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Antibiotic resistance is a global problem that is reaching crisis levels. The global collection of
resistance genes in clinical and environmental samples is the antibiotic “resistome,” and is
subject to the selective pressure of human activity. The origin of many modern resistance
genes in pathogens is likely environmental bacteria, including antibiotic producing organ-
isms that have existed for millennia. Recent work has uncovered resistance in ancient per-
mafrost, isolated caves, and in human specimens preserved for hundreds of years. Together
with bioinformatic analyses on modern-day sequences, these studies predict an ancient
origin of resistance that long precedes the use of antibiotics in the clinic. Understanding
the history of antibiotic resistance is important in predicting its future evolution.

The emergence of antibiotic-resistant human
pathogens at a rate that exceeds new drug

discovery threatens to end an age of unparal-
leled achievement in modern medicine. Beyond
the management of infectious disease, advances
in organ transplantation, orthopedic surgery,
renal dialysis, and cancer chemotherapy all
depend on our ability to control infection.
The Center for Disease Control and Prevention
(CDC) have declared 15 antibiotic-resistant
human pathogens as “urgent” or “serious”
threats to human health, and estimate that
two million people are sickened every year in
the United States alone by antibiotic-resistant
infections (see www.cdc.gov/drugresistance/
biggest_threats.html). Antibiotics have only
been in clinical use for �80 years, yet we face
the imminent possibility that they will be lost as
therapeutics as a result of resistance. How did
we get here so quickly? Were pathogens always

antibiotic-resistant? If not, how did resistance
develop? This review will explore the ancient
nature of antibiotic resistance in the context of
the concept of the antibiotic “resistome.”

THE ANTIBIOTIC “RESISTOME”

The origins of clinical antibiotic resistance can
be found in the environment. Most antibiotics
in medical or agricultural use are derived from
or produced by a group of soil-dwelling bacteria
called the Actinomycetes (the most notable
genus for antibiotic production being Strepto-
myces). These organisms are prolific producers
of specialized metabolites (so-called “natural
products”), including the antibiotics strepto-
mycin, tetracycline, chloramphenicol, eryth-
romycin, and vancomycin. Of course, these
organisms must also be resistant to the antibiotics
they produce, or they would succumb to their
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own toxic metabolites. In fact, antibiotic pro-
ducers may have been the original sources for
many of the antibiotic-resistance genes circulat-
ing in the clinic today (Benveniste and Davies
1973; Humeniuk et al. 2002). However, most
Streptomyces are resistant to an average of seven
to eight antibiotics, including newly developed
and clinically important therapeutics (D’Costa
et al. 2006). How did these environmental or-
ganisms become multidrug-resistant? Bacteria
are unique in that they acquire genes from the
parent microorganism during division (vertical
gene transfer), but can also acquire genes from
the community at large (horizontal gene trans-
fer, first shown for aminoglycoside resistance
[Benveniste and Davies 1973], and reviewed in
Ochman et al. 2000; van Elsas and Bailey 2002;
Aminov and Mackie 2007; Aminov 2011; Skip-
pington and Ragan 2011; Stokes and Gillings
2011; Wiedenbeck and Cohan 2011). It is now
clear that the environment is a vast source of
new and emerging resistance genes (Wright
2010) accessible by members of the microbial
community via horizontal gene transfer. The
global collective of all resistance genes in the
clinic, in the microbiome of humans and ani-
mals, and in environmental bacteria is the anti-
biotic “resistome.” The diversity and extent of
the resistome across both environmental and
human microbiomes suggests a long evolution-
ary history, which has been explored in the re-
cent studies discussed below.

Links to the Environment and Gene
Mobilization

The permafrost found in the Canadian High
North offers a genomic glimpse into the past,
as its permanently frozen nature has preserved
DNA for tens to hundreds of thousands of years.
In a defining study, D’Costa et al. (2011) showed
the presence of gene-encoding resistance to b-
lactam, tetracycline, and glycopeptide antibiot-
ics in metagenome samples of 30,000-year-old
permafrost, which also contained DNA belong-
ing to woolly mammoths and other animal and
plant species unique to the Pleistocene. Detailed
analysis of the vancomycin resistance gene clus-
ter in this metagenome revealed conservation of

gene sequence and synteny with modern resis-
tance clusters in the clinic as well as protein
function and structure. Other studies have
shown the presence of resistance genes in Sibe-
rian permafrost (Petrova et al. 2009) and showed
working resistance genes from at least 5000 years
ago using functional metagenomics (Perron
et al. 2015). Isolated instances of resistance genes
in human commensals and pathogens have
also been documented. The gut microbiome
of a pre-Columbian Andean mummy from
Cuzco, Peru (14C dating of 980–1170 AD) was
recently found to harbor genes with homolo-
gy to b-lactam, fosfomycin, chloramphenicol,
aminoglycoside, macrolide, sulfa, quinolones,
tetracycline, and vancomycin resistance genes
(Santiago-Rodriguez et al. 2015). Antibiotic re-
sistance elements were detected in the oral
microbiome of four adult human skeletons
from a medieval monastery (ca. 950–200 CE).
Native resistance to aminoglycosides, b-lac-
tams, bacitracin, bacteriocins, and macrolides
and a near-complete plasmid-encoded conjuga-
tive transposon carrying efflux pump genes with
high homology to CTn5 of Clostridium difficile
were found in these samples, implying that the
human microbiome has long served as a reser-
voir of resistance genes accessible to pathogens
even in the absence of the strong selective pres-
sure of modern antibiotic availability (Warinner
et al. 2014). The first bacterial isolate deposited
in the United Kingdom’s National Collection of
Type Cultures (NCTC) was a strain of the dys-
entery-causing bacterium Shigella flexneri that
killed a young soldier in World War I. Despite
being isolated in 1915 (long before the discovery
and use of antibiotics), this human pathogen
was found to carry resistance genes for penicillin
and erythromycin when it was revived and se-
quenced in 2014 (Mather et al. 2014).

These instances of resistance, spanning
roughly 30,000 years, establish that the resis-
tome is indeed ancient. We know, however,
that resistance in the environment has increased
significantly because of the introduction of an-
tibiotics in agriculture and in medicine (Knapp
et al. 2010), and that sensitivity has been stead-
ily replaced with resistance in the clinic (Chait
et al. 2012). There is no question that the pro-
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duction and use of antibiotics in modern times
has influenced the dissemination of resistance,
and it is now a matter of staying one step ahead
of the microbes. Although research has tradi-
tionally focused on the present-day clinical
resistome, we have just begun to probe the vast-
ness of the environmental and ancient resis-
tomes. Understanding how resistance develops
over time and moves among microorganisms
will be of immense value in predicting the fu-
ture course of resistance development. The re-
mainder of this article will explore the ancient
resistome in greater detail.

HOW OLD IS RESISTANCE
PREDICTED TO BE?

Assigning an evolutionary “age” to a gene is no
small feat, and requires the comparison of genes
from different species that have evolved from a
common ancestral gene (“orthologs”) (Tatusov
et al. 1997). Divergence times can be deter-
mined from the appearance of major transitions
in the fossil record, and used to calibrate the
expected level of identity among sets of con-
served orthologs across major groups in the
tree of life (Landan et al. 1990; Weigel et al.
1988). The result uses the Grishin equation q
¼ ln(1þ2D)/2D (Grishin 1995), an expression
that relates the average fraction of unchanged
residues q to a distance D, which can be convert-
ed to a calibrated time of the last common an-
cestor (LCA) of the compared sequences. This is
a nonlinear relationship between q and D, and a
linear relationship D to time (0.088/t in mil-
lions of years) (Feng et al. 1997). These types
of analyses require full genome sequence data
from multiple organisms, and sophisticated in-
formatics tools capable of sifting through large
amounts of data. First attempts at dating resis-
tance were made using traditional Sanger DNA
sequencing on a limited number of biosynthetic
genes (discussed below) (Landan et al. 1990).
Although effective, these approaches offer a
limited scope of analysis, because some prior
knowledge of sequence is required to retrieve
orthologs from multiple organisms. Advances
in next-generation sequencing technologies
and bioinformatics on the other hand are mak-

ing unprecedented amounts of information
available and generate data without prior se-
quence knowledge. As a result, analyses based
on next-generation sequencing data are less sub-
ject to the sample bias inherent to Sanger se-
quencing-based methods. Gene dating based
on both methods is discussed in more detail in
the following sections.

PREDICTIONS OF AGE BASED
ON BIOSYNTHETIC CLUSTERS:
TRADITIONAL SEQUENCING

For producers of “natural products” with anti-
biotic activity, resistance must be as old as bio-
synthesis. Dating biosynthetic gene clusters can,
therefore, give us a reasonable estimate of the
age of resistance. In one of the first studies at-
tempting to date antibiotic biosynthesis, clon-
ing and traditional sequencing methods were
used to date the transfer of isopenicillin-N syn-
thase (IPNS, one of the enzymes involved in the
synthesis of the antibiotic penicillin) between a
bacterium and three fungi (Weigel et al. 1988).
The analysis included IPNS sequences from Pen-
icillium chrysogenum, Aspergillus nidulans, and
Cephalosporium acremonium, and the Gram-
positive bacterium Streptomyces lipmanii, and
was performed assuming a constant rate of
1029 nucleotide changes per site per year, to
arrive at an estimated 370 million years, since
gene transfer from bacteria to fungi. With the
later discovery of a new IPNS in Flavobacterium,
a Gram-negative bacterial genus, the hypothesis
was revised to require a single horizontal trans-
fer from bacteria to fungi before the Gram-pos-
itive/-negative split (Landan et al. 1990). This
date estimation depends on the accuracy of the
predicted rate of change of these sequences,
which is different for prokaryotes and eukary-
otes and likely has not remained constant be-
cause the sequences diverged (Lynch 2010).

Although Landan et al. (1990) focused their
analysis on a single biosynthetic enzyme, Rich-
ard Baltz (2005) asked more broadly whether
biosynthesis to specific antibiotics could be dat-
ed. Baltz (2005) reasoned that older antibiotics
would be encountered more frequently than
younger antibiotics in a drug discovery pro-
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gram, because of the spread of biosynthetic
genes vertically and horizontally in a popula-
tion given evolutionary time. Baltz (2005) cal-
culated that the average similarity among nine
orthologs involved in streptomycin biosynthesis
was 72.6%, resulting in an estimate of 610+71
million years since their LCA. Erythromycin,
another commonly encountered antibiotic, was
calculated to be 880+134 million years old,
using 18 sequences with an average of 62.9%
identity. Similarly, six orthologous sequences
involved in the production of the glycopeptide
natural products balhimycin and chloroeremo-
mycin shared on average 88% identity, resulting
in an estimate of 240+12 million years since
their LCA. Baltz noted that the age of glycopep-
tide antibiotics may be less than his estimate, as
the producing organism is rare and likely en-
countered less frequently in the soil than mem-
bers of Streptomyces. Last, Baltz analyzed the
biosynthetic genes of two organisms producing
daptomycin, a newly discovered lipopeptide
antibiotic. He calculated an LCA of 30+0.2 mil-
lion years based on an identity of 98.7% between
two producing organisms. The 10-fold differ-
ence in the predicted age of the rarely encoun-
tered daptomycin biosynthetic cluster versus
the more frequently encountered antibiotics
streptomycin and erythromycin supports the
hypothesis that older antibiotics are frequently
“rediscovered,” because their biosynthetic clus-
ters have had evolutionary time to disperse more
widely in the metagenome (Baltz 2005). Howev-
er, this analysis is based on detection of produc-
tion under laboratory conditions. As more acti-
nomycete genome sequences become available,
we are increasingly recognizing that these strains
harbor “silent” biosynthetic clusters and that
laboratory production estimates of the frequen-
cy of production likely significantly underesti-
matesthe actual genetic diversityof biosynthesis.

The above-mentioned studies examine an-
tibiotic biosynthesis, which is only an approxi-
mation of the age of resistance. Can resistance
genes themselves been dated? In a series of pa-
pers, Barlow, Hall, and Salipante examined the
origin and evolution of b-lactamases, the major
resistance determinants of b-lactam antibiotics
(Barlow and Hall 2002a,b, 2003a,b; Hall et al.

2003, 2004; Hall and Barlow 2004). The inves-
tigators proposed that the origin of the AmpC
b-lactamase was chromosomal, because the
phylogeny of chromosomal AmpC sequences
matches the species phylogeny of the hosts.
AmpC has presumably undergone multiple
mobilizations to plasmids and to other species
in the course of evolution (Barlow and Hall
2002a). A separate phylogenetic analysis of the
OXA b-lactamase family also argues for mul-
tiple mobilizations to plasmids for this gene
(�42+9 and 116+25 million years ago), and
a transfer of an OXA gene between Streptococcus
and Bacillus between 320 and 520 million years
ago (Barlow and Hall 2002a). The relative dates
of three different classes of serine b-lactamases
were also determined by Hall and Barlow (2003)
using a structural alignment based on pairwise
root mean square (RMS) distances. Structural
distance was used rather than a sequence align-
ment because of the lack of detectable homol-
ogy to these sequences. To root this phylogeny,
a DD-peptidase structure from Streptomyces
was used along with the EstB esterase from a
species of Burkholderia. According to this anal-
ysis, the class C b-lactamases were earliest to
diverge, followed by class D. Both were out-
groups compared with the class Ab-lactamases,
but because the RMS distances are not calibrat-
ed to a clock there is no way to provide dates for
these splits (Hall and Barlow 2003). Rounding
out the analysis of the b-lactamases, the sub-
groups of the class B metallo-b-lactamases
were proposed to have two independent origins
(Hall et al. 2004). Their tree of the B1þB2 sub-
class metallo-b-lactamases suggest that these
sequences arose around one billion years ago,
around the time the gammaproteobacteria di-
verged from the b-proteobacteria. The B3 sub-
class was proposed to date to 2.2 billion years
ago, before the split of Gram-positive and
Gram-negative Eubacteria.

The Impact of Technology on Our Ability
to Predict the History of Antibiotics

Estimates of age based on a few sequences (like
daptomycin, above) are less accurate than anal-
yses generated with more sequencing data. This
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is an ideal time to revisit these estimates, as the
genome sequencing of the class Actinomycetes
has expanded dramatically with the advent
of next-generation sequencing (1055 genome
sequences listed at the National Center for
Biotechnology Information [NCBI], along
with further 7020 genome-sequencing projects
as of December 2015, see ncbi.nlm.nih.gov/
Taxonomy/Browser/wwwtax.cgi). However,
the development of new methods that make
use of the information contained in whole ge-
nomes in general, instead of just handfuls of
identifiable orthologs, is of utmost importance.
To that end, novel techniques like single-cell
sequencing and metagenomic analyses (the
analysis of all DNA isolated directly from an en-
vironment without prior culture) are improving
access to branches on the tree of life that have
been previously undersampled (Jansson and
Tas 2014). A recent series of analyses by the
Dantas laboratory using culture-independent
techniques have yielded an enormous wealth of
resistance gene sequence data that will help in
the phylogenetics and dating of resistance (Fors-
bergetal. 2012,2014;Mooreetal.2013; Pehrsson
et al.2013; Gibson et al. 2015). These studies have
used “functional metagenomics,” in which the
entire microbial metagenome is cloned into an
expression vector, transformed into an expres-
sion host (Escherichia coli) and selected on an
antibiotic of interest. This technique captures
novel resistance genes that would have otherwise
been missed by traditional culture- or polymer-
ase chain reaction (PCR)-based methods. Fors-
berg et al. (2012) first showed the power of this
technique to link genes in the environment and
the clinic, and offerevidence of horizontal trans-
fer of resistance between these two environ-
ments. Increasing the number and diversity of
sequences we can retrieve from an environment
will lead to a better understanding of the evolu-
tionary trajectory of current (and future) resis-
tance elements.

Advances in sequencing go hand in hand
with the software required for the detection
and analysis of biosynthetic gene clusters (Blin
et al. 2013; Cimermancic et al. 2014; Doroghazi
et al. 2014) enabling finer analysis of this ge-
nome data in the identification of new clusters.

New proposals for the annotation and classifi-
cation of biosynthetic gene clusters will provide
the foundation to examine and reconstruct
their evolutionary histories with unprecedented
detail (Medema et al. 2015). As more gene
sequences become available, phylogenies will
improve accordingly; dating resistance determi-
nants is often an accidental by-product of phy-
logenetic studies aimed at classifying newly
discovered resistance determinants. The next
section discusses the methodology of phyloge-
netics in greater detail.

The Phylogenetics of Ancient Resistance

It is possible to tie some of the evolutionary
history of antibiotic resistance determinants
to major evolutionary events inferred by other
phylogeneticists, such as divergence of major
lineages or the emergence of large groups of
organisms (Battistuzzi and Hedges 2009). How-
ever, evolution is rarely linear, and gene gain,
duplication, loss, and horizontal gene transfer
in bacteria confound dating efforts with even
the most sophisticated methods. Modern phy-
logenomic approaches have three goals: (1) in-
ferring more accurate gene trees give a known
species tree, (2) inferring a more accurate spe-
cies tree given gene trees, and (3) joint estima-
tion of both a species and gene tree (Boussau
et al. 2013; Chan and Ragan 2013). The evolu-
tion of biosynthetic gene clusters should not
be expected to occur in the same manner as
independent sequences, and the method used
to infer the phylogeny of whole clusters should
be sensitive to the gain, loss, duplication, and
innovation of new components. An excellent
review by Aminov and Mackie (2007) provides
further detail on the phylogenies of the tet genes
(conferring tetracycline-resistance), the erm
family of methyltransferases (conferring resis-
tance to erythromycin), and the vanHAX clus-
ter (encoding glycopeptide resistance genes).

EXPERIMENTAL EVIDENCE FOR OLD
RESISTANCE

In silico analyses of orthologous gene sequences
have predictive value, but is there experimental
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evidence that resistance pre-dates the clinical
use of antibiotics? Besides the studies men-
tioned in the introduction to this review (Math-
er et al. 2014; Warinner et al. 2014), few instances
of resistance have been found in the limited
number of sequenced of ancient microorgan-
isms from human samples. The genome se-
quence of Vibrio cholera from 19th century
Philadelphia did not reveal any candidate resis-
tance genes apart from efflux (Devault et al.
2014), nor were any specific resistance genes
found in several strains of the plague-causing
bacillus Yersinia pestis isolated from the plague
of Justinian (541–543 AD) (Wagner et al.
2014). It is not altogether surprising that resis-
tance genes would be found sparingly in the
human microbiome before the clinical use of
antibiotics, because there would have been no
selective pressure to maintain them. In contrast,
environmental microorganisms have coevolved
with antibiotics produced in Actinobacteria,
and are more likely to harbor examples of resis-
tance genes from long ago. An unparalleled
source of ancient DNA is the permanently fro-
zen soil known as “permafrost,” found under an
estimated 25% of the earth’s surface (Jansson
and Tas 2014). Permafrost is defined as soil
that has remained frozen for at least two consec-
utive years, but some Arctic and Antarctic per-
mafrost has been frozen for 1–3 million years
(Wagner et al. 2014). The DNA from perma-
frost can be isolated and queried experimentally
for antibiotic resistance genes (among other
things). The seminal work of D’Costa et al.
(2011) on Beringian permafrost is complement-
ed by studies showing that functional resistance
genes can be retrieved from 5000-year-old DNA
(Perron et al. 2015), and that resistance had mo-
bilized to plasmids and transposons in ancient
times (Mindlin et al. 2005; Petrova et al. 2011,
2014). Modern day microorganisms found in a
cave that has been isolated from the surface for
four million years have also been shown to har-
bor functional antibiotic resistance genes (Bhul-
lar et al. 2012). A phylogenetic tree of macrolide
phosphostransferases was generated using a
sequence found in the genome of a cave organ-
ism (identified as Brachybacterium paraconglo-
meratum), and compared with a phylogeny of

macrolide phosphotransferases from a terrestri-
al species of Brachybacterium (B. faecium DSM
4810) and environmental Bacillus cereus (Wang
et al. 2015). Analysis of 10 kb upstream of and
downstream from the mph revealed that MPHs
from Brachybacterium strains from both cave
and terrestrial origin cluster together as a sepa-
rate group among known MPHs (Bhullar et al.
2012). The results of these studies provide direct
experimental evidence that antibiotic resistance
is ancient, and provide a glimpse into the evolu-
tionary history of a natural environmental phe-
nomenon.

CONCLUSIONS

Using both in silico methods and direct exper-
imental analysis, we are beginning to unravel the
complex natural history of antibiotic resistance.
The importance of studying ancient resistance
is twofold. First, cataloging the vast environ-
mental reservoir of resistance genes provides
advance notice as to what forms of resistance
have the potential to emerge in the clinic under
selective pressure. Second, understanding evo-
lution has predictive value for resistance genes
that are currently emerging as clinically impor-
tant. Winston Churchill said “the farther back-
ward you can look, the farther forward you are
likely to see.” This is especially true for antibi-
otic resistance where the past predicts and in-
forms the future.
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