
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The analysis of the #ntlI1 gene, which encodes integrase and is crucial for the

incorporation of resistance genes into integrons, shows notable differences in ex-

pression across samples from Islamabad, Lahore, and Okara as can be seen in table

4.19.

TABLE 4.19: Gene expression analysis of Integrase

Sample 16S Cq Integrase Delta Delta Fold Ex- Regulation
1D Values Cq Values CT Delta pression Status
CT
Isl 1 23.1747  27.5594 4.3847 -0.9034 1.8704 Upregulated
Isl 1a 22.6488  27.9385 5.2897 0.0017 0.9988 Not sig-
nificantly
regulated
Isl 2 21.9406  27.9619 6.0212 0.7332 0.6016 Downregulated
Isl 2a 21.9739 27.4304 5.4565 0.1685 0.8898 Downregulated
Lahore 1  22.6663 28.5709 5.9046 0.6165 0.6522 Downregulated
Lahore 22.4493  27.9218 5.4725 0.1845 0.8799 Downregulated

la

continued on next page
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Sample 16S Cq Integrase Delta Delta Fold Ex- Regulation
ID Values Cq Values CT Delta pression Status

CT
Lahore 2 22.2449 28.1260 5.8812 0.5932 0.6629 Downregulated
Lahore 22.3782  27.9130 5.5348 0.2468 0.8428 Downregulated
2a
Okara 1 20.9312 27.7555 6.8243 1.5362 0.3448 Downregulated
Okara 21.9960  28.0601 6.0641 0.7761 0.5840 Downregulated
la
Okara 2 22.0804  28.0371 5.9567 0.6687 0.6291 Downregulated
Okara 21.5711 27.9401 6.3690 1.0809 0.4727 Downregulated
2a

The gene expression analysis of the intll gene, responsible for integrase and vital
for integrating resistance genes into integrons, reveals significant variations across
samples from Islamabad, Lahore, and Okara. In Islamabad, sample Isl 1 exhibited
a notable upregulation, likely reflecting favorable environmental conditions for

gene expression.

4.8.9 Gene Expression Analysis of blaTEM _F
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FIGURE 4.27: Real time melt curve graphs blaTEM F resistance gene
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The analysis of the blaTEM_F' gene, which encodes integrase and is crucial for
the incorporation of resistance genes into integrons, shows notable differences in

expression across samples from Islamabad, Lahore, and Okara as can be seen in

table 4.20.
TABLE 4.20: Gene expression analysis of blaTEM_F
Sample 16S Cq blaTEM Delta Delta Fold Ex- Regulation
1D Values Cq Values CT Delta pression Status
CT
Isl 1 23.1747  28.2745 5.0998 -0.2595 1.1970 No  signifi-
cant change
Isl 1a 22.6488  28.3846 5.7358 0.3766 0.7703 Downregulated
Isl 2 21.9406  27.2371 5.2965 -0.0628 1.0445 No  signifi-
cant change
Isl 2a 21.9739  27.2789 5.3049 -0.0543 1.0384 No  signifi-
cant change
Lahore 1 22.6663  27.6772 5.0109 -0.3484 1.2731 No  signifi-
cant change
Lahore 22.4493 27.4971 5.0479 -0.3114 1.2409 No  signifi-
la cant change

continued on next page
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Sample 16S Cq blaTEM Delta Delta Fold Ex- Regulation
ID Values Cq Values CT Delta pression Status
CT

Lahore 2 22.2449  27.2165 4.9716 -0.3876 1.3082 No  signifi-

cant change
Lahore 22.3782  27.4144 5.0363 -0.3229 1.2509 No  signifi-
2a, cant change
Okara 1 20.9312 28.1956 7.2644 1.9051 0.2670 Downregulated
Okara 21.9960 28.9026 6.9066 1.5474 0.3421 Downregulated
la
Okara 2 22.0804  30.3974 8.3170 2.9578 0.1287 Downregulated
Okara 21.5711 30.7462 9.1751 3.8159 0.0710 Downregulated
2a

The analysis of the blaTEM-F gene expression across various samples reveals
distinct regulatory patterns. In the Islamabad samples, Isl 1, Isl 2, and Isl 2a dis-
played no significant changes in expression levels, indicating stability in blaTEM-F
regulation. However, sample Isl 1a showed downregulation. In Lahore, all samples
(Lahore 1, Lahore la, Lahore 2, and Lahore 2a) exhibited no significant changes
in expression. Conversely, samples from Okara (Okara 1, Okara la, Okara 2, and
Okara 2a) showed a marked downregulation of blaTEM-F expression, with fold
changes decreasing significantly. This pattern suggests that environmental fac-
tors, particularly in Okara, may exert a strong negative influence on blaTEM-F

expression, potentially impacting antibiotic resistance dynamics in that region.

4.9 Comparative Study of Internal Genes and
External AMR Gene Uptake

The comparison of internal resistome analysis with external DNA shows, there is
no evidence of resistance gene uptake from external DNA by the internal genome
data across Islamabad, Lahore, and Okara in both years. The internal genes
present do not correspond with any of the external genes listed, indicating that

no uptake has occurred in any of the regions analyzed (Table 4.21 & 4.22).
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TABLE 4.21: Internal AMR Genes Summary

Region Year AMR Genes

Islamabad 2022  wanY, vanT, vanW, qacG, adeF, RbpA, qacJ, vanH

Islamabad 2023  wvanT, vanY, adeF, vanW, vanH, RbpA, qacG, qacJ

Lahore 2022  adeF, vanY (vanG cluster), vanY (vanD cluster), vanY (vanM cluster),

vanW (vanl cluster), vanW (vanO cluster), van W (vanF' cluster), vanH

(vanD cluster), vanH (vanO cluster), vanT (vanG cluster), gacG, qacJ,

RbpA, nimB
Lahore 2023 wanT, vanY, adeF, vanW, qacJ, vanH, RbpA, OXA-50, vanR
Okara, 2022  wanT, adeF, vanH, vanY, qacJ, rsmA, qacG, vanH (duplicate), adeF

(duplicate), poxtA
Okara 2023  adeF, vanY, vanT, vanH, qacJ, RbpA, qacG, vanW

TABLE 4.22: Comparative Analysis of Internal and External resistome DNA
in Islamabad, Lahore, and Okara

External Internal Internal Internal Internal Internal Internal Gene

Gene Gene Gene Gene Gene Gene Gene Uptake
(Islam- (Islam- (La- (La- (Okara  (Okara
abad abad hore hore 2022) 2023)
2022)  2023)  2022)  2023)
Sulfonamide - - - - - - No
(sull)
- - - - - - No
- - - - - - No
- - - - - - No
B- - - - - - - No
Lactamase
1
(blaTEM)
- - - - - - No
- - - - - - No
- - - - - - No
B- - - - - - - No
Lactamase
2 (blaCTX-
M-32)

continued on next page
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External Internal Internal Internal Internal Internal Internal Gene

Gene Gene Gene Gene Gene Gene Gene Uptake
- - - - - - No
- - - - - - No
- - - - - - No
5- - - - - - - No
Lactamase
3
(blaNDM-
1)
- - - - - - No
- - - - - - No
- - - - - - No
Vancomycin - - - - - - No
1 (vand)
- - - - - - No
- - - - - - No
- - - - - - No
Vancomycin - - - - - - No
3 (vanRA)
- - - - - - No
- - - - - - No
- - - - - - No
Transposase - - - - - - No
(tnpA)
- - - - - - No
- - - - - - No
- - - - - - No
Integrase - - - - - - No
(intll)
- - - - - - No
- - - - - - No
- - - - - - No
blaTEM-F - - - - - - No
- - - - - - No
- - - - - - No




Chapter 5

Discussion

Our study showed that the rats that were exposed to smog moved more slowly,
spent less time in the open field, groomed more, and quicker compared to control
rats. These findings point toward increased anxiety-like behavior and reduced
exploratory drive. The open field test is widely used in behavioral neuroscience
to assess both general locomotion and anxiety: animals that stay near the walls
(avoid center) or move little are interpreted as showing anxiety or stress responses
[176]. Similar patterns have been reported in rodents exposed to air pollution:
for example, Kyi-Tha-Thu et al. (2022) found that early life exposure to traffic-
related air pollutants led to increased anxiety-like behaviors in rats [177]. Also,
Ji et al. (2024) demonstrated that real-world PM, 5 exposure in mice disrupted
dopamine signaling and induced anxiety- and depression-like behaviors consistent
with reduced center exploration [178]. The grooming results in our study further
support that interpretation; grooming is known to be a stress-sensitive behavior
in rodents, and shorter grooming latency plus extended grooming duration often
accompany elevated stress or arousal states under environmental or physiological
insult [179]. Taken together, our open field data align well with recent litera-
ture showing that chronic particulate exposure can induce behavioral suppression
and anxiety-like phenotypes through oxidative stress and neuroinflammation. Re-
garding memory, our Y-maze results showed that smog-exposed rats had a lower

alternation percentage across the 60 days, pointing to impaired spatial working

109
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memory or cognitive flexibility. Because the Y-maze alternation metric relies on
successive arm entries, this deficit suggests that smog exposure interfered with
the rats’ ability to retain or update short-term spatial information. Several recent
studies support this type of effect. Wei et al. (2024) showed that mice exposed
to PM, 5 had damage to hippocampal circuits and reduced Y-maze performance,

implicating ferroptosis and oxidative stress pathways [180].

Moreover, Liu et al. (2024) demonstrated that PM, 5 exposure accelerates tau
aggregation and induces cognitive impairments, reinforcing how particulate pollu-
tants can impair synaptic and memory function [181]. In developmental models,
Zhang et al. (2023) reports that maternal exposure to concentrated ambient PMs 5
leads to spatial memory defects in offspring, measured through maze paradigms
[182]. While the lower locomotion can affect alternation rates, the result of our
open filed study allow us to interpret that the Y-maze deficits more confidently as
memory impairment rather than pure motor slowing. In addition, the combined
behavioural data supports the conclusion that chronic smog exposure in rats leads
to a phenotype anxiety-like suppression and measurable working memory impair-
ment, reflecting pollutant-mediated neurotoxicity in circuits governing emotion

and cognition.

our histological findings showed that prolonged smog exposure produced clear
lung tissue damage in rats. Control groups had normal alveolar architecture with
thin septa, were as the smog-exposed groups displayed alveolar wall thickening,
partial detachment, enlarged air spaces suggestive of early emphysema, and heavy
infiltration of macrophages and neutrophils. The carbon deposits were also visible

in alveolar walls, that reflect direct particulate matter accumulation.

These changes indicate that smog inhalation induces oxidative stress and inflam-
matory injury. Similar findings have been reported in rats exposed to diesel ex-
haust, where alveolar thickening, inflammatory infiltration, and emphysema-like
changes were observed [183]. Other work has shown that chronic PMy 5 expo-
sure causes alveolar destruction and fibrosis in mice [184]. The inflammatory
infiltration we observed supports the view that particulates activate macrophages,

leading to cytokine release and neutrophil recruitment [185]. Alveolar enlargement
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is likely the result of oxidative damage and protease imbalance, consistent with
mechanisms of pollution-induced emphysema [186]. The carbon deposition seen
in our slides parallels human and animal studies where black carbon accumulation

is considered a marker of particulate burden [187].

Continuing from the behavioral and histopathological observations, the immuno-
logical assays provided important evidence that smog exposure exerts systemic
effects on adaptive immunity. Flow cytometry analysis showed a clear increase
in both CD4+4 and CD8+ T cell populations in test groups compared to their
matched controls. In particular, CD4+ T cell proportions rose from 26.18% in
the control group (C-A) to 31.21% in the exposed group (T-A), and from 25.10%
(C-B) to 37.04% (T-B). Similarly, CD8+ T cells increased from 19.41% (C-A) to
22.34% (T-A), and from 15.67% (C-B) to 28.81% (T-B). These elevations suggest
that smog exposure acts as an immunological stressor, promoting T cell activation

and proliferation beyond basal levels.

Such findings are consistent with recent animal and human studies reporting
pollution-induced immune dysregulation. For example, Hargrove et al. found
that mice exposed to simulated smog atmospheres exhibited systemic immune ac-
tivation and shifts in lymphocyte populations, supporting the idea that pollutants
mobilize adaptive immunity [187]. Similarly, Soler-Segovia et al. demonstrated
that diesel exhaust particles enhanced CD4+ T cell responses and drove a pro-
inflammatory phenotype, in line with the elevated CD4+ frequencies seen in our
study [188]. Jo et al. further reported that fine particulate matter exposure can
alter the CD4:CDS8 ratio, reflecting an imbalance in adaptive immune regulation

similar to the trends observed here [189].

Mechanistically, these immune alterations may arise because inhaled particulate
matter and gaseous components activate antigen-presenting cells in the lung, trig-
gering downstream pathways such as NF-xB and MAPK that stimulate cytokine
release and recruit T lymphocytes. Recent studies have shown that such activa-
tion promotes sustained T cell proliferation and systemic inflammation [190, 191].
While some investigations have also reported immune suppression under chronic

or more severe exposure conditions [192], the robust increase in both CD4+ and
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CD8+ subsets in our study suggests that the smog exposure period was sufficient

to trigger immune activation rather than exhaustion.

Taken together, the observed increases in T cell subsets confirm that smog ex-
posure does not only damage the lungs structurally but also provokes systemic
immune modulation. This adaptive immune activation is likely to contribute to
inflammatory cascades that may exacerbate tissue injury, behavioral changes, and

long-term susceptibility to respiratory and systemic diseases.

Following the immunological results, the metagenomic analysis of rat lung tissues
provides further evidence that smog exposure has a profound impact on the respi-
ratory ecosystem. The alpha diversity results demonstrated a noticeable reduction
in diversity indices—including Observed, Chaol, and Shannon—in smog-exposed
rats compared to controls. This suggests that the exposed lungs harbored fewer
unique bacterial taxa and displayed reduced overall complexity. Such a loss of
microbial richness points toward dysbiosis, where a normally diverse and balanced
microbial community becomes disrupted. A reduction in diversity is not only a
marker of ecological instability but is also strongly associated with higher vul-
nerability to colonization by pathogenic and resistant microorganisms. Similar
findings have been reported in human studies, where chronic exposure to PMs 5
and ozone was associated with a decline in airway microbial diversity, correlating

with inflammation and susceptibility to respiratory disease [193, 194].

At the genus level, the data revealed major compositional shifts between control
and test groups. The control lungs contained a more even balance of commensal
and environmental genera, whereas the smog-exposed lungs were dominated by
opportunistic pathogens such as Pseudomonas, Acinetobacter, Mycoplasma, and
Staphylococcus. These genera are clinically important because they are frequently
implicated in chronic respiratory infections and are known to harbor multiple
resistance determinants. For instance, Pseudomonas species are notorious for their
adaptive resistance mechanisms, including eflux pumps and biofilm formation,
which allow them to thrive under stress conditions such as pollution exposure.
Enrichment of Mycoplasma and Staphylococcus further highlights the pathogenic

risk associated with pollution-driven dysbiosis, as these taxa have been linked
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with airway inflammation and persistent colonization in polluted environments

195, 196].

Interestingly, taxa that are typically rare in healthy lungs—such as Legionella,
Burkholderia, and Stenotrophomonas—appeared more abundant or at least more
detectable in the smog-exposed groups. These organisms are opportunistic patho-
gens that can cause severe infections under immune stress and are often associated
with multidrug resistance. Their enrichment under polluted conditions is consis-
tent with findings from Qin et al. [197], who showed that particulate matter fosters
the survival of stress-tolerant bacterial taxa while suppressing more sensitive com-
mensals. This suggests that smog not only reshapes microbial communities but
also selectively favors those organisms best equipped to withstand oxidative and

toxic stress, many of which are pathogenic.

Species-level analysis provided further resolution, showing that smog-exposed lungs
contained higher proportions of Stenotrophomonas maltophilia, Pasteurella mul-
tocida, Chryseobacterium gleum, and Pseudomonas putida. Each of these species
carries clinical significance. S. maltophilia is an emerging multidrug-resistant
pathogen with intrinsic resistance to S-lactams and aminoglycosides due to chro-

mosomally encoded efflux systems and (-lactamases [198].

P. multocida is associated with respiratory infections in both animals and humans,
and its increased abundance reflects a compromised host environment. C. gleum
is another opportunistic pathogen increasingly reported in immunocompromised
patients, often with multidrug resistance. The high abundance of P. putida in both
control and test groups suggests its role as a persistent colonizer of the respiratory
tract, though its relative dominance under polluted conditions underscores its
adaptability. Human studies in heavily polluted areas have similarly reported
increased airway colonization by Stenotrophomonas and Pseudomonas, supporting

the translational relevance of these results [199].

The collective pattern across alpha diversity, genera, and species indicates that
smog exposure drives microbial imbalance in the lungs, characterized by a shift

from diverse, balanced communities toward a narrower set of opportunistic and
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resistant taxa. Reduced biodiversity undermines ecosystem resilience, while en-
richment of pathogens increases the likelihood of respiratory inflammation, chronic
colonization, and infection. Importantly, many of the dominant genera and species
identified in the exposed groups are recognized carriers of antibiotic resistance
genes, which ties directly into the ARG analysis described in the next section.
Thus, the metagenomic evidence not only reveals ecological disruption but also
signals a strong link between environmental pollution and the enrichment of clin-

ically significant resistance traits.

The resistome analysis of rat lungs exposed to smog in Islamabad and Lahore
provides strong evidence that environmental air pollution is not merely a respi-
ratory toxicant but a dynamic vector for antimicrobial resistance (AMR) dissem-
ination. The integration of metagenomic sequencing with functional annotation
against the CARD database revealed a broad array of resistance determinants,
including [-lactamases, colistin resistance genes, eflux pump components, and
glycopeptide resistance clusters. Importantly, while both Islamabad and Lahore
samples demonstrated enrichment of clinically significant ARGs, the profiles re-
vealed unique differences that highlight the influence of local environmental con-

ditions and microbial communities on resistance selection.

In Islamabad samples, several ARGs were consistently present across both test
and control groups, suggesting a baseline background of resistance within the
lung microbiota. BRO-1, detected in both test and control samples, indicated
that [-lactamase activity is a widely distributed resistance trait. Similarly, the
detection of OXA-168 in both exposed and control lungs points to a common
[-lactam resistance mechanism, reflective of its global distribution in Enterobac-
teriaceae and non-fermenters [200]. The identification of mupA in Staphylococcus
aureus across both groups was particularly noteworthy, as mupirocin resistance
is generally associated with clinical use in topical treatments. Its presence in en-
vironmental samples highlights how ARGs traditionally linked to hospitals may

circulate more widely in ambient microbiota [201].

However, the Islamabad test samples revealed additional, highly concerning de-

terminants absent in controls. Among these were MCR-3.11 and MCR-3.15, two
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colistin resistance variants. The emergence of MCR genes has been considered one
of the most critical threats in AMR because colistin is often the final therapeu-
tic option for infections caused by multidrug-resistant Gram-negative pathogens.
Studies have shown that airborne particulate matter and polluted soils can harbor
plasmid-borne mcr genes, facilitating horizontal transfer between environmental

and pathogenic bacteria [202].

The exclusive appearance of these determinants in smog-exposed lungs strongly
implicates environmental inhalation as a route of ARG acquisition. Other notable
test-specific genes included pmrA, which regulates modifications of lipid A in bac-
terial membranes conferring polymyxin resistance, and poxtA, linked to resistance
against oxazolidinones and phenicols, further broadening the resistance spectrum
[203]. The enrichment of MexC and MexF, both efflux pump components of Pseu-
domonas aeruginosa, indicates adaptive mechanisms to expel multiple antibiotics

simultaneously, conferring multidrug resistance [204].

In contrast, Lahore samples revealed a more heterogeneous and divergent resis-
tome profile. Unlike Islamabad, where some ARGs were shared across test and
control groups, Lahore lungs showed no universally conserved ARGs, highlighting
greater variability and site-specific resistance evolution. OXA-168 was restricted
to control C1B, while OpmB was consistently detected across C1B, C2B, and
T1B, pointing to eflux-mediated resistance as a recurring adaptation. The test
groups, T1B and T2B, displayed an extensive set of unique ARGs. These included
[-lactamases such as OXA-192, OXA-294, OXA-732, and OXA-397, underscoring
the dominance of 8-lactam hydrolysis as a resistance mechanism in polluted lungs
[205]. Tetracycline resistance determinants (tet(38), tet(O/M/O), tet(O/W)) were
highly prevalent, while glycopeptide resistance genes (vanD, vanK, vanF) further
emphasized the multidrug nature of the Lahore resistome. Particularly concern-
ing was the presence of MCR-3.14 in T2B, highlighting colistin resistance as a
recurring theme in both cities, and VAM-1, an ESBL, suggesting the horizontal

acquisition of resistance to extended-spectrum cephalosporins [206].

The comparison of Islamabad and Lahore resistomes reveals both convergences and

divergences. Convergences included the enrichment of OXA-type [-lactamases
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and MCR-family colistin resistance genes in both cities, underscoring that smog
exposure provides favorable conditions for the maintenance and amplification of
last-line resistance mechanisms. This aligns with earlier findings that g-lactamases,
particularly OXA variants, are widely distributed in airborne environments and

capable of hydrolyzing penicillins, cephalosporins, and even carbapenems [207].

Similarly, the repeated detection of MCR alleles (MCR-3.11, MCR-3.15, MCR-
3.14) echoes global studies showing that environmental pollution serves as a key

reservoir and dissemination pathway for colistin resistance genes [208].

However, divergences between the two sites point to localized microbial and eco-
logical influences. Islamabad samples revealed more overlap between test and
control lungs, indicating that background resistomes may be broadly present even
without smog exposure. Lahore samples, however, exhibited highly distinct ARG
patterns across datasets, with each group harboring unique resistance determi-
nants. This heterogeneity may reflect differences in local pollution composition,
microbial seeding from industrial or vehicular sources, and stochastic colonization

events in lung microbiota [209].

Functionally, the ARGs detected spanned multiple antibiotic classes, highlight-
ing the evolution of multidrug-resistant (MDR) phenotypes. The tet gene family
(tet(32), tet(36), tet(X4), tet(O/M/0O), tet(O/W)) confers tetracycline resistance,
limiting options for respiratory and gastrointestinal infections. The van gene clus-
ters (vanK, vanD, vanF, vanXY) drive glycopeptide resistance, severely undermin-
ing vancomycin therapy against Gram-positive pathogens [210]. Aminoglycoside-
modifying enzymes (AAC(6’)-Ib8, AAC(6)-1j, AAC(3)-VIa) render aminoglyco-
sides such as amikacin and gentamicin ineffective, reducing ICU treatment op-
tions. Efflux pump determinants (MexB, MexD, MexF, OpmB, mdtM, mdtO,
facT) facilitate broad-spectrum resistance, while porins such as OmpA and OprA

modulate membrane permeability, reducing drug uptake [211].

The mupA gene in S. aureus is especially alarming, as it complicates the man-
agement of skin and respiratory infections already difficult to treat under MDR

conditions [212].



Discussion 117

Collectively, these findings integrate into a clear narrative: smog exposure drives
the enrichment of a multiclass resistome in the lungs, spanning [-lactams, col-
istin, aminoglycosides, tetracyclines, macrolides, and glycopeptides. The clinical
implication is that bacteria inhabiting polluted airways are potentially resistant to
nearly all frontline antibiotic classes, leaving few therapeutic options in the event
of infection. This echoes recent reports demonstrating that airborne particulate
matter can carry clinically relevant ARGs across urban environments and that in-
halation exposure may establish these determinants within human or animal hosts

213, 214].

In sum, the combined analysis of Islamabad and Lahore rat lungs underscores that
urban smog exposure acts not only as a chemical and oxidative stressor but also as
a genetic driver of antimicrobial resistance. The convergence of -lactamase and
colistin resistance with efflux- and glycopeptide-mediated mechanisms highlights
a worrying overlap between environmental pollution and the global AMR crisis.
These results demonstrate that the lung microbiome under smog exposure can
evolve into a potent reservoir of multidrug resistance, emphasizing the urgent

need for environmental interventions to curb both pollution and the spread of

ARGs.

The results of the behavioural assays would clearly show that exposure to smog
has a significant impact on neurological function in rats. In the open field test,
the animals under polluted conditions showed a significant reduction in locomo-
tor activity, involving decrease speed, reduced time spent in the central zone,
and changes in grooming behaviors. Likewise, the Y-maze test also identified
impaired cognitive reactions and maps, with exposed animals having a higher
rate of alternation rate of interrupted memory processes. In combination, these
behavioural alterations confirm that smog exposure impairs both motor and cogni-
tive functions, likely reflecting particulate matter- and gaseous pollutant-induced

neurotoxic stress.

Histopathological study of lung tissues support the physiological overload of smog
inhalation. Smog-exposed rats showed significant morphological changes, such

as thickened alveolar septa, partial alveolar wall detachment, inflammatory cell



Discussion 118

infiltration, and widening of alveolar spaces, all indicative of early emphysematous
change. These are typical of chronic lung damage, demonstrating that prolonged
exposure to smog damages normal lung morphology and induces inflammatory
and fibrotic reactions. Such structural damage aligns with the observed behavioral
deficits, suggesting that respiratory dysfunction may also contribute to systemic

stress and impaired neurological performance.

Immunological assays provided further evidence of systemic effects, as smog-exposed
groups showed marked increases in both CD4+ and CD8+ T cell populations
compared to controls. The elevated percentages of these lymphocyte subsets in-
dicate that pollutant exposure triggers adaptive immune activation, possibly as a
response to the constant antigenic load and tissue damage caused by inhaled par-
ticles. This immune stimulation reflects not only localized lung inflammation but
also systemic immunomodulation, which could predispose organisms to chronic

inflammatory conditions or alter their resilience to infections.

Atlast, metagenomic analysis was found to show that smog exposure changes the
lung’s microbiome by decreasing overall diversity with an enrichment of poten-
tially pathogenic bacterial species. Notably, the Islamabad and Lahore samples
had a wide ranging resistome with the identification of clinically important antibi-
otic resistance genes like OXA-type [-lactamases, colistin resistance determinants
(MCR types), tetracycline resistance genes, and efflux pump systems. Whereas
Islamabad samples reflected overlapping ARGs in the control and exposed groups,
Lahore samples showed a more heterogeneous and diverse resistome profile, that
implies site-specific pressure driving microbial resistance. Collectively, these ob-
servations underscore the double threat of smog exposure: direct physiological
damage to the host and augmentation of a microbial community carrying mul-

tidrug resistance factors.

The findings from Islamabad environmental isolates in 2022 give a vital insight
into how airborne microbial communities correlated with fine particulate matter
(PMy5) support and spread antibiotic resistance genes (ARGs). The resistome
profile for the recent year showed consistent detection of glycopeptide resistance

genes such as vanT, vanY, vanW, and vanH. These genes make a core region of
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the van cluster that modifies the terminal D-Ala-D-Ala residues in peptidoglycan
precursors, thus decreasing the affinity of vancomycin and other antibiotics. Their
presence in environmental DNA indicates that vancomycin-resistant Enterococci
(VRE) or related species are not only clinical challenges but are also embedded in

environmental reservoirs.

The persistence of these genes outside hospital environments suggests strong selec-
tive pressures, possibly reinforced by the interplay of pollution, antibiotic residues,
and microbial exchange, maintaining these resistance determinants in the urban

air of Islamabad [215].

The 2022 profile also highlighted efflux-mediated resistance. Genes such as qacJ
and qacG—belonging to the small multidrug resistance (SMR) family—are well
known for their role in extruding disinfectants and antiseptics, particularly qua-
ternary ammonium compounds, which are widely used in households, healthcare,
and agriculture. Their prevalence in air particulates suggests that environmental
bacteria in Islamabad are continuously exposed to disinfectant residues and other

co-contaminants, which may co-select for resistance traits.

In addition, adeF, a member of the resistance-nodulation-division (RND) family
efflux pumps, was identified. adeF is strongly associated with Acinetobacter bau-
mannii, a pathogen of considerable clinical concern due to its multidrug-resistant
profile [216]. The repeated recovery of adeF in outdoor air samples emphasizes
that particulate matter may provide an efficient medium for the survival and
dissemination of Acinetobacter-like organisms or their resistance genes, thereby
creating a potential pathway for hospital-origin resistance determinants to persist

in the broader environment.

Another gene consistently identified in the 2022 dataset was RbpA, which pro-
vides rifamycin resistance by protecting RNA polymerase from antibiotic inhi-
bition. This gene is particularly concerning in the South Asian context, where
rifampicin remains the backbone of tuberculosis therapy. The finding that RbpA
was detectable in Islamabad’s PM, 5-associated microbial communities points to-

ward the presence of rifamycin-resistant bacteria in the air. Given that Pakistan is
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among the high-burden countries for tuberculosis, such environmental reservoirs of
rifamycin resistance could complicate disease control by facilitating transmission
of resistant traits between environmental microbes and pathogenic mycobacteria

217).

The 2023 resistome profile of Islamabad demonstrated a remarkable level of stabil-
ity relative to 2022. The same predominant resistance determinants—vanT, vanY,
vanW, vanH, qacJ, qacG, adeF, and RbpA—were repeatedly found to be identi-
fied, with least confirmation of expansion or diversification. This indicates that
instead of being a transitory characteristic, these genes are part of a consistent,
established core resistome of the city’s airborne microbiome. That is, the micro-
bial communities found in the smog in Islamabad seem to be at a state of balance
in which the prevalence of ARGs is continuously sustained. The persistence of
the van cluster indicates that vancomycin resistance remains a fixed feature of
the resistome, while the ongoing detection of efHux pumps and RbpA underscores
the chronic environmental pressures that reinforce both multidrug resistance and

rifamycin resistance [218].

When these resistome data are contextualized with the air quality results from the
same periods, the relationship becomes clearer. In November and December 2022,
the mean AQI values in Islamabad were 143.8 and 185.1, respectively, with PMs 5
concentrations rising to 72.9 ug/m?® and 110.9 ug/m3. These levels are classified
as “unhealthy” by WHO standards and imply sustained exposure to particulate
matter pollution. In 2023, AQI levels remained similar (149.6 in November and
184.4 in December), while PMs 5 concentrations showed slight variation, measuring
80.0 pg/m?® in November and 71.5 pug/m?® in December. Interestingly, despite
the modest decline in PMy 5 between December 2022 and December 2023, the
resistome profile did not exhibit notable change. This suggests that once ARGs
have become established in the airborne microbial community, their persistence
does not necessarily depend on short-term fluctuations in pollution levels but may

be maintained through chronic, long-term environmental pressures [219].

The stability of Islamabad’s resistome contrasts with patterns seen in cities like

Lahore, where more extreme PM, 5 levels corresponded with more dynamic shifts
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and the emergence of unique ARGs. In Islamabad, however, moderate but con-
tinuous pollution exposure seems to sustain an entrenched resistome rather than
drive diversification. This highlights an important aspect of environmental antibi-
otic resistance: while very high particulate levels can accelerate the acquisition and
spread of new ARGs, even moderately high but persistent pollution can entrench
existing resistance traits into microbial populations. Such persistence presents a
silent but significant risk, as it ensures that resistance genes remain continuously

available in the environment as a reservoir for horizontal gene transfer.

Overall, the Islamabad data from 2022 and 2023 together paint a picture of a
resilient and persistent airborne resistome, dominated by glycopeptide resistance
(van genes), rifamycin resistance (RbpA), and efflux-mediated multidrug resis-

tance (qacJ, qacG, adeF).

These results demonstrate that even in the absence of year-to-year diversification,
the continuous presence of these genes poses a chronic public health risk. The
combination of persistent ARGs with consistently elevated AQI and PMs 5 levels
suggests that air pollution in Islamabad functions as both a carrier and a stabilizer
of antibiotic resistance, embedding critical resistance determinants into the city’s

microbial ecosystem.

The analysis of antibiotic resistance profiles in Lahore’s environmental isolates
between 2022 and 2023 shows important trends that align with increasing en-
vironmental antibiotic resistance challenges. In 2022, isolates displayed a wide
range of resistance determinants, including glycopeptide resistance genes such as
vanT, vanO, vanM, vanD, vanH, vanG, and vanF', which collectively indicate ex-
tensive vancomycin resistance in Enterococci. This multi-gene presence reflects
the global concern of glycopeptide resistance spreading in community and hospi-
tal environments, where environmental contamination acts as a reservoir for resis-
tance determinants [220]. The simultaneous detection of RbpA, associated with ri-
famycin resistance, further suggests environmental persistence of Mycobacterium-
related resistance traits, while adeF, a Resistance-Nodulation-Division (RND) ef-
flux pump, contributes to fluoroquinolone and tetracycline resistance. Additional

eflux-related genes such as qacJ and qacG expand resistance to disinfectants and
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antiseptics, highlighting an alarming trend of resistance not only to antibiotics but

also to commonly used cleaning and sterilization agents [221].

The detection of nimB, responsible for nitroimidazole resistance, indicates anaer-
obic resistance pathways, often linked to gastrointestinal pathogens. Together,
these findings point toward a complex, multi-layered resistance landscape in La-

hore during 2022.

By 2023, the resistance profile revealed both continuity and new developments.
Glycopeptide resistance genes remained prominent, with consistent detection of
vanY, vanW, vanT, vanR, and vanH, indicating ongoing selective pressure from en-
vironmental contamination and human use of glycopeptides. The persistence and
expansion of van gene clusters across consecutive years suggests an environmental
stabilization of resistant Enterococci, which is especially concerning because these

genes can be horizontally transferred between bacterial populations [222].

The RbpA gene continued to be detected, confirming sustained rifamycin resis-
tance, while qacJ and adeF were again identified, demonstrating persistence of
eflux-mediated multidrug resistance. Notably, in 2023 a new resistance marker,
OXA-50, was identified, representing beta-lactam resistance commonly associated
with Pseudomonas aeruginosa. The detection of OXA-50 in environmental sam-
ples marks a significant shift, as it suggests that resistance to frontline beta-lactam
therapies is becoming more widespread in environmental reservoirs. This emer-
gence likely reflects both clinical overuse and environmental dissemination of re-

sistant Pseudomonas strains [223].

When comparing the two years, Lahore’s data indicate that not only are the
determinants of resistance continuing but they are also diversifying. The 2022
profiles indicated wider resistance diversity, and this included nitroimidazole re-
sistance (nimB), which was not seen in 2023. Nevertheless, the 2023 isolates
yielded beta-lactam resistance (OXA-50), which was not found in 2022, indicating
an evolutionary trend toward clinically important resistance classes. This trade-off
in beta-lactam resistance gain and loss of nitroimidazole resistance reflects the dy-

namic adaptability of environmental bacterial populations to alternating selective
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pressures [224]. Notably, the occurrence of efflux pump genes in combination with
glycopeptide and beta-lactam resistance reflects multi-drug resistance phenotypes

that remarkably implicate therapeutic choices.

Environmental monitoring suggests that Lahore’s consistently high PM, 5 and
AQI levels (as previously discussed) may provide a conducive environment for
resistance selection and dissemination. Particulate matter can act as a carrier
of resistant bacteria and mobile genetic elements, supporting the persistence of

ARGs in ambient air [225].

The correlation between poor air quality and elevated resistance genes, particularly
OXA-type beta-lactamases and glycopeptide clusters, suggests that air pollution
not only affects respiratory health directly but also facilitates the environmental

spread of antimicrobial resistance.

Taken together, Lahore’s AMR gene profiling over 2022-2023 emphasizes both
continuity in resistance determinants such as glycopeptides, rifamycin, and eflux-
mediated pathways, as well as the alarming emergence of new resistance markers
like OXA-50. This progression highlights the dual challenge of tackling persistent
resistance genes while also monitoring for newly emerging ones, especially under

sustained environmental stressors such as smog and high PM, 5 levels.

The resistome of Okara’s environmental isolates during 2022 revealed a complex
but stable set of antimicrobial resistance genes (ARGs). Prominently, several
glycopeptide resistance genes, including vanY, vanT, and vanH, were detected
across different clusters. These genes encode mechanisms of target alteration,
which prevent glycopeptide antibiotics such as vancomycin from binding effectively

to bacterial cell wall precursors, thereby conferring high-level resistance.

The presence of multiple van cluster genes indicates that vancomycin resistance
determinants are not only present in clinical environments but also embedded
within airborne microbial communities of Okara [226]. The detection of poxtA
further highlights ribosomal protection mechanisms, associated with resistance to
phenicols, tetracyclines, and oxazolidinones, which broadens the threat profile of

these isolates [227].
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In addition to target-alteration genes, efflux systems were strongly represented in
2022. The RND efflux pump rsmA was identified, which can export structurally
diverse antibiotics including fluoroquinolones and phenicols [228]. Similarly, the
SMR efflux pumps qacJ and qacG were present, which confer resistance to disin-
fectants and antiseptics such as quaternary ammonium compounds—agents fre-
quently used in healthcare and community settings [229]. The detection of adeF,
another RND efflux gene conferring resistance to tetracyclines and fluoroquinolones,
further supports the notion that Okara’s environmental microbiota possess mul-
tidrug efflux capacity [230]. The co-occurrence of RND and SMR efflux pathways
reflects strong environmental selection pressures that favor survival against multi-

ple chemical stressors, including air pollutants and anthropogenic antimicrobials.

By 2023, the resistance pattern was still relatively constant. The stability of
glycopeptide resistance genes (vanY, vanW, vanT, vanH) reflects ongoing se-
lective pressure for vancomycin resistance. RbpA detection is also significant,
imparting rifamycin resistance by protecting RNA polymerase against antibiotic
binding [231]. The stability of efflux determinants—especially qacJ, qacG, and
adeF—indicates ongoing multidrug resistance characteristics among Okara’s air-
borne microbial communities. This year-to-year stability shows that, have been
established, ARG reservoir may persist in local atmospheric microbiota under

constant environmental pressures and anthropogenic activities [232].

In comparison between the two years, no additions of strange esistance classes
were seen, as opposed to Lahore, where beta-lactam resistance spread in 2023.
Rather, Okara’s resistome supports a stable, established profile that is dominated
by glycopeptide and eflux resistance determinants. This is suggestive of Okara’s
microbial community having already adapted to local conditions and persisting
with its resistance extent over time. The repetitive finding of both efflux (RND
and SMR) and vancomycin resistance determinants stresses the stability of this

resistome [233].

The data correlation with air pollution also supports these results. Concentrations
of Okara’s PMy 5 (67-99 pg/m?) and AQI values (172-214) were in a relatively to

extremely polluted level. Previous studies support the fact that particulate matter
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can be used as carriers for ARGs and resistant bacteria, where their survival and
spread to different environmental niches are made possible [234]. Efflux pump
genes qacJ and qacG, which are resistant to disinfectants and antiseptics, have
previously been shown to be co-selected under pollutant stress, which implies that

environmental pollutants have a direct impact on ARG survival [235].

Therefore, although Okara’s burden of pollution is low compared to Lahore, the
ubiquitous resistome indicates that moderate but chronic air pollution is enough

to provide a stable source of airborne microbial ARGs [236].

Together, the results suggest that Okara’s environmental isolates possess a ma-
ture, multidrug-resistant resistome, with stable persistence of glycopeptide, efflux,
and rifamycin resistance determinants. This raises possible hazards of horizontal
gene transfer to clinically relevant pathogens, thus confounding future therapeu-
tic effects and further establishing the need for urgent monitoring and decrease

strategies [237].

The interplay between microbial adaptation and environmental pressures is re-
flected in the antibiotic resistance profiles of environmental isolates from Islam-
abad, Lahore, and Okara. These profiles show both commonalities and distinct

city-specific variations.

In all three cities, glycopeptide resistance determinants from the van clusters
(vanT, vanY, vanW, vanH) were found constantly. This suggests a region-wide ex-
istence of vancomycin resistance and how these determinants have become a part
of environmental microbial communities. Likewise, efflux pump determinants like
qacJ, qacG, and adeF were detected in all populations, suggesting that efflux-
mediated resistance is an intrinsic survival mechanism in microbial communities
within polluted environments. These similarities indicate that baseline resistance
to glycopeptides and to several antibiotics is now an innate environmental at-

tribute in urban Pakistan.

Despite these similarities, the trajectories of resistance evolution differ among

the cities. In Islamabad, the resistome displayed relative stability across 2022
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and 2023, with repeated detection of glycopeptide resistance genes, RbpA for ri-
famycin resistance, and eflux pumps. No major diversification into new classes of
resistance was noted, suggesting that while pollution maintains entrenched resis-
tance, the evolutionary pressures here are not driving rapid expansion of genetic

diversity.

In contrast, Lahore exhibited the most dynamic and diverse resistome. In 2022, its
profile already included multiple glycopeptide resistance genes, RbpA, nimB for
nitroimidazole resistance, and eflux determinants. By 2023, new elements such as
the regulatory gene vanR and OXA-50 beta-lactamase had emerged, broadening
the resistance spectrum to include beta-lactam antibiotics. This indicates that
Lahore’s microbial populations are under stronger selection pressure, likely driven
by its consistently extreme PM,; 5 concentrations and AQI values, which exceeded
those of the other cities. This higher pollution burden may accelerate horizontal

gene transfer and the emergence of multidrug-resistant determinants.

Okara, while similar to Islamabad in showing a relatively stable resistome, dif-
fered in maintaining a broad combination of efflux mechanisms. Both SMR (qac/,
qacG) and RND (adeF, rsmA) families were consistently detected, together pro-
viding resilience against antibiotics, disinfectants, and pollutants. The appear-
ance of poxtA in 2022 and the persistence of RbpA in 2023 further illustrate how
Okara’s resistome, though not expanding like Lahore’s, is robust and well-adapted

to survive under chronic environmental pressures.

When compared directly, the three cities illustrate a spectrum of environmental
resistance dynamics. Islamabad represents stability, where resistance determi-
nants are entrenched but not diversifying. Lahore illustrate varieties, with the
appearance over time of new and clinically relevant genes. Okara demonstrates
strong persistence, where overspreading resistance mechanisms are sustained by
multiple mechanisms to maintain a resistant resistome without significant change.
Combined, these contrasts highlight how differences in air quality and local envi-
ronmental stress may influence the direction and magnitude of antibiotic resistance

evolution from region to region.
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The examination of extracellular DNA (exDNA) from PMs 5 samples yielded im-
portant information regarding the expression of ARGs in Islamabad, Lahore, and
Okara. exDNA is also a dynamic reservoir of ARGs and is centrally involved in
the environmental dissemination of antimicrobial resistance via horizontal gene

transfer, so its study has special significance in contaminated urban areas [238].

Expression profiles showed that city-specific and gene-specific differences existed,
which reflected how local pollution levels and microbial community dynamics reg-

ulate ARGs.

The blaCTX-M-32 gene had mixed patterns of expression in Islamabad, with both
upregulation and downregulation being reported, suggesting fluctuating selective
pressures on ESBL-producing bacteria. Samples from Lahore had primarily down-
regulated expression, while Okara had robust downregulation, demonstrating in-
hibited activity of this clinically relevant gene. Earlier research emphasizes the
stability of blaCTX-M variants in both clinical and environmental environments,
which underscores the ability of environmental reservoirs to facilitate ESBL spread
even beyond the healthcare system [239, 240]. Reduced activity in Okara and La-
hore can be indicative of greater environmental pressures repressing ESBL stability

at these locations.

The blaNDM-1 gene, which provides resistance to carbapenems, was found to be
largely downregulated in Islamabad and Okara but relatively more expressed in
Lahore. This is of clinical concern since blaNDM-1 is associated with multidrug-
resistant Enterobacteriaceae [241]. The increased activity in Lahore could be
due to its higher pollution load, as it has a consistently higher AQI and PM, 5
levels, which can generate selective pressures that favor the carriage of carbapenem
resistance genes [242]. In contrast, the downregulation in Islamabad and Okara
could be an indication of reduced ecological support for blaNDM-1 activity under

such conditions.

The blaTEM gene had predominantly upregulated expression in Islamabad, mod-
erate downregulation in Lahore, and extreme downregulation in Okara. These

results indicate that Islamabad’s air microbiome is more supportive of persistence
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of penicillin and early cephalosporin resistance genes, whereas Okara’s environ-
ment is less supportive. The blaTEM-F variant was minimally or not significantly
altered in Islamabad and Lahore but was highly downregulated in Okara. These
results concur with reports implicating blaTEM persistence in more active in ur-

ban settings [243, 244].

The intll gene, a horizontal gene transfer marker, was upregulated in Islamabad
but downregulated in Lahore and Okara. This is notable since intI1 has been used

as a reference for ARG mobility [245].

Its upregulation in Islamabad reveals higher potential for horizontal transfer of
resistance genes, whereas downregulation in Lahore and Okara reveals lower trans-
fer potential. Likewise, sull, which tends to occur in combination with intI1, did
not significantly alter in Islamabad but was greatly downregulated in Lahore and

Okara, indicating reduced sulfonamide resistance in these environments [246].

The tnpA transposase gene was moderately upregulated in Islamabad but uni-
formly downregulated in Lahore and Okara, indicating that Islamabad continues
to promote transposon-mediated ARG, while the other two cities fail to do so.
This is in agreement with earlier reports that environmental stress factors drive

transposon activity [247].

The vanA gene was upregulated in Islamabad and Okara but downregulated in
Lahore, whereas vanRA was upregulated in Islamabad but significantly down-
regulated in Lahore and Okara. These van genes confer glycopeptide resistance,
notably vancomycin resistance, and their survival in Islamabad and Okara indi-

cates a disconcerting environmental reservoir of resistance to antibiotics [248].

Taken together, the comparative analysis reveals distinct expression dynamics
across the three cities. Islamabad showed mixed expression patterns, including
upregulation of blaTEM, intll, vanA, and vanRA, suggesting a higher adaptive
capacity for ARG persistence and transfer under fluctuating pollution pressures.
Lahore exhibited broad downregulation of most ARGs, though blaNDM-1 re-

mained relatively active, indicating selective dominance of carbapenem resistance
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under severe pollution conditions. Okara displayed consistent strong downregula-
tion across most genes, suggesting reduced overall ARG activity, although vanA
remained upregulated, highlighting persistence of glycopeptide resistance. These
results confirm that exDNA in PMs 5 not only harbors resistance determinants but
also exhibits environment-dependent expression, which is shaped by urbanization,

pollution stress, and local microbial communities [249].

The combined analysis of internal and external DNA provides a clear picture of
antibiotic resistance dynamics across the three cities. Internal DNA, obtained
through metagenomics, shows the reservoir of resistance genes present in PMs 5,
while external DNA, analyzed through real-time PCR, reflects which of these genes
are actively regulated. Together, they reveal not only the presence of resistance

determinants but also their potential functional activity in polluted air.

In Islamabad, a stable resistome was observed, with key glycopeptide resistance
genes (vanH, vanT, vanW, vanY), efflux pumps (adeF, qacJ, qacG), and rifamycin
resistance genes consistently present. External DNA results further showed upreg-
ulation of genes such as blaTEM, intI1, vanA, and vanRA, indicating that several
of these genes are not just present but actively expressed. This suggests a high
potential for horizontal gene transfer and ongoing resistance activity in the air

microbiome.

Lahore, which consistently had the highest AQI and PM, 5 values, displayed the
broadest diversity of resistance genes in internal DNA, including glycopeptide,
beta-lactamase, and efflux-associated genes. However, external DNA analysis
showed that many of these genes were downregulated, with the exception of
blaNDM-1, which remained actively expressed. This suggests that while Lahore’s
environment supports a wide range of resistance genes, only the most clinically
significant ones are maintained at high expression levels under extreme pollution

stress.

In Okara, resistance genes such as glycopeptide clusters, eflux pumps, and poxtA
were consistently detected across both years, showing stability in genetic reser-

voirs. Yet, external DNA expression analysis revealed strong downregulation for
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most genes, with only vanA showing clear upregulation. This indicates that al-
though the genetic potential for resistance exists in Okara, the functional expres-

sion of these genes is comparatively suppressed.

Overall, Islamabad shows both gene richness and active expression, Lahore harbors
the most diverse resistome but with selective expression, and Okara demonstrates
gene presence with widespread suppression of activity. These patterns align with
air quality data, suggesting that pollution levels strongly influence not only the

presence but also the activity of airborne resistance genes.

Taken together, the animal exposure study, along with the internal and exter-
nal DNA analysis of PM, 5, highlights the serious implications of air pollution in
driving antimicrobial resistance. The animal model confirmed that inhalation of
polluted air alters respiratory microbiota and promotes antibiotic-resistant bac-
teria, reflecting real biological impacts. Internal DNA analysis established that
PM, 5 carries a wide array of resistance genes, serving as reservoirs of antimicro-
bial resistance in the environment. External DNA results further revealed that
many of these genes are not only present but actively expressed, with city-specific
differences in regulation. Islamabad showed strong expression activity, Lahore
exhibited broad genetic diversity with selective expression of clinically significant
genes, and Okara demonstrated suppressed activity despite gene presence. To-
gether, these findings emphasize that polluted air is not just a carrier of resistance
genes but an active driver of their transmission and regulation, posing a dual

threat to environmental and public health.



Chapter 6

Conclusion and Future Prospects

The long-term exposure of rats to smog uncovered deep and multi-faceted health
effects, supporting the multidimensional risks of extended air pollution. Behav-
ioral tests showed predominant neurological damage, with exposed rats showing
decreased locomotor activity, depressed exploratory drive, and adverse memory
performance. These alterations indicate that airborne contaminants directly im-
pair cognitive and motor function, most likely acting through neuroinflamma-
tory mechanisms. Immunologic profiling also supported this association, with
increased CD4+ helper and CD8+ cytotoxic T-cell counts. Such chronic im-
mune activation is indicative of a pro-inflammatory state, which not only seeks to
counteract pollutant-induced tissue damage but also has the potential to worsen
immune-mediated injury to host tissues. Histopathological analysis of lung tissues
supported these observations, with alveolar wall thickening, congestion, height-
ened mucus secretion, and dense inflammatory cell infiltrates. These pathological
changes confirm that smog exposure disturbs pulmonary architecture, impairs
gas exchange, and renders the respiratory system more vulnerable to secondary
infection. Accompanying these pathological and physiological alterations, lung
metagenomic sequencing revealed a dramatic reduction in microbial diversity and
a significant shift in community structure. Of particular interest, smog exposure

promoted the growth of opportunistic pathogens like Pseudomonas, Acinetobacter,
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and Stenotrophomonas, while at the same time enriching the abundance and ex-
pression of antibiotic resistance genes. This biphenotypic phenomenon—microbial
dysbiosis and resistome expansion—emphasizes smog’s ability not only to impair
host defenses but also to create a microenvironment that facilitates antibiotic-
resistant infections. Together, these results highlight that chronic exposure to
smog in animal models causes integrated disturbances of the neurological, im-
munological, histological, and microbiological levels. Through triggering behav-
ioral impairment, systemic inflammation, lung damage, and disruption of micro-
biota, smog acts as an all-around health risk factor. Such a rat model therefore
offers important mechanistic information on how urban air pollution decays health
and highlights the necessity for swift interventions directed at mitigating both di-

rect and indirect effects of exposure to smog.

The comparative analysis of internal and external DNA across the regions of Islam-
abad, Lahore, and Okara reveals critical insights into the dynamics of antibiotic
resistance mechanisms. Notably, there is no evidence of resistance gene uptake
from external DNA into the internal genomes across all samples from Islamabad,
indicating a lack of horizontal gene transfer in this region. This pattern is consis-
tent across various resistance markers, including multiple S-lactamases and van-
comycin resistance genes, suggesting that the internal resistance capabilities are
intrinsic to the bacterial populations present. The internal gene summary high-
lights the presence of diverse antibiotic resistance genes (AMR genes) in different
regions and years, with Islamabad consistently showing a core set of resistance
genes in both 2022 and 2023. Lahore stands out with its rich diversity of AMR
genes, particularly in 2022, where various clusters of vancomycin resistance genes
are identified, indicating a complex resistance landscape. Although the variety of
AMR genes is somewhat reduced in 2023, the presence of significant resistance
determinants persists. Okara’s AMR profile is consistent across both years, fea-
turing similar resistance genes such as vanY and vanH, albeit with less diversity
than Lahore. Overall, while the internal AMR gene profiles reflect substantial
resistance capabilities, the absence of external gene uptake suggests that these
resistance traits are largely inherent to the local bacterial strains rather than ac-

quired from external sources. This finding underscores the necessity for ongoing
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surveillance and research to better understand the mechanisms of antibiotic resis-
tance in these regions, as well as to inform strategies for managing and mitigating

antibiotic resistance effectively [227].

The findings of this study reveal a significant gap in the overlap between inter-
nal and external antimicrobial resistance (AMR) genes, highlighting an often-
overlooked area in AMR research: the role of environmental DNA as a distinct
reservoir for resistance genes. Many studies focus only on internal DNA, missing
the broader context provided by environmental DNA, which holds diverse ARGs
that can potentially spread into clinical populations [228]. Environmental sources
such as soil, water, and air act as reservoirs where antimicrobial resistance genes
circulate and may later transfer to pathogenic populations. Recognizing this di-
mension is essential for a comprehensive understanding of how ARGs evolve and
proliferate, especially given the selective pressures present in environments like
agriculture and wastewater systems [229]. The results of this study may not be
as broadly helpful as they could be due to the small sample size and limited sea-
sonality coverage. Direct clinical significance is further limited by the use of rat
models and the lack of data on human exposure. For wider applicability, these

factors should be covered in future research.

This study effectively fulfilled the stated research objectives by demonstrating the
diverse health impacts of smog exposure in rats. Behavioral assessment showed
significant lethargy and reduced responsiveness. Histopathological analysis of lung
tissue revealed alveolar thickening, congestion, and inflammatory infiltration, in-
dicating clear respiratory damage. Immunologically, smog exposure triggered a
marked rise in CD4+4 and CD8+ lymphocyte percentages—CD4+ increased up
to 37.04% and CD8+ up to 28.81% —signaling immune system activation and
po-tential systemic inflammation. Metagenomic profiling revealed the presence
of high-risk antibiotic resistance genes (ARGs) in both rat lung tissues and air-
borne particulate matter during smog events. Detected ARGs included MCR,
CTX-M, van clusters, mecA, blaIMP, and efflux pump genes (MexF, acrA), many
of which were associated with pathogens like Acinetobacter baumannii, Staphy-

lococcus aureus and FEnterobacter cloacae. Together, these findings highlight the
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dual biological hazard of smog—causing direct physiological damage and serving
as a vector for antimicrobial resistance. The absence of external DNA analysis
in many AMR studies limits the effectiveness of AMR surveillance, intervention
strategies, and predictive models. Environmental DNA can reveal patterns and
hotspots of ARGs that may later affect human health. Expanding AMR surveil-
lance to include external DNA sources would allow public health agencies to track
and mitigate ARGs more effectively. Additionally, incorporating this data into
predic-tive models would yield a more accurate picture of AMR transmission dy-
namics, informing proactive policies that reduce ARG transfer risks. This study
advocates a shift in AMR research to incorporate both internal and external DNA
analysis, offering a more holistic approach to understanding and combating an-
timicrobial resistance across ecosystems. The study draws attention to the need
it is of including ARG monitoring into cities air quality management and envi-
ronmental surveillance. Stronger antibiotic regulations and planning techniques to
lower threats to the public’s health are supported by these findings. These findings
also highlight the need for immediate attention to policy creation and enforcement
in nations such as Pakistan, where appropriate monitoring and implementation

measures are missing.

6.1 Future Prospects

Our latest findings, which demonstrated the substantial effects of pollution on
the physiology and immunology of animals in Lahore and Islamabad, indicate the
pressing need for additional molecular-level research. These results highlight the
importance of smog as a major environmental issue on a global scale and call for a
better understanding of its consequences in order to create focused solu- tions. In-
vestigating the molecular processes that underlie the negative impacts of pollution
on human health can lead to fresh discoveries and creative solutions. According
to the results, it is advised that qPCR~based ARG tracking be used in conjunc-
tion with monthly air sampling in smog-affected areas in order to follow resistance

trends. Assessment of human exposure and seasonal sampling should be part of
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future research to investigate long-term impacts. The health hazards associated
with airborne antibiotic resistance should be addressed by promoting the use of
metagenomic analysis in environmental surveillance, raising public awareness, and
applying policies. Funding this research is essential for developing environmental
and public health solutions globally, since smog continues to be a major health
hazard. Given that environmental sources are important reservoirs for antimicro-
bial resistance genes, this study emphasizes the need of integrating external DNA
analysis into AMR research. Based on the rising air pollution, smog and the
re-lated health implications. There is an urgent need to work on the implemen-
tation of policies effectively. The existing policies have already been made based
on the 133 practicability and feasibility. A more comprehensive knowledge of
AMR dynam-ics is made possible by considering both internal and external DNA.
This helps to improve surveillance, intervention tactics, and predictive models for

fighting resistance in a variety of ecosystems.
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Appendix-A

TABLE 1: Resistance gene profiles of Lahore environmental isolates (2022)

AMR Gene Gene Fam- Drug Class Resistance % Identity % Length
ily Mechanism of Match- of Ref Se-
ing Region quence
vanY  gene Glycopeptide Glycopeptide  Antibiotic 25.95% - 111.59% -
in vanM  resistance target alter- 37.76% 385.84%
cluster gene cluster ation
vanY  gene Glycopeptide Glycopeptide  Antibiotic 26.67% - 52.81% -
in vanG  resistance target alter- 43.08% 135.07%
cluster gene cluster ation
vanY  gene Glycopeptide Glycopeptide  Antibiotic 30.32% - 6231% -
in vanD resistance target alter- 35.0% 130.90%
cluster gene cluster ation
vanW gene Glycopeptide Glycopeptide  Antibiotic 26.22% - 95.71% -
in van(O resistance target alter- 37.54% 167.83%
cluster gene cluster ation
vanW gene Glycopeptide Glycopeptide  Antibiotic 25.28% - 60.86% -
in vanl clus- resistance target alter- 37.3% 172.65%
ter gene cluster ation
vanW gene Glycopeptide Glycopeptide  Antibiotic 27.85% - 972T% -
in vanF' clus- resistance target alter- 38.52% 227.61%
ter gene cluster ation
vanT gene in  Glycopeptide Glycopeptide  Antibiotic 29.65% - 51.54% -
vanG cluster resistance target alter- 35.54% 163.44%
gene cluster ation
vanH genein  Glycopeptide Glycopeptide  Antibiotic 32.33% - 95.71% -
vanO cluster resistance target alter- 40.0% 227.61%

gene cluster
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AMR Gene Gene Fam- Drug Class Resistance % Identity % Length

ily Mechanism of Match- of Ref Se-
ing Region quence

vanH genein  Glycopeptide Glycopeptide  Antibiotic 32.33% - 95.711% -

vanD cluster resistance target alter- 40.0% 227.61%
gene cluster ation

RbpA Bacterial Rifamycin Antibiotic 84.68% - 78.22% -
RNA target pro- 97.32% 98.25%
polymerase- tection
binding
protein

qacJ Small mul- Disinfecting Antibiotic 38.24% - 73.88% -
tidrug resis- agents and efflux 50.38% 117.76%
tance (SMR) antiseptics
efflux pump

qacG Small mul- Disinfecting Antibiotic 38.61% - 73.88% -
tidrug resis- agents and efflux 41.84% 117.76%
tance (SMR) antiseptics
efflux pump

nimB Nitroimidazole Nitroimidazole Antibiotic 55.76% 102.44%
reductase inactivation

adeF RND antibi- Fluoroquinolone,Antibiotic 43.82% - 85.55% -
otic  efflux Tetracycline efflux 72.3% 171.31%




Appendix-B

TABLE 2: Resistance gene profiles of Lahore environmental isolates (2023)

AMR Gene Family Drug Class Resistance % Identity % Length
Gene Mechanism of Match- of Ref Se-
ing Region quence
vanY Glycopeptide Glycopeptide  Antibiotic 31.95 114.93
resistance gene antibiotic target alter-
cluster (vanY) ation
van W Glycopeptide Glycopeptide  Antibiotic 32.13 172.65
resistance gene antibiotic target alter-
cluster (van W) ation
vanT Glycopeptide Glycopeptide  Antibiotic 30.33 117.84
resistance gene antibiotic target alter-
cluster (vanT) ation
vank Glycopeptide Glycopeptide  Antibiotic 82.97 99.14
resistance gene antibiotic target alter-
cluster (vanR) ation
vanH Glycopeptide Glycopeptide  Antibiotic 37.54 103.72
resistance gene antibiotic target alter-
cluster (vanH) ation
RbpA RbpA bac- Rifamycin an-  Antibiotic 97.32 98.25
terial RNA tibiotic target  pro-
polymerase- tection
binding protein
qacJ Small multidrug  Disinfecting Antibiotic 38.24 98.13
resistance agents, Anti- efflux
(SMR)  efflux septics
pump
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AMR Gene Family Drug Class Resistance % Identity % Length
Gene Mechanism of Match- of Ref Se-

ing Region quence
OXA-50 Beta-lactamase  Beta-lactam Resistance 58.75 97.71
enzyme antibiotics to beta-
lactam
antibiotics
adeF Resistance- Fluoroquinolone,Antibiotic 73.47 102.27

nodulation-cell
division (RND)

efflux pump

Tetracycline

antibiotics

efflux
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