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The human intestine is an important location for horizontal
gene transfer (HGT) due to the presence of a densely
populated community of microorganisms which are essential
to the health of the human superorganism. HGT in this niche
has the potential to influence the evolution of members
of this microbial community and to mediate the spread of
antibiotic resistance genes from commensal organisms to
potential pathogens. Recent culture-independent techniques
and metagenomic studies have provided an insight into the
distribution of mobile genetic elements (MGEs) and the extent
of HGT in the human gastrointestinal tract. In this mini-review,
we explore the current knowledge of mobile genetic elements
in the gastrointestinal tract, the progress of research into the
distribution of antibiotic resistance genes in the gut and the
potential role of MGEs in the spread of antibiotic resistance.
In the face of reduced treatment options for many clinical
infections, understanding environmental and commensal
antibiotic resistance and spread is critical to the future
development of meaningful and long lasting anti-microbial
therapies.

Introduction

It has long been recognized that the human intestine is a can-
didate location for horizontal gene transfer (HGT) between
members of the gut microbial community with potential evo-
lutionary and therapeutic implications.”® Culture-independent
techniques which include metagenomic analysis and next genera-
tion sequencing approaches, combined with novel methods such
as transposon-aided capture (TRACA),” have provided a glimpse
of the distribution of mobile genetic elements (MGEs) and the
extent of HGT in the human gastrointestinal tract (GIT). The
microbiota of the gut has been described as the equivalent of a
virtual organ for the metabolic potential it provides to the host.®
In the years ahead, deeper sequencing of greater numbers of indi-
viduals will reveal further insights into the evolutionary contri-
butions of MGEs in shaping the functional properties of the gut
microbiota. The purpose of this review is to explore the current
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knowledge of MGEs in the GIT and to examine their potential
role in the spread of antibiotic resistance.

Mobile Genetic Elements in the Gut

MGESs have been fundamental to the evolution and genetic
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variation of many living things including plants,
and humans.!"'? On sequencing the human genome, over 200
genes were found to have significant homology to those encod-
ing bacterial proteins indicating significant horizontal acquisi-
tion of bacterial genes during human evolution.”® In addition,
the relevance of trans-kingdom HGT to the gut microbiota has
been highlighted recently with the detection of eukaryotic genes
for starch breakdown in various gut bacterial genomes."" The
significance of intra-kingdom (bacterial) HGT in shaping the
evolution of microbial communities in the gut was underlined
recently through studies of gut bacteria isolated from Japanese
populations consuming seaweed. In the GIT of some Japanese
individuals, horizontally acquired genes from marine bacteria are
utilized by gut Bacteroides for the breakdown of porphyrans from
seaweed.” Such bacteria are absent from the gut microbial com-
munities of North American individuals and therefore indicate
the adaptation of gut bacteria to host diet.”

In recognition of their ecological and evolutionary sig-
nificance in nature, the database “A CLAssification of Mobile
genetic Elements” (ACLAME) has been dedicated to the collec-
tion, classification and analysis of sequenced MGEs, particularly
16

phage and plasmids,'® and should help toward the expansion of
our knowledge of this elusive yet important group. An overview
of the environmental and clinical relevance of some MGEs and

their contributions in the gut microbial community follows.
Plasmids

Plasmid-mediated transfer of antibiotic resistance between bac-
teria is well established and plasmids have also been linked with
resistance to toxic heavy metals such as mercury, cadmium, silver
and pollutant breakdown."” They are also known to encode genes
for bacteriocin production, for utilization of additional nutrients
such as sucrose, lactose and urea,”® for DNA repair and for pro-
teins that govern the symbiotic relationship between prokaryotes
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and eukaryotes. A well-defined example of a role for plasmids in
establishing symbiosis and infection exists in the Agrobacterium
model where plasmid encoded traits influence survival and medi-
ate inter-kingdom transfer of DNA from the bacteria to plant
cells."? Recent publications highlight known functions of plas-
mids in gut associated bacteria to include cell wall biosynthesis,

! nutrient and carbohydrate utilization and bac-

redox balance,?
teriocin production. Functions for establishment and survival
such as adherence to epithelial cells and antibiotic resistance have
been noted on plasmids in both pathogenic*? and commensal®
Escherichia coli in the gut. Such findings highlight two polar
aspects of plasmid carriage in the gut. Furthermore, a recent
study demonstrated in the murine model that pathogen-induced
gut inflammation can cause population increases in Salmonella
spp. and E. coli which result in an increase in transfer of colicin-
plasmid p2 from Salmonella spp. to commensal E. coli. In the
absence of inflammation, HGT was inhibited by the commensal
microbiota. The authors suggest that inflammation could drive
the HGT and re-assortment of plasmids between pathogens and
commensals in the gut promoting the spread of antibiotic resis-
tance, fitness and virulence associated traits.?*

Plasmids play a central part in the clinical dissemination of
antibiotic resistance genes between pathogens and have allowed
for the rapid development of multi-antibiotic resistance. For most
classes of antibiotics in clinical use, plasmid encoded resistance
exists.”” Multiple resistances have been spread in Vietnamese
Salmonella spp. by a conjugative plasmid carrying an integron®
and carbapenem resistance in Acinetobacter baumannii has been
linked to a putatively conjugative plasmid.?” Additionally, recent
outbreaks of resistant E. co/i in Canada have suggested the pos-
sible conjugative transfer of carbapenem resistance between
Klebsiella pneumonia and E. coli in hospital patients.”®? It is
clear that plasmids play a role in contributing to antibiotic resis-
tance in the environment and in the clinical setting. However,
the extent of their role in conferring antibiotic resistance to
populations in the healthy GIT remains to be fully established.
Continued research is needed to enhance knowledge of plasmid
borne resistances in the healthy gut and the future implications
of their transfer.

Conjugative Transposons (CTns)

In lactic acid bacteria, CTns are known to confer resistance to the
antibiotics tetracycline, chloramphenicol, kanamycin and eryth-
romycin, as well as genes for sucrose metabolism and nisin resis-
tance.?® A classic example of antibiotic resistance being spread by
mobile genetic elements is the CTn contribution to the loss of tet-
racycline as a treatment for opportunistic Bacteroides spp. infec-
tions, as is their continued spread of resistance to other drugs for
the treatment of such infections.’"*

The broad host range of some families of CTns (Tn976 and
Tn1549) as well as the potential of those of Bacteroides spp. to
mobilise other MGEs in their proximity make them particularly
relevant to HGT and adaptation of communities to life in the
healthy gut. The suggestion that an enriched set of CTn-like
genes, CTnRINT (CTn Rich in Intestine) is involved in HGT in
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the gut® speaks to the evolutionary significance of CTns in the
gut. Furthermore, a recent study uncovered a Tn9/6-likeCTn,
Tn6079 in the gut of a healthy infant. Tn6079 carries tetracy-
cline (zetM and tetL) and erythromycin (ermT) resistance genes
indicating the presence of antibiotic resistance genes and signifi-
cant potential for HGT in early gut development.® Additionally,
reports by Brouwer and colleagues highlight the role of CTns
in bacterial adaptation to the gut environment as they describe
CTns of Clostridium difficile which carry antibiotic resistance
and other genes thought to aid its adaptation to life in the gut.**¥

Bacteriophage

Metagenomic analysis of the Sargasso sea microbiome demon-
strated the significant influence of viral (bacteriophage) horizon-
tal gene transfer on marine microbial evolution and diversity.?®
Similarly, upon examination of conserved functions in the gut
microbial community, a small, but significant proportion (5%)
of these functions involved pro-phage related proteins indicat-
ing that these are an essential part of the gut ecosystem.?” These
may present structural and functional ecological determinants
previously unknown to us.*® The gut specificity of certain bac-
teriophage isolated from human fecal material has been shown
and reflected in their absence in the general environment as
well as fecal samples from horses, sheep, pigs, cattle, rabbits and
poultry.® A similar scenario has been noted with plasmids from
healthy feces.* Indeed very recent analyses of Bacteroides spp. spe-
cific bacteriophage ¢B124-14 and ¢B40-8 revealed that these
are confined to the human gut. Ogilvie and colleagues (2012)
found a variation in the distribution of these bacteriophage across
individuals raising the possibility that these and other phage may
influence inter-individual differences in the composition and
function of the gut microbiota.?’ The influence of bacteriophage
in shaping the gut microbiota has been reviewed by Mills and
coworkers.*

Transposons and Integrons

Transposase genes flanking putative antibacterial resistance
genes in the genomes of bacteria such as Bordetella pertussis
and Mycobacterium smegmatis suggest the HGT of the genes by
transposons before speciation of the bacteria.” Transposons are
commonly linked to clinical resistance in Enterobacteriaceae,
indeed the suspected origin of the 6/aNDM-1 gene in pathogens
is a composite transposon.*** Recent experimental evidence has
also suggested natural transformation to be a meaningful player
in the dissemination of transposons and integrons within and
between bacterial species.
association with the spread of antibiotic resistance genes,” are

Integrons were first discovered in

found associated with transposons, conjugative transposons
and plasmids and have significant potential to spread antibiotic
resistance genes. Approximately 100 resistance gene cassettes are
known and these are related to many classes of antibiotics as well
as antiseptics/disinfectants such as quaternary ammonium com-
pounds.”® Additionally, the role of integrons has been extended
with the discovery of chromosomal integron (CI) structures
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or superintegrons in the genomes of hundreds of bacterial spe-
cies.”>® CIs harbouring multiple antibiotic resistance gene cas-
settes have been identified in Vibrio cholerae, highlighting how
significant these elements can be to the evolution and adaptation
of species to changing environmental conditions. This topic was
recently reviewed by Hall (2012) in more depth.”

Antibiotic Resistance and its Spread in the Gut

Naturally occurring antibiotic resistance. The recent discovery
of antibiotic resistance genes in DNA recovered from 30,000 y
old permafrost samples verified that antibiotic resistance is an
ancient phenomenon that existed prior to the widespread clinical
use of antibiotics.” With this widespread antibiotic use came the
challenge of addressing the spread of antibiotic resistance to clini-
cal strains. Two years prior to FDA approval, a report of resistance
to penicillin was published.”* Shortly after the first use of penicil-
lin, resistant strains of Staphylococcus aureus emerged clinically.
The situation was similar when second generation antibiotics
were developed, with the rapid emergence of methicillin-resis-
tant S. aureus (MRSA) and other resistant pathogens. Since the
1980s MRSA populations have risen, staphylococcal nosocomial
blood infections have increased and community acquired MRSA
as well as resistant Streptococcus pneumoniae are very real public
health concerns.®® Within the last decade, vancomycin resistance

has also emerged in S. aureus.>*>°

We are facing the possible loss
of treatment for some clinical infections with the onset of multi
drug resistances in A. baumannii and K. pneumoniae rendering
them almost untreatable.”” The recent emergence of totally
drug resistant strains of M. tuberculosis is also significant in this
regard.”

During an investigation into the antibiotic resistome of the
cultivable spore-forming Actinomycetes spp. in soil, resistance
to every class of antibiotics clinically available, synthetic and
natural, was outlined.” Included was resistance to daptomycin,
an antibiotic that had just received FDA clearance. All isolates
detected were multi-drug resistant. Such findings highlight the
broad reservoirs of antibiotic resistance genes currently available
in the natural environment and the problems they could cause
should they become mobile.”” Indeed a recent publication has
provided strong evidence that this scenario is already in play with
identical mobile resistance determinants seen in commensal gut
bacteria, soil microbes and clinical pathogens.®

Resilience of the human gut microbiome following antibi-
otic administration. Interesting findings around the resilience
of human fecal communities following antibiotic treatment have
emerged. Observations following ciprofloxacin administration
indicated that the community structure of the feces returned
to that measured pre-treatment. However, several taxa, most
notably members of the Firmicutes did not return.® Analysis
of the effects of an antibiotic treatment commonly used for
H. pylori therapy indicated that perturbation of the microbiota
could persist for up to four years following antibiotic treatment.
Significantly, at the four year time point in this study the authors
could detect the persistence of the macrolide resistance gene
ermB.®* Furthermore, a recent study demonstrated that infants
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administered ampicillin and gentamicin within 48 hrs of birth
exhibit a dramatically altered gut microbiome at 8 weeks of life
with an over-representation of members of the Proteobacteria and
a reduction in Bifidobacterium species.®® The study indicates the
significant impact of early antibiotic treatment upon development
of the gut microbiota. Although antibiotic resistance genes are
not highly represented in the recently reported minimal genome
or metagenome of the gut,”” it is clear from other reports that
upon selection, a functional resistome is present in the healthy
gut. In particular, the previously unknown resistance genes
noted in the non-cultivable fraction of feces may account for the
resilience of resident commensal populations in the wake of anti-
biotic treatment.

Influence of the Agricultural Use of Antibiotics on
Antibiotic Resistance and Microbial Populations

There is evidence to support the link between widespread use of
antibiotics in agriculture and the emergence of resistant microbes
in humans and the environment.® Half of US antibiotic use is
in agriculture, animal husbandry and food production.®® Use of
antibiotics in food production has resulted in the appearance of
rising antibiotic resistance in food pathogens. For example, avo-
parcin was used as a feed additive in the poultry and pig indus-
try during the 1980s. Such use is suspected to have led to the
emergence of vancomycin resistant enterococci (VRE) in the

¢ and humans alike in Denmark.%® Lateral vanA

guts of animals
gene transfer between animal and human enterococci has been
suggested as contributory to clinical VRE.” Multi-drug resis-
tant Salmonellae spp. are also suspected to have spread through
food.” It is thought that the use of tetracycline in the poultry
industry may have led to the appearance of tetracycline resistant
Campylobacter spp.”""

Furthermore, a recent study by Looft and colleagues” pro-
vided significant insight into the impact of antibiotic-supple-
mented feed upon the population dynamics of existing bacteria
in the swine gut as well as the development of antibiotic resis-
tance phenotypes in the porcine intestinal microbiota. A group of
pigs were fed a diet containing performance-enhancing antibiot-
ics (chlortetracycline, sulfamethazine and penicillin [known as
ASP250]) and compared with a control group fed the same diet
without antibiotics. Administration of antibiotics resulted in a
substantial increase in members of the Proteobacteria in general
and E. coli in particular with a general increase in genes asso-
ciated with energy extraction. Interestingly, significant levels of
antibiotic resistance genes were detected in the gut microbiota of
control fed animals, in particular ermA, ermB, mefA, tet32 and
aadA. However, antibiotic resistance genes were increased further
in both richness and abundance through the administration of
antibiotic-containing feed. Indeed antibiotic administration also
enhanced the spread of resistance against agents that were not
administered in the feed possibly indicating selection of genes
that are adjacent to those conferring resistance to ASP250 antibi-
otics on transferrable elements.”? This study is key to our under-
standing of the effects agricultural antibiotic use is having on
resistance gene spread.
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Though antibiotic levels in foods are closely regulated, con-
suming foods containing low levels of antibiotics theoretically has
the potential to impact the gut microbiota. Sub-therapeutic levels
of antibiotics have also recently been shown to alter the colonic
microbiome in nascent mice toward a population that enhances
fat deposition in adult animals.”* The work raises the possibility
that exposure to sub-therapeutic levels of antibiotics may have
implications for the metabolic capacity of the host, influencing
adiposity and other metabolic parameters. Indeed the same group
performed a longitudinal study following the impact of early life
exposure to antibiotics upon subsequent weight gain in humans.”
They found that infant exposure to antibiotics during the first 6
months of life (but not at later stages of infancy) was associated
with increases in body mass at 10 to 38 months of age.”

Another recent study demonstrated the outgrowth of an anti-
biotic-resistant E. coli pathobiont in antibiotic-treated mice that
gave rise to inflammation and sepsis in these animals.”® These
studies suggest that low levels of antibiotics appearing via the
food chain may influence metabolic and disease parameters in
subjects via changes in the microbiota. While the data are com-
pelling, more work is required to analyze exact levels of antibiotic
exposure from natural sources and to focus upon larger cohorts
in human studies. Furthermore, the role of HGT and antibiotic
resistance genes in influencing surviving bacterial populations
needs to be established. Guidelines for modern food production
approaches which encourage lower antibiotic use in agriculture,
animal husbandry and fish farming are to be welcomed.

Progress in the Study of Antibiotic Resistance
and its Spread in the Healthy Gut

Historically, studies into antibiotic resistance genes, mechanisms
and spread were initially limited to clinical isolates. Subsequently
work has progressed via the analysis of culturable populations
of bacteria from the gut. More modern approaches have utilized
functional and sequence-based metagenomic techniques to ana-
lyze the antibiotic resistome. In addition comparative sequence
analyses of whole bacterial genomes enables identification of
genes spread by HGT. If gene homologs exist on two very dif-
ferent bacterial genomes and are over 95% similar they may be
deemed to have been acquired horizontally.””

Early studies of commensal gut antibiotic resistance investi-
gated the resistances of the culturable facultative anaerobic frac-

tion of the fecal microbiota,”s%

which accounts for 1% of the gut
microbiota. In particular, a 1996 report focused on the resilience
of antibiotic resistant Enterobacteriaceae in pediatric fecal samples.
Over 13 weeks, samples were monitored for resistant Shigella spp.
and Klebsiella spp. and E. coli. Trimethoprim, ampicillin and tet-
racycline resistant E. coli isolates were detected in the majority of
donors throughout the duration of the study. E. coli isolates with
other resistances were also detected, but in fewer donors and with
seemingly transient colonisation. Klebsiella spp. with resistance
to trimethoprim, tetracycline, chloramphenicol, gentamicin and
nitrofurnatoin were briefly observed. Resistant Shigella spp. were
noted in a minority of the children, one exhibiting tetracycline
resistance, a second displaying trimethoprim resistance and a
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third with resistances to ampicillin, trimethoprim and tetracy-
cline. The study confirmed commensal colonization with multi-
drug resistant E. coli in healthy children.®

A study in 2000, from Finland, investigated the antimicrobial
resistances of fecal Enterobacteriaceae in three groups of subjects;
healthy people, short-term hospital patients and long-term hos-
pital patients. Again in this study, E. coli were the most highly
represented carriers of resistance in all three groups tested. In
healthy people and short-term hospital patients, a general trend
of resistance to more than two antibiotics was noted in E. coli
and the levels of resistance detected were comparable to resistance
levels linked to MGE’s. Significant resistances to streptomycin,
sulfamethoxazole, streptomycin, ampicillin and trimethoprim
were noted in E. coli isolated from the healthy group. Multidrug
resistance was presumed transferable in this study and found to
the same extent in the healthy and short-term hospital stay groups
and to a higher degree in the long-term stay patients.®

A study in 2001, by Millar and coworkers, explored antibiotic
resistances in the GIT of healthy children between 7 to 8 y and
revealed pediatric oral carriage of Staphylococcus spp. with resis-
tance to chloramphenicol, tetracycline and methicillin as well as
Hemophilus spp. with resistance to ampicillin and erythromycin.®
Fecal carriage of gram-negative bacteria with resistance to chlor-
amphenicol, ampicillin, spectinomycin and streptomycin was
also detected. Notably, bacterial resistance to antibiotics that the
children would not have had previous exposure to were detected,
echoing the findings of previous studies.”®* It was suggested that
these bacteria may have been acquired through family, friends,
pets or food.*® The study did not examine whether the source
of the detected resistance was chromosomal or of mobile origin.

Deeper Insights into the Spread of Antibiotic
Resistance in the Healthy Gut

A study in 2000, by Scott and colleagues, focused on tetracy-
cline resistance and described the presence of the resistance gene
tetW in two human gut commensals Faecalibacterium prausnitzii
and Bifidobacterium longum.’” The tetW gene had been described
previously in the rumen isolate, Butyrivibrio fibrisolvens, and had
been shown to transfer between strains.®® Facultative anaerobes
common to animals and man were the suggested transfer source
of tetW between the rumen and human gut populations. The
first report of mobile antibiotic resistance gene transfer from a
gut commensal to a rumen isolate was furnished by Melville and
coworkers in 2001.% The group identified a new tetracycline resis-
tance gene fez32 in the same anaerobic commensal gut isolate,
F. prausnitzii mentioned above, and its transfer to the rumen iso-
late B. fibrisolvens by a possible MGE; however, the authors could
not identify the element within the scope of the study. Emphasis
was placed on the fact that although no solid evidence was avail-
able for the transfer between such commensals and pathogens,
the same resistance genes can be found in commensal and patho-
genic bacteria and could be horizontally spread.®

Culture independent techniques revealed a link between hor-
izontal gene transfer and increased antibiotic resistance in gut
Bacteroides spp. over 30 years.”® Horizontally transferred alleles
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of tetQ were identified in different species of Bacteroides spp. and
it was confirmed that these alleles were transferred by a CTn
among Bacteroides spp. species in the gut. It was determined that
ermF and ermG seem to be spreading in a similar manner, poten-
tially through CTnDOT and CTn7853. It was concluded that
the human colon is the only possible place such an increase in the
spread of resistance could occur. Transfer of CTns is stimulated
by tetracycline and it was suggested by the authors that increases
in resistance seen in previous decades may have been triggered
by environmental exposure to tetracycline. Nevertheless, lateral
transfer of zezQ had already occurred in up to 30% of isolates
before 1970.%°

The healthy gut is both a source of antibiotic resistance genes
and a location for their spread by CThns, as identical macrolide
and tetracycline resistance genes can be seen in both Gram nega-
tive and Gram positive gut bacteria."””*! Further evidence was
furnished in 2008 by Scott and colleagues when they described
the transfer of CTns carrying tetracycline resistance from rumen
and human isolates to the gut commensal Roseburia inuliniv-
orans. The study demonstrated that antibiotic conjugal gene
transfer occurs between important human and gut microbes
under conditions in vitro.”?

Metagenomics Analyses of Antibiotic Resistance
Elements in the Healthy Gut

The most comprehensive analysis to date of antibiotic resistance
in the healthy gut was performed by Sommer and coworkers.”®
In 2009 the group reported characterization of the antibiotic
resistome in the human gut. Samples were obtained from two
healthy human volunteers who had not taken antibiotics in
the previous year. Employing metagenomic analysis alongside
aerobic functional screens of saliva and fecal samples, a striking
catalog of antibiotic resistance genes was compiled. Ninety five
unique inserts conferring functional resistance to all 13 antibiot-
ics used in the study were identified from a clone library con-
structed in E. coli. In general, sequence homology in GenBank
was not above 70% for nucleotides and 65% for amino acids.
One fifth of sequences did show high amino acid homology to
the zezQ product mentioned above and the CTX-M-I5 enzyme,
a common broad spectrum 3 lactamase. Primarily the closest
related homologs to inserts were from innocuous commensals
such as Bifidobacterium longum, as well as those with a penchant
for opportunistic pathogenesis such as Bacteroides fragilis and
Bacteroides uniformis, including a gene from the latter that had
not previously been characterized as a broad spectrum resistance
gene. The majority of resistance genes identified in the healthy
gut were related to those currently known to be carried in patho-
gens. However, 78 novel genes did not exhibit high homology
to known proteins for resistance in pathogens, suggesting that
these resistance genes are inaccessible to or rarely transferred to
pathogens. The authors infer that given the functionality seen
in E. coli, there must be a hindrance to the gene transfer itself
or processes other than functional compatibility. Phylogenetic
analysis of the inserts indicated that the sequences were from
Bacteroidetes and Firmicutes as would be expected from the gut
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community indicating that a good insight into antibiotic resis-
tance in this population was gained.”

The authors also examined the facultative culturable fraction
during this study. Phylogenetic analysis placed the 572 bacte-
rial strains mainly into the Proteobacteria with a scattering of
Firmicutes and Actinobacteria. Facultative isolates did not show
resistance to all the antibiotics tested. Chloramphenicol and
minocycline were the most common resistances in this group.
An interesting finding was that 95% of 115 unique inserts with
transferable resistance in the culturable fraction were over 90%
similar at the nucleotide level to known pathogens, indicating an
evolutionary relationship between the facultative and cultivable
fraction of the healthy gut and clinical pathogens. A group of
resistance genes with 100% homology to those of pathogens were
a class of tetracycline efflux pumps (¢ezA), two classes of amino-
glycoside-modifying enzymes and three classes of B lactamases
(TEM, ampC and CTX-M).® Additionally, in a recent report
from Forsberg and colleagues outlining evidence for the horizon-
tal transfer of antibiotic resistance genes between environmental
soil bacteria and human pathogens, a link was made between zezA
in the human GIT, soil bacteria and human pathogens.*

Recent comparative analysis of gut metagenomic data has
reported enrichment of conjugative transposons,® pro-phage
related proteins® and a plasmid gene subset® in the healthy gut.
Further studies have detailed HGT of specific genes. For example
a study by Thornton and colleagues found two C10 cysteine pro-
tease genes located in the B. fragilis genome to be associated with
a conjugative transposon-like element and a bacteriophage-like
element, one of which showed potential for excision. Homologs
of these genes were detected in both clinical isolates of B. fragilis
and normal human fecal microbiota.”* Another example is ##Q, a
gene located on conjugative transposons of the Bacteroides species
in the gut, but on an insertion sequence 21 (IS27) family transpo-
son in the Prevotella species in the oral cavity.”” This observation
not only indicates HGT, but also different routes of dissemination
of the same resistance gene by HGT in two locations of the GIT.

Insights from the Human Microbiome Project and
Antibiotic Resistance Genes Database (ARDB)

In June of 2012 we conducted comparative analysis of stool data
sets from the Human Microbiome Project” and antibiotic resis-
tance genes annotated in the ARDB.”” Among proteins found
to have the highest weighted relative abundance within all these
data sets were proteins for resistance to tetracycline in an uncul-
tured bacterium and Prevotella copri and beta-lactam antibiotics
in Bacteroides spp. (Table 1). Furthermore, tetracycline resistance
proteins of the TetX family related to Pseudomonas aeruginosa,
Bacteroides thetaiotaomicron, Sphingobacterium spp., Bacteroides
fragilis and uncultured bacteria had high weighted relative abun-
dance within 80% or more of these datasets (Table 2). MGE
associated resistance determinants were detected in all HMP stool
data sets with individual variations in carriage. A range of plasmid
associated resistances were among these (Fig. 1). Macrolide resis-
tance associated with plasmids of Staphylococcus, Lactobacillus and
Bacillus plasmids scored highest in weighted relative abundance.
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Table 1. Most abundant resistance determinants represented in all data sets

Resistance determinant
Hypothetical protein PREVCOP_01173
Tetracycline resistance protein Tet37
Hypothetical protein BACOVA_05313

Beta-lactamase
Beta-lactamase
Cephalosporinase
Beta-lactamase
Class A B-lactamase CFXA3

'Weighted relative abundance was calculated as per reference 99.

Table 2. Weighted relative abundance and bacterial associations of
TetX, the most abundant resistance determinant in 80% or more HMP
data sets

Resistance deter- Weighted relative

Bacteria

minant abundance’
Tetracycline inacti- Pseudomonas aeruginosa 177876
vating enzyme
TetX2 protein Bacteroides thetaiotaomi- 177935
cron
Tetracycline resis- Sphingobacterium sp PM2- 177674
tance protein P1-29
TetX transposon ] - 177674
Tn4351/Tn4400 Bacteroides fragilis
TetX uncultured bacterium 163932

HH1107

'Weighted relative abundance was calculated as per reference 99.

Chloramphenicol resistance linked to Enterobacteriaceae plas-
mids, kanamycin resistance on a Campylobacter plasmid and van-
comycin on an Enterococcus plasmid also scored high in weighted
relative abundance in this group (Fig. 2). Conjugative transpo-
sons in Clostridium and Streptococcus species were linked to tet-
racycline and chloramphenicol carriage (authors’ analysis of data
from heep://www.hmpdacc.org/HMGOI/June 2012). These
links suggest HGT has contributed to antibiotic resistance gene

spread in the GIT.
Analysis of HGT in Maternal and Infant Subjects

Another metagenomic study recently published by de Vries
and colleagues described tetracycline resistance in the feces of a
mother and her one month old infant. In the mother’s gut, more
genes were detected (zetO, tetW and retX) in a greater variety of
bacteria (Firmicutes and Bacteroidetes). Possible HGT was noted
in the mothers’ gut as the same resistance genes were detected
in unrelated bacteria. Transferable resistance was noted in the
infant metagenomic library with the detection of a streptococ-
cal CTn carrying tetM and tetl and ermT. Tetracycline resis-
tance genes, tetO and terW, were confirmed to be common to
mother and infant by PCR analysis of infant total metagenomic
fecal DNA. The study confirms the presence and potential for

276 Gut Microbes

Bacteria Weighted relative abundance'
Prevotella copri DSM 18205 874781
uncultured bacterium 410954
Bacteroides ovatus ATCC 8483 393166
Bacteroides fragilis NCTC 9343 205868
Bacteroides fragilis 205213
Bacteroides fragilis 205213
Bacteroides fragilis YCH46 199943
Bacteroides sp D1 160332

spread of antibiotic resistances in the human gut from its early
development.®

A recent study by Morowitz and colleagues explored the
composition of a pre-term infant gut community. Detection of
phage and plasmids in the major populations, Citrobacter and
Enterococcus, of the infant gut suggests that such MGEs are part
of the community even from its earliest development. An inter-
esting observation was that numerous mobile elements had cor-
responding dynamics to the minor populations of Klebsiella and
Enterobacter. The finding indicates that the presence of MGE
may not be limited to the most dominant populations in the early
gut community.”® The study highlights that with deep enough
sequencing the mobile metagenome of the gut can be accessed
and annotated and should be considered as a tool for the further-

ing of knowledge in the field.
Conclusions

The emergence and spread of antibiotic resistance in clinically
important pathogens has encouraged significant research into
MGESs and the mechanisms of HGT which drive the spread
of antibiotic resistance genes. Over the past 20 vy, research into
the human gut and the associated microbiota has demonstrated
significant potential for the spread of MGEs in this important
niche. HGT has been linked to adaptation to the effect of host
diet and MGEs have been noted in the infant GIT. Furthermore,
investigations by Sommer and colleagues in 2009, Forsberg and
coworkers® and our own analysis of stool data from the Human
Microbiome Project outlined here, link MGEs and HGT to anti-
biotic resistance determinants and their potential to spread from
the mobile metagenome in the large intestine through the mech-
anisms of conjugation, transformation and natural transduction.
Insights gained from these recent metagenomic studies enhance
our understanding of the contribution made by HGT to the
evolution of antibiotic resistance in the GIT. As we face the loss
of viable treatments for some clinical infections, understanding
commensal and environmental antibiotic resistances and their
spread is critical to the future development of meaningful and
long lasting anti-microbial therapies.
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Figure 1. Distribution of most abundant resistance plasmids across HMP stool data sets. E. coli NR79 (Chloramphenicol), Enterobacteriaceae R387
(Chloramphenicol), E. faecium plP816 (vanY) were represented in all of the 146 stool data sets. Lactobacillus sp. P121BS (ermT) and L. reuteri pGT633
(ERM) were noted in 90% or more of the stool data sets. S. aureus pT48 (MLSB), S. aureus pE5 (ermC) and B. subtilis pIM13 (MLSB) S. epidermidis pNE131
(MLSB) were detected in over 80% of the data sets.
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Figure 2. Plasmids of highest weighted relative abundance in HMP stool data sets. The resistance plasmid with the most weighted relative abundance
in the HMP stool data sets was found to be S. aureus pT48 (MLSB) and this was followed by L. reuteri pGT633 (ERM), S. aureus pE5 (ermC), Lactobacillus

sp. p121BS (ermT), S. epidermidis pNE131 (MLSB), B. subtilis pIM13 (MLSB), E. coli NR79 (Chloramphenicol), E. coli pIP1433 (Kanamycin), Enterobacteriaceae
R387 (Chloramphenicol), E. faecium plP816 (vanY).
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