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Abstract Various natural environments have been exam-
ined for the presence of antibiotic-resistant bacteria and/or
novel resistance mechanisms, but little is known about
resistance in the terrestrial deep subsurface. This study
examined two deep environments that differ in their known
period of isolation from surface environments and the
bacteria therein. One hundred fifty-four strains of bacteria
were isolated from sediments located 170–259 m below
land surface at the US Department of Energy Savannah
River Site (SRS) in South Carolina and Hanford Site (HS)
in Washington. Analyses of 16S rRNA gene sequences
showed that both sets of strains were phylogenetically
diverse and could be assigned to several genera in three to
four phyla. All of the strains were screened for resistance to
13 antibiotics by plating on selective media and 90% were
resistant to at least one antibiotic. Eighty-six percent of the
SRS and 62% of the HS strains were resistant to more than
one antibiotic. Resistance to nalidixic acid, mupirocin, or
ampicillin was noted most frequently. The results indicate
that antibiotic resistance is common among subsurface
bacteria. The somewhat higher frequencies of resistance
and multiple resistance at the SRS may, in part, be due to
recent surface influence, such as exposure to antibiotics
used in agriculture. However, the HS strains have never
been exposed to anthropogenic antibiotics but still had a
reasonably high frequency of resistance. Given their long
period of isolation from surface influences, it is possible

that they possess some novel antibiotic resistance genes
and/or resistance mechanisms.

Introduction

In nature, bacteria are thought to produce antibiotics that
kill or inhibit neighboring bacteria as a strategy for
preserving resources [16, 66]. When resources such as
nutrients are limited, a bacterium can produce an antibiotic
to destroy or inhibit neighboring bacteria, thereby limiting
competition for the scarce resources. In order for this
strategy to be effective, the bacteria producing the antibiotic
must be able to survive by possessing mechanisms of
resistance to the antibiotic they produce. These mechanisms
can be transferred to other bacteria, and this has led to an
ever-increasing threat to global public health by confounding
treatment of infections caused by virtually all major
pathogens [37, 38, 69]. Given the clinical significance of
this problem, it is not surprising that, for many years,
research on antibiotic-resistant bacteria and mechanisms of
resistance focused almost exclusively on pathogens in
clinical settings. More recently, however, it has become
apparent that antibiotic resistance is common not only
among commensal bacteria of humans and animals [11, 38,
58] but also among environmental bacteria (e.g., [11, 16,
17]). The latter observation is important because bacteria in
natural environments likely serve as a reservoir of resis-
tance genes that eventually can be transmitted to pathogenic
species [1, 16, 60]. As a result, it is important to develop a
more comprehensive understanding of the prevalence and
diversity of antibiotic resistance in a broad range of
environments worldwide [16] because this information
could provide an early warning for future clinically relevant
resistance mechanisms [17] and facilitate the design of
effective new drugs [53, 68, 69].
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Several terrestrial and aquatic environments have been
examined for the presence of antibiotic-resistant bacteria, and
the resistance mechanisms of these bacteria have been
characterized in some cases (see “Discussion”). However, very
little is known about antibiotic resistance in deep terrestrial
subsurface environments, which have only in the past several
decades been found to contain microbes. These environments
were widely believed to be devoid of microbial life until the
mid-1980s, when several research groups found substantial
numbers of bacteria in shallow aquifers less than 30 m below
land surface [29]. Since then, microbes have been shown to
occupy a variety of chemically and physically distinct
environments, to depths of at least 3.6 km [4, 10, 24, 25, 28].

The first indication that subsurface bacteria possess
resistance to antibiotics was a study by Fredrickson et al.
[27] that involved plasmid characterization. These investi-
gators were interested in determining the ability of subsur-
face bacteria to resist metals and antibiotics and wanted to
know if this ability corresponded with the presence of
plasmids. The bacteria were obtained from several deep and
shallow boreholes at the Savannah River Site (SRS) and
screened for resistance to six antibiotics, revealing a uniform
pattern of resistance for the strains from all of the boreholes.
In the late 1990s, 1,800 bacterial strains from a variety of
subsurface environments, including two shallow (<30 m
below land surface) and three deep (>200 m) examples, were
screened for resistance to eight antibiotics [21]. Varying
frequencies of resistance and multiple resistances were
detected among the strains from all of these environments.

It is not always clear whether a particular subsurface
environment has been exposed to commercial antibiotics or
if the bacteria in it have been transported there from the
surface in recent times. For example, widely studied
Atlantic coastal plain sediments at the SRS in South
Carolina have been buried for up to 100 million years,
but the groundwater that moves through them could be less
than 4,000 years old [59]. Similarly, relatively shallow
environments, such as aquifers in Oyster, VA, could easily
have been exposed to antibiotics used in agriculture,
allowing for selection of antibiotic resistant bacteria [32].
In contrast, Ringold formation sediments studied at the
DOE Hanford Site (HS) near Richland, Washington, in
1992 have been isolated from any surface influence for at
least 3 million years [67]. Clearly, bacteria from these
sediments were never exposed to commercial antibiotics or
to genes that may have evolved in response to the use of
commercial antibiotics. Given their long isolation from the
influence of surface bacteria and environments, there is a
possibility that the HS strains have evolved mechanisms of
resistance distinct from those found in surface bacteria.
Although it is becoming clear that subsurface bacteria are
resistant to antibiotics, nothing is known about the actual
resistance mechanisms utilized by these bacteria.

The purpose of the present study was to confirm that
high frequencies of antibiotic resistance are present among
deep subsurface bacteria at the SRS and HS and to more
fully characterize the types of resistance in aerobic and
facultatively anaerobic chemoheterotrophic strains isolated
from these two environments. We report in this paper the
patterns of resistance to 13 different antibiotics detected in
the two groups of subsurface bacteria and provide phylo-
genetic characterization data relating the strains to estab-
lished bacterial taxa. Our findings demonstrate that
resistance and multiple resistances to antibiotics, as well
as a large number of distinct resistance patterns, are present
among a phylogenetically diverse range of bacteria from
both environments. Future studies will focus on the
characterization of selected antibiotic resistance genes,
mechanisms, and gene mutations in the strains from the HS.

Materials and Methods

Origin and Isolation of Bacterial Strains

The SRS sediment samples were obtained from borehole P24
located within the Upper Atlantic Coastal Plain on the Aiken
Plateau, adjacent to the Savannah River, using specialized
drilling methods described previously [51, 54]. The strains
investigated in this study were isolated from sediment cores
extracted from 244 and 259 m below land surface (within the
Middendorf Formation) [59]. The HS sediment samples were
obtained from the Yakima Barricade borehole located at the
western edge of the US DOE Hanford Site, and strains were
isolated from Ringold Formation paleosols, fluvial sands,
and lacustrine sediments extracted from 173 to 185 m below
land surface [34, 45]. Selected physical, chemical, and
microbiological characteristics of the sediment samples are
given in Supplemental Table 3.

This study focused specifically on aerobic and faculta-
tively anaerobic chemoheterotrophic bacteria at each site.
Strains of these bacteria were isolated for further study in a
three-part process: Serial dilutions of blended sediment
samples were spread on PTYG (peptone 5.0 g/l, tryptone
5.0 g/l, yeast extract 10.0 g/l, glucose 10.0 g/l,
MgSO4.7H2O 0.6 g/l, CaCl2.2H2O 0.07 g/l, agar 15.0 g/l)
and 1% PTYG agar plates; morphologically distinct colony
types were isolated by streaking and re-streaking on fresh
plates; and the isolated strains were grown in liquid PTYG
or 1% PTYG and frozen in cryoprotectant [6, 15]. PTYG
and 1% PTYG media have been found to yield relatively
high numbers and a broad variety of chemoheterotrophic
bacteria from various types of subsurface sediment samples
[4, 6, 7, 28]. The frozen strains were accessioned into the
DOE Subsurface Microbial Culture Collection (SMCC) at
Florida State University [7] and have been stored in liquid
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nitrogen since that time. For both the phylogenetic and
antibiotic resistance analyses carried out in this study, the
SRS and HS strains were grown on 5% PTYG agar from
the frozen stocks. Recovery rates for the frozen strains in
the SMCC have consistently remained above 99.5%.

Phylogenetic Analysis

The isolated strains were cultured in 5 ml of 5% PTYG broth,
and bacterial pellets were collected during early log-phase
growth. Chromosomal DNA was isolated from each strain
with the DNeasy Tissue Kit (Qiagen, Valencia, CA, USA).
Twenty to 100 ng of genomic DNAwas used as a template for
polymerase chain reaction (PCR) amplification of an approx-
imately 1,500-base segment of the 16S rRNA gene. The PCR
primers were 27F (5′-AGAGTTTGATCMTGGCTCAG-3′)
and 1492R (5′-CGGTTACCTTGTTACGACTT-3′) [36], and
the resulting PCR products were purified with the QIAquick
PCR Purification Kit (Qiagen) according to the manufac-
turer’s instructions, except that the PCR product was eluted
in 30 μl instead of 50 μl. The purified PCR products were
sequenced on an ABI 3130xl Genetic Analyzer with the Big
Dye Terminator version 3.1 sequencing method. The
sequencing primer used was primer G (5′-CCAGGGTATC-
TAATCCTGTT-3′) [7]. The sequences were then assembled
with Sequencer version 4.5 (Gene Codes Corporation, Ann
Arbor, MI, USA).

The 16S rRNA sequences inferred from the 16S rDNA
sequences determined as described above were aligned with
16S rRNA sequences from selected species from several
related genera. Sequences of the reference strains were
obtained from the Ribosomal Database Project-II [13] and
were chosen based on a high similarity rank with the strains in
this study. Representative type strains from the Proteobacteria,
Actinobacteria, Firmicutes, and Bacteroidetes phyla were also
included, along with a sequence to serve as an outgroup.
Approximately 700 bases were included in the phylogenetic
analysis, which was performed with the PAUP computer
program [65], using a GTR+G+I model with the following
parameter estimates: [A–C]=0.655, [A–G]=1.522, [A–T]=
1.314, [C–G]=0.769, [C–T]=3.337, [G–T]=1.000, gamma
parameter [G]=0.764, proportion of invariant sites [I]=0.239.

Antibiotic Resistance Screening

All SRS and HS strains were screened for resistance to 13
antibiotics: vancomycin (32 μg/ml), erythromycin (8 μg/ml),
tetracycline (16 μg/ml), chloramphenicol (32 μg/ml), gen-
tamicin (16 μg/ml), kanamycin (64 μg/ml), streptomycin
(16 μg/ml), neomycin (100 μg/ml), ciprofloxacin (4 μg/ml),
rifampin (4 μg/ml), ampicillin (32 μg/ml), nalidixic acid
(32 μg/ml), and mupirocin (30 μg/ml). The antibiotics chosen
cover a range of classes of antibiotics, and the concentrations

used are the highest inhibitory concentration listed in the CLSI
[12]. The strains were plated in triplicate on selective media
and checked for growth after 18, 42, and 66 h. Results were
recorded as sensitive or resistant; intermediate growth was not
considered. Selective media were prepared by incorporating
the antimicrobial agent into the 5% PTYG agar medium. The
strains were maintained on 5% PTYG until transferred to the
selective media. The concentrations of antibiotics (listed with
the antibiotics above) used for screening were obtained from
the Performance Standards for Antimicrobial Susceptibility
Testing [12]. The highest breakpoint minimum inhibitory
concentration (MIC) for all bacteria listed in the performance
standard was used. The breakpoint MIC for mupirocin and
neomycin was not listed in the CLSI. The concentration used
for mupirocin was double that (1%) used in Bactroban,
according to the GlaxoSmithKline prescribing information
[30]. The concentration of neomycin used in this study was
the same as that of the other aminoglycosides.

Accession Numbers for 16S rDNA Sequences

The GenBank accessions numbers for the 16S rDNA
sequences determined in this study are EU442210-
EU442265 for the SRS strains and EU446126-EU446222
for the HS strains.

Results

Phylogenetic Analysis of Savannah River Site Strains

16S rRNA genes were PCR-amplified from extracted
chromosomal DNA and sequenced for phylogenetic char-
acterization of 56 strains from the SRS (Fig. 1). The strains
were most closely related to at least nine genera in three
phyla of bacteria when compared to sequences from
previously described bacterial species. Twenty-four (43%)
of the SRS strains grouped with species of Proteobacteria
and fell into three classes within this phylum. These strains
were most closely related to Sphingomonas (Alphaproteo-
bacteria), Cupriavidus or Comamonas (Betaproteobacteria),
or Pseudomonas (Gammaproteobacteria). Only four (7%) of
the strains grouped with low-G+C Gram-positive bacteria in
the Firmicutes and were most closely related to Bacillus or
Paenibacillus. The largest group of isolates, with 28 strains
(50%), clustered with high-G+C Gram-positive genera in the
Actinobacteria and were most closely related to Arthrobacter,
Terrabacter, or Leifsonia.

Phylogenetic Analysis of Hanford Site Strains

16S rRNA genes were PCR-amplified from extracted
chromosomal DNA and sequenced for phylogenetic anal-
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ysis of a total of 97 HS strains selected from the SMCC.
This analysis (Fig. 2) indicated that, like the SRS strains,
the HS strains (with just one exception) fell into genera of
the Proteobacteria, Firmicutes, and Actinobacteria. Twenty-
six (27%) of the HS strains grouped with the Proteobacteria
and were most closely related to Sphingomonas or Para-
coccus (Alphaproteobacteria), Hydrogenophaga or Burkhol-
deria (Betaproteobacteria), or Pseudomonas or Enterobacter
(Gammaproteobacteria). Thirty-four HS strains (34%)
grouped with low-G+C Gram-positive bacteria in the
Firmicutes and were most closely related to Staphylococcus,
Bacillus, or Paenibacillus. The largest group of isolates, with

36 strains (36%), clustered with high-G+C Gram-positive
genera in the Actinobacteria and were most closely related to
Arthrobacter, Rothia, Microbacterium, or Gordonia. A
single HS strain (G958) grouped with the Bacteroidetes
and was most closely related to Dyadobacter.

Antibiotic Resistance Screening of SRS Strains

All of the subsurface strains were screened, through plating on
selective media, for resistance to 13 antibiotics. Fifty-four of
the 56 SRS strains were resistant to at least one antibiotic, and
86% were resistant to more than one antibiotic (Supplemental

Figure 1 Distance matrix phylogenetic tree showing relatedness of
SRS strains to established taxa of bacteria and selected comparison
strains and environmental clones. Scale bar represents ten substitu-
tions per 100 bases. Subsurface strains listed on a single branch of the

tree had identical 16S rRNA gene sequences. Hydrogenobacter
subterraneus was used as the outgroup (see “Materials and Methods”
for detailed analytical parameters)

Antibiotic Resistance in Subsurface Bacteria 487



Table 1; Fig. 3a). Over half (64%) of the strains were
resistant to five or more antibiotics, and 14% were resistant
to ten antibiotics. Of the 36 strains resistant to more than five
antibiotics, 23 (64%) were resistant to either eight, nine, or
ten drugs (Fig. 3a). The highest frequency of resistance was
to ampicillin (79% of the strains; Table 1). The antibiotic
with the highest efficacy was erythromycin, with only 5% of
strains showing resistance.

The Actinobacteria (high-G+C Gram-positive) group
contained the highest frequency (93%) of strains with five
or more resistances. The Actinobacteria group contains all
but one of the eight strains with ten resistances.

Antibiotic Resistance Screening of HS Strains

Overall, the frequency of resistance in the HS strains was
lower than in the SRS strains. Eighty-six percent of the HS
strains were resistant to at least one antibiotic, but only 62%
of the strains were resistant to more than one antibiotic
(Supplemental Table 2). One strain was resistant to eight
antibiotics (the maximum number of resistances detected in
any one strain). The majority of the strains (66%) were
resistant to either 1, 2, or 3 antibiotics (Fig. 3b), and the
highest frequencies of resistance among these strains were
to nalidixic acid (65%) or mupirocin (57%; Table 1). None

Figure 2 Distance matrix phylogenetic tree showing relatedness of
HS strains to established taxa of bacteria and selected comparison
strains and environmental clones. Scale bar represents ten substitu-
tions per 100 bases. Subsurface strains listed on a single branch of the

tree had identical 16S rRNA gene sequences. Hydrogenobacter
subterraneus was used as the outgroup (see “Materials and Methods”
for detailed analytical parameters)
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of the HS strains were resistant to gentamicin, and only four
strains were resistant to kanamycin or rifampin.

The Proteobacteria group contained the highest frequen-
cy of HS strains (22%) with five or more resistances. The
Actinobacteria (high-G+C Gram-positive) group contains
the lowest frequency of sensitive strains, with only one
strain sensitive to all the antibiotics.

Analysis of Distinct Resistance Profiles

The subsurface strains from both sample sites were found to
possess a broad range of distinct resistance profiles. Forty-
seven distinct profiles were detected among the 54 resistant
SRS strains, with 43 strains having unique profiles that
were not detected in any other strains. Five SRS strains

were resistant to ampicillin, but no other distinct profiles
were shared by more than two strains. Forty distinct
profiles were detected among the 84 HS strains that were
resistant to at least one antibiotic, and 29 of these strains
had unique profiles that were not detected in any other
strains. Thirteen HS strains were resistant to nalidixic acid
and mupirocin, 12 were resistant to nalidixic acid only,
seven were resistant to mupirocin only, and six were
resistant to vancomycin, nalidixic acid, and mupirocin. No
other distinct profile was shared by more than four HS
strains. If the two groups of strains are considered as a
single group, the 138 strains that were resistant to at least
one antibiotic possessed 83 distinct resistance profiles, only
16 of which were found in more than one strain
(Supplemental Tables 1 and 2).

Distinct resistance profiles were frequently detected
among strains that were closely related to one another.
Among the SRS strains, for example, five phylogenetically
identical strains closely related to Arthrobacter ramosus
(B0603, etc.; Fig. 1) all had different resistance profiles
(Supplemental Table 1). Similarly, seven phylogenetically
identical resistant HS strains related to Pseudomonas
pavonaceae (G983, etc.; Fig. 2) had six distinct resistance
profiles (Supplemental Table 2).

Discussion

The purpose of the present study was to examine the
frequency and diversity of antibiotic resistance among
bacteria in an environment that, to our knowledge, has not
been studied systematically in this regard—the deep
terrestrial subsurface. We have confirmed that a high
frequency of antibiotic resistance is present among culturable
heterotrophic bacteria from two subsurface environments that
differ considerably in chemical (e.g., pH and Eh) and physical
(e.g., hydraulic conductivity and particle size distribution)
characteristics, as well as microbial population density (for
detailed information, see Supplemental Table 3). One of
these environments (the HS) apparently has not been
exposed to anthropogenic antibiotics or to microbes that

Table 1 Total resistances to screened antibiotics for SRS and HS strains

Antibiotic

VAN ERY TET CHL GEN KAN STR NEO CIP RIF AMP NAL MUP

SRS strains
Total strains resistant to antibiotic 12 3 26 22 11 19 22 26 39 24 44 42 39
% of strains resistant to antibiotic 21 5 46 39 20 34 39 46 70 43 79 75 70
HS strains
Total strains resistant to antibiotic 13 8 9 12 0 4 7 16 22 4 10 63 55
% of strains resistant to antibiotic 13 8 9 12 0 4 7 16 23 4 10 65 57

Figure 3 Frequency and levels of multiple antibiotic resistance (MAR)
among SRS strains (a) and HS strains (b) examined in this study
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have been influenced by them. Ninety-six percent of the
strains from SRS sediments and 86% of those from the HS
sediments were resistant to at least one antibiotic. This
finding is generally consistent with those of other studies in
which varying frequencies of antibiotic resistance were
detected among bacteria in natural environments including
soils [17, 50, 60], seawater and marine sediments [19, 47,
55], and freshwater environments [5, 39, 44]. Therefore, our
results lend support to a growing body of evidence that
antibiotic resistance is extremely widespread in natural
environments, including relatively pristine habitats that have
not been exposed to antibiotic-resistant human pathogens or
commercial sources of antibiotics.

Our results also show that a high frequency of multiple
antibiotic resistance (MAR; resistance to two or more
antibiotics) is present in subsurface bacteria. All but eight of
the strains from the SRS were resistant to two or more of the
13 antibiotics tested, with 64% of them resistant to five or
more and 41% resistant to eight or more antibiotics.MARwas
also detected, at a somewhat lower frequency, among the HS
strains (62% resistant to two or more and 21% resistant to four
or more drugs). Varying frequencies of MAR have been found
in other environments, including river and stream water [5,
39], rural groundwater [44], soils [17], seawater [19, 47],
marine sediments [47], and beach sands [46], so MAR may
be common among environmental bacterial populations.

Analysis of resistance profiles indicated that subsurface
bacteria vary widely in terms of the specific antibiotics to
which they are resistant. The 138 resistant strains screened
in this study possessed 83 distinct resistance profiles, only
16 of which were found in more than one strain. The few
other studies that have included this type of analysis have
also detected a wide range of specific resistance patterns.
D’Costa et al. [17] found nearly 200 distinct resistant
profiles among 480 soil Streptomyces strains, while Martins
da Costa et al. [43] reported 69 distinct profiles among 537
Enterococcus isolates from poultry slaughterhouse waste-
water and sludge. Both of these studies detected consider-
able diversity within a single genus. We did not screen large
numbers of strains from any single genus, but our results
imply that a similar pattern occurs among subsurface
bacteria. For example, the 32 Arthrobacter-related HS
strains had 13 distinct resistance profiles, and the 23 SRS
Arthrobacter-related strains had 22 distinct profiles.

Resistance and MAR were detected in a diverse range of
chemohetotrophic bacteria in both environments examined
in this study. Phylogenetic analyses assigned the SRS
strains into three phyla and at least nine genera of bacteria
and the HS strains into to four phyla and at least 15 genera.
Only limited comparisons can be made with other environ-
ments in terms of the diversity of resistant bacteria because
most recent studies have been limited to specific types or
groups of bacteria [17, 20, 22, 33, 39, 47]. However,

McKeon et al. [44] examined a comparatively broad range
of Gram-negative strains from groundwater and found
resistance among eight genera and 14 species, while De
Souza et al. [19] found resistance among three phyla and at
least nine genera of psychrotrophic Antarctic seawater
bacteria. In general, it appears that antibiotic resistance
typically occurs in a taxonomically wide range of environ-
mental bacteria. Moreover, it should be noted that the actual
diversity of resistant types in the environment might be
higher, given that most studies have been limited to the
culturable organisms that represent only a small fraction of
the total microflora thought to reside in natural environments.

The SRS strains were found to have a somewhat higher
frequency of resistance and MAR than the HS strains in this
study. The higher frequency of resistance at the SRS may
well be due to recent surface influence. Whereas the
sediments at the HS are thought to have been entirely
isolated from the surface for over 3 million years [15], the
groundwater flowing through the sediments at the SRS may
be <4,000 years old [59] and originates in recharge zones
subject to possible exposure to antibiotics and antibiotic-
resistant bacteria or resistance genes from agricultural
sources. In addition, many monitoring wells have been
drilled into the SRS sediments with drilling methods
involving drilling muds that contain large numbers of
surface-soil bacteria. Although considerable precautions
were taken to prevent contamination of the sediment
samples from the SRS with materials or microbes from
the surface [51, 54], the possibility of recent exposure of
the environments to surface influence prior to sampling
cannot be fully eliminated. Therefore, the frequencies of
resistance and MAR at the SRS could, in part, have been
influenced by the agricultural use of antibiotics in animal
feeds, a practice that has now been banned in the European
Union because it is believed to increase resistance among
bacteria in surface soils and other environments (e.g., see
[9, 37, 49, 50]). Given that the SRS sediments are situated in
a regime with flowing groundwater that contains a diverse
microflora, it is also possible that the frequency of resistance
at this site has been influenced by communication between
the established subsurface bacterial community and plank-
tonic species moving through the system.

Interestingly, some of the environmental strains examined
in this study are closely related to known human pathogens.
Several of the strains from both sample sites (Group A, Fig. 1
and Group B, Fig. 2) group with Pseudomonas and are
resistant to multiple antibiotics. A group of 18 strains from
the HS that includes six strains with MAR (Group C, Fig. 2)
appears to comprise several species of Staphylococcus, a
genus known to contain human pathogens and opportunistic
pathogens. Another HS strain, G989, is closely related to
Burkholderia cepacia, an opportunistic pathogen. Opportu-
nistic pathogens such as B. cepacia are often intrinsically
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resistant to antibiotics [70]. There are other opportunistic
human pathogens that are becoming more of a clinical
problem because they can infect extremely ill or immuno-
compromised patients [52], and while these bacteria normal-
ly would not pose a threat, they are now becoming
increasingly dangerous in hospital settings [38].

As stated previously, both sites have strains with MAR to
different classes of antibiotics. While there are only a few
different general types of resistance mechanisms (e.g., efflux
pumps, target site modification, and inactivation of the
antibiotic), bacteria often possess distinct genes for resistance
to different classes of antibiotics. However, for the bacteria in
this study to be resistant to different classes of antibiotics, they
could possess an efflux gene capable of decreasing the
concentration of any antibiotic [48]. The possibility of a
multi-drug efflux pump seems likely, given that some of the
HS strains are resistant to human-altered/synthesized anti-
biotics that they could not have been exposed to if they were
isolated from the surface for such an extended period of
time. The SRS strains that are resistant to eight to ten
antibiotics would theoretically require numerous antibiotic
resistance genes. Yet, maintaining a single or limited number
of resistance mechanisms covering all antibiotics would be
more efficient, given the low levels of nutrients in the deep
subsurface [15, 26]. P. aeruginosa, an opportunistic patho-
gen isolated from soil and fresh water, possesses efflux
pumps that provide maximum flexibility for this organism in
regard to antibiotic resistance [70].

An alternative to a general efflux pump for MAR would
be the acquisition of antibiotic resistance genes in a gene
cassette. It is known that the acquisition of antibiotic
resistance can be due to horizontal gene transfer (HGT),
which is aided by selective pressure due to increased levels
of the antibiotic [18] and is a major factor contributing to
the adaptation and evolution of bacteria [42, 62]. HGT is
known to occur in soils and aquatic environments [49], and
there is some evidence that it occurs in the terrestrial
subsurface [14, 41, 42, 62], but little is known about the
actual mechanisms of transfer in the subsurface. In regard
to the specific environments examined in this study,
mechanisms requiring direct contact between cells, such
as conjugation, might be more likely in the SRS sediments,
where the numbers of bacteria are high (105–107 culturable
bacterial cells per gram; 107–108 total cells per gram) [61].
In contrast, transformation might be a more significant
transfer mechanism in the HS sediments, where the
bacterial numbers are so low (<102 culturable cells per
gram; often <104 total cells per gram; see Supplemental
Table 3) that spatial separation between cells might rule out
conjugation. Transformation has been shown to occur often
among environmental isolates [40], and the HS strains fall
into genera known to have naturally transformable species
[40]. Bacteria may also be intrinsically resistant to anti-

biotics, most often due to structure, and do not require the
acquisition of a resistance mechanism. This has been taken
into consideration for this study and is noted in Supple-
mental Tables 1 and 2.

The acquisition and retention of resistance genes by the
strains examined in this study could imply that the bacteria
were being exposed to an antibiotic in the subsurface. The
selective pressure of an antibiotic will allow bacteria that
have acquired a novel mutation or characteristic for
resistance to proliferate [8] and continue to transfer the
beneficial characteristic. Antibiotic-producing bacteria
could well be present in the subsurface, given the limited
resources available in these environments. Bacteria will
produce an antibiotic to attack neighboring bacteria to
preserve their environmental resources [1, 66]. Another
reason for retaining the resistance genes might be that they
perform other functions related to survival, such as removal
of heavy metals or other toxins from the cell [18, 35, 64] or
serving a metabolic function [2]. Given the location of the
sediments the strains were isolated from (i.e., DOE
production sites), the possibility of maintaining resistance
genes due to heavy metals or toxins seems more likely [62].

The long period of isolation from the surface indicates
two possibilities for such a high frequency of antibiotic
resistance among the HS strains: Antibiotic resistance
mechanisms were shared traits when these bacteria were
isolated from the surface 3 million years ago and/or they
have evolved different mechanisms during this period.
Several studies have shown that β-lactamase antibiotic
resistance genes predate the antibiotic era [23, 31, 35, 56,
63] and were only detected once the clinical use of the
antibiotic started. Song et al. [63] demonstrated the
presence of antibiotic resistance genes in sediments isolated
for about 10,000 years. It also seems likely that, over such a
long time period, these bacteria have developed new resistance
genes, mechanisms, or gene mutations to provide resistance.
There may be a reservoir of uncharacterized antibiotic
resistance mechanisms in the environment [1, 3, 16, 53, 57],
especially in the deep terrestrial subsurface (a possibility that
is now under investigation in our laboratory), and informa-
tion on these mechanisms could potentially aid in antibiotic
development and prevention of future resistance problems
[17, 53, 68]. Studying the origin and evolution of antibiotic
resistance genes also provides the potential ability to predict
the future evolution of antibiotic resistance genes [31].
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