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Abstract The gut possesses a diverse microbial community comprising bacteria,

eukaryotes, archaea, and viruses, all of which make up the gut microbiome. The

interactions between these various organisms are complex and difficult to model;

however, they greatly influence our human health in a variety of ways. Commensals

form the majority of this community and have a great impact on our immunity and

resistance to disease. Consequently, the genetic pool or “metagenome” of the gut

microbiome is a valuable resource into studies on human health. Metagenomic

studies have revealed the presence of several genes contributing to drug resistance

in the microbiome. These may have arisen either as a by-product of an essential

survival pathway for the microbe or through spontaneous mutations. Another

possible mode of entry is through pathogens carrying drug-resistant genes that

may be introduced into the gut environment in a variety of ways, food being a

significant point of entry. Consequently, all of the above factors contribute to an

increasing number of drug-resistant genes in the gut microbiome. To add to this

phenomenon, transmission of these genes through members of the microbiome may

occur by horizontal gene transfer mechanisms adding to the diversity of organisms

exhibiting resistance. Moreover, the administration of antibiotics for routine treat-

ments has been found to further exacerbate this by deleting the beneficial commen-

sal pool. Thus, it is of utmost importance to investigate and impede the emergence

of resistance in the gut microbiome to benefit long-term human health.

1 Introduction

The human gut possesses a vast microbial community consisting of several trillion

cells far outnumbering the number of human cells by a considerable margin. This

community of microbes resident in the gut is termed the gut microbiome and
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includes bacteria, archaea, eukarya, and viruses. The human microbiome refers to

the entire set of genetic elements of all the organisms comprising the microbiota.

The term metagenomics refers to a study of the functions and interactions of all of

these organisms inferred from their genomic data. The gut microbiome plays

several essential functions, namely, the development of both adaptive and innate

immunity, maintaining the integrity of the intestinal lining, energy production,

synthesis of several vitamins, and factors and protection from colonization of

invasive pathogens. To this effect, the Human Microbiome Project was constituted

by the National Institute of Health to gain a deeper understanding of this diverse,

complex microbial community with the following points of focus:

1. Complete characterization of the resident communities.

2. Is there a core community shared by all?

3. To study the effects of changes to this community on human health (The

NIHHMPWG et al. 2009).

The use of antibiotics affects not only a specific target but also a broader population,

some of which are beneficial to the host. Such is the effect exerted by antibiotics on

the gut microbiome. The use of antibiotics or consumption of plant, animal, and

dairy products containing antibiotics exerts an impact on these microbiota resulting

in their destabilization or emergence of resistance. Destabilization has conse-

quences on the host resulting in diarrhea and other opportunistic infections, while

emergence of resistance leads to further complication for much longer periods of

time. Thus, a study of the gut microbiome and the effects of drugs on its constituent

communities are essential in determining the benefits and consequences to human

health.

2 The Normal Gut Microbiota

The terms “normal” and “healthy” in context of the human gut microbiome are

somewhat difficult to define primarily due to the significant interindividual differ-

ences that are prevalent. Thus, defining a “core microbiota” poses a greater chal-

lenge as opposed to defining “core functions” as a more unifying term. Several

factors have been attributed to differences in the human gut microbiome, namely,

age, gender, ethnic background, and environmental factors (diet, medication, stress,

smoking, and infections) (Mueller et al. 2006).

A large proportion of gut bacteria (�80%) cannot be cultured in vitro by

standard microbiological techniques, primarily due to their stringent nutrient

requirements, anaerobic nature of their niche, and interdependence on one other

(Dethlefsen et al. 2007). Consequently, several molecular techniques such as 16S

rRNA sequencing, terminal restriction fragment length polymorphism (TRFLP),

denaturing gradient gel electrophoresis (DGGE), and fluorescent in situ hybridiza-

tion have proved useful in this regard for the identification and characterization of

constituent members of the human microbiome. Studies have revealed large,

288 D. Ryan et al.



diverse microbial communities to reside in the oral cavity and distal gastrointestinal

(GI) tract with simpler groups residing in the esophagus, stomach, and small

intestine. There have been very few studies on the latter group, and thus identifying

them as resident bacteria or just transient travelers presents a significant challenge.

Predominant members of the oral cavity include Firmicutes, Bacteroidetes,
Proteobacteria, Fusobacteria, and Actinobacteria constituting about 99% of the

total members present. The remainder is composed of Cyanobacteria, Spiro-
chaetes, TM7, and several others. The distal esophagus harbors a microbial com-

munity that is similar to the oral cavity with exception that most of the members

could be cultured microbiologically (Ahn et al. 2011). Earlier, it was believed that

the stomach with its extremely low pH possessed a transient microbial community

with a simpler communal structure; however, gastric biopsies of 23 human patients

presented a 16S rRNA library comprising diverse microbes, including members of

Actinobacteria, Proteobacteria, Fusobacteria, and more (Bik et al. 2006). This

community was found to differ considerably from communities of the mouth and

esophagus. The microbial constitution of the small intestine was found to be rich in

facultative anaerobic species; however, there are relatively few studies, and thus

much more work needs to be done in this area. The colon on the other hand

presented the greatest concentration of microbes with approximately 1011 to 1012

cells per gram of feces and a twofold greater number of microbial genes as

compared to the human genome itself (Ley et al. 2006). The dominant phyla in

the colon include Firmicutes and Bacteroides with seven other groups

(Fusobacteria, Actinobacteria, Verrucomicrobia, Proteobacteria, Spirochaetes,
Cyanobacteria, and VadinBE97) also serving as residents (Backhed et al. 2005).

The Metagenome of the Human Intestinal Tract consortium studied the

metagenomes of 124 fecal specimens utilizing the Illumina Genome Analyzer.

Specimens were isolated from healthy, overweight, and obese individuals and

those suffering from inflammatory bowel disease (IBD) residing in Spain or

Denmark (Arumugam et al. 2011). Data from the study revealed the human gut

microbiota to comprise of about 1150 different species (Arumugam et al. 2011).

Additionally, they identified 536,112 unique genes of which 99% were found to be

bacterial. At least 40% of the bacterial genes from each specimen were found to be

present within about half of the remaining specimens. These conserved genes were

found to cluster to pathways involved in digestion and degradation of complex

sugars, short-chain fatty acid production, and vitamin biosynthesis. The study also

revealed the presence of a set of core functions that the microbiome performs,

rather than a core group of organisms.

The establishment of the gut microbiome occurs at birth and continues to evolve

and develop throughout the lifetime of the host. Studies have found variations in the

gut microbiome of infants depending on the mode of delivery. 16S rRNA

pyrosequencing revealed that infants delivered naturally possessed bacterial com-

munities that resembled the vaginal microbiota of their mothers (Lactobacillus,
Prevotella, etc.), while those delivered by Caesarian section possessed communi-

ties resembling those on the surface of the skin (Staphylococcus,
Propionibacterium, etc.). These initial species termed as “founder species” undergo
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evolution within each host under both extrinsic and intrinsic factors that may be

genetic, physiological, and environmental and ultimately constitute the gut

microbiome.

Gut microbiota dysbiosis could lead to several pathological conditions. Diar-

rheal infections pose a significant challenge worldwide with a large proportion of

them being food-borne. The most common bacterial infections are caused by

Salmonella, Shigella, Campylobacter, Vibrio cholerae, etc., while viral pathogens
include Norovirus, Rotavirus, etc. and Giardia, Cryptosporidia, etc. constitute the
parasites. Antibiotic-associated diarrheal infections such as those caused by Clos-
tridium difficile are due to a dysbiosis induced by the use of antibiotics. This leads to
a loss of colonization resistance normally provided by the microbiota that subse-

quently allows overgrowth of Clostridium difficile and production of toxins A and B

that bring about colonic damage, diarrhea, and, in severe cases, even death. Short

bowel syndrome is a disorder that causes malabsorption due to either dysfunction of

a large portion of the intestine or surgical removal of part of the intestine, or in some

cases, it may be congenital. In such patients, the colon serves as an extremely

important organ for energy salvage; however, in some cases, excess bacteria from

the colon may lead to overgrowth, causing small intestinal bacterial overgrowth

(SIBO). Studies have revealed a link between interaction of the host and microbiota

in inflammatory bowel syndrome (IBS) pathology. Thus, the focus is now under-

way as to what antigens are present in the normal microbiota that may drive chronic

inflammation in predisposed individuals.

3 Factors Affecting Drug Resistance

The spread of bacteria and genes responsible for the emergence of antibiotic

resistance in the microbiota of the gut is dependent on a variety of factors, the

most important of which is antibiotic use. Additional factors that play a role in the

emergence and persistence of drug-resistant strains include their rate of adaptabil-

ity, frequency of mutations that confer resistant traits, and ability to undergo various

mechanisms of horizontal gene transfer (HGT) such as transformation, transduc-

tion, and conjugation. When exposed to a particular antibiotic, the acquisition of

resistance by the bacterium endows it with an advantage in that particular environ-

ment. On the flipside, if the particular selective pressure, in this case an antibiotic, is

removed, the resistant bacterium may not survive as well as its susceptible other.

A number of studies investigating the effects of antibiotic use on gut flora have

shown resistant genes to be detected in members of the microbiota several years

after treatment. Thus, bacteria are able to persist and transfer resistance traits for a

considerable amount of time even after antibiotic use has been discontinued. For

example, a study by Sjolund et al. revealed the ermB gene responsible for confer-

ring clarithromycin resistance to be present in enterococci up to 1 year

posttreatment (Sjolund et al. 2003). Interestingly, one particular patient was

detected to have a resistant clone 3 years posttreatment. Such results reveal crucial
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clinical consequences since there remains an extended window during which

resistance genes may be transferred to other species as well.

The intestine presents a highly suitable environment for the transfer of resistant

genes. It provides a warm moisture-laden environment having an abundance of

nutrients and a diverse bacterial population that could serve as a source and targets

for acquiring resistance. Once particular resistance genes have been selected in the

commensals, they may then be transferred to more pathogenic bacteria, thus posing

a severe risk to health. The selection pressure provides a double blow with an

increase in the number of bacteria possessing the resistant gene that could in turn

further transfer it through the microbiota. Several bacteria are not residents rather

passing through the intestine along with food. These may well serve as additional

sources of resistant genes that could be transferred to commensal bacteria. Another

potential source of selective pressure could be from agriculture. The use of certain

compounds may impose selective pressure leading to the emergence of resistant

genes in the microbiota when foods containing them are consumed.

4 External and Environmental Factors

4.1 Antibiotics

There is a delicate ecological balance that exists between the gut-associated micro-

organisms and their human host. This balance is however quite easily disturbed by a

number of factors, the most important of which is antibiotic use. Major consequences

of this are a decreased ability of commensal bacteria to resist colonization of an

invasive species and the emergence of drug-resistant strains. While there are several

studies investigating the short-term effects of the use of such antibiotics, their long-

term effects are still relatively less studied. The effects induced on the microbiota by

an antibiotic depend on a number of factors such as the dosage, administration route,

time course, spectrum (broad or narrow), and mode of action. Antibiotic use that

results in discharge into the gut may gravely affect the resident microbiota and

consequently have an adverse impact on health by creating unforeseen complication

such as Clostridium difficile infections (Sullivan et al. 2001).

Intestinal microbiota are dominated by anaerobic and facultative anaerobic

species which play a major role in the production of volatile fatty acids, however

many of which serve as specific targets for antibiotics resulting in destabilizing of

the microbiota. As an example, the broad-spectrum antibiotic, clindamycin, has

been found in high levels in the bile and fecal matter of treated individuals.

However, it has also been associated in decreasing the colonization resistance of

the resident microbiota resulting in C. difficile infections (Sullivan et al. 2001). This
organism is normally present in relatively few numbers in healthy individuals;

however, its numbers rapidly increase as a result of antibiotic-induced microbiota

disturbances. Other side effects of this antibiotic include diarrhea, gastritis,
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intestinal pain, and swelling. Another drug of interest is amoxicillin, the use of

which has been associated with an increase of antibiotic-resistant bacteria as well as

a reduction in the number of gram-positive cocci. Several metagenomic techniques

including DGGE have revealed a change in the microbiota constitution with the use

of this antibiotic (Brugere et al. 2009). The Helicobacter pylori infection treatment

protocol consists of the use of a combination of three drugs, namely, omeprazole,

metronidazole, and clarithromycin. Dramatic disturbances in the gut microflora

have been reported as a result of this treatment regimen with effects lasting for

several years after treatment.

4.2 Food Animals

For a long time, the practice of administering antibiotics to animals reared for food,

as a means to promote growth or for treatment, has been the norm. However,

several studies have highlighted this as a potential source for the transfer of

pathogens harboring antibiotic-resistant genes to humans. For example, a study

by Levy et al. demonstrated that the use of the antibiotic oxytetracycline to enhance

growth in chickens favored the selection of tetracycline-resistant Escherichia coli
in them, which were subsequently detected in people that consumed them (Levy

et al. 1976a, b). Another more recent example relates to the use of avoparcin in

animals and its link to the emergence of vancomycin-resistant enterococci (VRE)

which are highly pathogenic to humans. Thus, animals used for food, as well as pets

and wild animals, can serve as sources of antibiotic-resistant genes. Additionally,

several metals and compounds used in the veterinary industry have also been found

to induce cross-resistance to various antibiotics. Not limited to animals but animal

products such as milk and other dairy items were found to contain lactobacilli and

other bacteria that possessed antibiotic-resistant genes.

4.3 Aquaculture

The fairly recent field of aquaculture is another example of the indiscriminate use of

antibiotics by direct addition to water or direct administration, to promote growth or

treatment of fish. This has resulted in antibiotic-resistant gene pools emerging in fish

that are spread throughout the aquatic environment and ultimately to us. Several

classes of antibiotics used are related or identical to those used to treat human

infections, as a result of which cross-resistance has emerged in intestinal gut

microbes. This has been well documented in several Aeromonas strains of fish origin
that were able to transfer their antibiotic-resistant plasmids to human pathogens in the

gut, such as E. coli and Salmonella (Cabello 2006). Another recent example is the

emergence of Salmonella enterica serotype Typhimurium DT104 as responsible for

outbreaks in the United States and Europe most likely originated from an aquaculture
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setup (Cabello 2006). The gene encoding a resistance to florfenicol which is widely

used in aquaculture was isolated from these pathogens. Another source for the

acquisition of antibiotic-resistant genes is through direct consumption of water or

fish products that were contaminated.

4.4 Raw Fruits and Fresh Vegetables

Fruits and vegetables could also serve as a source of antibiotic-resistant genes if not

washed or cooked adequately before consumption. As an example, Pseudomonas
aeruginosa strains that were resistant to several commonly used antibiotics such as

chloramphenicol, sulfamethoxazole, and ampicillin were isolated from several

sources such as lettuce, tomatoes, cucumbers, and carrots (Allydice-Francis and

Brown 2012). Another frequently reported source occurs through the consumption

of salads and other meals that utilize uncooked vegetable and fruit products.

5 Methods to Study the Gut Resistome

One of the major limitations to study the human gut resistome is the unavailability

of techniques to fully characterize resistance genes. In addition, determination and

functional characterization of gene sequences providing resistance to antibiotics are

challenging. Thus, in order to characterize a gut resistome completely, a combina-

tion of methods should be employed.

The simplest method to detect resistance genes present in gut commensals is to

isolate strains and characterize them under laboratory conditions. These techniques

were used frequently during the 1970s and 1980s to determine antibiotic resistance

in gut commensals belonging to the Bacteroidales and Clostridiales phyla. How-
ever, owing to a large number of bacteria present in the gut microbiome, it is

practically impossible to culture every gut commensal under laboratory conditions.

Therefore, culture-based techniques cannot reveal the complete resistance profile of

microbes present in the gut. Furthermore, this approach does not provide informa-

tion about the mobility of resistance genes. Recent advances in laboratory culture-

based techniques have made it possible to perform comparative genome analysis

for Bacteroidales (Coyne et al. 2014) and Enterococcaceae (Palmer et al. 2012;

Lebreton et al. 2013). However, this approach is very extensive, and it is unclear

whether it can capture the entire gut resistome.

Culture-independent techniques have been found to be fairly useful for the

analysis of the gut resistome. Often, PCR and microarray hybridization techniques

are used to determine resistance gene reservoirs in the human gut. DNA can be

isolated from fecal samples and analyzed for the presence of antibiotic-resistant

genes by PCR, using gene-specific primers. Alternatively, isolated DNA samples

can be hybridized with known antibiotic-resistant gene sequences (probes) and

Role of External and Environmental Factors in Drug Resistance Emergence: Gut. . . 293



detected through a technique known as DNA microarray. With the help of quanti-

tative PCR, the relative abundance of specific antibiotic resistance can also be

determined (Jernberg et al. 2007; Buelow et al. 2014). The advantage of DNA

microarray over PCR-based technique is that large numbers of resistance genes can

be detected within a short time period. PCR on the other hand is comparatively

slower and yields less information. A major limitation of the above techniques is the

detection of known resistance markers as opposed to detection of novel resistance

genes (Card et al. 2014; Lu et al. 2014). Furthermore, these techniques do not

provide information about the bacterium harboring the resistance gene.

Metagenomic sequencing has proved to be a useful technique for the genetic and

functional characterization of the human gut resistome. In this approach, DNA

samples are purified from feces and sequenced. With the advent of next-generation

sequencing platforms such as the Roche 454 sequencer, the Genome Analyzer of

Illumina, and the SOLiD system of Applied Biosystems, sequencing costs have

reduced dramatically with considerable increases in throughput. The sequence data

sets thus obtained are assembled to form large contiguous DNA fragments and

analyzed through bioinformatics tools. This technique not only allows the detection

of resistance genes in any sample but also reveals the phylogenetic composition of

the microbiota. Additionally, antibiotic-resistant genes in any microbiome can be

quantified through these techniques (Forslund et al. 2014). However, even this

approach cannot be used to discover new antibiotic resentence genes. On the

other hand, functional metagenomics has proved useful in this regard, in which

random fragments of metagenomic DNA are cloned in E. coli vectors and screened
for antibiotic-resistant clones. From this library of antibiotic-resistant clones, gene

sequences conferring resistance are determined. Although functional

metagenomics is labor intensive, the major advantage of this approach is the

identification of novel antibiotic-resistant genes.

6 The Gut Resistome as the Epicenter of Drug-Resistant

Genes

Recent advances in metagenomic approaches have dramatically enhanced our

knowledge about the gut microbiome (The NIHHMPWG et al. 2009). HGT is a

common biological phenomenon in Enterobacteriaceae and has also been found to
occur between pathogens and gut microflora particularly when the intestinal barrier

is altered (Schjorring and Krogfelt 2011; Cremet et al. 2012; Stecher et al. 2012).

The gut receives a wide number of bacteria from different sources such as hands,

pharyngeal, food, water, beverages, nasal secretions, etc. Neonates acquire envi-

ronmental microflora rapidly, and in some cases, sepsis occurs due to translocation

of new microflora (Tezuka and Ohteki 2010; Das et al. 2011). Surprisingly, in

healthy individuals, the gut microflora is stable, and pathogens ingested through

food and water are cleared from the gut due to the presence of commensals.
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Thus, it is essential to explore the gut microbiota for the presence of antibiotic-

resistant genes and subsequently expand our knowledge on mechanism of emer-

gence of multidrug-resistant pathogens. All resistance genes contributed by the gut

microbiota have been termed as the “gut resistome.” Antibiotic resistance may arise

by two mechanisms, namely, “by chance” or “by mutation.” The former mechanism

describes a gene having a specific role in the host and accidentally neutralizes an

antibiotic due to substrate or target similarity. Mutations, on the other hand,

generate phenotypic resistance such as target modification, antibiotic inactivation,

etc. Thus, antibiotic resistance may naturally be present or can be acquired through

the accumulation of mutation. Resistance acquired through any method may be

transferred to phylogenetically distant microorganisms sharing a similar ecological

niche.

Antibiotics have been the cornerstone of defense against pathogenic infections,

particularly after the Second World War. In natural environments, antibiotics

provide selective advantage to the producing bacteria and prevent invasive com-

petitors from establishing themselves. Besides, antibiotics may also function as

signaling molecules, triggering developmental processes such as biofilm formation

(Aminov 2009). Resistance to antibiotics is acquired in a population of susceptible

bacteria that accumulate mutations. One such example is the occurrence of point

mutation in DNA gyrase which confers resistance to quinolones. Besides this, many

bacteria acquire antibiotic-resistant genes that protect microbial cells from the

lethal action of antibiotics. Antibiotic-resistant genes confer phenotypic resistance

against antibiotics through a variety of mechanisms which include enzymatic

inactivation of antibiotics, modification of targets of antibiotics, and pumping

antibiotics out of the cells through efflux pumps, thereby preventing accumulation

of lethal doses (Martinez 2008, 2014; Allen et al. 2010). Antibiotic-resistant genes

have been present in the environment for millennia. For instance, the beta-

lactamases have been found to originate about 2 billion years ago (Hall and Barlow

2004). This is evident from the finding that OXA-type beta-lactamases carried on

plasmids have been moved between different bacterial phyla for millions of years

(Barlow and Hall 2002). Of note, genes conferring antibiotic resistance may have

entirely different functions in the original host. For example, 20-N-acetyltransferase
encoded by a gene in a Gammaproteobacterium, namely, Providencia stuartii, is
involved in peptidoglycan modification; however, aminoglycosides are structurally

similar to the natural substrate of 20-N-acetyltransferase and hence are inactivated

by the enzyme. Therefore, Providencia stuartii are naturally resistant to

aminoglycosides. Such genes can be termed as “accidental resistance genes,” and

when acquired by any pathogen, these genes can provide resistance against

aminoglycosides making them antibiotic resistant (Martinez 2008). Emergence of

antibiotic resistance among human pathogens has become a major threat to modern

medicine. Therefore, identification of niches where microbes acquire antibiotic

resistance is of great importance. Further, the mechanisms by which this antibiotic

resistance is mobilized to pathogens are also equally important.

There is adequate evidence to suggest that the gut can serve as a reservoir for

opportunistic pathogens, which under immunocompromised conditions may cause

Role of External and Environmental Factors in Drug Resistance Emergence: Gut. . . 295



severe infections. These findings raise a concern particularly for hospitalized

patients who undergo antibiotic therapy to prevent infections. Treatment of immu-

nocompromised patients with various antibiotics may provide selective advantage

to multidrug-resistant opportunistic pathogens present in the gut.

Since commensals and pathogens present in the gut share similar ecology,

therefore, gene transfer is more likely to occur between them (Smillie et al.

2011). Consequently, it becomes very important to understand the nature of the

human gut resistome and its role in the spread of antibiotic-resistant genes among

members of the gut microflora, particularly between commensals and opportunistic

pathogens (Penders et al. 2013).

As previously mentioned, the human gut presents an environment where mil-

lions of phylogenetically distinct bacteria may colonize and interact with each other

which increases the possibility for the existence of ample antibiotic-resistant genes

contributing to the genetic pool. Available facts about the human gut resistome

raise concern in light of the emergence of multidrug-resistant opportunistic patho-

gens. A metagenomic study of 252 fecal samples performed by Forslund et al.

revealed the presence of resistance genes for 50 classes of antibiotics accounting for

21 antibiotic-resistant genes per sample collected from different countries

(Forslund et al. 2013). In a similar study, 1093 antibiotic-resistant genes were

identified in 162 individuals from Denmark, China, and Spain (Hu et al. 2013).

The most commonly found resistance genes are tet32, tet40, tetO, tetQ, and tetW
which provide resistance against tetracycline and are found to be present in gut

microflora of almost all individuals. Several such genes are ubiquitously present in

bacterial genomes such as ant(6)-Ia, bacitracin (bacA), and glycopeptide vanco-

mycin (vanRA and vanRG). These genes are thought to confer resistance to

aminoglycosides. Similarly, metagenomic screening of gut resistomes of hospital-

ized patients also revealed many antibiotic-resistant genes in the gut microbiota of

patients, which appeared to increase with increasing antibiotic therapy (Perez-

Cobas et al. 2013; Buelow et al. 2014). For instance, Buelow et al. reported that

genes conferring resistance to aminoglycosides expanded during a hospital stay,

especially in intensive care units (Buelow et al. 2014). The observed expansion of

the gut resistome was linked with the use of tobramycin which is an aminoglycoside

used for selective decontamination of the digestive tract (de Smet et al. 2009). This

treatment regime is generally used as a prophylactic measure for patients admitted

to intensive care units in order to lower the risk of infection of opportunistic

pathogens. Notably, antibiotic use is not always associated with expansion of the

gut resistome in patients; rather, in certain cases, resistant genes may be lost during

antibiotic treatment (Perez-Cobas et al. 2013; Buelow et al. 2014). This is generally

observed during combination therapy in which bacteria carrying resistance against

one antibiotic are still susceptible to another one and are thus lost from the

microbial population.
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7 From the Gut Resistome to Multidrug-Resistant

Pathogens

Pathogenic bacterial loads in the gut are generally lower than that of commensal

bacteria. Interestingly, the majority of antibiotic-resistant genes are found on the

genome of commensals. Despite this, multidrug-resistant pathogens are emerging at

an alarming rate posing a serious threat to the future of medicine. Thus, an

understanding of the mechanism of transfer of antibiotic resistance from commen-

sals to pathogens is of particular interest. There are two basic mechanisms by which

antibiotic-resistant pathogens can emerge: one by opportunity and another by

horizontal gene transfer (HGT). In the former, a small population of drug-resistant

pathogenic strains exists naturally which, under suitable conditions such as an

immunocompromised state of the host, multiply and increase in number. In the

second mechanism, a pathogen acquires antibiotic-resistant genes from commen-

sals by HGT.

8 Mobility of Antibiotic-Resistant Genes

Since antibiotic-resistant genes provide acute fitness in various environments, they

are often encoded on mobile elements such as conjugative elements, extra chromo-

somal DNAs, and viral particles. An estimated 1–3% of people from the developed

world undergo antibiotic treatment daily making the gut environment a dynamic

niche (Costello et al. 2012). Conjugative elements with resistance genes have been

found to be associated with a large number of single-nucleotide polymorphism

(SNP) (Schloissnig et al. 2013). Besides point mutation, HGT is also one of the

sources of variability. Mobility of resistance genes is further augmented by the

tendency of several antibiotics to facilitate gene transfer. For instance, antibiotics

which inhibit DNA synthesis are known to induce interspecific transfer of integrat-

ing conjugative elements containing multidrug-resistant genes (Beaber et al. 2004).

In the mice gut, tetracycline increases the rate of conjugation between Enterococ-
cus faecalis and Listeria monocytogenes (Doucet-Populaire et al. 1991). Besides

conjugation, antibiotics also enhance phage mobility by activating bacterial DNA

damage response having cross talk with phage regulation. Treatment with antibi-

otics has been shown to increase the connectivity between phage and bacterial

networks, increasing the accessibility of the microbial genome to phages (Modi

et al. 2013). Gut commensals play an important role in host defense against

pathogenic microbes by outcompeting for space and nutrients (Brandl et al. 2008;

Fukuda et al. 2011; Costello et al. 2012) and inducing host immune responses

(Brandl et al. 2008; Fukuda et al. 2011). Antibiotic treatment disrupts the highly

organized microbial population structure of the gut, thus exposing a new niche for

pathogens and increasing the availability and mobility of resistance genes to

virulent species. For instance, methicillin-resistant Staphylococcus aureus
(MRSA) emerged by obtaining a gene cluster from Staphylococcus epidermis
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which is a skin commensal. This gene cluster improved the colonization of host

sites (Diep et al. 2006). There are several other examples of gene cluster movement

between different bacteria. For example, a specialized polysaccharide degradation

gene cluster which is typically present in marine bacteria was found to be present in

the gut microbiota of Japanese individuals. Most likely, the gene cluster was

transferred to the gut microbiome due to consumption of seaweeds over a long

period of time. Besides this, there is evidence for the exchange of antibiotic-

resistant genes between soil bacteria and human pathogens (Forsberg et al. 2012).

Generally, exchange of antibiotic-resistant genes between bacteria from differ-

ent environments is more frequent than within the same environment, probably

because of adaptive advantage provided by the resistance genes (Smillie et al.

2011). However, exchange of antibiotic-resistant genes between gut microbiota

and the pathogenic gene pool is yet to be confirmed. Metagenomic analysis of the

human gut resistome has revealed that functional sequences of antibiotic-resistant

genes present in the gut microbial gene pool share very low homology to those

present on known pathogens. Possible uncharacterized barriers hinder the transfer

of resistance genes between commensals and pathogens resulting in the compart-

mentalization of the resistome of gut commensals and pathogens. Although antibi-

otic treatment has been shown to have significant implications, the mechanisms

which govern the flow of genes in vivo have yet to be elucidated. For instance,

antibiotic-induced HGT may improve the ability of gut microbiota to withstand a

particular stress. One such example is the transfer of carbohydrate-active enzymes

across phylogenetically distinct commensal bacteria which in turn helps diverse

communities withstand shared challenges encountered in a dynamic gut environ-

ment. Antibiotic treatment in mice has been reported to enrich a carbohydrate-

active enzyme encoded by phages. This finding suggests that increased gene

transfer during antibiotic treatment helps the gut microbiota store and access

functional genes that facilitate niche recolonization (Modi et al. 2013).

9 Acquisition of Genes by Pathogens

Human pathogens may acquire antibiotic-resistant genes from the gut reservoir by

HGT which can occur by several mechanisms such as transformation, conjugation,

and transduction (Fig. 1). In transformation, naked DNA is taken up by competent

bacteria. Thus, if the DNA carries an antibiotic-resistant gene, it will be transferred

to the recipient bacterium. Transformation is a common phenomenon, and many

bacteria have been reported to be naturally competent to take up DNA from

different species. Conjugation is a mating process in which exchange of genetic

material takes place through a conjugative bridge. During this process, resistance

genes can spread from donor cells to recipients. Transduction is mediated by

bacteriophages. Several bacteriophages encode antibiotic-resistant genes which

can be transferred and integrated into the chromosome or transferred from one

cell to another (Furuya and Lowy 2006). Among the three processes, transformation
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does not contribute significantly to HGT in the human gut (Nordgard et al. 2012).

However, conjugation and transduction play an important role in the exchange of

antibiotic genes among gut microflora. Most commonly, gene transfer in the human

gut occurs through conjugative plasmids or transposons (Coyne et al. 2014).

Genome and plasmid sequence analyses indicate that though conjugation between

closely related bacteria is more frequent than remotely related ones, it plays a

significant role in the dissemination of antibiotic-resistant genes (Jones et al. 2010;

Tamminen et al. 2012). Conjugative transfer of antibiotic resistance from gut

commensals to pathogens is evidenced from the finding that the vanB gene respon-

sible for vancomycin resistance is present on a transposon of a commensal belong-

ing to the phylum Firmicutes which serves as the source of vancomycin resistance

in the nosocomial pathogen E. faecium (Stinear et al. 2001; Graham et al. 2008;

Howden et al. 2013). Inside the gut, gene transfer takes place in both directions, i.e.,

from commensals to pathogens and from pathogens to commensals. The most

common gram-negative bacteria that play an important role in gene transfer in

the gut belong to the phylum Bacteroidetes as they are capable of acquiring DNA

from a wide range of bacteria including the gram-positives E. faecalis and Clos-
tridium perfringens. Thus, Bacteroidetes can serve as a source of resistance genes

for other bacteria within the gut (Coyne et al. 2014). These groups of bacteria

contain a conjugative transposon CTnDOT which plays an active role in the spread

of erythromycin and tetracycline resistance inside the gut (Waters and Salyers

2013). Besides obligate anaerobes, facultative anaerobic commensals of the gut

Fig. 1 Spread of drug-resistant genes in the gut microbiome. The figure depicts the mechanisms at

play that contribute to the emergence of drug resistance in the gut microbiome. Drug resistance

may arise as the mutation of a gene to prevent it from serving as a drug target or an unrelated

enzyme whose secondary function serves to inactivate the effect of a drug. Conjugation, transfor-

mation, and transduction serve as mechanisms that aid the spread of drug resistance in a population

either from pathogens to commensals and vice versa or between the commensals themselves
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such as lactic acid bacteria are also involved in channeling gene transfer in the

intestinal tract (Ogilvie et al. 2012). Among others, enterococci are exceptionally

efficient in trafficking drug-resistant genes in human gut (Werner et al. 2013).

Furthermore, pathogens of Enterobacteriaceae can also easily exchange

plasmid-bearing antibiotic-resistant and virulent genes during gut colonization

(Goren et al. 2010). Conjugative exchange of genetic material inside the gut is

not only determined by bacterial factors but also affected by host factors. Human

epithelial cells produce several proteinaceous compounds which can lower the

conjugation efficiency of resistance-encoding plasmids in E. coli strains (Machado

and Sommer 2014). On the contrary, gut inflammation facilitates conjugation

between pathogenic bacteria and gut commensals (Stecher et al. 2012). Besides

bacteria, phages also play an important role in gene transfer in the intestinal tract.

The prophages carrying antibiotic-resistant genes that remain integrated into the

genome of commensals often enter into the lytic cycle and can thereby transfer

antibiotic-resistant genes to other bacteria (Quiros et al. 2014; Waller et al. 2014).

In a recent study involving metagenomic analysis of phage DNA from the gut, it

was found that 70% of the samples contained antibiotic-resistant genes such as

beta-lactamase resistance gene blaTEM and the quinolone resistance gene qnrA.
The role of bacteriophages in HGT in the gut has been proved experimentally as

well where antibiotic-resistant genes increased considerably in the phage

metagenome after treatment with ampicillin or ciprofloxacin (Modi et al. 2013).

Phages isolated from mice treated with antibiotics show higher gene transfer rates

as compared to those isolated from untreated mice (Modi et al. 2013). Thus, the gut

presents a highly dynamic niche where constant gene transfer takes place among

different communities by several methods.

10 Geographical Signature of Antibiotic-Resistant Genes

Although the human gut has been found to harbor a large number of resistance

genes, there are country-specific variations (although small, approximately 1.5- to

twofold) in the gut resistome of individuals. This could be due to differential use of

antibiotics in different countries because individuals from countries such as Den-

mark with restricted use of antibiotics have been found to contain lower levels of

antibiotic-resistant genes than the countries like Spain and China where the use of

antibiotic is relatively higher. However, the relation between variation of resistome

and incidences of antibiotic-resistant infections in different countries still remains

to be determined.

Interestingly, analysis of SNPs in the antibiotic-resistant genes isolated from

different geographical locations indicates that there is a specific geographical

signature present in antibiotic-resistant genes. For example, sequences of antibiotic

resistance isolated from Chinese individuals form a distinct cluster than those

isolated from Danish and Spanish individuals (Hu et al. 2013). Similar to

geographic-level variation, regional-level differences were also observed when

resistance genes from different populations of China were analyzed.
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11 Conclusion

The human gut environment presents a dynamic niche for microbes where millions

of bacteria belonging to different phyla can colonize and exchange chemical and

genetic information. In addition, gut microbes can exchange genetic material with

microbes from the external environment through food, water, and beverages. This

phenomenon has the result of accumulation of resistance genes in the gut

Fig. 2 A summary of the emergence and modes of transmission of drug-resistant genes in the gut

microbiome. The figure illustrates the major external and environmental factors contributing to the

emergence of drug resistance in the gut microbiome, namely, antibiotic use and the spread of

antibiotic-resistant pathogens from various sources such as fruits, vegetables, animals, and fish.

The effects of antibiotic use are the destabilization of the gut and selection of drug-resistant strains

that in turn serve as sources of drug resistance, thus contributing to the pool of resistance genes in

the population
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commensals. Hence, the gut commensals have been depicted as the epicenter of

antibiotic resistance. Antibiotic treatment has become an integral part of modern-

day medicine. However, the disruptions to gut bacteria caused by antibiotic treat-

ment are raising concerns, highlighting the need for new antibacterial therapies. A

major concern from the extensive use of antibiotics is the emergence of multidrug-

resistant bacterial strains and the widespread transfer of their resistance genes to

surrounding nonpathogenic bacteria such as gut commensals (Fig. 2). Thus, the

extensive use of antibiotics is shaping our gut microbiota contributing significantly

to the emergence of multidrug-resistant pathogens.
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