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Abstract

Antimicrobial agents have played a very intrinsic role in human and animal health since the
beginning of the world. However, our irresponsibility has made this life saver, equally deadly.
This study shows how much AMR has increased temporally and spatially in only certain
bacteria. This might be a way to understand which bacteria acquire more resistance and seek a
plausible cause and solution. After using an online database to extract the required sequences
and annotate them via various bioinformatics tools, the results were tabulated and presented in
graphs. According to timed data, the number of AMR genes increased by more than 2-3 folds
in bacteria found in open environments, and with the bacteria encased in the host body, there
were no noticeable changes. According to global statistics, AMR has increased higher in
underdeveloped nations than in developed ones. For all periods, the average AMR gene count
in developing nations was over twice that of developed nations for E. coli others exhibited data
that was marginally higher for developing nations. However, the variation in the AMR for
developing and developed count was not significant for bacteria rarely found in the
environment. Thus, we can make a point that bacteria mostly found in open environments and
poor countries acquired the most resistance towards antimicrobial drugs than found inside

living bodies and richer ones.

Keywords:  Antimicrobial resistance (AMR); bacteria; environment; host body; antibiotics;

temporal; spatial.
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Dedicated to boosting awareness about the perturbing case, escalated antimicrobial resistance

can be easily subdued by our accountable endeavor.
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Chapter 1
Introduction

1.1 Background

Providently, one of the most effective chemotherapies in medical history is antimicrobials, said
Aminov (2010).1 1t is unnecessary to question how many lives they have saved and how much
they have helped in controlling infectious diseases, which for most of human history were the
main causes of morbidity and mortality in humans. The antibiotic discovery was bliss for the
living world and due to World War 11, the United States played a significant part in the
development of the drug's large-scale production, turning a life-saving substance with a limited
supply into an extensively prescribed medication. After first putting antibiotics into clinical use
in the 1940s, they were quite effective in getting rid of deadly bacteria, which led many people
to think that infectious diseases would soon become bygones and disappear from all human
populations, Aminov (2009)[ described. Unfortunately, due to the evolutionary and ecological
processes in microbial ecosystems, antimicrobial overuse, and abuse, these bacteria have
grown resistant to most antibiotics. Currently, finding an antibiotic for one particular bacterial
stain that is completely susceptible has become a burning issue. Consequently, it has become
a very intrinsic job to find out where and which strains are acquiring more resistance. This will
prove useful in seeking the possible reasons and ways to stop them from achieving resistance.
Presenting the trend of some selected bacteria acquiring antimicrobial resistant (AMR) genes
over time and seeking how the resistance pattern differs from richer to poorer countries, will

give an idea of the possible causes and extent of the emergence of AMR genes in bacteria.



1.2 Research aim and objective

The prime purpose of this study is to find out the quantity of AMR genes present in 6 specific
bacteria and how they emerged in the past 20 years. Furthermore, finding out how the amounts

differ according to their geographical position.



Chapter 2

Literature review

Although people have used antibiotics to cure ailments for millennia, they were unaware that
bacteria were to blame until around a century ago. Some of the earliest civilizations used
various molds and plant extracts to cure diseases; the ancient Egyptians, for instance, applied
moldy bread to infected wounds. But up until the 20th century, bacterial diseases that we now
take for granted, including pneumonia and diarrhea, were the leading cause of mortality for

people in the industrialized world.

2.1 Antibiotics discovery

Scientists didn't start to see antibacterial compounds in action until the late 19th century.
German doctor Paul Ehrlich discovered that some bacterial cells were colored by specific
chemical dyes but not others. He concluded that it must be able to develop compounds that
may Kkill specific germs selectively without hurting other cells following this idea. He
discovered in 1909 that a substance known as arsphenamine might effectively treat syphilis.
Although Ehrlich himself referred to his discovery as "chemotherapy"—the employment of a
chemical to cure a disease—it was the first modern antibiotic. Over 30 years later, the
Ukrainian-American scientist and microbiologist Selman Waksman, who discovered over 20

antibiotics throughout his lifetime, used the term "antibiotics" for the first time.

Penicillin was accidentally discovered by Alexander Fleming, who appears to have been a little
disorganized in his work, said Microbiology Society (n.d.)l. In 1928, after returning from a
vacation in Suffolk, he discovered that a culture plate of Staphylococcus bacteria had become
contaminated by the fungus Penicillium notatum. Everywhere the fungus developed on the

plate, there were areas free of germs. Fleming separated the mold and raised it in sterile culture.



He discovered that P. notatum was less toxic than the disinfectants in use at the time and proved
to be exceedingly effective even at very low concentrations, inhibiting Staphylococcus growth

even when diluted 800 times.

Collaborations with British pharmaceutical companies enabled the mass manufacture of
penicillin (the antibiotic compound produced by P. notatum), following early studies in the
treatment of human wounds. Many survivors of a fire in Boston, Massachusetts, where almost
500 people perished, got skin grafts that are susceptible to Staphylococcus infection. Because
penicillin was such an effective treatment, the US government started funding its widespread
manufacture. Penicillin was widely utilized to treat infections in soldiers by the time of D-Day
in 1944, both in the field and in hospitals across Europe. Penicillin was known as "the wonder

medication™ and had saved many lives by the conclusion of World War II.

2.2 Antimicrobials and antibiotics

Britannica (2021) ™! wrote that antibiotics are a chemical compound that is toxic to other
bacteria and produced by a living thing, usually a bacterium. In a complex environment like
soil, organisms undoubtedly use antibiotics to regulate the growth of rival microbes. Bacteria
and fungi are microorganisms that produce antibiotics that help prevent or treat disease. The
organisms that produce antibiotics have antibiotic/ antimicrobial genes in their DNA. Some
organisms uniquely can acquire resistance by taking in the plasmid (extrachromosomal DNA)
containing antimicrobial genes. This is one of the reasons they become resistant to a certain

antimicrobial.

2.3. Gram-positive and negative bacteria

Gram staining is an empirical technique used to categorize bacterial species into two major

groups (Gram-positive and Gram-negative) based on the chemical and physical characteristics



of their cell walls. The technique bears the name of its creator, Danish scientist Hans Christian
Gram (1853-1938), who devised it in 1884. It is inconceivable to stress how crucial this finding

is to correctly identifying bacteria because all phenotypic approaches start with this assay.

In light of this fact, as explained by Sandal (2004)5! Gram dried a lung sample smear and
covered it with "anilinegentain violet solution of Ehrlich" (also known as Gentian (crystal)
violet). Following rinsing with water, Gram added Lugol's solution, a mordant made of
potassium triiodide in water. After this, Gram washed the stain away with ethanol. Gram made
numerous observations that led him to the conclusion that some bacteria, like Streptococcus
pneumoniae, maintained their purple color while other species did not (that he termed a

negative reaction).
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Figure 1: Gram staining method displayed for both Gram-positive and Gram-negative bacteria

According to subsequent theories, the variation in cell wall composition between the two

"groups" was what caused the response. In comparison to Gram-negative bacteria, the bacteria
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that maintained the stain (referred to as Gram-positive bacteria) contained more peptidoglycan
and fewer lipids. While the solvent dehydrates the thicker cell walls of Gram-positive bacteria,
preventing any diffusion of the violet-iodine complex, which seals the pores of the cell and
preserves the stain, the solvent had the opposite effect on Gram-negative bacteria, dissolving

the lipid layer in the cell wall and causing the crystal violet to seep out.
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Figure 2: Gram-positive bacteria and Gram-negative bacterial cell wall

2.4 Bacteria included in the study
Escherichia coli

Escherichia coli (E. coli) is a facultative anaerobic, gram-negative rod-shaped bacterium.
Theodor Escherich published the first description of this bacterium in 1885. The majority of E.
coli strains are a typical part of the flora in the gastrointestinal tracts of both humans and

animals. But some E. coli strains have developed into harmful varieties by acquiring virulence
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components via plasmids, transposons, and bacteriophages written by Lim, Yoon and Hovde
(2010)[61. Anastasi (2012)["! stated that presence of E.coli in waste water and reservoirs

human/animal-impacted environment.

Figure 3: Escherichia coli under electron microscope

Pseudomonas aeruginosa

According to Diggle, Whiteley, (2020)®, Gram-negative opportunistic pathogen Pseudomonas
aeruginosa serves as a model bacterium for research on virulence and bacterial social
characteristics. It can be easily discovered in practically every area that has been influenced by
people or animals, even though it may be isolated in small amounts from a wide range of
settings, including soil and water. Potential reservoirs of P. aeruginosa that are resistant to
antibiotics can be found in hospital restroom water that eventually drains into bodies of water.
An infection with P. aeruginosa can harm many different tissues, including the heart
(endocarditis), respiratory tract, central nervous system, ear (including external otitis), eyes,
bones, urinary tract, gastrointestinal tract, and leather. According to reports, P. aeruginosa

septicemia had a death rate of 80%.



Figure 4: Pseudomonas aeruginosa under electron microscope

Staphylococcus aureus

A gram-positive bacteria called Staphylococcus aureus is responsible for a wide range of
clinical illnesses. According to Tailor and Unakal, infections brought on by this virus are
frequent in both community- and hospital-acquired settings (2022). A kind of gastroenteritis
with a quick onset of symptoms, staphylococcal food poisoning is brought on by the bacterium
Staphylococcus aureus said Aydin, Sudagidan, Muratoglu (2011)1°. S, aureus is frequently
found in the environment (soil, water, and air), as well as in human skin and noses. According
to Tong et al. (2015)1*, staphylococcus aureus is a significant human pathogen that is
responsible for a variety of clinical illnesses. Along with osteoarticular, skin and soft tissue,
pleuropulmonary, and device-related infections, it is a major contributor to bacteremia,

infective endocarditis, and these other conditions.



Figure 5: Staphylococcus aureus under an electron microscope

Salmonella enterica

Salmonella enterica is a rod-shaped, gram-negative enterobacterium that causes human
diseases ranging from mild gastroenteritis to serious systemic infections, according to Wendy
et al. (2015) [*? in their book. Salmonella must grow intracellularly in macrophages for an
infection to take place. Fowl typhoid (FT), caused by Salmonella enterica serovar Gallinarum

(SG), is an acute septicemic disease of chickens and other galliforme birds!™*3,

Figure 6:Salmonella enterica under electron microscope



Mycobacterium tuberculosis

A rod-shaped, non-motile, weakly gram-positive bacterium called Mycobacterium
tuberculosis. It is an obligate aerobic as well as a facultative intracellular parasite. This clarifies
why tuberculosis often affects the lungs as a disease. A person contracts tuberculosis (TB) by
breathing in microscopic droplets from an infected person's cough or sneeze. Although it
mostly affects the lungs, it can also harm the stomach (abdomen), glands, bones, and

neurological system. (4]

Figure 7: Mycobacterium tuberculosis under an electron microscope

Streptococcus pneumoniae

Pneumococcus, also known as Streptococcus pneumoniae, is an aerotolerant anaerobic species
of the genus Streptococcus that is spherical, gram-positive, and capable of alpha- or beta-
hemolysis. They do not produce spores, do not move, and are typically seen in pairs. In healthy
carriers, Streptococcus pneumoniae normally colonizes the nasal cavity, sinuses, and

respiratory system without causing any symptoms.
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Figure 8: Streptococcus pneumoniae under an electron microscope

2.5 AMR acquirement

When antibiotics are used excessively or when they are not necessary, multidrug-resistant
organisms grow. Only a few germs may initially resist antibiotic therapy. Antibiotic resistance
is more likely to develop the more frequently antibiotics are used. These MDROs have the
potential to infect humans. Large doses of antibiotics administered to humans, farm animals,
and even fish in aquaculture led to the selection of pathogenic bacteria that were resistant to a
number of different medications. Bacteria may develop multidrug resistance by one of two
ways. Firstly, each gene those codes for drug resistance can accumulate many times within a
single cell of these bacteria.[*® This buildup often takes place on resistance (R) plasmids.
Secondly, increased gene expression for multidrug efflux pumps, which extrude a variety of

medicines, may result in multidrug resistance.

Microorganisms have developed additional types of resistance mechanisms due to the
prolonged use of many medications, which has resulted in multidrug resistance. There are many
persuasive evaluations on this subject Alekshun & Levy (2007) 181: Ayukekbong et al. (2017)

[17]: Choudhury et al. (2012) [28: Colodner et al. (2004) [*°1: Gashaw et al. (2018) ?%: Nikaido
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(2009) 24: Tanwar et al., (2014) [?21. These resistance mechanisms, according to Alekshun and
Levy (2007) 2% include novel penicillin-binding proteins, enzymatic drug modification
mechanisms, mutant drug targets, increased efflux pump expression, and altered membrane
permeability (Alekshun & Levy, 2007) 231, Bacterial antibiotic resistance genes can spread by

a variety of horizontal gene transfer pathways.

Plasmid

Bacteriophage Free DNA

D I I:I ABF - Antibiotic resistant gene

Figure 9: : Acquisition of antibiotic resistance—the mechanism of horizontal gene transfer between different
bacterial populations.

The figure shows three methods of transfer of genetic material: (1) transduction (via
bacteriophage), (2) transformation (via free deoxyribonucleic acid (DNA)), and (3) conjugation
(via plasmid). The antibiotic-resistant gene becomes incorporated into the chromosome by

recombination and/or transposition. Adapted from Alekshun and Levy (2007) 2]

One of the most well-known and frequent methods for bacterial populations to transmit genes
and enrich themselves with new traits or characteristics is known as horizontal gene transfer
(HGT) Khan & Rao, (2019) 24l HGT involves the exchange of genes between species that do
not have a parent-child relationship (Soucy et al., 2015) %1, Both positive and negative effects
may result from this genetic material interchange. A recent review by Emamalipour et al.

(2020) [2°] stated that HGT has a role in the formation of pathological conditions in cases of
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disease, despite the fact that HGT is vital for biodiversity, innovations, and evolution (Jain et

al., 2003[271: Ochman et al., 2000[?: Soucy et al., 2015) [°1. (Emamalipour et al., 2020) [?6],

It occurs through the processes of conjugation (via plasmid and conjugative transposons),
transduction (via bacteriophages), or transformation (via incorporation into the chromosome
of chromosomal DNA, plasmid, and other naked DNA). This is the main mechanism for the
spread of antibiotic resistance in bacteria (Levy & Marshall, 2004) 2%, Additionally, it is
essential for the emergence of antibiotic-resistant microbes and the spread of virulence genes.
Another uncommon method of gene transfer that was first identified in the 1970s (Solioz &
Marrs, 1977) 1 is the use of gene transfer agents. It combines natural transformation with
bacteriophage transduction (Lang et al., 2012) B%. They are tiny, virus-like particles that

transmit their whole genome from host cells to other cells (Solioz & Marrs, 1977) 291,

It has long been known that there are bacteria in the environment that are resistant to antibiotics.
For instance, there is proof of their existence in caves dating back up to 4 million years (Bhullar
et al., 2012) B4, In addition to being discovered in 30,000-year-old permafrost, antibiotic-
resistant bacteria have also been found in the gastrointestinal tracts of Amazon tribe members
who have never been exposed to antibiotics (Finley et al., 2013) 21 (Gibbons, 2015) 21,
Although some bacteria are commensals and naturally colonize individuals, they can cause
disease if they spread from their natural habitats (such as the skin and gastrointestinal system)
to parts of the body they shouldn't be in (the bloodstream, organs, etc.). Animal manure is how
drug-resistant microbes and antibiotics found in animal feed enter the environment (Berendsen
et al., 201584 Wichmann et al., 2014) %1, The proximity of the resistant organisms to one
another in the soil encourages horizontal gene transfer through the exchange of genetic
determinants (Christensen et al., 1998) [*¢1. The use of antibiotics in animals and the emergence
of antibiotic resistance in people are categorically related in the case of humans (O'Neill,

2016)F"
13



Through a variety of channels, including medical facilities, human or animal waste, the use of
antibacterial goods, and antibiotic-fortified food and feed supplied to animals, antibiotics are
discharged into the environment. Wastewater systems, pharmaceutical manufacturing
facilities, food and animal production facilities in agriculture and aquaculture, as well as
clinical settings like hospitals, are hotspots for antibiotic-resistant bacteria (Berendonk et al.,

2015) 1381,
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Chapter 3

Methodology

3.1 Data retrieval and annotation

Here, six strains were selected, three Gram-negative (Escherichia coli, Pseudomonas
aeruginosa, and Salmonella enterica) and three Gram-positive (Mycobacterium tuberculosis,
Streptococcus pneumoniae, and Staphylococcus aureus). The PATRIC database was used to
extract metadata for finding the strain name, genome ID, genome status, isolation country,
hostname, isolation year, and assembly accession number of these six strains. The whole table

was downloaded from this very site’s metadata.

PATRIC (Pathosystems Resource Integration Center) is a site where all the data about an
uploaded bacterial sequence are organized in tables. It is a website related to bacterial
bioinformatics from the Bioinformatics Resource Center. This is an information system
blending databases with various types of data about bacterial pathogens (transcriptomic,
structure, proteomic, and biochemical) along with tools for analysis. Easily accessible, a
support system for the biomedical research community's work on bacterial infectious diseases
through these integrations of pathogen information. It harmoniously annotates all sequenced
bacterial species from GenBank for free within a day using the RAST annotation service. A
completely automated service called (Rapid Annotation using Subsystem Technology) is
available for annotating bacterial and archaeal genomes. It provides comprehensive

phylogenetic tree-wide high-quality genomic annotations for these genomes.

The Linux terminal aided the process of arranging the extracted data under the conda

management system. The arrangement was done by the species name and their collection year

15



from the year 2000 to 2020 and then by their geographic location. A text-based interface called
the Linux terminal is used to manage Linux computers. It is merely one of the many tools
accessible to Linux users for carrying out any given activity, but it is often regarded as the most
effective approach. It's undoubtedly the most direct approach there is, barring the creation of
code. It's become so well-liked that Microsoft created PowerShell, its very own open source
command line, while Apple switched to using Unix as its foundation and acquired access to

the Bash and Z shells.

Consequently, the accession number found in the formed list was used to find and download
the whole sequenced genome from the NCBI database via ABRicate and Genomics tools.
These are tools to screen the contigs for antimicrobial genes from the sequences found from
NCBI. These work like AMRFinderPlus where they identify AMR genes from nucleotide

sequences.

Lastly, the AMR genes found were counted and the average was presented as a graph.
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Chapter

Results

The data found are given below

4.1.1 Gram Negative Bacteria

Escherichia coli

AMR Gene count

b b
Qo BN

O B N W AR U O N O

Average AMR gene count of E.

S EEEERERENR

Year

4.1 Average AMR gene count for the past 21 years

coli for past 21 years

Figure 10: Average AMR gene count of E.coli for the past 21 years

It can be seen that the average gene count which was just above 3 per 100 sequences in 2000

has become more than 10 in 2020. A gradual increase could be seen resulting in more than 3

fold augmentation of the AMR gene count in per 100 sequences.
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Salmonella enterica

Average AMR gene count of S. enterica for past 21 years
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Figure 11: Average AMR gene count of S. enterica for the past 21 years

The average gene count which was around 2 per 100 sequences in 2000 is still around 1 in
2020. No particular change could be seen and can be interpreted as no acquirement of any

antimicrobial genes over the years.

Pseudomonas aeruginosa

Average AMR gene count of P. aeruginosa for past 21 years
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Figure 12:Average AMR gene count of P. aeruginosa for the past 21 years
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It shows that the average gene count of just above 5 per 100 sequences in 2000 has become
more than 10 in 2020. A gradual increase could be seen resulting in a doubling of the AMR

gene count in per 100 sequences.

4.1.2 Gram-Positive Bacteria

Staphylococcus aureus

Average AMR gene count of S. aureus for past 21 years
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Figure 13: Average AMR gene count of S. aureus for the past 21 years

The graph indicates that the average gene count of just above 5 per 100 sequences in 2000 has
become more than 10 in 2020. It increased to almost 12 in the first 4 years and dropped in the

next three years. Later raised to 10 till the year 2000.
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Streptococcus pneumoniae

Average AMR gene count of S. pneumoniae for past 21 years
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Figure 14: Average AMR gene count of S. pneumoniae for the past 21 years

The figure specifies that the average gene count which was just above 3 per 100 sequences in

2000 has become more than 10 in 2020. A gradual increase could be seen.

Mycobacterium tuberculosis

Average AMR gene count of M. tuberculosis for past 21
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Figure 15: Average AMR gene count of M. tuberculosis for the past 21 years
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No particular change or significant fluctuation can be seen from the graph above. The AMR

gene count on average stayed from 0-3 throughout the past years.

4.1.3 Temporal trend in AMR

Mean AMR count in bacteria found freely in environment

== [lean AMR countin Escherichia coli == Mean AMR countin Pseudomonas aeruginosa
== pean AMR countin Staphylococeus adreus
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Figure 16: Mean AMR count in bacteria found freely in environment

The graph has shown that a gradual increase in AMR gene count for the three bacteria mostly
prevalence in open environment such as rivers, soil, sewage systems. E. coli, P. aeruginosa,
and S. aureus rose until almost doubled indicating and influx in antimicrobial gene inside of

the DNA of these three bacteria.
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Figure 17: Mean AMR count in bacteria found inside its host

A consistency can be seen in the average AMR gene count when S. enterica, M. tuberculosis,
and S. pneumoniae were graphed together. These are the bacteria mostly found inside human/

animal lungs and gut. Here, the values are seen to be stuck below 4 for the past 21 years.

4.2 Average AMR gene count in geographic bias

The data found are given below

4.2.1 Gram Negative Bacteria for both developed and developing countries

Escherichia coli
It can be seen that the average gene count which was just 2 per 500 sequences before 2000 has
become only 5 in 2020. A gradual increase could be seen which was not much in case of

developed countries for the AMR gene count in per 500 sequences. In contrast, developing
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countries’ data shows rise from just above 3 to near about 11. Comparing both developed and
developing countries’ data, it can be seen that for each time range from 1996-2020, the

developing countries AMR gene count was somewhat double than that of developed countries.

Average AMR gene count in E.coli across their geographic bias
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Figure 18: Average AMR gene count of E.coli for its geographic bias

Salmonella enterica

It can be seen that the average gene count which was 3.87 per 500 sequences before 2000 has
lowered to only 2.66 in 2020. A fluctuation could be seen for developed countries for the AMR
gene count in per 500 sequences. In contrast, developing countries’ data shows rise from just
above 0.42 to near about 3.61. Comparing both developed and developing countries’ data, it
can be seen that for each time range from 1996-2020, the developing countries AMR gene

count spiked whereas for developed countries, it has lowered.
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Average AMR gene count in S. enterica across their geographic bias
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Figure 19: Average AMR gene count of S. enterica for its geographic bias

Pseudomonas aeruginosa
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Figure 20: Average AMR gene count of P. aeruginosa for its geographic bias.
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It can be seen that the average gene count which was 0.44 per 500 sequences before 2000 has
risen to 8.15 in 2020. After the spike for the second time range a little fluctuation could be seen
for developed countries for the AMR gene count in per 500 sequences. In contrast, developing
countries’ data shows rise from 2.67 to 9.49, tripling over the years. Comparing both developed
and developing countries’ data, it can be seen that for each time range from 1996-2020, the

developing countries AMR gene count was more whereas for developed countries, was lower.

4.2.2 Gram-Positive Bacteria for both developed and developing countries

Staphylococcus aureus

Average AMR gene count of S. aureus for its geographic bias
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Figure 21: Average AMR gene count of S. aureus for its geographic bias

It can be seen that the average gene count which was 7.59 per 500 sequences before 2000 has
fallen to 5.91 in 2020. After an increase till 2010 it lowered and rose again till date for

developing countries for the AMR gene count in per 500 sequences. In contrast, developed
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countries’ data shows fall over the years. Comparing both developed and developing countries’
data, it can be seen that for each time range from 2001-2020, the developing countries AMR

gene count was more whereas for developed countries, was lower.

Streptococcus pneumoniae
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Figure 22: Average AMR gene count of S. pneumoniae for its geographic bias

It can be seen that the average gene count which was 2.31 per 500 sequences before 2000 has
fallen to 0.7 in 2020. After a fall till 2015 it doubled in the last 5 years for developing countries
for the AMR gene count in per 500 sequences. In contrast, developed countries’ data shows
fall over the years. Comparing both developed and developing countries’ data, it can be seen
that for each time range from 2001-2020, the developing countries AMR gene count was more

whereas for developed countries, was lower.
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Mycobacterium tuberculosis
For both the AMR gene count data per 500 sequences, it can be seen that no to very little

fluctuations could be seen for both developed and developing countries.

Average AMR gene count in M. tuberculosis for its geographic bias
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Figure 23: Average AMR gene count of M. tuberculosis for its geographic bias

4.2.3 Spatial trend in AMR

The graph demonstrates that for the three bacteria mostly prevalence in open environment such
as rivers, soil, sewage systems. E. coli, P. aeruginosa, and S. aureus are the bacteria whose
AMR gene count has risen close to 12 for developing and around 8 for developed. This data
points that developing countries yearly data presents more rise than that in case of developed

countries.
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Mean AMR gene count for bacteria found freely in environment
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Figure 24: AMR count for spatial data of the bacteria most prevalent in environment.
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Figure 25: AMR count for spatial data of the bacteria most prevalent in host body.
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A consistency can be seen in the average AMR gene count when S. enterica, M. tuberculosis,
and S. pneumoniae were graphed together. These are the bacteria mostly found inside human/
animal lungs and gut. Here, the values are seen to be stuck below 4 for both developed and

developing countries lowering yearly.
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Chapter 5

Discussion

When these bacteria are divided according to their result for Gram staining, two Gram-negative
bacteria E. coli and P. aeruginosa have shown a significant rise in their mean AMR gene count/
100 sequences each year. S. enterica had little fluctuation ending with a lower AMR gene
count. Gram-positive on the other hand has shown little fluctuation for the past 21 years in the
case of S. pneumoniae and M. tuberculosis. S. aureus was the only Gram-positive bacteria that
spiked to almost 12 on average in 2003 and then lowered and rose again till that in 2020. Thus,
we can see that dividing these 6 species according to Gram staining did not give any

homogenized result.

Temporal data of the past 21 years have shown augmentation of AMR gene count per 100
sequences of more than 2-3 folds for the bacteria found freely in the environment. The increase
was seen highest for E. coli (tripled), a fecal coliform found in abundance in untreated water.
P. aeruginosa and S. aureus found in soil, and untreated water from hospitals also had a great
influx of AMR genes in their genomes. In contrast, bacteria selected to be found enclosed in
the host lungs, and gut did not have any significant change in their average AMR gene count
ranging between 0-4. This implements that bacteria that are found to be abundant in an open
environment like rivers, lakes, and soil tend to acquire more antimicrobial genes than those
enclosed in human/ animal bodies. This implements those bacteria being around free DNA,
bacteriophage and many other bacteria acquire resistance more than ones enclosed safely in
lesser DNA inside the host body. This acquirement of the AMR gene can be through HGT in
the case of the bacteria in an open environment. Consequently, by stopping antibiotic abuse,

only taking antibiotics when absolutely in need, and maintaining proper hygiene and water
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sanitation, these free DNA and bacteria containing AMR genes in soil and water can be

reduced, reducing this alarming result.

Worldwide data found have shown that antimicrobial resistance has increased more in
developing countries than in developed countries for every 500 sequences. For E. coli, the
average AMR gene count in developing countries was almost twice that of the developed
countries for all time ranges whereas for P. aeruginosa and S. aureus the data for developing
countries showed somewhat higher than that of developed countries. This shows that developed
countries where accessibility of the unprescribed antibiotic is rare and sanitation/ hygiene is
well maintained had lower AMR gene prevalence in comparison to developing countries.
However, for M. tuberculosis, S. enterica, and S. pneumoniae the fluctuation in the gene
numbers for developing and developed count was not significant. This proves that a bacterium
does not have a huge amount of AMR genes around as free DNA, plasmids in bacteria or AMR
in the genome of bacteriophage tend to acquire fewer AMR genes irrespective of its geographic

bias.
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Chapter 6

Conclusion

To wrap up, we can say that the bacteria most prevalent in open environment acquire more
resistance in the course of time rather than the bacteria that stay back in host body. Both Gram-
positive and Gram-negative bacteria show this trend. In case of these bacterial AMR gene count
across its geographic location and socio-economic status, the countries selected as developed/
richer had a lower AMR gene count in comparison to that of the countries considered as
developing/ poorer. This implements that bacteria which is most prevalent in outside
environment tend to acquire more resistant and improving sanitization and reducing drug use

can ameliorate our health.
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