ABSTRACT
HALLERAN, JENNIFER L. Impact of Antimicrobial Dosing Regimen on the Composition and
Antimicrobial Resistance of Enteric Bacteria in Cattle. (Under the direction of Dr. Derek Foster
and Dr. Ronald Baynes).

Antimicrobial resistance (AMR) is a growing threat nationally and globally. In
veterinary medicine, the food animal sector utilizes the most antimicrobials and is believed to be
the source of the development and dissemination of antimicrobial resistant genes (ARG) to
antimicrobials of high regulatory concern in human medicine.

The overall objective of this dissertation was to explore the gastrointestinal (GIT)
pharmacokinetics (PK) of two different classes of antimicrobials and relate the GIT drug
concentration to phenotypic and genotypic patterns of resistance. We hypothesized that the
lower, repeated dose would allow for GIT PK parameters that would enable proliferation of a
resistant sub-population of bacteria. The AMR isolates would be higher and persist longer in
steers administered the lower, repeated dose in both antimicrobial classes.

The first antimicrobial studied was danofloxacin. The overall objective for our study was
to characterize the PK properties associated with the two FDA approved dosing regimens of
danofloxacin. Steers underwent GIT surgery to facilitate the placement of an ultrafiltration
probe and then steers were administered either a lower, repeated dose of danofloxacin or a single
higher dose. Significant concentrations of danofloxacin were observed within the GIT for both
dosing group E. coli and Enterococcus concentrations remained stable after danofloxacin
administration; however, MIC values were quite varied for both E. coli and Enterococcus
throughout the study period. Finally, the microbiome changes were minor following

danofloxacin administration, but there was a decrease in Euryarchaeota. Ultimately, conclusions



included a prolonged and increased variation in MIC values in the low dose group for both E.
coli and Enterococcus.

Phenicols are considered a “lower tier” class of antimicrobials. Florfenicol, a phenicol, is
labeled to treat bovine respiratory disease with two FDA approved dosing regimens. Florfenicol
administration has been associated with the development of resistance against multiple
antimicrobial classes, some of high regulatory concern in human medicine. To investigate
resistance associated with florfenicol, a PK analysis and assessment of phenotypic and genotypic
resistance profiles against antimicrobials of human importance was conducted.

Steers underwent GIT surgery to facilitate placement of ultrafiltration probes. Following
surgery, steers were administered either a lower, repeated dose of florfenicol or a single, higher
dose. Samples were then collected for a PK analysis and fecal samples were collected for
resistance profiling. Increased intestinal penetration of florfenicol was observed in both dosing
groups. E. coli and Enterococcus were grown on antibiotic infused selective media to assess
phenotypic resistance for common resistance patterns associated with florfenicol administration.

The breadth of resistance was assessed both phenotypically and genotypically.
Phenotypically, NARMS plates were used to assess bacterial growth to a wide array of
antimicrobials. Human based gram negative and gram-positive plates were used to asses E. coli
and Enterococcus growth respectively. Overall, an increased and more varied MIC value was
observed for both bacterial species in the low dose group for several antimicrobials. Genotypic
resistance patterns were assessed through metagenomic sequencing analysis of fecal samples.
Sequencing analysis revealed aminoglycosides as the most abundant resistance determinant for
both treatment groups. Twenty-three different multidrug resistance patterns were identified, with

phenicols being present in 10 of the 23 genes.



Overall, increased resistance was observed in the group of steers administered the
lower, repeated dose of both antimicrobials studied. The depth of resistance to multiple
antimicrobials classes was not assessed following danofloxacin administration; however, this
would be interesting to observe to ensure that administering a “lower tier” antimicrobial is the
more appropriate therapeutic option in terms of increased resistance patterns. This knowledge
can be utilized to assist in judicious therapeutic decisions, taking into consideration the

treatment’s impact on human health, without compromising patient care and well-being.
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CHAPTER 1
Introduction-Overview of antimicrobial resistance in enteric bacteria of cattle and the role

of antimicrobial drug concentrations in the intestinal lumen



Antimicrobial resistance (AMR) is a growing national and global threat encompassing
both human and veterinary medicine. As of 2019, more than 2.8 million antibiotic resistance
infections occur each year, with more than 35,000 human mortalities (CDC, 2019). Drug
resistant pathogens are believed to be responsible for 25,000 deaths per year in the European
Union (EU) and over 700,000 deaths globally (Bennani et al, 2020). It is believed that about
40% of the deaths associated with AMR are infant deaths (Rafiqgi et a, 2020). In addition to the
increased fatalities and disease occurrence noted, the growing AMR crisis has placed an
economic and labor personnel toll on the healthcare system. In the EU, it is estimated AMR
costs around $1.5 billion annually (Bennani et al, 2020). Overall, increased antibiotic use in both
the human and veterinary sector has been correlated with an increased prevalence of resistant
bacteria and drug resistant infections. Other factors also play a role in the growing AMR threat.
These include poor public health, poor healthcare systems, the increased availability of over-the-
counter medications (both human and veterinary), a lack of public knowledge regarding
antibiotic use, and inappropriate dosing and duration of therapy found in both human and
veterinary settings (Kumar et al, 2020). In addition, there has been no new development of new
classes of antimicrobial since 1990.

Human exposure to antimicrobial resistant bacteria is multifactorial, involving both
human and veterinary medicine, as well as different environmental sectors (Figure 1). The
inappropriate use of antibiotics in livestock has been studied to observe if any correlation exists
between inappropriate/overuse of antibiotics in livestock and the increased prevalence of
resistance found in humans. In the Netherlands, between 2007 to 2013, a documented 63%
decrease in antimicrobial use in animals occurred; this was subsequently followed by a decrease

in resistant bacterial organisms, specifically resistant E. coli isolated from meat in cattle, swine



and poultry (EMA, 2020). Also, in the Netherlands, E. coli’s resistance to cefotaxime in broilers
reached a level of more than 20% in 2007. Ceftiofur was banned in Netherlands in 2010 and a
subsequent decrease in E. coli resistance to ceftiofur in hatcheries was 2.9% in 2014 (MARAN,
2016). In Denmark, the percentage of resistant E. coli was studied in swine, cattle and broilers
between 2001-2008. The largest percentage of resistant E. coli was observed in swine, which
also had the largest amount of antimicrobial use when compared to cattle and broilers

(DANMAP, 2015).
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Figure 1: The relationship and connection between the veterinary, environmental and human sectors in the development and transmission of
antimicrobial resistance. Based upon image from Bennani et al, 2020.

In the scientific literature, the most common pathway for the transfer of resistant bacteria
is between livestock and livestock workers (Tang et al, 2017). There is less documented risk of
the general public’s exposure to resistant bacteria; however, exposure to resistant bacteria can
occur through the food chain by means of inappropriately handling food, handling raw food,
cross-contamination of food products, and indirectly through the environment (Bennani et al,

2020). Antimicrobials administered to livestock are excreted in the urine and feces. The



excreted urine and feces may harbor resistant bacteria, contaminating the environment with
resistance genes. The resistant bacteria can transfer resistance genes to crops, plants and water
sources, which could come into contact with humans, serving as another potential route of
human exposure to resistant bacteria.

To combat the growing AMR threat, in 1996, the Food and Drug Association (FDA), the
United States Department of Agriculture (USDA) and the Center of Disease Control (CDC)
established the National Antimicrobial Resistance Monitoring System (NARMS). The primary
objective of NARMS is to serve as a surveillance program, to monitor resistance of select enteric
bacteria found in animals that could pose a threat to humans. The two primary foodborne
pathogens of concern are Salmonella and Campylobacter; however, in 2002, E. coli and
Enterococcus were added for assessment in retail meat. These latter two organisms were added
as marker organisms; E. coli and Enterococcus are commensal intestinal microflora that serve as
reservoirs of resistance genes. The surveillance of both E. coli and Enterococcus may allow for
knowledge of selection pressures present in the environment. In addition to the establishment of
NARMS, globally, the CDC and World Health Organization (WHO) together put forth
categorization and recommendation of antimicrobial use for food animal veterinarians. In order
to assess and track growing bacterial threats, the CDC categorized resistant bacteria into different
threat levels: urgent, serious and concerning. These bacteria were categorized based upon
clinical impact, economic impact, incidence, transmissibility, the availability of antibiotics for
treatment, barriers present for prevention and the projected 10-year incidence. The WHO
classified the 35 different antimicrobial classes into different criteria and priority defined by their
exclusive use and documentation of resistance in humans and animal species. The antimicrobial

classes are categorized as either critically important, highly important or important



antimicrobials. This categorization allows for recommendations put forth by the WHO to food
producing veterinarians to allow for judicious antimicrobial use and decrease the prevalence of
resistance of antimicrobials of high regulatory concern in human medicine. The WHO
recommends an overall reduction in antimicrobial use; they also have recommended a complete
restriction of the use of antibiotics to promote growth in food animals. The use of antibiotics is
recommended to be restricted for preventing a disease if the disease has not been clinically
diagnosed. The WHO also discourages the use of antimicrobials labeled critically important for
the treatment of disease; instead, a recommendation for a “lower tier” antimicrobial is suggested
for therapeutic use.

Antimicrobial Resistance

Bacterial Mechanisms of Resistance

In order to combat the growing AMR threat, the underlying molecular mechanisms of
bacterial resistance need to be understood. Learning how bacteria develop resistance to
antibiotics may shed light on potential new therapies to combat bacterial resistance. First, it
should be known that the development of bacterial resistance is not a new phenomenon; bacteria
have been developing resistance mechanisms for their entire existence. Resistance mechanisms
enable bacteria survival. Most antibiotics utilized in human medicine develop from antibiotic
producing organisms that bacteria have been in contact with, before humans populated the Earth.
Before reviewing molecular bacterial resistance mechanisms, susceptibility, persistence and
resistance should be defined. A susceptible bacterial organism is one that will be inhibited by an
antimicrobial (CLSI, 2013). Persistence refers to bacterial cells that are not susceptible to the
medication, but they do not have any means of resistance; these cells are typically in a dormant

phase and when they awaken, they will be susceptible to the medication (Reygaert, 2018).



Resistant bacterial colonies are those that are not susceptible to an antibiotic; they have
resistance that will be passed along to future generations.

Resistance can be thought of as either natural resistance or acquired resistance (Reygaert,
2018). Natural resistance can be either intrinsic or induced. Intrinsic resistance is resistance that
is continuously expressed in a bacterial species. Common examples of intrinsic resistance
include reduced permeability of the cell membrane or the presence of natural efflux pumps.
Intrinsic resistance is shared universally in a particular bacterial species regardless of any
antibiotic exposure. Induced resistance occurs when naturally occurring genes in bacterial
species are expressed in response to antibiotic exposure. The expression of multidrug efflux
pumps is a common example of natural inducible antimicrobial resistance mechanism (Cox et al,
2013; Fajardo et al, 2008). Acquired bacterial resistance entails acquiring genetic material that
enables resistance. Typically, acquired bacterial resistance can be accomplished through
spontaneous mutations or horizontal gene transfer (HGT). Bacteria have a mutation rate of 1 for
every 10° to 10° mutations; most mutations of this nature would be harmful and cause cell death
(Coculescu, 2009; Davies et al, 2010). For mutations to assist in AMR, mutations can occur in
genes associated with encoding drug targets, drug transporters, regulator genes and antibiotic
modifying enzymes (Martinez, 2014). Horizontal gene transfer is the passage of genetic
material, typically mobile genetic elements, from one bacterium to another. Mobile genetic
elements include transposons, plasmids, bacteriophage elements and integrons. Methods include
conjugation, transformation and transduction. Plasmid mediated acquisition of resistance genes
is the most common means of passing resistance genes to other bacteria. This transfer can occur

between bacteria of the same or different species.



Antimicrobial resistance can be broken down into three main categories: minimizing

intracellular drug concentrations, modification of the drug target and inactivation of the drug

itself. A summary of these mechanisms and some associated genetic elements can be found in

Table 1 and demonstrated in Figure 2.

Table 1. Summary of selected antimicrobial classes (commonly used in veterinary medicine or of

high regulatory concern in human medicine).

Aminoglycosides

Beta-Lactams

Fluoroquinolones

Glycopeptides

Lipopeptides

Macrolides

Phenicols

Sulfonamides

Tetracyclines

Trimethoprim

Antimicrobial

Amikacin
Gentamicin

Penicilin

Cephalosporins

Carbapenems

Ciprofloxacin

Enrofloxacin

Vancomycin

Daptomycin

Erythromycin
Tulathryomycin

Lincosamides

Chloramphenicol

Florfenicol

Tetracycline

Mechanism of Action

Inhibit protein synthesis by disrupting
the binding of the 30S subunit and mRNA

Inhibit cell wall synthesis by
binding penicillin binding proteins

Inhibit bacterial replication by interfering with
DNA gyrase and/or topoisomerase IV

Inhibit cell wall synthesis by
interfereing with side chain crosslinking

Rapid membrane depolarization
and potassium efflux

Inhibit protein synthesis by binding to the
505 ribosomal subunit and
preventing translocation of tRNA

Inhibit proetin synthesis by interfering with

peptidyltransferase activity in the 50S ribosome subunit

Inhibit folic acid synthesis by binding to
dihydropteroate synthase

Interfere with protein synthesis by binding to the 30S ribosomal

subunit,

preventing attachment of aminoacyl tRNA to mRNA

Inhibits folic acid synthesis

Nature Bacterial Effect

Bacteriocidial ~ Concentration-Dependent

Time-D

Mechanism of Resistance

Inactivation of drug
Efflux
Modification of ribosome

Limited Uptake
Beta-lactamases

Bacteriocidial =~ Concentration-Dependent

in penicillin
binding proteins
Efflux

Mutation decreasing drug
affinity for
DNA gyrase and/or
topiosomerase IV

Time-D d Alter cell wall side chain
¢ ion-De Alter cell charge
Bacteriostatic . Efflux
Time-D
of ribosome
Bacteriostatic Efflux

Time-Dependent
Bacteriocidial P

Time-D

Bacterostatic Time-Dependent

Time-D:

Ribosome methylation

Drug Modification

Ribosomal protection
Efflux
Drug degradation

Drug modification

Genetic Component

aac, ant, aphgenes
NorM
armA

bla genes
acrAB-TolC

gyrA (DNA gyrase)
ParC(topiosomerase V)

vancluster of genes

mprF

EmeR, MefB, MdfA
erm family of genes

MdfA
cfr

dhps

tetM, tetO, tetS
VcaM, EmeR, EmrAB-TolC and MdfA
tetX

dhfr

PD Parameter

AUC/MIC
Cmax/MIC

T>MIC

AUC/MIC
Cmax/MIC

AuC/MIC

AUC/MIC

Cmax/MIC

T>MIC

T>MIC

T>MIC

AUC/MIC

T>MIC
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Figure 2. The three main groups of antibiotic resistance. The left is a susceptible bacteria and the right is a resistant bacteria.
The orange square is an antibiotic and the blue circle is the antibiotic target. A)Mechanisms to minimize intracellular
antibiotic concentrations such as reduced permeability and efflux pumps. B) Mechanism for antibiotic modification. C)
Mechanisms for modification of the antibiotic target or target protection.

Minimize Intracellular Drug Concentrations

Intrinsic resistance is a common mechanism employed to minimize intracellular drug
concentration. Many gram-negative bacteria have intrinsic resistance to certain groups of
antimicrobials due to their lipopolysaccharide layer; larger antimicrobials are not able to pass
through. Gram positive bacteria do not have an outer membrane, so the intrinsic structural
difference is not as common; however, in Enterococci species, polar molecules are unable to pass
through the cell wall. This enables Enterococci to have intrinsic resistance to aminoglycosides.
Mycoplasma species lack a cell wall; therefore, they are intrinsically resistance to antimicrobials
that target the cell wall, such as beta-lactams. Another example of intrinsic resistance
minimizing intracellular drug concentrations pertains to aminoglycosides; their entry into a
bacterial cell is two-fold and requires the presence of oxygen. Anaerobic organisms are

therefore intrinsically resistant to aminoglycosides.



Gram negative bacteria contain porin channels in their outer membrane, allowing
hydrophilic molecules to pass through. The major porin channel proteins in Enterobacteriaceae
are OmpF and OmpC (Cornaglia et al, 1996; Chow et al, 1991). Gram negative organisms have
been shown to decrease the number of porin channels being expressed or changed the selectivity
of the channel to convey resistance. Decreasing the number of porin channels is a commonly
found resistance mechanism for Enterobacteriaceae against carbapenems (Cornaglia G et al,
1996; Chow et al, 1991). Mutations resulting in changes in selectivity of the porin channel can
be found in Neisseria gonorrhoeae against beta-lactams and tetracycline (Gill et al, 1998).

Efflux pumps are another mechanism to minimize antibiotic concentrations within a
bacterial cell. Efflux pumps may arise from genes present within bacterial chromosomes; some
are always expressed, while other are inducible in nature. Genes associated with efflux pump
expression can be passed between bacterial cells. Efflux pumps, aside from pumping out
antimicrobials, assist in pumping a wide array of substances, particularly toxic substances to the
bacterial cell. Many efflux pumps will pump multiple types of compounds, and can be referred
to as multidrug efflux pumps. There are five families of efflux pumps found in bacteria: ATP
binding cassette (ABC), multidrug and toxic compound extrusion (MATE), small multidrug
resistance (SMR), major facilitator superfamily (MFS) and resistance nodulation cell division
(RND) families (Reygaert, 2018). RND family pumps are found exclusively in gram negative
bacteria; gram positive bacteria typically express either MATE or MFS family pumps (Blair et
al, 2014; Kumar et al, 2005; Jonas et al, 2001). Otherwise, all five families are found in gram
negative bacteria.

The ABC family pumps compounds by means of hydrolysis of ATP (Reygaert, 2018).

These pumps tend to be very compound specific. The most commonly studied pump pertains to



Vibrio cholera (VcaM) and it transports fluoroquinolones and tetracyclines (Kumar et al, 2005;
Lubelski et al, 2007). In E. coli, pump MacAB conveys resistance to macrolides (Lu et al,
2013). The MATE family relies on a sodium gradient as an energy source. The most studied
MATE pump belongs to Niesseria gonorrhea (NorM) and is responsible for the efflux of
fluoroguinolones and aminoglycosides (Kuroda et al, 2009; Rouquette-Loughlin et al, 2003).
The SMR family relies on a proton motive force. These pumps are very specific, but genes
encoding their expression can be found on chromosomes and plasmids. In E. coli, this family of
pumps is responsible for the efflux of vancomycin, erythromycin and tetracycline (EmeR) (Bay
et al, 2008; Yerushalmi et al, 1995). The MFS family facilitate transport via solute/cation
symport or solute/hydrogen antiport. Over half of the pumps found in E. coli are members of the
MFS family (Blair et al, 2014; Kumar et al, 2005). In E. coli, pumps MefB and MdfA transport
macrolides; pumps QepA2, EmrAB-TolC and MdfA transport fluoroquinolones; pumps EmrAB-
TolC and MdfA transport tetracyclines; pumps FrsR transport trimethoprim and MdfA also
transports chloramphenicol (Schwarz et al, 2004). The RND family facilitates transport via a
substrate/hydrogen antiport. All pumps in this family are multidrug transporters and different
pumps have been characterized that are responsible for the efflux of tetracyclines (Tet pump),
macrolides (Mef pump), beta-lactams, chloramphenicol, trimethoprim, sulfamethoxazole and
fluoroguinolones (MexAB-OprM pump) (Blair et al, 2014; Kumar et al, 2005). In E. coli, the
most studied pump is AcrAB-TolC pump, which conveys resistance to penicillin,
chloramphenicol, macrolides, fluoroquinolones and tetracyclines (Blair et al, 2014; Kumar et al,
2005).

Modification of Drug Targets
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As discussed previously, there are multiple mechanisms of actions of antimicrobials,
many of them targeting specific bacterial components. Modification or protection of any of
these components by the bacterial cell can convey resistance to that particular antimicrobial. The
cell wall is a common target of multiple antimicrobials. Gram positive bacteria have different
ways to evade destruction from beta lactams, glycopeptides and lipopeptides. Penicillin binding
proteins (PBPs) are enzymes involved in crosslinking the peptidoglycan of the cell wall; a
change in the number or structure of the PBP can decrease or completely inhibit the ability of
beta lactams to bind, rendering them useless (Reygaert, 2009). To combat against glycopeptides,
such as vancomycin, a group of genes called the van genes are acquired. The van genes change
the peptidoglycan precursors, resulting in decrease affinity of vancomycin to its target. VanA
genes change the side chains from D-alanyl-D-alanine to D-alanyl-D-alanine-Lactate, which
prevents vancomycin from binding, but will also rebuild the cell wall (Cox et al, 2013). VanC
genes are found in Enterococcus gallinarium and E. casseliflavus, providing intrinsic resistance;
side chains take on the form of D-alanyl-D-serine (Courvalin, 2006). This mechanism of
resistance are commonly found in vancomycin resistant Enterococci. The lipopeptide
daptomycin targets the cell membrane as well; in order for it to cause destruction, calcium is
required. Mutations arising in the mprF genes change the cell membrane surface charge to be
more positive, thereby inhibiting the bindings of daptomycin (Yang et al, 2009; Mishra et al,
2014; Stefani et al, 2015).

The ribosome is another popular antimicrobial target. Resistance mechanisms pertaining
to the ribosome either protect the target site or interfere with the ability of the antibiotic to bind
to the target. Mutation of the ribosomes prevents aminoglycosides from binding; methylation of

the ribosomes, prevents aminoglycosides (armA) and macrolides (erm) from binding (Roberts,
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2004). Methylation of the 23S rRNA ribosome conveys resistance against florfenicol and
chloramphenicol; this gene is called the cfr gene (Schwarz et al, 2004). The region of
methylation contains resistance genes for multiple antimicrobials. Methylation here will not
only convey resistance to both florfenicol and chloramphenicol, but also streptogramins,
lincosamides and oxazolidones (Schwarz et al, 2004). Both the erm and cfr genes are carried on
plasmids (Roberts, 2004; Schwarz et al, 2004). Ribosomal protection allows for resistance
against tetracyclines (Roberts, 2003). Modifications in DNA gyrase affect the affinity and
potency of fluoroquinolones. The gnr gene family, commonly found on plasmids, encodes for
pentapeptide repeat proteins (prp) that bind to and protect DNA gyrase and topoisomerase IV
(Hawkey, 2003). In gram negative bacteria, mutations in gyrA and in gram positive bacteria,
mutations of grlA change the structure of either gyrase or topoisomerase 1V, respectively. These
genes are found in a region of genetic material titled the quinolone resistance determining region.
This change in structure decreases the affinity of fluoroquinolones. It has also been suggested
that prps interact with either DNA gyrase or topoisomerase after a drug has been bound and can
dislodge it, resuming normal activity after the drug has been dislodged (Redgrave et al, 2014).
Inactivation of Drug

There are two main ways for a drug to be inactivated within a bacterial cell: transfer of a
chemical group or breakdown of the drug. For chemical group transfer, the most common
chemical groups added are acetyl, phosphoryl and adenyl (Blair et al, 2015). The addition of
these groups results in steric interference with drug binding to the target site, rendering them
useless. This is most commonly observed in aminoglycosides. Aminoglycoside

acetyltransferase (aac genes), aminoglycoside nucleotidyltransferase (ant genes) and
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aminoglycoside phosphotransferase (aph genes) are the enzymes that move chemical groups
(Blair et al, 2015).

Breakdown of the drug itself usually occurs via hydrolyzing enzymes. Tetracycline can
be broken down by tetX genes (Volkers et al, 2011). Beta-lactamases are the largest group and
most studied. All beta-lactam antimicrobials share a common 4-sided beta lactam ring; this ring
can be broken down via hydrolysis by beta-lactamases (Meroueh et al, 2003). When a beta-
lactamase lyses the beta-lactam ring, the ring opens up, preventing the beta-lactam from binding
to its target, PBPs. The use of beta-lactamases is the most common resistance mechanism
employed by gram negative bacteria, and is the most detrimental to penicillin and cephalosporin
(Bush et al, 2010). Beta-lactamases can be grouped based upon their structure and functional
characteristics. Structurally, they can be placed into four groups: A, B, C, and D. This
classification is based upon amino acid sequences of the hydrolysis enzyme (De Angelis et al,
2020). Functionally, they can be placed in three groups: cephalosporinases, serine beta-
lactamase and metallo-beta-lactamases (Reygaert, 2018). This grouping is based upon substrate
specificity. Class A, C and D tend to belong to the serine substrate specific group, while class B
tends to belong to the metalloenzymes (De Angelis et al, 2020). Gram negative bacteria can use
any beta-lactamase; gram positive bacteria that employ the use of beta-lactamase typically use
beta-lactamases in group A (Bush et al, 2010; Toth et al, 2016). Genes conveying resistance via
the use of beta-lactamases may be found on either chromosomes or plasmids (Reygaert, 2018).
Currently, one of the most threatening groups of beta-lactamases, the extended spectrum beta-
lactamase (ESBL) contain a variety of bla genes that are plasmid borne (Reygaert, 2018). While
this resistance mechanism is widespread, these bacteria are still typically susceptible to beta-

lactamase inhibitors. However, newly emerged metallo-beta-lactamases have been found to be
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resistant even to beta-lactamase inhibitors. These bacteria are termed carbapenem resistant
Enterobacteriaceace (Reygaert, 2018).

Pharmacokinetic and Pharmacodynamic Principles Associated with Selection of Resistance

In order for an antimicrobial to be effective against a bacterial infection, three major
factors must occur. First, the antibiotic must bind to its associated target site. At the binding
site, the antibiotic must occupy a certain number of binding sites. Finally, the antibiotic must
remain at the target for a sufficient period of time in order for any metabolic process of the
bacterial cell to be inhibited. The primary way to measure antimicrobial activity is through
measuring the minimum inhibitory concentration (MIC). This is the lowest antibiotic
concentration needed to inhibit at least 50% of bacterial growth (CLSI, 2013). While the MIC is
useful is determining the potency of an antibiotic, it does not assist with understanding the time
course or dosing scheme needed to have an appropriate antimicrobial effect (Mueller et al, 2004).
An integration of pharmacokinetic and microbiological parameters allow for the development of
pharmacodynamic parameters that shed light on the time course of an antibiotic and dosing
regimen (Meuller et al, 2004).

Antimicrobials can be broken down into two main groups based upon their bacterial
effect. These two groups are time dependent and concentration dependent (Martinez et al, 2012)
as demonstrated in Figure 3. Antibiotics classified as time dependent require a certain amount of
time present at the target site for an inhibitory process to take effect. The associated
pharmacodynamic parameter is Time>MIC; this states the drug concentration needs to be above
the MIC for a certain period of time, typically 30-50% of the dosing interval. Examples of time
dependent antimicrobials that utilize Time>MIC are beta-lactams, macrolides, phenicols,

trimethoprim and sulfonamides (Martinez et al, 2012).
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Figure 3. Visual plot of pharmacokinetic-pharmacodynamic parameters

Concentration dependent antimicrobials are those that require a certain drug
concentration at the target site for the drug to be effective. Typically, the drug concentration
needs to be at least 10 times the target MIC at the infection site. Associated pharmacodynamic
parameters include AUC/MIC and Cmax/MIC. These two parameters are focused on the drug
concentration over time (AUC/MIC) or peak concentration (Cmax/MIC) compared to the MIC.
Examples of antimicrobials that are concentration dependent with the associated
pharmacodynamic parameters include aminoglycosides, fluoroquinolones and lipopeptides
(Martinez et al, 2012).

In addition, the post antibiotic effect (PAE) needs to be taken into account. The PAE is
the persistent suppression of bacterial growth following antibiotic exposure (Zhanel et al, 1991).

After antimicrobial exposure, the exposed bacteria may be more susceptible to phagocytosis.
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This is called the post antibiotic leukocyte enhancement effect (McDonald et al, 1981). The
persistent antibiotic exposure may also alter the bacterial cell morphology, causing slower
bacterial growth. As the PAE wanes, bacteria will resume growth; ideally, the next course of
therapy should be dosed to prevent any substantial regrowth. If a time dependent antimicrobial
has a non-existent PAE, that antibiotic can be evaluated for efficacy using the pharmacodynamic
parameter T>MIC (Martinez et al, 2012). If the time dependent antimicrobials have a prolonged
PAE, then AUC/MIC should be utilized (Martinez et al, 2012). Therefore, the development of a
resistance bacterial population depends upon the propensity to develop resistance (such as
spontaneous mutations), how well the host can control growth and the concentration or time of
the antibiotic at the target site.

In order to determine the appropriate pharmacokinetic-pharmacodynamic parameter for
an antimicrobial agent, a dose fractional study is performed. In a dose fractional study, the same
total drug is administered, but in different dosing intervals to a known concentration of bacteria
(Martinez et al, 2012; Andes et al, 2002). For example, one gram of the drug could be
administered at once, or the one gram could be broken up into equal twice daily therapy in a 24-
hour period. A correlation will be determined between the bacterial killing and the AUC/MIC,
Cmax/MIC and Time>MIC. If there is a high correlation between bacterial killing and AUC/MIC
or Cmax/MIC, then those would be utilized as the associated pharmacodynamic parameter. If
there is a high correlation between bacterial killing and Time>MIC, then T>MIC will be the
appropriate pharmacodynamic parameter (Andes et al, 2002).

Assessment of Antimicrobial Resistance
Detection of antimicrobial resistant bacteria or antimicrobial resistance genes can be very

challenging. Techniques are always being developed for rapid detection of AMR, especially in
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clinical settings. Assessing resistance can be broken down into two categories, phenotypic or
genotypic approaches. Phenotypic approaches of detecting AMR allow for assessing bacterial
growth after subjecting bacteria to antimicrobials. Genotypic approaches involve detecting
antimicrobial resistance genes that could potentially be responsible for resistance in an in vivo
setting. There are also non-conventional methods for AMR detection, such as the use of Matrix-
assisted laser desorption//ionization time of flight mass spectrometry (MALDI-TOF MS) or
different colorimetric/spectroscopy approaches. However, only phenotypic and genotypic

approaches will be discussed more closely (Figure 4).

Assessment of Antimicrobial Resistance
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Figure 4: An overview of the phenotypic and genotypic methods of detecting antimicrobial resistance.

Phenotypic Approaches

Antimicrobial susceptibility testing (AST) are in vitro procedures used to detect AMR in
individual bacterial isolates. These are typically culture-based methods that assess bacterial
growth in the presence of an antimicrobial. These methods are commonly implemented in

clinical settings for individual bacterial isolates cultured from patients or environments; the
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results may assist clinicians with therapeutic treatments. Two broad categories of phenotypic
resistance detection are manual and automated (Kaprou et al, 2021). Manual methods include
microdilution and agar dilution, disk diffusion and gradient tests. Automated systems are
commercial platforms that utilized manual methods of detection.

First, it should be noted that in vitro laboratory conditions are quite different from an in vivo
setting. In addition, the nature of the drug, the host’s immune system and the environment where
the drug, bacteria and host will interact will be very variable. Results obtained from AST may
not reflect in vivo conditions. For in vitro tests, specified laboratory conditions and procedures
are documented by the Clinical and Laboratory Standards Institute (CLSI, 2013). These include
using a standard bacterium inoculum of approximately 0.5 McFarland turbidity standards, which
is about 1.5 x 108 CFU/mL (CLSI, 2013). The initial starting culture of 0.5 McFarland is diluted
further, depending upon the method; ultimately, bacterial concentrations of 5 x 10° CFU/mL are
typically used for analysis (CLSI, 2013). Clinical infections can vary quite drastically in the
bacterial burden and bacterial intensity. In humans, purulent fluids have demonstrated bacterial
burdens averaging 2 x 108 CFU/mL (Konig et al, 1998). In addition, the culture conditions of the
bacteria are controlled with a known media and a known pH (CLSI, 2013). Depending upon the
location of the infection, the pH may vary and therefore may alter the actual antimicrobial effect
of the antibiotic administered. The media may be supplemented with nutrients that may or may
not be present in vivo. The incubation parameters, such as the atmosphere, temperature and time
are all controlled. The antibiotic concentration for AST methods is also known, with antibiotic
concentration typically in a steady state concentration (Martinez et al, 2012). This may not
reflect an in vivo setting, depending upon the location of the infection and the ability of the

antimicrobial administered to penetrate tissues and bodily fluids associated with the infection.
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Although in vitro procedures may not reflect in vivo infections, AST methods can start as a guide
for clinical therapeutic interventions.

Minimum inhibitory concentrations (MIC) are values commonly received as output from
various AST methods. Minimum inhibitory concentrations can be defined as the minimum
antibiotic concentration that will inhibit growth of a bacterial isolate (CLSI, 2013). The MIC is
specific to a particular bacteria-antibiotic combination; the MIC values are specific to the host
species as well. MICs are a quantitative, numeric result that can be correlated with break point
values. Depending upon the method, the MIC output may be a drug concentration or a
measurement of diameter (CLSI, 2013). Break points are clinical threshold values that are
established for specific bacteria-antibiotic pairings to categorize bacterial isolates as susceptible
or resistant (CLSI, 2013). Break point is used many ways in the scientific literature. The most
common refers to the “wild-type break point,” also called the microbiological break point. The
“wild-type break point” refers to the MIC value for an antibiotic that would distinguish it from a
wild-type isolate and one that has acquired a resistance mechanism (Turnidge et al, 2007). The
wild-type bacterium is one that does not have any resistance genes present. If the MIC obtained
from the AST method is less than the designated break point, the bacterial isolate is considered
to be susceptible to that antimicrobial. If the MIC obtained from the AST method is greater than
the designated break point, the bacterial isolate is considered to be less susceptible, or resistant to
the particular antibiotic. The “wild-type break point” is derived from conducting numerous in
vitro MIC tests on the wild-type bacteria. The second classification of break point is termed
clinical break point. Here, the MIC value assists in understanding if treatment will likely
succeed or fail (Turnidge et al, 2007). The third break point term is called the

pharmacokinetic/pharmacodynamic break point (Turnidge et al, 2007). These are calculated
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antibiotic concentration values from pharmacokinetic/pharmacodynamic knowledge and will
predict efficacy in vivo. These values are derived from animal studies and different modeling
and statistical techniques.

Two international organizations are currently responsible for publishing guidelines and
laboratory standards to assist in determining and setting break point values. These are CLSI and
European Union Committee on Antimicrobial Susceptibility Testing (EUCAST) (CLSI, 2013;
EUCAST, 2021). The FDA also can establish break points at the time of drug approval. For
break points to be established, a wide range of data and assays need to be conducted. This
includes in vitro data, pharmacokinetic/pharmacodynamic data and clinical outcome data.
Technically, since infections occur in multiple body compartments, break points should be
established for infections in each body compartment (Turnidge et al, 2007). However, this
would complicate break point development, so blood stream infections are typically used as a
representative of serious infections.

The use of break points and MIC values allow for interpretative criteria to be developed.
Susceptible, intermediate and resistant are the three interpretative categories to place bacterial
isolates (CLSI, 2013). Susceptible bacterial isolates are those that will succumb to the antibiotic
(CLSI, 2013). Resistant bacterial isolates are those that have acquired resistance and will
overcome the antibiotic’s attack on the bacteria (CLSI, 2013). The intermediate category may be
available depending upon the AST method used. The intermediate category acts as a buffer
between the susceptibility and resistance category to prevent any interpretative error. It may also
suggest that the bacterial pathogen will be susceptible to the antibiotic if the antibiotic is
concentrated at the infection site, or that to achieve susceptibility, a higher concentration of the

antibiotic should be used if it is safe for the patient (CLSI, 2013; Turnidge et al, 2007).
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Manual and Automated Methods of Phenotypic Resistance

Broth microdilution or agar dilution AST methods assess a known bacterial concentration
to a gradient of known antibiotic concentrations in a broth or agar environment, respectively
(Kaprou et al, 2021). Commercially available cartridges or 96 well plates are typically used. A
single antibiotic may be in question, or utilization of commercially available plates contain
multiple dried antibiotics that can be tested against a single bacterial isolate. These plates
usually have an associated database that can assist in monitoring real-time growth and provide
interpretive criteria for the bacterial isolate in question. The outcome value for a broth
microdilution assay is a quantitative MIC value.

The disk diffusion method is the most widely used method to assess antimicrobial
susceptibility (Karatuna, 2012). For the disk diffusion method, the media most commonly used
is Meuller-Hinton agar (CLSI, 2013). A standard bacterium inoculum size is added. Antibiotic
impregnated disks, each with a known antibiotic concentration, are placed on the agar surface.
After an overnight incubation, the susceptibility of the particular bacteria to the antibiotic is
assessed by observing the zone of inhibition. The antibiotic will diffuse outward from the disk
through the media, creating a gradient with the highest antibiotic concentration being closest to
the placement of the disk and a smaller concentration found as the distance from the disk
increases. The zone of inhibition is where there is no bacterial growth found around the disk.
This zone of inhibition is measured, and the diameter measurement has a correlated susceptibility
category so the bacteria can be placed in either the susceptible, intermediate or resistant category
(CLSI, 2013).

Epsilometer tests (E-tests) are an example of a gradient test and are commonly used to

assess phenotypic resistance against fastidious organisms such as Campylobacter (Tenover,
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2009; McGill et al, 2009). E-tests utilized an antibiotic impregnated test strip with MIC values
written on the strip. The strip is placed on the surface of an agar media plate with a known
concentration of a bacterial inoculum. After an overnight incubation, the zone of inhibition, or
the area with no bacterial growth is elliptical in shape and the MIC is defined as the point at
which this area of no growth ends and intersects with the test strip.

There are currently three commercially available automated platforms for detecting
phenotypic resistance in bacterial isolates. These include VITEK®2 COMPACT, Sensititre™
ARIS™ 2X and Alfred 60AST system (Kaprou et al, 2021). The VITEK®2 COMPACT system
has dual activity, where organism identification is performed via a fluorogenic method and AST
is performed through turbidity measurements (Gunderson Health Systems, 2019). The
Sensititre™ ARIS™ 2X performs AST via broth microdilution (Thermo Fisher Scientific, 2021).
The Alfred 60AST system using light scattering technology for AST (Alifax, 2021).

Genotypic Approaches

Although AST is often used, there are several drawbacks. Microbiology laboratory facilities
and personnel able to conduct these procedures are required. Only culturable bacteria can be
studied; any bacterium that is difficult to culture in a laboratory setting cannot be assessed using
AST methods (Boolchandani et al, 2019). Because AMR is ultimately genetically encoded,
assessing antimicrobial resistance genes (ARGSs) can be used in conjunction with AST methods
to provide insight on fastidious bacteria, as well as clinical and surveillance programs for AMR.
Numerous samples types can also be used for genotypic studies as purification of the sample
type is not required. Detection of resistance genes may also be more rapid than conventional
phenotypic methods. However, there are drawbacks as well; these methods cannot define an

MIC value. In addition, ARGs may be missed due to lack of coverage and depth of sequencing
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or novelty of the gene. With decreasing costs for sequencing, many new sequencing platforms
are now utilized to assess ARGs.
Polymerase Chain Reaction Based Methods

Polymerase chain reaction (PCR) is the most commonly utilized molecular technique to
detect ARGs (Chisholm et al, 2001; Seedy et al, 2017). PCR allows for rapid and exponential
amplification of target DNA sequences by utilizing forward and reverse primers, DNA
polymerase and deoxyribonucleotides (Anjum et al, 2017). Conventional PCR has three steps:
denaturation of the double stranded DNA, annealing of the forward and reverse primers, and
elongation of the DNA via DNA polymerase. PCR products can subsequently be visualized with
gel electrophoresis. There have been quite large advances in PCR methodology, including the
development of real time and multiplex PCR technologies. Real time PCR entails the
amplification of a target sequence and quantification of the target sequence as the PCR process is
occurring (Wong et al, 2018). This is accomplished by utilizing different fluorescent dyes that
can assist in correlating the concentration of the PCR product with the intensity of the
fluorescence (Higuchi, 1993). The output value for real time PCR is called a cycle threshold
value (Cy); this is the time when the fluorescence of the PCR product is greater than the
background fluorescence present. If there was an increased concentration of the PCR target
present in the sample, it would reach a greater fluorescent intensity than the background faster,
yielding a smaller C; value. Multiplex PCR allows for multiple resistance genes to be detected
simultaneously in a bacterial isolate. This can be performed as a conventional PCR or as real
time PCR (Anjum et al, 2017). Multiplex PCRs allow for rapid identification of multiple

resistance processes which aid in therapeutic decisions. These techniques are commonly
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employed for detecting multidrug resistant pathogens and as part of different surveillance
programs.

Because of the ease in primer design, affordability to run PCR and multiple sample types,
detecting the presence of ARGs by PCR is very common. Monitoring of the vanA (vancomycin
resistance), mecA (methicillin resistance), and ampC (ampicillin resistance) gene is has been
routinely performed for surveillance programs in different water sources (Schwartz et al, 2003).
PCR assays for extended spectrum beta-lactamases (ESBL) have also been developed (Chagas et
al, 2001; Hasman et al, 2005). In a clinical setting, these assays are done in conjunction with
AST methods to allow for more accurate therapeutic treatment. Multiplex PCR application has
been utilized to assess prevalence of ESBL-producing E. coli in swine at slaughter (Randall et al,
2014). This multiplex PCR utilized the most commonly found ESBL resistance genes: blaTEM,
blaSHV, blaCTX-M and blaOXA (Randall et al, 2014).

The efficiency of PCR relies on many different factors, but probably the most important is
appropriate primer design. The primer designs need to be as close to 100% of the target DNA
sequence as possible to allow for specificity to the target DNA. It is encouraged to design
primers in areas where natural variation will be unlikely to occur. In addition, the presence of
GC content of the target may also play a role in how efficient PCR is at amplifying the target
DNA (Anjum et al, 2017). The GC content dictates how stable the binding of the primer and
template will be. A higher GC content in the template may also require a higher melting
temperature for denaturation to occur, which could result in increased troubleshooting.
Isothermal Amplification

Isothermal amplification is a new molecular technology that amplifies target nucleic acid

sequences at an exponential rate (Thermo Fisher Scientific, 2021). There are several different
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types, each with a unique mechanism of action, but they all share one common theme-nucleic
acids can be amplified at a constant temperature, so there is no need for a thermocycler as there
is with PCR modalities (Zanoli et al, 2012). The ability of DNA polymerase to displace double
stranded DNA is utilized as opposed to melting and denaturing the double stranded DNA.
Isothermal amplification methods tend to be quicker than PCR and more specific in terms of
primer development (Zanoli et al, 2012). However, multiplexing with isothermal amplification
techniques is quite challenging and is not as reliable as with PCR (Karami et al, 2011).

One type of isothermal amplification, loop mediated isothermal amplification (LAMP), has
commonly been employed for ARGs detection. LAMP assays are conducted in a single test tube
and utilized multiple primers; the multiple primers form a loop around the target DNA and allow
for exponential amplification to occur (Thermo Fisher Scientific, 2021). In animals, LAMP has
been utilized to detect ARGs pertaining to ESBLs, ampicillin resistance genes and
carbapenemases (Anjum et al, 2005).

DNA Microarrays

DNA microarrays are a molecular tool that allow for detecting the presence or absence of
genes of interest in a bacterial organism and then comparing it to a reference genome (Call et al,
2003). Originally, DNA microarrays were conducted on glass slides with numerous DNA
probes that were present in a reference genome. Currently, DNA microarray analysis makes use
of biotinylated primers on disposable microarrays, allowing for a more economically affordable
analysis (Zhu et al, 2007).

Sequencing and Bioinformatic Analysis
The genome is the complete set of genes and genetic material present within a cell. It

includes chromosomal and mitochondrial DNA, as well as any mobile genetic elements that may
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be present within a cell. Sequencing an organism’s genome entails understanding the order of
nucleotides, if any variations in the nucleotide sequence are present, and what that particular
string of nucleotides codes for when it is expressed as a protein. With the basis of AMR being
genetic, sequencing individual bacterial isolates or metagenomic samples provides insight into
what resistance genes are present and if any mutations have arisen in a known resistance gene.
Although the resistance genes may not be currently expressed in the bacterial isolates, the mere
presence does suggest the bacterium has the ability to transfer the resistance genes to other
bacterial species. One of the main advantages sequencing has over phenotypic or other
genotypic methods of detection is its ability to identify multiple different targets at the same time
and that gene variations can also be identified (Anjum et al, 2017). Depending upon the
sequencing modality, new ARGs can also be discovered.

Sequencing modalities have a long history, but quick advances have been made in a short
period of time. The first type of sequencing was developed in the 1970s and has been the basis
for all future modifications and development of new sequencing programs. Sanger sequencing
was developed in 1977 by Frederick Sanger and is known as the chain termination method
(Sanger et al, 1977). Sanger Sequencing utilizes nucleotides that do not have a 3’OH chain so
DNA polymerase cannot act, resulting in varied sized DNA fragments that are subsequently
filtered through a capillary tube. They are then ordered into a chromatograph so the sequence
can be determined (Sanger et al, 1977). Although slower than the current modalities, Sanger
sequencing does not have many sequencing errors, and relatively long sequencing reads can be
obtained. Sanger sequencing was the primary sequencing modality until 2005 (Anjum et al,

2017).
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With the development of Next Generation Sequencing (NGS), or second-generation
sequencing, multiple samples could be assessed simultaneously. Briefly, with some variations
depending upon the platform, the DNA is extracted from the sample. It is amplified through
PCR, “cleaned,” and has adapters ligated to each end. The adapters allow for identification of
the sequence. From there, fragmentation occurs, meaning the DNA sequences are broken up into
smaller sequences. Fragmentation can be through physical or enzymatic methods (Periera et al,
2020). This entire step is known as library preparation. This allows for quicker analysis, but
sequencing errors are higher and reads are shorter than with traditional Sanger sequencing.
Reads for NGS methods typically range from 100-400 base pairs in length (Anjum et al, 2017,
Kaprou et al, 2021). There are two main NGS techniques, Roche’s pyrosequencing and
Illumina’s sequencing by synthesis. Pyrosequencing is based upon detection of a pyrophosphate
along with light generation as a nucleotide is being incorporated into a sequence (Siqueira et al,
2012). Illumina utilizes reversible terminator nucleotides that are fluorescently labeled; with
their incorporation into a sequence, the fluorophore excitation is captured and the sequence can
be determined (Siqueira et al, 2012). In order to deal with the short reads and increased
sequencing errors, numerous reads are produced and compared to one another, allowing for error
correction to occur.

A special type of NGS is 16S rRNA amplicon sequencing, which is used to identify, classify
and quantify microbes. It is utilized to assess the microbiota in any given location of the body or
environment. The 16S rRNA gene is highly conserved in bacterial species. The gene is about
1542 base pairs longs and it contains 8 conserved and 9 variable (V1-V9) regions (Clarridge,
2004). The variable regions tend to be flanked by the conserved regions, allowing for the

development of universal PCR primers in the conserved area to amplify variable regions.
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Amplification of the variable regions can shed light on what microbial communities are present.
Typically, regions V1-V3 or V4 are used. Sequencing data can then be assessed by clustering
similar sequences together, either through the use of Operational Taxonomic Units (OTUSs) or
Amplicon Sequence Variants (ASVs). When using OTUs, OTU tables are created to classify the
microbial communities, grouping together sequences that are 97% (they have a 3% dissimilarity
threshold) (Westcott et al, 2015). An OTU observation is thought of as observation of a bacterial
species, but it does not state if there is any biological variation or errors noted (Rosen et al,
2012). If an error is very small compared to the other sequences, which it typically is, then it is
grouped with similar OTUs (Rosen et al, 2012). With deep sequencing, errors that have a low
probability of occurring now become their own classification (Rosen et al, 2012). Both of these
are misleading, allowing for an overabundance of a bacterial species or new bacterial species to
be interpreted. It has been demonstrated that use of OTUs has resulted in large numbers of low
abundant genotypes that were classified as rare and also abundance measures tend to be highly
inflated due to sequencing errors being groups with sequences that are 97% similar (Sogin et al,
2006; Kunan et al, 2010). Recent developments instead assess microbial communities by
observing ASVs. These methods take into consideration biological sequences and sequencing
errors; these methods can distinguish variants by just one nucleotide (Callahan et al, 2017).
Biological sequences are known over errors based upon the idea that true biological diversity
will likely appear more frequently than an error containing sequences (Callahan et al, 2017).
The Divisive Amplicon Denoising Algorithm (DADAZ2) is the available pipeline for analyzing
amplicon-based sequencing by means of ASVs (Callahan et al, 2016). DADAZ2 is able to
discover error rates in each unique sample using unsupervised learning (Callahan et al, 2016B).

The errors rates developed allow for identification of true biological diversity. The output
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sequencing tables have higher resolution in terms of microbial communities when compared to
OTUs (Callahan et al, 2016B).

Following the development of NGS, third generation sequencing was first developed in 2011
and focuses on longer sequencing reads in real time. The longer reads would enable genome
assembly to be easier with less errors and less ambiguity. PacBio and Nanopore technologies are
the two dominant forces in third generation sequencing. PacBio is able to determine DNA
sequences during DNA replication of a target DNA template (Rhoads et al, 2015). In the bottom
of a well, a single DNA polymerase is present and keeps the target DNA in place. Fluorescently
labeled nucleotides are present; with each addition of a fluorescently labeled nucleotide, a
distinct emission spectrum is captured and recorded light show is later used to determine the
nucleotide sequence (Rhoads et al, 2015). Nanopore sequencing technologies work by assessing
electrical changes as different nucleotides are added to a sequence (Oxford Nanopore
Technologies, 2021). Both technologies, although have longer reads, tend to have higher error
rates than NGS modalities.

Any of the above sequencing modalities can be utilized for whole genome sequencing
(WGS). When compared to other genotypic methods for ARGs detection, WGS allows for
multiple genes to be assessed at a given time. Variations in those gene targets can also be
assessed with WGS. As with any AST method, whether it be phenotypic or genotypic, there are
challenges to overcome. To yield any useful information pertaining to AMR, databases must be
available that contain ARGs for comparison and appropriate bioinformatics tools must be
utilized to work through such large datasets. There are multiple databases available for detection
of ARGs. These databases have been developed by detecting ARGs through a combination of

different phenotypic and genotypic detection methods (Anjum et al, 2017; Kaprou et al, 2021).
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However, including all possible genetic variants is very challenging; different bioinformatics
tools have been implemented to assist in capturing mutations resulting in AMR, but it is not
feasible to know all. This brings about a huge disadvantage, where only known ARGs can be
assessed. New discovery of ARGs will not be feasible when comparing to AMR databases and
will call for other laboratory techniques.

After sequencing, the bioinformatics analysis consists of three different components, a
primary, secondary and tertiary analysis (Pereira et al, 2020). The raw reads are provided as the
output, usually in the form of FASTQ files (such as for Illumina) (Pereira et al, 2020). The main
goal of the primary analysis is to improve the quality of the raw reads, allowing for more
efficient mapping. Depending upon the sequencing modality used, adapter sequences need to be
trimmed. Although this will shorten an already potentially short read, the quality of the read will
be greatly enhanced. In addition, most sequencing errors occur at the beginning or end of the
read; therefore, the first and last few nucleotide bases are of poor quality and are typically
removed to allow for improved mapping analysis. Raw reads will receive a quality score called
a Phred Score. A Phred score is a logarithmic error probability that identifies the likelihood of
having an incorrect nucleotide in a DNA sequence (Ewing et al, 1998). For example, a Phred
score of 10 states that a single base has a 1 in 10 probability of being incorrect, or will have an
accuracy of 90% (Ewing et al, 1998). A Phred score of 30 states a single nucleotide base will
have a 1 in 1000 probability of being inaccurate, or will have an accuracy of 99.9% (Ewing et al,
1998). Phred scores 20 or greater are suggested for subsequent analysis because they are deemed
to have an accuracy of 99% (Pereira et al, 2020). During the primary analysis, information
regarding the filtered length and duplication rates can be retrieved and recorded. The length of

the filtered sequences is important to note as shorter reads may not be as sensitive and specific
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when mapping against reference genomes. In most sequencing libraries, sequences should occur
only once, or a few numbers of times. Duplicated reads are reads that share the same 5’ and 3’
sequences and duplication rate is the fraction of mapped reads that are marked as duplicate reads
(Roche, 2020). Low levels of duplication are preferred as the sequences obtained will map to
unique locations. Duplicated reads will map to already mapped locations and not provide any
new sequencing information. Low levels of duplication indicate a high coverage of novel
material. Duplicated reads should be removed for subsequent analysis to prevent any inaccurate
variant calling and assessment of genome coverage.

Secondary analysis pertains to read alignment and variant calling (Pereira et al, 2020).
There are two bioinformatics approaches to read alignment and variant calling, reference
assembly and de novo assembly (Flicek et al, 2009). Reference assembly refers to mapping the
short reads against a reference genome. De novo assembly takes the short reads and strings them
together to form larger fragments called contigs. For reference assembly, different mapping
algorithms are used to identify where in the reference genome the read will map. Two of the
most common mapping algorithms are Burrow-Wheeler Alignment (BWA) and Bowtie (Li et al,
2010; Langmead et al, 2009). Both are software packages that will align short reads to the larger
reference genome; from there, depending upon the goal of the analysis, reads can be removed or
the mapping can be studied further. A reference genome or comprehensive databases need to be
available to draw any significant conclusions regarding the sequencing data when using
reference assembly. De novo does not require a reference genome. Instead, algorithms utilized
for de novo assembly are based upon overlapping of the reads to build scaffolds (Flicek et al,

2009; Miller et al, 2010). Longer reads are preferred for de novo construction. De novo
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assembly tends to be less sensitive than reference assembly, as it is challenging to assemble the
short reads into complete genes that can then be mapped against a reference genome.

The tertiary analysis assesses the link between the variant observed or sequence mapped and
the phenotypic expression of that particular sequence (Pereira et al, 2020). This part of the
analysis tries to make sense and understand the biological significance of the data obtained. This
starts with annotating any variants noted and then assessing any functional changes associated
with the variant (Pereira et al, 2020). In special regards to AMR, there are several
comprehensive databases available for tertiary analysis. Some of the more common databases
include ResFinder, CARD, ARG-ANNOT and MEGARes (Zankari et al, 2012; Gupta et al,
2014; McArther et al, 2013; Doster et al, 2020). A summary of these databases is shown in
Figure 5. ResFinder is a database aimed at detecting acquired ARGs. Reads are mapped and the
output is provided in a ranked order, where the best overlaps are provided first. It allows for
only 30 base pairs to overlap. Unfortunately, ResFinder does not detect point mutations or
intrinsic resistance genes since its primary goal is acquired resistance genes (Zankari et al, 2012).
CARD, or the Comprehensive Antibiotic Resistance Database, has two alignment options. One
is the typical alignment and the second is a resistance gene identifier (RGI). The RGI allows for
detection of protein resistance sequences and protein sequence variant models (McArther et al,
2013). ARG-ANNOT, or the Antibiotic Resistance Gene-Annotation, is a program that uses a
combination of reference alignment and local software so sequences can be analyzed without any
internet access. Mutations cannot be detected through ARG-ANNOT (Gupta et al, 2014). ARG-
ANNOT is also no longer updated. MEGAREes is an AMR specific database for high throughput
sequencing data (Lakin et al, 2016). An updated version called MEGARes 2.0 is now available

and contains resistance genes against biocide and metals, as well as antibiotics (Doster et al,
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2020). In addition, to assist with having a more structured and repeatable high throughput
analysis for the detection of resistance, the Amr++ 2.0 pipeline is used with MEGARes 2.0 to

allow for a complete analysis from start to finish (Doster et al, 2020).

Reference Description Advantages Disadvantages
DEIELER]

ResFinder Detection of User has ability to ~ No detection of
acquired resistance be very selective point mutations or
genes intrinsic resistance

genes

CARD Detection via two Updated monthly RGI requires
methods- protein sequences
conventional as input only

alignment and
protein variants

MEGARes 2.0 AMR/high Includes metal and Can only be utilized
throughput biocide resistance  with AMR++2.0
sequencing specific genes pipeline
database

ARG-ANNOT Downloadable No internet access  Not updated
software for required regularly
alignment

Figure 5. Summary of selected available bioinformatic AMR references databases.

Metagenomic Sequencing Analysis

Many of the above tools and downstream bioinformatics analysis described above are most
appropriate for a single bacterial isolate. However, more complex samples from different
environments are beginning to be studied to further the understanding of the development and
dissemination of ARGs. Metagenomic sequencing analysis entails studying all of the genetic
material components in a biological sample. Here, all DNA including resistance genes and
microbiological communities can be obtained through sequencing an entire sample. One of the
main challenges associated with metagenomic sequencing is to ensure adequate sequencing
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depth and coverage to study sequences that are in low abundance. For example, the resistome, or
ARG environment, is quite small in a metagenomic sample, yielding less than 1% of the total
genetic material present (Noyes et al, 2016). In order to capture the resistome and have a
significant analysis, increased sequencing depth and enhanced coverage are needed. Sequencing
coverage can be thought of as the average number of times each nucleotide is expected to be
sequenced. Having increased coverage assists in any sequencing errors that may occur.
Sequencing depth is the average number of times a particular nucleotide is represented in a
collection of random raw sequences. Deep sequencing is needed to allow for detection of genes
that are in low abundance, which typically are ARGs. To achieve increased coverage and deep
sequencing, second and third generation sequencing modalities are commonly used for
metagenomic sequencing analysis. One main difference between WGS of a single bacterial
isolate and metagenomic sequencing bioinformatics analysis is the removal of any host or
unwanted genetic material. This is not needed for sequencing of a single bacterial isolate, but is
needed for metagenomic analysis to allow for the most efficient mapping and reading of the
community of genes present.
An Overview of Antimicrobial Resistance of Enteric Bacteria in Cattle

Antimicrobials are used in the food animal industry historically for medical and non-medical
reasons. Non-medical uses of antimicrobials include enhanced feed efficiency, growth
promotion, reduced mortality/morbidity and improved reproductive performance (Kasimanickam
et al, 2021). Here, antimicrobials are administered for a prolonged period of time at sub-
therapeutic concentrations. Although the mechanism for enhancing feed efficiency and growth
promotion is not fully understood, administration of sub-therapeutic concentrations of

antimicrobials may inhibit subclinical pathogens, reduce microbial metabolism byproducts that
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could negatively impact animal growth, or inhibit microbial growth therefore allowing a greater
volume of nutrients to be utilized by the animal and increased nutrient uptake through the
intestinal wall (Gaskins et al, 2002). The swine and poultry industries are the primary players in
highest antimicrobial consumption (Cromwell et al, 2002). With that being said, however, the
US beef industry utilizes about 2500 tons of antimicrobials annually (US FDA, 2019). A recent
USDA survey found that about 56% of feedlots utilized medically important antibiotics, the most
common being macrolides (US FDA, 2019). The most common antibiotic administered to
feedlots in the US is oxytetracycline (US FDA, 2019). Cow-calf operations were noted to utilize
antimicrobials at low rates (Kaniyamattam et al, 2021). Here, a brief review regarding only
enteric resistance found in cattle will be discussed.

The National Antimicrobial Resistance Monitoring System was established for national
surveillance of resistant enteric bacteria of animals that cause disease in humans. Initially,
NARMS focused its efforts on monitoring Salmonella and Campylobacter, as they are two major
zoonotic, foodborne infectious agents (Karp et al, 2017). Later, E. coli and Enterococcus also
became focus as marker organisms for retail meat surveillance (Karp et al, 2017). Because these
resistant organisms could have detrimental effects on human health, these are the bacterial agents
of focus in most veterinary studies that observe the resistance profile of enteric bacteria. There
are several studies available that have assessed enteric resistant microorganisms following
antibiotic administration to cattle; they are all very different in terms of antibiotic class studied,
pathogen of interest and resistance detection method. There is not yet a standard evaluation for
resistance detection available in the scientific literature.

Resistance to Salmonella of bovine-origin
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Non-typhoidal Salmonella, usually Salmonella enterica, is considered a serious threat by the
CDC, with around 215,000 infections and 70 deaths per year (CDC, 2019). In humans, non-
typhoidal Salmonella demonstrates clinical signs including bloody diarrhea, fever and abdominal
cramping. Bacteremia and sepsis may occur, calling for the need of antimicrobial treatment.
Non-typhoidal Salmonella is obtained from eating contaminated food products or contact with
contaminated feces from both human and animals (CDC, 2019). Salmonella serotype typhi is
also a serious threat, but it is obtained through traveling to locations where typhoid fever is more
prevalent; it is therefore not the focus of many bovine enteric resistance profile studies (CDC,
2019). Salmonella resistance to antimicrobials occurs through accumulation of point mutations
in regions including DNA gryrase, topioimerase 1V, overexpression of efflux pumps and other
outer membrane proteins (Palma et al, 2020).

Cattle tend to harbor multiple Salmonella species and ground beef is a primary fomite for
transmission (Cameron et al, 2016). Slaughter is considered to be an important source of organ
and carcass contamination (Eng et al, 2015). It has been demonstrated that 84% of clinical
Salmonella isolates exhibit multidrug resistance; the multidrug resistant isolates harbor resistance
genes to multiple drug classes on plasmids that can be shared amongst bacterial species (Eng et
al, 2015). In one study, ground beef was found to be responsible for Salmonella transmission
about 45% of the time (Laufer et al, 2015). In a separate study, Salmonella was isolated from 8%
of beef cattle and 1% of ground beef; in 20% of those beef samples, multidrug resistant (resistant
to greater than 3 antibiotics) Salmonella was found (US FDA, 2015).

In a study conducted in California, cull dairy cattle had fecal samples collected on the day of
removal from the herd. The feces were enumerated for Salmonella and AMR was detected

through broth microdilution. Salmonella was cultured from 25% of the total fecal samples in the
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study and 12% were found to be multidrug resistant (Pereira et al, 2019). The most common
resistance profile was tetracycline, ampicillin and cephalosporin, with ceftriaxone the most
common drug of the cephalosporin class displaying resistance (Pereira et al, 2019). The
prevalence and resistance patterns of Salmonella was also assessed in dairy cattle admitted to
University of California Davis Veterinary Teaching Hospital (Davidson et al, 2018). From
inpatients, fecal samples were enumerated for Salmonella and resistance patterns were
determined via broth microdilution. Of the Salmonella enumerated, 50% were found to be
multidrug resistant, with the most common pattern resistance pattern: amoxicillin-ampicillin-
cefoxitin-ceftiofur-ceftriaxone-chloramphenicol-streptomycin-tetracycline (23%) (Davidson et
al, 2018).

Studies have been conducted to compare, contrast and demonstrate any overlap in
Salmonella’s resistance profile between human and food producing species samples. As stated
previously, the use of antimicrobials in food producing species are thought to be responsible for
the increased prevalence of AMR in humans. One such study assessed Salmonella enterica
isolates from humans and dairy cattle in both New York and Washington State (Carroll et al,
2017). Isolates underwent phenotypic (disk diffusion to 12 antibiotics) and genotypic (whole
genome sequencing) AMR analysis. Results indicated there was no overlap in resistance profiles
between humans and dairy cattle. In fact, resistance against fluoroquinolones were only found in
human fecal samples (Carroll et al, 2017). In addition, this study compared the ability of
genotypic prediction of phenotypic resistance; it demonstrated a mean sensitivity of 97.2% and a
mean specificity of 85.2% (Carroll et al, 2017). Whole genome sequencing can be used to
predict phenotypic resistance patterns (Carroll et al, 2017). A separate study also compared

whole genome sequencing to phenotypic resistance patterns (McDermott et al, 2016). In this
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study, samples were collected from retail meat and human clinical isolates. Phenotypic
resistance was determined by microdilution methods; whole genome sequencing revealed 65
unique resistance genes, with more unique resistance genes found in human samples.
Phenotypic and genotypic resistance profiles had a correlation rate of around 100% for most
antimicrobial classes, with lower correlation rates for aminoglycosides and beta-lactams
(McDermott et al, 2016). In addition, this study reported the first documented presence of
ESBLs in retail meat in Salmonella (McDermott et al, 2016).
Resistance to Campylobacter of bovine-origin

Drug resistant Campylobacter is considered a serious threat, causing 448,400 infections and
70 deaths per year (CDC, 2019). It has clinical signs similar to Salmonella, with bloody diarrhea,
fever, abdominal cramps and possibly paralysis and arthritis. It is actually the most common
cause of gastroenteritis in the world, with Campylobacter jejuni as the primary pathogen (Silva
etal, 2011). Typically, macrolides or fluoroquinolones are used for treatment, but the prevalence
of resistant Campylobacter is on the rise; in 2009, reports demonstrated a 19-47% resistance to
fluoroquinolones and around 10% resistance to macrolides (Luangtongkum et al, 2009). Like
Salmonella, Campylobacter is spread through raw or undercooked food, unpasteurized milk,
contaminated food/water and contact with animals (CDC, 2019). Resistance mechanisms against
fluoroquinolones in Campylobacter species are due to point mutations in the quinolone
resistance determining region of DNA gyrase (Palma et al, 2020). Macrolide resistance is
associated with enzyme mediated methylation or mutations on the ribosomal drug target (Palma
et al, 2020).

Campylobacter can cause enteritis in cattle, however most are reservoirs and tend to be

asymptomatic (Stanley et al, 2003). Campylobacter was isolated from 42% of beef cattle in one
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study, with 14% of the isolates having ciprofloxacin resistance, one of the main antimicrobials
used to treat Campylobacter jejuni infections in humans (US FDA, 2015). In 2013, in a Japanese
study, beef cattle and their environment were surveyed for Campylobacter; C. jejuni was isolated
from 36% of cattle and in 88% of the farms studied (Haruna et al, 2013). Feedlot fecal
environmental samples were assessed for resistant C. jejuni isolates; prevalence rates against
doxycycline (38.1%), ciprofloxacin (2.6%) and erythromycin (1.2%) were found (Roa et al,
2010). In a Swiss study, the number of Campylobacter isolates from food processing plants
were assessed; they found that of the isolated Campylobacter, 31% were resistant to
fluoroquinolones and about 1% were resistant to erythromycin (Jonas et al, 2015). In Poland,
one study examined the prevalence of resistant Campylobacter isolates in bovine hides and
carcasses; they found Campylobacter on 25.6% of the hides and 2.7% of the carcasses. From
both locations, the resistance profile was similar, demonstrating resistance against nalidixic acid,
ciprofloxacin, streptomycin, tetracycline, erythromycin and gentamicin (Wieczorek et al, 2013).
A recent study assessed fluoroquinolone resistance in feedlots (Tang et al, 2017). In this
study, Campylobacter was isolated from bovine feces in multiple states across the US and
underwent broth microdilution to assess phenotypic resistance and resistance genes were
confirmed with PCR. In C. jejuni, fluoroquinolone resistance reached 35.4% and for C. coli,
fluoroquinolone resistance reached 74.4% (Tang et al, 2013). In a Michigan study,
Campylobacter was enumerated from bovine feces from three different dairies (Cha et al, 2017).
Recovery rates of C. jejuni was 69.2% with 83.7% of isolates being resistant to at least one
antimicrobial. Resistance against tetracycline was the most common, but resistance against

macrolides and ciprofloxacin was also observed (Cha et al, 2017).
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Resistance to E. coli of bovine origin

E. coli serves as a marker organism for monitoring AMR prevalence specifically in gram
negative bacterial populations. Most E. coli strains of bovine origin are commensal agents and
harmless; enterohemorrhagic E. coli is pathogenic to humans and can cause disease in calves. E.
coli is primarily studied to assess the movement of resistance genes in gram negative bacterial
populations, as well as different environments in which cattle may have impacted. For example,
in a study conducted by Agga et al, multiple environments affected by cattle production systems
were assessed for resistance genes, specifically within E. coli, Salmonella and Enterococcus
(Agga et al, 2015). They found an increased prevalence of resistance genes in human samples
associated with environments impacted from cattle. However, in this study, resistance against 3™
generation cephalosporins and trimethoprim/sulfamethoxazole were found at the same rate in
cattle impacted and non-impacted environments (Agga et al, 2015). In an Alberta feedlot study,
fecal samples were assessed for AMR prevalence from numerous enteric bacterial species. For
non-specific E. coli, resistance towards tetracycline (53%), streptomycin (28%) and sulfadiazine
(48%) was observed (Rao et al, 2010).

Studies have assessed the effect of sub-therapeutic antimicrobial concentrations on the
development of AMR in E. coli. In one study, the impact of chlortetracycline/sulfamethazine
was assessed for prevalence of AMR in E. coli (Alexander et al, 2010). Cattle were either
treated or not treated and feces, hides, ingesta, carcasses and ground beef were studied. In the
animals fed chlortetracycline/sulfamethazine, there was an increased prevalence of resistance
against tetracycline and penicillin (Alexander et al, 2010).

Extended spectrum beta-lactamases in Enterobacteriaceae are considered a serious threat,

responsible for 197,400 hospitalizations, 9100 deaths and $1.2 billion spent annually (CDC,

40



2019). ESBLs are so devastating because they have the ability to be present in healthy humans
and can cause infections, resulting in very limited treatment options. Resistance also tends to
spread quickly. Assessing ESBLSs has been commonly performed throughout the scientific
literature in E. coli. In one study, steers treated with ceftiofur and/or chlortetracycline were
assessed for ESBLs in E. coli bacterial isolates (Cottell et al, 2013). In 29 animals, the ESBL
blacTx-m-32 Was detected on a self-transmissible plasmid (Cottell et al, 2013). The ESBL blacTx-
m-1 was the dominant ESBL detected in E. coli in 87% of Germany’s farms (Schmid et al, 2013).
The same ESBL was detected in a Swiss study in bovine fecal samples (Geser et al, 2012). In
this same study, it was found that 13.7% of tested fecal samples harbored ESBL bacteria, with
98% being E. coli (Geser et al, 2012). This study assessed ESBL in feces, raw milk and minced
beef; ESBLs were only found in bovine fecal samples, and many bacterial isolates demonstrated
multidrug resistance to tetracycline, trimethoprim/sulfamethoxazole, nalidixic acid,
aminoglycosides, chloramphenicol and ciprofloxacin (Geser et al, 2012). These findings suggest
hygiene during slaughter house procedures is vital to controlling contamination of meat products
with ARGs. Similar findings occurred in a study conducted in China investigating AMR of E.
coli O157:H7 in fecal, hide, carcass and raw meat samples; resistant E. coli was only observed in
fecal and hide samples, which are the major contributors to contamination (Dong et al, 2015). A
similar study conducted in Nebraska observed E. coli resistant to 3" generation cephalosporins
and trimethoprim/sulfamethoxazole in feces, pre-eviscerated carcasses and final carcasses
(Schmidt et al, 2015). The findings included a resistance prevalence rate of 75% to 3
generation cephalosporins and 95% to trimethoprim/sulfamethoxazole in fecal samples, a 3%
and 33% prevalence rates in pre-eviscerated carcasses and a 0.5% prevalence rate in the final

carcass (Schmidt et al, 2015).
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Fecal samples from calves with diarrhea were assessed for florfenicol and chloramphenicol
resistance following florfenicol administration to treat the diarrhea in an extra label fashion
(White et al, 2000). Forty-one E. coli bacterial isolates contained resistance genes against both
chloramphenicol and florfenicol (flo and cmlA genes). In this study, the flo gene was found on a
plasmid; however, not all positive isolates contained this plasmid, allowing for the understanding
of a chromosome presence of the flo gene (White et al, 2000).

Resistance to Enterococcus of bovine origin

Of the Enterococcus species, vancomycin resistant Enterococcus is considered to be a
serious threat, with 54,500 hospitalizations, 5400 deaths and $539 million health care costs
annually (CDC, 2019). Typically, Enterococcus infections in humans are blood stream
infections and around 30% are resistant to vancomycin (CDC, 2019). These typically occur in
humans that have spent prolonged time in a hospital or health care setting. In humans, E.
facieum and E. faecalis are the most common pathogen (CDC, 2019). In cattle, Enterococcus
species are a commensal agent of the gastrointestinal microbiota; however, Enterococcus is a
bacterial species that is known for sharing resistance genes among multiple species of bacteria.
Because of their nature, Enterococcus is a marker organism and representative of the gram-
positive bacterial population for surveillance of AMR in food products (US FDA, 2013).

Enterococcus was found in 90% of cattle and 80% of ground beef studied (US FDA, 2013).
Cecal samples were also studied; 19% of E. faecium and 14% of E. faecalis were multidrug
resistant (US FDA, 2013). Because of the increased prevalence of vancomycin resistant
Enterococcus, Enterococcus is a huge focus of study. However, a recent study demonstrated

zero detection of vancomycin resistant Enterococcus of bovine origin (US FDA, 2013). When
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studying E. faecium, 30% of isolates were found to be resistant to quinupristin/dalfopristin, a
rescue drug to treat vancomycin resistant Enterococcus infections (US FDA, 2013).

Like E. coli, several studies have observed the effect of AMR following administration of
sub-therapeutic concentrations of antimicrobials. Typically, when interested in Enterococcus,
tylosin administration is the antimicrobial of choice to study. In one study conducted by Beukers
et al, tylosin administration was associated with an increased frequency of Enterococcus
organisms containing macrolide resistance genes (erm(B) or msrC). Interestingly, in this study,
it was determined that the AMR Enterococcus developed from commensal strains already
present within the bovine gut found prior to tylosin administration (Beukers et al, 2015). Ina
study conducted by Jacob et al, monesin fed alone or in combination with tylosin were associated
with an increased prevalence of macrolide resistant Enterococcus (Jacob et al, 2008).
Specifically, ermB resistance gene was assessed (Jacob et al, 2008). One study was interested in
observing the effects of Enterococcus AMR following different feeding regimens of tylosin:
tylosin being fed for the first 78% of the finishing period, the last 75% of the finishing period
and continuously throughout the finishing period (Davedow et al, 2020). An increased
prevalence of erythromycin resistant Enterococcus was observed, regardless of study group; this
resistance was characterized by ermB and msrC resistance genes (Davedow et al, 2020).
Interestingly, all Enterococcus isolates were susceptible to vancomycin (Davedow et al, 2020).
Tetracycline resistance was observed through tetL, tetM and tetO genes; the mobile genetic
element TN9116 has been found to harbor resistance genes to both tetracycline and macrolides
and is frequently found in Enterococcus. It is suspected that this, or a similar mobile genetic
elements were responsible for the increased macrolide and concurrent tetracycline resistance

(Davedow et al, 2020). In another study, the prevalence of erythromycin resistant Enterococcus
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was assessed after administration of either tilmicosin (subcutaneously), tulathromycin
(subcutaneously), tylosin (continuous oral administration), or no antimicrobial. The groups in
the subcutaneous administration received a therapeutic dose of an antimicrobial, while the cattle
fed tylosin continuously received an on label dose. In the treatment groups in which a macrolide
was administered, there was an increased prevalence of erythromycin resistant Enterococcus
when compared to the control group (Zaheer et al, 2013).
Other Resistance Studies

With the new advances in sequencing technology, some studies present in the scientific
literature focus more on the AMR gene profile rather than which bacterial isolate is harboring the
resistance gene of interest. One recent study in particular focused on resistance genes found in
fecal samples following two different antimicrobial treatment regimens through real time PCR
analysis, with detection of specific ARGs (Kanwar et al, 2014). The study had four treatment
groups, with the intent of studying the impact of ceftiofur crystalline free acid or oral
chlortetracycline administration on AMR. It was demonstrated that following administration of
ceftiofur crystalline free acid to all steers in a pen had an associated increase in ceftiofur
resistance and decrease in tetracycline resistance. Oral administration of chlortetracycline
allowed for an increased prevalence of both ceftiofur and tetracycline resistance (Kanwar et al,
2014). In a study conducted by Chambers et al, metagenomic analysis was utilized to assess the
presence of ARGs in the resistome following a single ceftiofur crystalline free acid injection to
steers. This study found an increased proportion of beta-lactam and multidrug resistance genes
in cattle treated with ceftiofur when compared to their control steers (no ceftiofur administration)

(Chambers et al, 2015).
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One feedlot study assessed tulathromycin metaphylaxis on the fecal resistome in feedlot
cattle (Doster et al, 2018). There were two treatment groups in this study, one receiving a dose
of tulathromycin and a control group (no drug administration). The fecal resistome was assessed
through metagenomic sequencing analysis twice in the study period, at arrival prior to treatment
and at Day 11 of the study. Overall, 9 different antimicrobials classes were identified to have
resistance genes against them. When comparing each treatment group, there was not a
significant difference in the presence of ARGs at each time point; however, there were
significant changes when comparing ARGs over time. This concluded that the environment may
play a greater role in AMR development rather than antimicrobial administration (Doster et al,
2018).

Measurement of Antimicrobial Drug Concentrations in the Intestines

Physiology of drug uptake in the gastrointestinal tract

Prior to discussing the best ways to characterize drug concentrations within the
gastrointestinal tract, a discussion regarding the normal physiology of drug uptake within the
gastrointestinal tract is warranted. For drugs to accumulate within tissues, the ability of the drug
to leave the tissue is the driving factor (Chan et al, 2003). Mechanisms for leaving tissues
include drug efflux or permeability through the tissue cell membrane. Lipophilic drugs are
freely able to enter and exit the phospholipid bilayer, while hydrophilic and charged drugs will
require transport mechanisms to enter or leave the tissue.

For most drugs, the small intestines is the primary site of absorption. Most drugs are
absorbed in the jejunum, because of active peristalsis, or the ileum (Billat et al, 2017). Although
the ileum does not have as many villi as the jejunum, it has similar absorptive capacities. The

anatomical location of drug absorption is dependent upon the physiochemical properties of the
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drug. For drugs to pass through enterocytes, either paracellular or transcellular routes are taken
(Hayashi et al, 1997; Steffansen et al, 2003). Paracellular routes tend to allow for small
hydrophilic drugs to pass, usually under 250 daltons (Hunter et al, 1997; Lemmer et al, 2013).
This route of absorption is quite low compared to transcellular routes; the intracellular junction
limits the movement of drugs between the epithelial cells. Transcellular routes of absorption are
typically a mediated pathway, allowing medications to pass from the lumen to the blood.
Transporters such as ATP-Binding Cassettes (ABC Pumps) are responsible for assisting with
transcellular routes of absorption. These transporters allow for intracellular exposure of drugs to
different metabolism systems, such as cytochrome P450 (Watkins, 1992). Cytochrome P450 is
the primary metabolic pathway for phase | metabolism. It breaks down the drug into secondary
metabolites that will undergo phase 1l metabolic processes.

In general, drugs that pass into the small intestinal lumen will enter into portal circulation
and subsequently, the liver. In the liver, drugs will undergo different metabolic processes (phase
I and Il metabolism) and eventually biliary secretion. Biliary secretion processes utilize similar
routes and transporters as found in the intestines. From the biliary tree, drugs may enter into the
small intestines again; this completes the first cycle of enterohepatic circulation. After the first
cycle of enterohepatic circulation, the drugs may reach systemic circulation and head to the
kidneys for excretion or be excreted within the feces. Alternatively, the portal system may be
bypassed completely if drugs enter into lymphatics.

Drug transporters can be broken down into two main groups: solute carrier family (SLC)
and ABC pumps. SLC pumps play a role in the uptake of drugs, usually driven by energy
coupling mechanisms (Schlessinger et al, 2013). SLC pumps can further be divided into two

families, the SLCO family and SLC22 superfamily (Billat et al, 2017). The SLCO family
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contains organic anion transporting glycopeptides, which are the only transporters found in the
small intestines that facilitate drug uptake. SLC22 pumps have many intestinal pumps involved
in drug absorption, as well as renal and hepatic excretion (Billat et al, 2017). Nucleoside
transporters are a type of SLC pump. Nucleoside transporters transport different nucleosides and
are hydrophilic in nature. These base compounds are used in many different types of drugs,
targeting cardiac disorders, viral or parasitic infections (Cass et al 1995; Daval, 1991; Perigaud et
al, 1994).

ABC pumps are one of the larger groups of pumps responsible for membrane transports in
the small intestines; there are seven different subfamilies. Four subfamilies are responsible for
the efflux of drugs from inside the cell to the lumen and five subfamilies are responsible for the
efflux of drugs to the blood and the liver (Billat et al, 2017). These pumps are conserved
between species and have also been found present in bacterial organisms (Chan et al, 2003).
Although there are some structural differences in the subfamilies, in general, the ABC pumps’
most characteristic feature, the ATP binding cassette site, is highly conserved (Hyde et al, 1990).
Overall, the pump includes 12 transmembrane proteins, which is where the drug binds to allow
for entry or export. It is thought that drugs will enter via an ABC pump either through the outer
membrane of the lipid bilayer or the inner membrane of the lipid bilayer (Higgins et al, 1992).
The selectivity of the drug entering is due to interactions with the phospholipid bilayer and
transmembrane proteins (Loo et al, 1999). While there is a broad specificity range for the types
of drugs being transported, lipophilic drugs are favored (Chan et al, 2003). ABC pumps are
located in many different anatomical sites, including kidney, adrenal gland, intestines, liver and
brain (Gatmaitan et al, 1993, Begley et al, 1996). In the intestines, ABC pumps are localized to

the villi, playi