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INTRODUCTION

On the basis of conventional notions, many of anti-
biotic resistance genes of contemporary bacterial clini-
cal strains were originated from antibiotic producers,
mainly, actinomycetes. Later, resistance determinants
were disseminated via sequential rounds of horizontal
transfer among Gram-positive and Gram-negative bac-
teria, which occupied the same ecological niches as act-
inomycetes, and were eventually introduced into bacte-
ria inhabiting human and animal organisms [1].

Most simple method for verifying this hypothesis
seems to be study of environmental strains of soil and
aqueous bacteria resistant to antibiotics. Indeed, bacte-
ria resistant to many identified antibiotics were recently
detected among strains of soil bacteria, and it should be
noted that some of them were resistant to more than two
antibiotics [2–4]. Based on the results obtained, it was
concluded that environmental bacteria are a natural res-
ervoir of resistance genes in clinical bacterial strains
inhabiting human and animal organisms [4].

Given the validity of this hypothesis, it cannot be
ruled out, however, that antibiotic resistance determi-
nants detected in present-day environmental strains of
bacteria in fact appeared in these bacteria as a result of
environmental pollution due to foreign bacteria, such as
commensals or pathogenic bacteria.

A unique possibility for studying the origin of resis-
tance determinants and the mechanism underlying their
transfer in environmental strains is the use of bacterial
communities of permafrost sediments, which were not
exposed to anthropogenic factors and appeared long
before the mass application of antibiotics for the thera-

peutic treatment of diseases. As follows from the previ-
ously published data [5–7], microbial communities can
preserve viability under stable conditions of subzero
temperatures over thousand and million years.

To date, only few works have been reported in which
the presence of strains resistant to antibiotics was
revealed among bacteria isolated from permafrost sed-
iments [8–10]. However, no systematic research, in par-
ticular, molecular–genetic studies, was undertaken in
this direction for comparative examination of antibiotic
resistance determinants in ancient bacterial strains and
contemporary bacteria.

As shown in previous works, we isolated from per-
mafrost soils of Kolyma lowland bacterial strains resis-
tant to mercury compounds and showed that they contain
resistance determinants (

 

mer

 

-operons) highly homolo-
gous to those of contemporary bacteria [11–13].

The purpose of this work is to isolate bacterial
strains resistant to different antibiotics from arctic per-
mafrost subsoil sediments of various genesis and age,
determine their affiliation to systematic groups, and, in
the case of successful isolation of streptomycin-resis-
tance strains, to determine the molecular structure of
the corresponding determinants.

MATERIALS AND METHODS

 

Isolation of antibiotic resistance strains from sam-
ples of permafrost sediments.

 

 Sampling sites and the
age of the corresponding sediments are listed in Table 1.
The procedure of aseptical removal of samples from
permafrost sediments, their transportation, storage con-
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ditions, and methods of their preparation for microbio-
logical analysis was conducted as described in [10, 14].
In microbiological studies, we used a small sterile frag-
ment of permafrost sediment sample removed from the
central part of the frozen rock, placed it into a sterile
tube that had previously been weighed, repeatedly
weighed the tube, and then, sterile tap water (10 ml)
was added. After vigorous agitation, the resulting sus-
pensions were kept at 18–20

 

°

 

C for 24 h. Next, they
were again agitated, appropriately diluted in saline,
plated on agar nutrient media, and incubated at 25

 

°

 

C
for 3 days. The media used were Luria–Bertani agar
medium (LB, Sigma) and trypticase-soya agar medium
(TSA, Sigma), or the same media supplemented with
antibiotics at various concentrations (

 

µ

 

g/ml): strepto-
mycin (Sm), 10–100; kanamycin (Km), 25–200; tetra-
cycline (Tc), 5–20; gentamicin (Gm), 2.5–10; and
chloramphenicol (Cm), 5–20.

For the isolation of antibiotic resistance strains, sin-
gle colonies grown on media supplemented with antibi-
otics were replated several times on the same medium
to obtain single colonies.

 

Identification of bacterial strains.

 

 Taxonomic affili-
ation of bacterial strains was based on the following
phenotypic criteria: colony morphology, pigmentation,

motility of cells and their morphology in cultures of
various age examined under a light microscope MBI-15
(Russia) that was equipped with phase-contrast
device, and Gram reaction [15]. Upon identification of
some strains, partial sequencing of rRNA genes was
employed (see below).

 

Preparation of crude lysates.

 

 As a template for
PCR, coarse lysates were used [16]: bacterial cells were
collected by a loop from the surface of Petri dish,
placed in Eppendorf tube, suspended in 200 

 

µ

 

l of sterile
distilled water, and harvested by centrifugation. The
pellets were dispersed in 200 

 

µ

 

l of sterile buffer
(50 mM TRIS, pH 7.8; 0.1 mM EDTA) and boiled for
10 min. Suspensions were centrifuged, the supernatant
decanted from the cell debris, and the resulting lysate (a
one-tenth volume) was added to the reaction mixture
for PCR.

 

Determination of 16S rRNA sequences.

 

 When
amplifying fragments of 16S rRNA genes, we used
standard primers 63f and 1387r [17]. Amplification
products were purified on columns using the WIZARD
SV Gel kit and PCR Clean-Up system (Promega Cor-
poration). Nucleotide sequence analysis was conducted
with primers 537r and 1100r [18] in an ABI Prism
3100-Avant sequencer using a set of reagents Big Dye

 

Table 1.  

 

Characterization of the permafrost samples and viability of isolated bacteria

Sampling locality Borehole name Age of sediment

 

1

 

Depth of sample 
collection, m

Number
of viable cells

 

2

 

Coast of Laptev Sea

 

1/01-DAV 15 000 to 40 000 year 28.0 1.5 

 

×

 

 10

 

2

 

03/03-Tiksi 220 000 to 290 000 years 2.0 1.2 

 

×

 

 10

 

7

 

16.0 2.2 

 

×

 

 10

 

3

 

12/03-Tiksi 5.0 7.2 

 

×

 

 10

 

6

 

3/01-DC 220 000 to 290 000 years 22.5 1.0 

 

×

 

 10

 

7

 

Kolyma lowland

 

Khomus-Yuriakh River bank 11/89 2 000 000–3 000 000 years 24.0 6.8 

 

×

 

 10

 

2

 

25.5 1.4 

 

×

 

 10

 

3

 

Grand Chukochia River bank 1/91 2 000 000–3 000 000 years 34.0 4.2 

 

×

 

 10

 

4

 

Khomus-Yuriakh River bank 4/93 200 000 to 220 000 years 4.0 8.7 

 

×

 

 10

 

3

 

Grand Chukochia River bank 2/94 2 000 000–3 000 000 years 39.9 4.4 

 

×

 

 10

 

2

 

Khomus-Yuriakh River bank 3/93 200 000 to 600 000 years 6.0 6.2 

 

×

 

 10

 

3

 

Shore of Grand Oler Lake 1/95 3000 to 5000 years 1.75 4.8 

 

×

 

 10

 

4

 

8.75 7.8 

 

×

 

 10

 

4

 

Coast of East-Siberian Sea 14/99 15 000 to 35 000 years 13.6 2.0 

 

×

 

 10

 

6

 

14.6 5.0 

 

×

 

 10

 

5

 

Notes:

 

 1

 

 Age of sediments corresponds to the period of freezing before present. 

 

2

 

 Corresponds to the number of viable bacteria calculated
for the number of colony forming units (CFU) grown on a nutrient medium at 25

 

°

 

C.
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Termination kit v.3.1 in the Interinstitute Center for gen-
eral use of program GENOME IMB RAS (http://www.
genome-centre.narod.ru). Nucleotide sequences of 16S
rRNA genes were analysed by means of the computer
program BLAST [19].

 

Identification of streptomycin resistance genes by
PCR.

 

 The primers used for 

 

strA-strB

 

 or 

 

aadA

 

 (

 

aadA1

 

and 

 

aadA2

 

) genes and also PCR conditions are
described in [20–22]. As positive controls, we used
derivatives of strain 

 

E. coli

 

 K-12 JF238 containing plas-
mid RSF1010 with 

 

strA–strB

 

 genes and transposon Tn

 

21

 

containing gene cassette 

 

aadA1

 

 [23, 24]. Products of PCR
were analyzed by electrophoresis in agarose gel [25].

 

Southern DNA–DNA hybridization 

 

followed the
standard procedure [25]. As templates for the synthesis
of probes specific for 

 

strA–strB

 

 and 

 

aadA

 

 genes, plas-
mids RSF1010 and pBR322::Tn

 

21

 

 were used, respec-
tively.

RESULTS

 

Isolation of Antibiotic Resistance Strains 
from Permafrost and Their Initial Characterization 

 

In preliminary experiments, essential variation in
the number of viable cells was detected in various spec-
imens. As calculated for one gram of rock, the number
of colonies grown on the medium without antibiotics
varied from 10

 

2

 

 to 10

 

7

 

 (Table 1), which corresponded to
available data on the number of bacteria in permafrost
sediments [5, 10].

For isolating resistant strains, specimens with high-
titer viable bacteria (10

 

4

 

 and higher) were preferentially
chosen. Note that suspensions prepared from each
specimen were usually plated on media with various
antibiotics at different concentrations. We found that
kanamycin, and especially, gentamicin promote the
growth of bacteria, though slight, at low concentrations
of antibiotics (data not shown).

A different pattern was observed when using high anti-
biotic concentrations (

 

µ

 

g/ml): streptomycin, 50–100; kan-
amycin, 50; tetracycline, 10–20; chloramphenicol, 20;
and gentamicin, 5–10. Only a small portion of bacteria
(typically containing less than 

 

1/10

 

3

 

) were able to form
visible colonies (Fig. 1) characterized by a high level of
resistance to the given antibiotic.

It should be noted that upon the use of specimens
from more ancient permafrost the number of isolated
resistant bacteria did not diminish, compared to speci-
mens from younger sediments. For instance, the num-
ber of bacteria resistant to streptomycin (100 (

 

µ

 

g/ml)
and chloramphenicol (20 

 

µ

 

g/ml) that were isolated from
an old permafrost sample (220–290 thousand years)
exceeded the number of isolates from a younger sedi-
ment (15–40 thousand years) (Fig. 1).

The majority of strains (70–80%), either sensitive or
resistant, which were isolated from specimens of differ-
ent age, belonged to the group of Gram-positive non-
spore-forming bacteria. The spore-forming Gram-posi-

tive bacteria constituted 10–20% of the total number of
bacteria, and only 2–5% of isolated strains belonged to
Gram-negative bacteria.

In total, at the first stage of selection, approximately
180 strains resistant to various antibiotics were iso-
lated. Based on cultural, morphological, and other phe-
notypic traits, these strains were assigned to the genera

 

Acinetobacter, Pseudomonas, Xanthomonas, Bacillus,
Arthrobacter, Micrococcus

 

, and 

 

Flavobacterium.

 

 A
number of bacterial strains were additionally identified
by partial sequencing of 16S rRNA genes, affiliation of
the strains to genera 

 

Stenotrophomonas, Sphingobacte-
rium, Psychrobacter

 

, and 

 

Paenibacillus

 

 was ascer-
tained, and genus affiliation of previously identified
strains was verified.

 

Studying the Antibiotic Resistance Spectrum
in Strains Isolated from Permafrost 

 

We chose about half of the resistant strains isolated
at the first stage of selection for further work. From
these strains, 53 were Gram-positive and 30, Gram-
negative bacteria. The spectrum of resistance to five
antibiotics (Km, Gm, Sm, Tc, and Cm) was defined for
each strain. This analysis allowed the detection of
strains, which were resistant to not only one antibiotic,
but also to two and even three antibiotics simulta-
neously. Double-resistance strains appeared with a fre-
quency higher than 20% for Gram-positive as well as
for Gram-negative bacteria. Strains resistant to three
antibiotics simultaneously were detected only among

 

8

7

6

5

4

3

2

1

0
TcCmGmKmSmK

 

220 000 to 290 000 years (hole 3/01-DC)

15 000 to 40 000 years (hole 03/03-Tiksi)

 

Fig. 1. 

 

Influence of antibiotics on viability of bacterial com-
munities isolated from permafrost sediments. Age of sedi-
ments. 15 000 to 40 000 years and 220 000 to 290 000 years.
The ordinate shows log of CFU per gram of rock. Antibiotic
concentrations (

 

µ

 

g/ml): streptomycin (Sm), 100; kanamy-
cin (Km), 50; gentamicin (Gm), 10; chloramphenicol (Cm),
20, tetracycline (Tc), 20. K: LA medium without addition of
antibiotic (control).
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Gram-negative bacteria with a frequency of about 13%
(some data are presented in Table 2).

Interestingly, the spectrum of resistance to exam-
ined antibiotics is different in Gram-positive and Gram-
negative bacteria (Fig. 2). Strains resistant to kanamy-
cin and gentamicin were predominant among Gram-
positive bacteria, whereas streptomycin- and chloram-
phenicol-resistant strains were encountered in Gram-
negative bacteria at high frequency. However, we did
not reveal marked differences in both bacterial groups
with respect to frequencies of the incidence of tetracy-
cline-resistant strains (extremely low in both cases).

 

Identification of Streptomycin 
Resistance Determinants 

 

Genes for resistance to streptomycin are character-
ized by considerably low diversity with respect to their
molecular structure and, correspondingly, to mecha-
nisms of antibiotic inactivation, compared to genes for
resistance to other antibiotics [26]. Therefore, we
decided to begin a search for identified resistance genes
in ancient bacteria first with genes mediating resistance
to streptomycin. For these studies, 15 strains of various
bacterial species were chosen, which were resistant to
streptomycin and originated in different localities of
Siberia (Table 2). From the 15 analyzed strains, five
were resistant only to streptomycin, while the remain-
ing 10 strains were double- and triple-resistance strains.

Note that bacteria of the same systematic groups
were previously isolated from other regions of perma-

frost sediments [10], and as in our collection, psychroac-
tive bacteria were present in these sediments (Table 2).

Streptomycin resistance in contemporary bacterial
strains is, as a rule, mediated by determinants of two
types: 

 

strA–strB

 

 genes coding for aminoglycoside phos-
photransferases and genes 

 

aadA

 

 encoding aminoglyco-
side adenylyltransferases [26]. Assuming that related
genes may also exist in ancient bacterial strains, we
found that these genes are present in ancient bacteria.
Their presence was revealed by PCR analysis and con-
firmed by subsequent blot hybridization (see Materials
and Methods). Most examined strains proved to contain
streptomycin resistance determinants highly homolo-
gous to the known determinants 

 

strA-strB

 

 and 

 

aadA.

 

Note that many strains manifested the presence of
genes belonging to the both types (Table 2; Figs. 3, 4).
Finally, we should note that at least 15 various alleles of
gene 

 

aadA

 

 have been described to date. However, using
primers, which proved to be not specific enough and
may be annealed at sequences of the few alleles of this
gene (data not shown), we failed to determine whether
the identified or unknown

 

 aadA

 

 alleles are present in
the genome of examined strains.

DISCUSSION

This work is the first in a series of our studies on
antibiotic resistance determinants in ancient bacteria
and their comparison with resistance determinants in
contemporary bacteria. For isolating antibiotic resis-
tance strains, we used five antibiotics earlier widely
employed for clinical application. These were ami-
noglycoside antibiotics gentamicin, kanamycin, and
streptomycin, or chloramphenicol and tetracycline.
Analyzing specimens from arctic permafrost subsoil
sediments of various age, we succeeded in isolating
strains of bacteria resistant to all these antibiotics.
Among them, representatives of various systematic
groups of bacteria, including Firmicutes, Arthrobacter,
Bacteroidetes, γ-Proteobacteria, and α-Proteobacteria
were detected. Most resistant strains belonged to Gram-
positive bacteria, which is in good agreement with the
earlier obtained data on the taxonomic structure of bac-
terial communities in permafrost sediments [10].

When studying the antibiotic resistance spectrum of
isolated strains, we found that Gram-positive and
Gram-negative bacteria markedly differed from one
another with respect to this trait. A possible explanation
for this phenomenon is that bacteria attributed to vari-
ous systematic groups possessed intrinsic resistance of
various types [28]. These assumptions agree with the
data indicating that some resistance genes are species-
specific [29].

When studying the resistance spectrum of isolated
strains, we also found that many of these strains were
simultaneously resistant to two or three antibiotics,
these antibiotics being different in structure and mech-
anism of resistance to antibiotics, such as streptomycin

60

50

40

30

20

10

0
TcCmSmGmKm

Gr+

Gr–

Resistant strains, %

Fig. 2. Antibiotic resistance spectra of Gram-positive and
Gram-negative bacterial strains isolated from permafrost.
The histogram was based on analysis of 53 strains of Gram-
positive (Gr+) and 30 Gram-negative (Gr–) bacteria isolated
from specimens described in Table 1. The number of strains
resistant to each antibiotic is given as percentage of the total
number of resistant strains (separately for Gr+ and Gr– bac-
teria). Antibiotic concentrations are as in Fig. 1.
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and tetracycline, streptomycin and chloramphenicol,
streptomycin, tetracycline, and chloramphenicol. The
results obtained are rather unexpected, since resistant
strains isolated in the years preceding the application of
antibiotics for the medical use constituted less than 3%,
and they were resistant to only one antibiotic [30]. The
emergence of multiple drug resistance strains during
clinical application of drugs occurred gradually as new
preparations were applied in medical practice. On the
basis of our data, the appearance of multiple antibiotic
resistance in bacteria may be assumed to proceed in the
natural environment as well, occurring in the course of
prolonged joint existence of sensitive strains and resis-
tant bacteria producing antibiotics. Note that we
detected resistance to several antibiotics in strains iso-
lated from permafrost sediments where bacterial com-
munities existing over many thousand years retained
their viability virtually in a “conserved state.” This fact
suggests that antibiotic resistance determinants might

be transferred under permafrost conditions or can be
interpreted to indicate the existence of multiple antibi-
otic resistance in bacteria from the very beginning, i.e.,
prior to their freezing. These assumptions undoubtedly
require further systematic studies of mechanisms
responsible for multiple antibiotic resistance in perma-
frost bacterial strains.

A separate section of this work was devoted to stud-
ies of the molecular structure of streptomycin resis-
tance determinants in 15 resistant strains of Gram-pos-
itive and Gram-negative bacteria. We found that the
majority of examined strains contained genes highly
homologous to resistance genes of contemporary bac-
teria. Determinants of the two types were detected in
this work: (1) linked genes strA–strB coding for ami-
noglycoside phosphotransferases, which are distributed
among contemporary bacterial strains as components of
transposons and plasmids [31]; and (2) genes aadA encod-

Table 2.  Characterization of streptomycin-resistant strains of bacteria isolated from permafrost

Name
of strains Origin, age of sediments1 Taxonomic affiliation

of bacteria

Phenotype
Identified

resistance genesgrowth
at –1.5°C2 resistance3

ED23-354 Khomus-Yuriakh River bank,
15 000 to 40 000 years

Acinetobacter sp. – Hg, Sm strA, strB, aadA

MM8-2

Kolyma lowland,
3000 to 5000 years

Pseudomonas putida + Sm aadA

MM8-10 Flavobacterium/Cytophaga – Gm, Km, Sm strA, strB, aadA

MRI-1 Paenibacillus amyloliticus – Sm strA, strB

MR5-11 Acinetobacter
baumanii/calcoaceticus

– Cm, Sm strA, strB

MR29-12 Coast of Laptev Sea,
15 000 to 40 000 years

Psychrobacter psychrophilus + Sm, Tc strA, strB

VS15 Coast of East-Siberian Sea,
15 000 to 35 000 years

Acinetobacter sp. – Cm, Sm strA, strB, aadA

VS27 Kolyma lowland, 
2 000 000–3 000 000 years

Pseudomonas sp. + Cm, Sm strA, strB, aadA

VS38

Kolyma lowland,
3000 to 5000 years

Pseudomonas sp. – Cm, Tc, Sm aadA

VS48 Pseudomonas sp. + Cm, Sm aadA

VS50 Pseudomonas sp. + Cm, Sm aadA

VS51 Pseudomonas sp. + Cm, Sm aadA

VSH31 Paenibacillus amyloliticus – Sm strA, strB, aadA

VSH72 Kolyma lowland,
200 000 to 600 000 years

Paenibacillus amyloliticus – Sm strA, strB, aadA

VSH76 Paenibacillus amyloliticus – Sm strA, strB, aadA

Note: 1 Corresponds to a period of time when sediments are in the permafrost state. 2 “+” denotes growth after three weeks of incubation,
“–” denotes the absence of growth. 3 Resistance to chloramphenicol (Cm), to gentamicin (Gm), to kanamycin (Km), to streptomycin
(Sm), to tetracycline (Tc), to mercury compounds (Hg). 4 Isolated and described in our previous work [27].
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ing adenylyltransferases and being usually encountered as
gene cassettes in composite transposons [32].

We first detected strA–strB genes in a strain Psy-
chrobacter psychrophilus belonging to Gram-negative
bacteria. We also found for the first time that these
genes reside in genomes of several randomly isolated
strains of Gram-positive bacteria assigned to the genus
Paenibacillus. It should be stressed that strA–strB genes
predominant among Gram-negative bacteria were
recently found in other species of Gram-positive bacte-
ria as well, which points to high probability of the hor-
izontal transfer of these genes between Gram-positive
and Gram-negative bacteria.

Interestingly, many streptomycin-resistant strains of
paleobacteria contained concomitantly determinants of
both types. The reason for the presence of determinants
mediating resistance to one antibiotic of the two types
in a single bacterial cell is still unknown, while analo-
gous strains carrying strA–strB and aadA genes simul-
taneously were recently detected among streptomycin-
resistant Escherichia coli strains isolated from domes-
tic animals in Norway [34].

The data obtained in our work may be considered as
additional evidence in favor of the hypothesis claiming
that antibiotic resistance genes were disseminated long
before the antibiotic era. Further studies of determi-
nants encoding resistance to antibiotics in ancient bac-
teria will help to define the ways and mechanisms of
their distribution among strains of paleobacteria,
together with pathways of their introduction in cells of
contemporary bacteria.
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