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Influence of Soil Use on Prevalence of Tetracycline, Streptomycin, and
Erythromycin Resistance and Associated Resistance Genes
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This study examined differences in antibiotic-resistant soil bacteria and the presence and quantity of resistance genes in soils
with a range of management histories. We analyzed four soils from agricultural systems that were amended with manure from
animals treated with erythromycin and exposed to streptomycin and/or oxytetracycline, as well as non-manure-amended com-
post and forest soil. Low concentrations of certain antibiotic resistance genes were detected using multiplex quantitative real-
time PCR (qPCR), with tet(B), aad(A), and str(A) each present in only one soil and tet(M) and tet(W) detected in all soils. The
most frequently detected resistance genes were tet(B), tet(D), tet(O), tet(T), and tet(W) for tetracycline resistance, str(A), str(B),
and aac for streptomycin resistance, and erm(C), erm(V), erm(X), msr(A), ole(B), and vga for erythromycin resistance. Trans-
poson genes specific for Tn916, Tn1549, TnB1230, Tn4451, and Tn5397 were detected in soil bacterial isolates. The MIC ranges
of isolated bacteria for tetracycline, streptomycin, and erythromycin were 8 to >256 ug/ml, 6 to >1,024 pg/ml, and 0.094 to
>256 pg/ml, respectively. Based on 16S rRNA gene similarity, isolated bacteria showed high sequence identity to genera typical
of soil communities. Bacteria with the highest MICs were detected in manure-amended soils or soils from agricultural systems
with a history of antibiotic use. Non-manure-amended soils yielded larger proportions of antibiotic-resistant bacteria, but these

had lower MICs, carried fewer antibiotic resistance genes, and did not display multidrug resistance (MDR).

Antibiotic resistance is a major health concern which has de-
veloped over time from resistance to single classes of antibi-
otics to multidrug resistance and extreme drug resistance. Many
of the problematic resistance genes have spread due to their relo-
cation from the chromosomes of environmental bacteria to a mo-
bile element and then to clinical pathogens (8, 35, 37, 39, 43). The
soil is also a natural reservoir of antibiotic-producing bacteria
containing both intrinsic resistance mechanisms and transferable
resistance genes. Approximately 50% of Actinomycetes organisms
isolated from soil are capable of synthesizing antibiotics, which
provides a natural antibiotic residue in soil (36).

Agricultural practices have a major impact on the selection and
promotion of antibiotic-resistant bacteria, as they provide a pos-
itive selective pressure for these bacteria (7, 13, 15, 34, 49, 54, 56,
59, 66). Antibiotic residues in agricultural soils resulting from
direct applications or indirect exposure via manure/biosolid
amendments can range from a few ug/kg up to g/kg (58). Numer-
ous reports describe the positive selection pressure of antibiotic
use in animal growth promotion and animal husbandry on the
selection of antibiotic-resistant bacterial pathogens (55, 60, 64).
Antibiotic-resistant pathogens have also been isolated from fruit
orchards and vegetable farms, which use antibiotics as prophylac-
tic treatments and also use soils that have been amended with
manure. The use of antibiotics in agriculture, as growth promot-
ers, and in veterinary medicine has been suggested to contribute to
increased rates of resistance in human pathogens (21, 23, 50).
Antibiotic resistance in the environment is also affected directly by
the release of antibiotic-resistant bacteria and antibiotic residues
via waste from humans receiving therapeutic antibiotics. Most
antibiotics are degraded only partially in sewage treatment plants
(32), and erythromycin and tetracycline appear to undergo no
degradation during sewage treatment processes. Antibiotic degra-
dation rates in the environment vary considerably and can be
dependent upon environmental conditions: tetracycline degrades
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by 24% within 10 to 180 days, and erythromycin degrades by 25%
within 30 days, but streptomycin is not degraded for up to 30 days
after environmental release (58). Degradation rates in soil are par-
ticularly dependent upon antibiotic properties (molecular struc-
ture and chemical and physical properties), edaphic properties
(pH, minerals, and organic matter), and/or other conditions
(temperature, aerobicity, adsorption, and absorption). Residual
antibiotics can affect the soil microbiome, resulting in differential
inhibition of certain microorganisms and in perturbations in
community composition (11, 12, 18, 44, 45, 48). The increasing
use of antibiotics in medicine, veterinary medicine, and agricul-
tural production systems has coincided with increasing develop-
ment of high levels of antibiotic resistance and novel antibiotic
resistances (1, 2, 3, 4, 32, 53). Despite mounting concern over the
existence, rising detection, and levels of resistant bacteria, partic-
ularly multidrug-resistant (MDR) bacteria, in clinical and natural
environments, few studies have focused on characterization of
antibiotic resistance in natural environments (30, 44).

This study examined soils with different management histories
in order to compare the influence of the use of antibiotics, ma-
nure, and intensive farming on the selection of tetracycline-,
streptomycin-, or erythromycin-resistant bacteria and antibiotic
resistance genes. Tetracycline, streptomycin, and erythromycin
resistance genes and associated resistance elements were detected
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FIG 1 Prevalences of resistant bacteria belonging to different genera identified in the studied soils.

in cultured bacteria and quantified in DNAs isolated from arable
farmland, vegetable garden, fruit orchard, composted, and forest
soils.

MATERIALS AND METHODS

Soils and compost. Investigations were performed on six soils and com-
post collected from different management systems, including (i) compost
from a biodynamic garden obtained by composting plant residues (ma-
nure and/or antibiotics were not used), (ii) soil from a pine forest in the
Masuria region of Poland (manure and/or antibiotics were not used), (iii)
soil from a vegetable garden (where manure was applied), (iv) soil from an
apple orchard (Warka, Poland), (v) soil from a mixed fruit orchard
(Warka), and (vi) soil from arable farmland in the area of Lesznowola
(Masovian Voivodeship, Poland). Soils 3 to 6 were used for intensive
cultivation of vegetables and fruits, and soils 4 to 6 were from cultivation
systems with a history of antibiotic use (streptomycin and oxytetracy-
cline). The manure was obtained from animals which were treated with
erythromycin. Soil samples (two 1-kg replicates for each source) were
taken from the humus profile (depth of 10 to 15 cm) into sterile glass flasks
in October 2008 and 2009 and were analyzed within 1 to 2 days after
collection. From each sample, 1 to 5 g was taken for analysis, and the
remainder was stored at 8°C.
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Quantification and characterization of microorganisms. The fol-
lowing three tests were performed to quantify and characterize the cultur-
able microorganisms in soils and compost. The number of viable cultur-
able microorganisms was evaluated by inoculating nutrient broth (Difco,
Detroit, MI) with serial dilutions of soil samples and plating them onto
nutrient agar (Difco). The number of endospore-forming bacterial cells
was determined by plating samples that had been heated at 70°C for 10
min onto nutrient agar. The various physiological groups of microorgan-
isms present in soil samples were identified by inoculating selective agar or
liquid medium. McCrady’s most-probable-number (MPN) method was
used to determine the CFU/ml (40). The numbers of amylolytic, proteo-
Iytic, lipolytic, sulfate-reducing, denitrifying, ammonifying, nitrifying, ac-
tinomycetous, and urea-hydrolyzing bacteria were determined using spe-
cific media, as described previously (48). After sterilization, all media were
supplemented with cycloheximide (50 ug/liter) and nystatin (10 ug/liter).
Liquid cultures or plates were incubated at 26°C for 3 days (for proteo-
Iytic, amylolytic, ammonifying, and ureolytic bacteria), 7 days (for acti-
nomycetous, denitrifying, lipolytic, and sulfate-reducing bacteria), or 14
days (for nitrifying bacteria). The number of bacteria was calculated per
gram (wet weight) of soil.

Isolation and identification of antibiotic-resistant soil bacteria.
Antibiotic-resistant bacteria were isolated from each soil by suspending a
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FIG 2 Quantities of antibiotic resistance genes in soils. (A) Forest soil, compost, and agricultural soil; (B), vegetable garden soil, mixed fruit orchard soil, and

apple orchard soil.
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TABLE 1 Susceptibility profiles and corresponding antibiotic resistance genes of strains isolated from compost®

TET MIC STRMIC STRresistance E MIC Transposon

Strain (ug/ml) TET resistance gene(s) (mg/ml)  gene(s) (mg/ml)  E resistance gene(s) gene
Aeromonas salmonicida T-C5 128 tet(B), tet(T) ND ND 32 erm(C) I
Leifsonia xyli subsp. xyli T-C3 32 tet(B), tet(O) ND ND 32 erm(V), erm(X), vga ND
Moraxella S-C9 ND ND 512 ND 48 ole(B) 1
Pseudomonas luteola T-C1 32 tet(D), tet(O), tet(T), tet(W) ND ND 32 erm(V), vga I
Pseudomonas luteola S-C6 ND ND 512 str(A) 32 ND ND
Rhizobium radiobacter S-C7 ND ND 512 str(A) 48 erm(C) ND
Sinorhizobium meliloti S-C8 ND ND 512 str(A) 48 ole(B) 1
Sinorhizobium meliloti S-C10 ND ND 512 str(A) 48 erm(C), ole(B) ND
Streptomyces griseus subsp. griseus 128 tet(D) ND ND 32 erm(C), erm(X), msr(A) ND

T-C4

@ TET, tetracycline; STR, streptomycin; E, erythromycin; I, Tn916 or Tn1549 integrase; ND, not detected.

soil sample in saline and plating it onto R2A agar complete medium
(Graso Biotech, Starogard Gdanski, Poland) supplemented with 10 pg/ml
of tetracycline, streptomycin, or erythromycin. The plates were incubated
at room temperature for 3 to 4 days. Strains were stored at 4°C on antibi-
otic agar plates and in LB supplemented with 10% glycerol at 2 70°C.

The complete 16S rRNA gene was used to identify bacterial isolates.
The colony PCR method was used for the amplification of 16S rRNA
genes. Amplification reaction mixtures of 50 ul were composed of 1 to 4
wl of lysed cell sample, buffer for DreamTaq polymerase with 1.5 mM
MgCl,, a 0.2 mM concentration of each deoxynucleoside triphosphate
(ANTP), 1 mM (each) primers 27F (AGAGTTTGATCCTGGCTCAG)
and 1492R (GGTTACCTTGTTACGACTT), and 1 U of DreamTaq poly-
merase (Fermentas) (33). PCR was performed using a Mastercycler EP S
gradient thermocycler (Eppendorf, Hamburg, Germany) under the fol-
lowing conditions: 5 min at 94°C followed by 20 cycles of 30 s at 94°C, 50
sat53°C,and 1 min 20 s at 72°C, 15 cycles of 30 s at 94°C, 30 s at 46°C, and
1 min 20 s at 72°C, and 1 cycle of 10 min at 72°C. The PCR products were
separated by 0.8% agarose gel electrophoresis and purified using a PCR
purification kit (Qiagen, Hilden, Germany) or a Gel Out kit (DNA
Gdansk IT) according to the manufacturer’s instructions. The PCR ampli-
cons were sequenced at Genomed (Warsaw, Poland). Sequence analysis
was performed using the Clone Manager-9 program (a commercial bioin-
formatic software work suite of Sci-Ed that supports molecular biologists
with data management). Identification to the species level was performed
by comparison with the Ribosomal Database Project database (http://rdp
.cme.msu.edu/) and by using BLAST (http://blast.ncbi.nlm.nih.gov/Blast
.cgi). Genus-level and species-level identifications were assigned using the
following criteria: =99% identity of a 16S rRNA gene sequence to a ref-
erence entry identified a bacterium to the species level, while 95 to 98.9%
identity identified a bacterium to the genus level.

Antibioticresistance screening. The susceptibility of the bacterial iso-
lates to tetracycline, streptomycin, and erythromycin, at concentrations of
30 wg/ml, 25 pg/ml, and 15 pg/ml, respectively, was determined using the

standard EUCAST disk diffusion method (19). The plates were incubated
at room temperature for 24 to 48 h. The diameters (in millimeters) of the
zones of growth inhibition around the disks were measured using preci-
sion calipers.

Determination of MICs. The MICs of tetracycline, streptomycin, and
erythromycin against the soil isolates were determined using Etest (bio-
Mérieux, Marcy I'Etoile, France) on Mueller-Hinton agar plates (Oxoid,
Basingstoke, United Kingdom) according to the manufacturers’ instruc-
tions.

qPCR amplification of streptomycin and tetracycline resistance
genes. Total soil DNA was extracted from soil samples by using a MoBio
Power soil DNA isolation kit (Stid-Laborbedarf GmbH, Gauting, Ger-
many) according to the manufacturer’s instructions. The relative quanti-
ties of the streptomycin resistance genes aad(A), str(A), and str(B), as well
as IS1133, and the tetracycline resistance genes tet(B), tet(M), and tet(W)
(see Table S1 in the supplemental material) in soil DNA were determined
using multiplex quantitative real-time PCR (qPCR) as previously de-
scribed (41, 47, 63).

Identification of resistance genes. Tetracycline, streptomycin, and
erythromycin resistance genes and associated transposon (Tn91I6,
TnB1230, Tni549, Tn5397, and Tn4451) sequences were identified by
PCR amplification using primers specific for each gene, as previously de-
scribed (46) (see Tables S2 to S5 in the supplemental material). Positive
and negative controls were used in each run. For the design of specific PCR
primers for the resistance genes, reference resistance gene nucleotide se-
quences were extracted from the NCBI (http://www.ncbinlm.nih.gov/)
and ARDB (http://arpcard.mcmaster.ca/) databases. The reference nu-
cleotide sequences AF321548, AJ862840, AY602212, AY602406, and
EF031554 were used to design primers for PCR amplification of the strep-
tomycin resistance genes str(A), str(B), aad(K), aad(A), and aac, respec-
tively. Escherichia coli strains containing the aad(A) gene and the plasmid
RSF1010 [carrying the str(A) and str(B) genes] were used as positive con-
trols (strain Se 131 [GenBank accession no. AJ238350] and strain CB613

TABLE 2 Susceptibility profiles and corresponding antibiotic resistance genes of strains isolated from forest soil®

TET STR
MIC MIC STR resistance E MIC Transposon
Strain (ug/ml) TET resistance gene(s) (ug/ml)  gene(s) (ug/ml)  E resistance gene(s) gene
Burkholderia pseudomallei T-F2 16 tet(D) ND ND 48 msr(A) ND
Lysinibacillus sphaericus S-F5 ND ND 512 str(A), str(B), aac 256 msr(A) 1
Lysinibacillus sphaericus S-F6 ND ND 512 str(A), aac 48 ole(B)
Pseudomonas fluorescens T-F1 32 tet(B), tet(D), tet(O), tet(T), tet(W) ND ND 256 erm(C), erm(X) 1
Rhizobium radiobacter T-F3 128 tet(A), tet(B), tet(D), tet(M), tet(O), ND ND 256 erm(C), erm(V), I, RE, RS
tet(T), tet(W) erm(X)
Shewanella putrefaciens T-F4 128 tet(B), tet(D), tet(M), tet(O), tet(T), ND ND 256 erm(V), erm(X), I, RE, RS
tet(W) msr(A)

4 TET, tetracycline; STR, streptomycin; E, erythromycin; I, Tn916 or Tn1549 integrase; RE, Tn4451 recombinase; RS, Tn5397 resolvase; ND, not detected.
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TABLE 3 Susceptibility profiles and corresponding antibiotic resistance genes of strains isolated from vegetable garden soil”

TET MIC STRMIC  STRresistance E MIC Transposon
Strain (pmg/ml) TET resistance gene(s)  (ug/ml) gene(s) (mg/ml)  E resistance gene(s) gene
Chryseobacterium piscium T-VG4 8.0 tet(T) 12 ND 2 ND L RS
Chryseobacterium jejuense TES-VG6 . 256 tet(D) . 1,024 aad(K) . 256 ND RS
Chryseobacterium ginsengisoli ES-VG9 16 tet(W) - 1,024 ND 32 ND RE, RS
Chryseobacterium ginsengisoli TES-VG11 16 tet(D) 64 ND 4.0 ND I, RE
Flavobacterium sp. TES-VG14 ND ND 64 ND 4.0 ND ND
Paenibacillus pabuli TES-VG13 ND ND . 1,024 ND 0.125 ND I
Pseudomonas jessenii TES-VG12 ND ND 96 ND . 256 erm(V), erm(X) 1
Pseudomonas mandelii TE-VG10 16 tet(D), tet(O), tet(T) 0.064 ND . 256 erm(C), erm(X) RE
Pseudomonas putida ES-VG7 ND ND 8.0 aad(A) . 256 erm(C) ND
Pseudomonas putida TES-VG8 16 tet(T), tet(W) 12.0 aad(A) . 256 erm(X) 1
Stenotrophomonas maltophilia TE-VG1 12 tet(M) 64 ND - 256 ND RE
Stenotrophomonas maltophilia TE-VG2 48 tet(O) 96 aac . 256 ND ND
Stenotrophomonas maltophilia TE-VG3 . 256 ND 126 ND . 256 ND ND
Stenotrophomonas maltophilia TE-VG5 32 tet(T) 192 aac . 256 erm(C) RE
Stenotrophomonas rhizophila TE-VG15 32 ND 16 ND . 256 erm(C) ND
Stenotrophomonas rhizophila TES-VG16 64 tet(T) 24 ND . 256 erm(C) I
Stenotrophomonas rhizophila TES-G17 32 ND 12 ND . 256 erm(X) I
Stenotrophomonas rhizophila TES-VG18 . 256 ND 0.38 aad(A) 1.5 ND ND

4 TET, tetracycline; STR, streptomycin; E, erythromycin; I, Tn916 or Tn1549 integrase; RE, Tn4451 recombinase; RS, Tn5397 resolvase; ND, not detected.

[GenBank accession no. AF027768], respectively), and E. coli DH5a was
used as the negative control. PCR was performed under the following
conditions: 5 min at 94°C followed by 35 cycles of 30 s at 94°C, 30 s at 49
or 60°C, and 1 min at 72°C, with one final cycle of 7 min at 72°C. Ampli-
cons were separated in 0.8% or 1% agarose gels.

RESULTS AND DISCUSSION

Characterization of total microbial populations in soil. The total
numbers of heterotrophic bacteria determined by growth in nu-

trient broth and on nutrient agar were higher for compost (9.5 3
107 CFU/g and 3.6 3 10° CFU/g, respectively), vegetable garden
soil (6.7 3 107 CFU/g and 4.5 3 10° CFU/g, respectively), and
arable farmland soil (2.4 3 107 CFU/g and 6.5 3 10° CFU/g,
respectively) than for forest soil (2.0 3 10° CFU/g and 5.0 3 10*
CFU/g, respectively) and apple orchard soil (6.5 3 10° CFU/gand
3.5 3 10* CFU/g, respectively) or mixed fruit orchard soil (2.0 3
10° CFU/gand 6.4 3 10> CFU/g, respectively). Forest soil contains

TABLE 4 Susceptibility profiles and corresponding antibiotic resistance genes of strains isolated from apple orchard soil®

TET MIC TET resistance STR MIC STR resistance E MIC Transposon

Strain (mg/ml) gene(s) (pmg/ml) gene(s) (mg/ml) E resistance gene(s) gene
Aeromonas salmonicida S-AO16 24 tet(O) - 1,024 str(B), aac 8.0 ND ND
Paenibacillus amylolyticus S-AO1 12 ND - 1,024 ND 6.0 ND ND
Paenibacillus sp. S-AO2 8 ND . 1,024 ND 0.25 ND ND
Paenibacillus amylolyticus S-AO3 12 ND . 1,024 ND 3.0 ND ND
Paenibacillus amylolyticus S-AO4 16 ND - 1,024 ND 8.0 ND ND
Paenibacillus amylolyticus S-AO6 12 ND - 1,024 ND 2.0 ND ND
Paenibacillus amylolyticus S-AO8 12 ND . 1,024 ND 6.0 ND ND
Paenibacillus amylolyticus S-AO9 12 ND - 1,024 ND 1.5 ND ND
Paenibacillus amylolyticus S-AO10 12 ND - 1,024 aac 6.0 ND ND
Paenibacillus amylolyticus S-AO11 12 ND . 1,024 ND 6.0 ND ND
Paenibacillus sp. S-AO12 8 ND . 1,024 str(B) 8.0 ND ND
Paenibacillus amylolyticus S-AO13 12 ND - 1,024 aac 8.0 ND ND
Paenibacillus amylolyticus S-AO14 12 ND . 1,024 str(B) 4.0 ND ND
Paenibacillus amylolyticus S-AO15 12 ND - 1,024 ND 12.0 ND ND
Paenibacillus sp. S-AO17 8 ND . 1,024 str(B) 2.0 ND ND
Paenibacillus amylolyticus S-AO18 12 ND - 1,024 ND 1.5 ND ND
Paenibacillus sp. S-AO19 8 ND . 1,024 aad(A) 4.0 ND ND
Paenibacillus xylanilyticus S-AO20 16 tet(O) - 1,024 ND 3.0 ND ND
Paenibacillus sp. S-AO21 12 ND - 1,024 ND 1.5 ND ND
Paenibacillus xylanilyticus S-AO22 16 tet(O) . 1,024 str(B), aac 1.5 ND ND
Pseudomonas sp. E-AO23 12 ND 12.0 ND . 256 erm(V) I,RE
Pseudomonas putida E-AO24 24 tet(T) 12.0 ND . 256 erm(C), erm(V) I,RE
Pseudomonas sp. E-AO25 24 tet(T) 16.0 ND . 256 erm(V) 1
Pseudomonas sp. SE-AO26 24 tet(T) 96.0 aad(K) 24.0 erm(V) ND
Solibacillus silvestris S-AQ7 8 ND - 1,024 str(A), aad(A) 1.5 ND ND

4 TET, tetracycline; STR, streptomycin; E, erythromycin; I, Tn916 or Tn1549 integrase; RE, Tn4451 recombinase; ND, not detected.
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TABLE 5 Susceptibility profiles and corresponding antibiotic resistance genes of strains isolated from mixed fruit orchard soil®

TET MIC TET resistance STR MIC E MIC Transposon
Strain (mg/ml)  gene(s) (mg/ml)  STR resistance gene(s) (mg/ml) E resistance gene(s) gene
Arthrobacter sp. T-MO28 12 ND 6 ND 0.094 ND I
Bacillus sp. S-MO29 12 ND 6 ND 8 ND ND
Mesorhizobium sp. S-MO27 24 ND 12 ND . 256 erm(C), erm(V), vga RE, RS
Microbacterium xylanilyticurn T-MO13 32 tet(M), tet(O) 6 ND 0.094 ND ND
Microbacterium xylanilyticum T-MO14 32 tet(M), tet(O) 6 ND 0.094 ND ND
Micrococcus sp. S-MO8 12 ND 24 str(A), str(B), aad(K), aad(A), 4 ND ND

aac

Paenibacillus sp. S-MO1 12 ND 24 str(B), aad(K), aac 8 ND I, RE
Paenibacillus sp. S-MO2 12 ND 12 aad(K), aac 6 ND 1
Paenibacillus sp. S-MO3 24 ND 24 str(A), str(B), aac 12 ND I, RE, RS
Paenibacillus sp. S-MO4 8 ND 24 str(A), str(B), aad(K) 8 ND I, RE
Paenibacillus sp. S-MO5 32 ND 12 str(B), aad(K), aac . 256 erm(X), vga I, RS
Paenibacillus sp. S-MO6 8 ND 12 str(B), aad(K), aad(A), aac 8 ND I, RE
Paenibacillus sp. S-MO7 24 ND 12 str(A), str(B), aad(K), aac . 256 erm(C), erm(V) I, RE, RS
Paenibacillus sp. S-MO9 32 ND 24 str(A), str(B), aad(A), aac 4 ND I, RE, RS
Paenibacillus sp. S-MO10 8 ND 24 str(A), str(B), aac 4 ND I, RE, RS
Pseudomonas fluorescens S-MO12 32 tet(T) 12 aac . 256 ND RE, RS
Pseudomonas sp. ST-MO24 24 tet(T) 12 ND . 256 ND RE
Pseudomonas fluorescens S-MO25 24 ND 12 ND . 256 vga RE, RS
Rhodococcus erythropolis ST-MO15 16 tet(O), tet(B) 2 ND 4 ND RE
Rhodococcus erythropolis ST-MO16 16 ND 2 ND 6 ND ND
Rhodococcus erythropolis ST-MO17 16 ND 2 ND 4 ND ND
Rhodococcus erythropolis ST-MO19 12 ND - 1,024 ND 6 ND ND
Rhodococcus sp. ST-MO20 12 ND 12 aac 6 ND ND
Rhodococcus erythropolis ST-MO22 16 ND 12 ND 4 ND ND
Rhodococcus erythropolis ST-MO23 16 tet(O) 6 ND 4 ND ND
Rhodococcus erythropolis ST-MO26 32 tet(O) 12 ND 0.094 ND ND
Staphylococcus sciuri S-MO11 32 ND 16 str(B), aac 2 ND ND

4 TET, tetracycline; STR, streptomycin; E, erythromycin; I, Tn916 or Tn1549 integrase; RE, Tn4451 recombinase; RS, Tn5397 resolvase; ND, not detected.

fewer easily assimilable organic compounds required to support
the growth of a heterotrophic microbiota (61). The largest num-
bers of spore-forming bacteria were found in compost and in ap-
ple orchard soil (4.1 3 10°and 1.3 3 107 cells/g, respectively). This
was probably due to the small amount of easily accessible organic
matter in mature compost or orchard soils. The depletion of easily
degradable organic compounds is known to result in an increase
in the number of spore-forming bacteria (61). Amylolytic, proteo-
lytic, lipolytic, ammonifying, nitrifying, denitrifying, sulfate-
reducing, actinomycetous, and urea-hydrolyzing bacteria were
quantified in the soil samples (see Table S6 in the supplemental
material). The number of bacteria in the individual physiological
groups (e.g., amylolytic, proteolytic, ammonifying, or nitrifying)
was significant in many cases. The mixed fruit orchard soil con-
tained a smaller number of specific groups of bacteria (especially
the lipolytic and denitrifying groups) than the other soils. All of
the soils contained bacteria that are potentially capable of degrad-
ing proteins, hydrocarbons, and fats formed during the biodegra-
dation of organic matter. Microorganisms that contribute to con-
version of carbon, nitrogen, and sulfur were also present in large
numbers in all soils (Table S6).

Species of bacteria isolated from studied soils under the pres-
sure of the antibiotics tested. Bacterial isolates showed identity to
the typical genera of soil bacteria (27), including Arthrobacter,
Bacillus, Chryseobacterium, Moraxella, Paenibacillus, Pseudomo-
nas, Rhizobium, Shewanella, Sphingomonas, Stenotrophomonas,
and Streptomyces (Fig. 1; see Table S7 in the supplemental mate-
rial). Bacteria from taxa reported to include opportunistic human
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and/or animal pathogens (i.e., Aeromonas salmonicida, Burkhold-
eria cepacia, Chryseobacterium meningosepticum, Moraxella sp.,
Photobacterium damselae, Pseudomonas fluorescens, Sphingomonas
multivorum, and Stenotrophomonas maltophilia) were isolated
from all soils (14, 25, 29).

Relative abundances of streptomycin and tetracycline resis-
tance genes. qQPCR analysis of tetracycline and streptomycin resis-
tance genes was performed on DNAs extracted directly from soil
and compost samples. There was little variation in the relative
quantities of the tet(M), tet(W), and str(B) genes in DNAs ex-
tracted from the six soils and from compost (see Table S8 in the
supplemental material). The DNA extracted from the apple or-
chard soil contained a high relative quantity of aad(A). The rela-
tive quantities of the tet(B) and str(A) genes were low in the mixed
fruit orchard soil and compost DNAs, respectively, but higher
than in the other soil DNAs (Fig. 2; see Table S8). The tet(M) and
tet(W) genes were detected at almost identical relative quantities
in the DNAs extracted from the six soils. However, they were not
detected by PCR in bacteria isolated from three soils. The strepto-
mycin resistance genes aad(A) and str(A) were detected by PCR in
bacteria isolated from four and five soils, respectively, but were
detected in only one soil by qPCR. The relative quantities of str(B)
were similar in all soil DNAs, but it was detected in the isolates
from only three soils. The insertion sequence IS1133, associated
with the plasmid-mediated str(A) and str(B) genes, was not de-
tected.

The methods of resistance detection (direct culture and PCR
amplification of resistance genes) and quantification (qPCR)
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TABLE 6 Susceptibility profiles and corresponding antibiotic resistance genes of strains isolated from arable farmland soil®

TET MIC STR MIC EMIC Transposon

Strain (ug/ml)  TET resistance gene(s) (mg/ml)  STRresistance gene(s) (ug/ml) E resistance gene(s) gene
Aeromonas salmonicida S-F9 ND ND 512 str(A), aad(K), aac 256 erm(V), vga, ole(B) I, RS
Brevundimonas vesicularis T-F3 196 tet(B), tet(D), tet(O), ND ND 256 erm(C), erm(V), I, RE, RS

tet(T), tet(W) erm(X), msr(A)
Burkholderia cepacia T-F1 32 tet(O) ND ND 32 erm(C), erm(X) ND
Chryseomonas meningosepticum S-F6  ND ND 512 str(A), aac 256 erm(V), msr(A) I
Pasteurella multocida T-F4 32 tet(D) ND ND 8 erm(C), erm(X) ND
Photobacterium damselae S-F7 ND ND 512 str(A), aac, aad(K) 48 msr(A), vga I, RS
Rhizobium radiobacter S-F5 ND ND 512 str(A) 16 ND ND
Rhizobium radiobacter T-F2 128 tet(B), tet(D), tet(M), ND ND 32 erm(C), erm(V), I, RE, RS

tet(O), tet(T) erm(X)
Sphingomonas multivorum S-F8 ND ND 512 str(A), aad(A) 48 erm(C), erm(X) ND

4 TET, tetracycline; STR, streptomycin; E, erythromycin; I, Tn916 or Tn1549 integrase; RE, Tn4451 recombinase; RS, Tn5397 resolvase; ND, not detected.

complement each other. The str(B) gene was detected only by
qPCRin three soils, tet(M) was detected only by qPCR in two soils,
and tet(W) was detected only by qPCR in two soils. In these soils,
these genes were not detected in the culturable bacteria by use of
PCR. When the genes were present in sufficient quantities in both
the soil and culturable bacteria, they were detected using both
assays. These results therefore identified that the str(B), tet(M),
and tet(W) genes were also present in nonculturable bacteria or in
bacteria not phenotypically resistant to the antibiotics. The qPCR
method may not be able to detect genes present at levels lower
than the detection limits of the assay (between 10 fgand 1 pg), but
unlike PCR or culture methods, it provides a quantification of the
resistance genes detected. However, culture of bacteria with
antibiotic-specific selection ensures a sufficient quantity of DNA
for PCR analysis but is limited to the detection of resistance in
culturable bacteria. Antibiotic resistance genes have not previ-
ously been quantified in environmental samples where strepto-
mycin has been applied or in soil samples without previous fertil-
ization or treatment. Previous studies investigating antibiotic
resistance genes in the environment by use of PCR have been
limited to qualitative detection (9, 10, 24, 42, 62).

Susceptibility to antimicrobial agents and determination of
MIC. The antibiotic susceptibility of pure cultures of bacterial
strains to tetracycline, streptomycin, and erythromycin was ini-
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tially examined using the disk diffusion method (data not shown).
The MIC:s of tetracycline, streptomycin, and erythromycin against
pure cultures of bacteria isolated from compost (Table 1), forest
soil (Table 2), vegetable garden soil (Table 3), apple orchard soil
(Table 4), mixed fruit orchard soil (Table 5), and arable farmland
soil (Table 6) reflected the results from the disk diffusion method
(19). We observed no growth inhibition zones or high MICs of
tetracycline, streptomycin, and erythromycin for Aeromonas sal-
monicida, Brevundimonas vesicularis, and Chryseobacterium je-
juense. High-level resistance to two antibiotics was observed for
Chryseobacterium meningosepticum, Lysinibacillus sphaericus,
Moraxella spp., Photobacterium damselae, Rhizobium radiobacter,
Shewanella putrefaciens, Sinorhizobium meliloti, Sphingomonas
multivorum, and Streptomyces griseus. The diversity of antibiotic-
resistant bacterial species was highest in the vegetable garden soil
amended with manure and in orchard soils from beneath trees
that had been treated in the past with foliar sprays of streptomycin
and tetracycline for disease protection. The compost, forest soil,
and arable farmland soils yielded a lower species diversity, in con-
trast to a previous study that suggested that a reduction in bacte-
rial species variation was due to the selection pressure of antibiot-
ics or manure (18, 20).

The pure bacterial cultures were most frequently resistant to
streptomycin (42.8%), followed by erythromycin (34.7%) and

B

tet(C) |40

tet(D) 3 0

weo) [ S
e [
tet(W) | 154 0

tet(M)

e
tet(B) 1-

VEGETABLE GARDEN

uw APPLE ORCHARD g FRUIT ORCHARD

FIG 3 Percentages of tetracycline resistance genes identified in bacterial strains isolated from forest soil, compost, and agricultural soil (A) and from vegetable

garden soil, mixed fruit orchard soil, and apple orchard soil (B).
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FIG 4 Percentages of streptomycin resistance genes identified in bacterial strains isolated from forest soil, compost, and agricultural soil (A) and from vegetable

garden soil, mixed fruit orchard soil, and apple orchard soil (B).

tetracycline (10.2%). The MIC ranges of streptomycin, erythro-
mycin, and tetracycline against isolates from compost and forest
soil were 512 pg/ml, 16 to 256 wg/ml, and 16 to 128 ug/ml, re-
spectively, and those against isolates from the cultivated soils (veg-
etable garden soil, orchard soils, and arable farmland soil) were 2
to . 1,024 pg/ml, 8 to . 256 ug/ml, and 0.094 to . 256 ug/ml,
respectively. The strains with the highest tetracycline MICs were
isolated from vegetable garden soil (. 256 wg/ml) and arable
farmland soil (196 wg/ml). Those with the highest streptomycin
MICs were from apple orchard soil (. 1,024 pg/ml), and those
with the highest erythromycin MICs were from vegetable garden
and orchard soils (. 256 pg/ml), i.e., manure-amended soils from
agricultural systems with a history of antibiotic use. These results
indicate a higher prevalence of resistance to streptomycin and
erythromycin than to tetracycline.

Tetracycline resistance corresponding to an MIC of 196 pg/ml
or greater was observed in Brevundimonas, Chryseobacterium, and
Stenotrophomonas spp. A streptomycin MIC of 1,024 pg/ml or
greater was detected in Chryseobacterium, Paenibacillus, Rhodo-
coccus, and Solibacillus spp., and an erythromycin MIC of . 256
pg/ml was detected in Chryseobacterium, Pseudomonas, and
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Stenotrophomonas spp. Most of these bacteria were further shown
to be multidrug resistant. Stenotrophomonas spp. were highly re-
sistant to both tetracycline and erythromycin. Chryseobacterium
spp. were multidrug resistant, with high resistance to all three
antibiotics. Bacteria with an MIC of =196 ug/ml for tetracycline,
1,024 pg/ml for streptomycin, or 256 pg/ml for erythromycin
were not detected in compost or forest soil. The strains most re-
sistant to the studied antibiotics were isolated from cultivated ag-
ricultural soils that were amended with animal waste (31).

All standard guidelines used for the classification of bacteria as
sensitive or resistant to an antibiotic, such as growth inhibition
zone reading and/or MICs (19), apply to typical clinical strains.
Therefore, it is difficult to relate them to environmental bacteria.
There are no current guidelines for the determination of antibiotic
susceptibility of bacterial species isolated from the environment,
although many of them are either opportunistic pathogens or
emerging pathogens. In the CLSI guidelines, for example, a zone
of inhibition of 14 mm or 13 mm and a MIC of 12 or 13 mg/liter
are regarded as indicating resistance to tetracycline (30 ug) or
erythromycin (15 pg), respectively, for Pseudomonas aeruginosa.
All of the tested strains of Pseudomonas spp. in this study had
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FIG 5 Percentages of erythromycin resistance genes in bacterial strains isolated from forest soil, compost, and agricultural soil (A) and from vegetable garden

soil, mixed fruit orchard soil, and apple orchard soil (B).
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FIG 6 Percentages of transposon genes identified in bacterial strains isolated from forest soil, compost, and agricultural soil (A) and from vegetable garden soil,
mixed fruit orchard soil, and apple orchard soil (B). I, Tn916 or Tn1549 integrase; RE, Tn4451 recombinase; RS, Tn5397 resolvase.

MICs above these standards. Thus, the existence of high-level and
multidrug-resistant strains, especially opportunistic pathogens, in
the environment poses a serious risk to humans and animals.

Antibiotic resistance genes detected. The resistance genes
identified by PCR were tet(A), tet(B), tet(D), tet(M), tet(O), tet(T),
and tet(W) for tetracycline resistance (Fig. 3), aac, aad(A), str(A),
and str(B) for streptomycin resistance (Fig. 4), and erm(C),
erm(V), erm(X), msr(A), ole(B), and vga for erythromycin resis-
tance (Fig. 5). The remaining resistance genes investigated were
not detected in any of the resistant isolates. Multiple antibiotic
resistance genes conferring resistance to the same antibiotic were
detected in the same isolates, e.g., fet(B), tet(D), tet(O), tet(T), and
tet(W) were detected in Pasteurella multocida; aac, aad(A), str(A),
and str(B) were detected in Paenibacillus spp.; and erm(C),
erm(V), and erm(X) were detected in Rhizobium radiobacter.
Forty-five tetracycline-resistant, 34 streptomycin-resistant, and 8
erythromycin-resistant bacterial strains were negative for all of the
tested resistance genes. In compost and forest soils, the frequen-
cies of tetracycline (Fig. 3A) and erythromycin (Fig. 5A) resistance
genes were higher than those of streptomycin (Fig. 4A) resistance
genes. The farmland soil contained high frequencies of all resis-
tance genes (Fig. 3B, 4B, and 5B). The dominant mechanism of
resistance to streptomycin and erythromycin in bacterial isolates
from orchard and vegetable garden soils is antibiotic modifica-
tion. Accordingly, for resistance to streptomycin and erythromy-
cin, the resistance genes aac (chromosomal), aad(A) (plasmid lo-
cated), str(B) (plasmid located), erm(C), erm(V), and erm(X)
(plasmid located) are involved (46). In the case of tetracycline, the
resistance mechanism is protection of the ribosome conferred by
the tet(O) (plasmid located) and tef(T) (chromosomal) genes
(46). This suggests that the resistance we observed in most cases
was linked to plasmids or other mobile genetic elements, which
theoretically have transfer potential (5, 16, 17, 22, 26, 38, 51, 57,
64, 65).

Antibiotic resistance-associated transposons Tn916 and
Tn1549 were detected in resistant bacteria isolated from all soils
and compost, Tn4451 was detected in resistant bacteria isolated
from all soils but not compost, and Tn5397 was detected in resis-
tant bacteria isolated from all soils except for the apple orchard

March 2012 Volume 56 Number 3

soil and compost (Fig. 6). The presence of tetracycline has previ-
ously been shown to increase the incidence of the tet(M)-carrying
transposon Tn916 in bacteria (52, 57). Integrase genes were de-
tected in isolates from all soils. The detection of characteristic
transposon genes in the antibiotic-resistant soil bacteria, com-
bined with the observed differences in quantity and level of these
genes in isolates from nonamended (Fig. 6A) and cultivated (Fig.
6B) soils, suggest that resistance to the tested antibiotics may be
associated with transposons (20). It is unclear whether this indi-
cates selection of resistant resident members of the soil commu-
nity, proliferation of bacteria introduced via manure amend-
ments, and/or dissemination of mobile genetic elements and
horizontal gene transfer (5, 6, 12, 16, 17, 28).

The observations in this soil survey indicate the widespread
presence of high-level antibiotic-resistant bacteria. Agricultural
soils had more diverse populations of bacteria with resistance.
Multidrug-resistant bacteria were detected only in the vegetable
garden soil, which also had the highest levels of resistance to three
antibiotic classes. For comparison, the composted and forest soils
had lower levels of antibiotic resistance, a lower presence of anti-
biotic resistance genes, with no MDR isolates, and a lower species
diversity within the antibiotic-resistant populations.
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