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Antibiotic Effects on Microbial Community Characteristics 
in Soils under Conservation Management Practices

Soil Biology & Biochemistry

Veterinary antibiotics have been detected in surface water resources of 
the United States (Kolpin et al., 2002; Kim and Carlson, 2007), Europe 
(Christian et al., 2003), and Asia (Managaki et al., 2007). Surface water 

runoff from manured agroecosystems is considered to be a primary mechanism 
for VA transport to surface waters (Kay et al., 2005; Lin et al., 2011a), and surface 
runoff events are more problematic for soils with water-restrictive subsoil horizons 
(Needelman et al., 2004; Müller et al., 2006). The global distribution of such soils 
comprises an area of approximately 2.9 million km2 (NRCS, 1998), which may 
exacerbate VA transport and presence in streams, rivers, and lakes. Recent studies 
have indicated, however, that VFS may have potential for mitigating VA loss from 
soils prone to surface water runoff events (Chu et al., 2010; Lin et al., 2010, 2011a).

Vegetative filter strips, land areas of either planted or indigenous vegetation 
situated between a pollutant source area and a surface water body that receives 
runoff, are a conservation practice implemented to reduce soil erosion and improve 
water quality (Schultz et al., 2000). Previous research has described the ability of 

Irene M. Unger*
Dep. of Biology and Environ. Science
Westminster College
501 Westminster Ave.
Fulton, MO 65251

Keith W. Goyne
Dep. of Soil, Environ. and Atmos. Sci.
Univ. of Missouri
302 ABNR Bldg.
Columbia, MO 65211

Ann C. Kennedy
USDA-ARS
Land Management and Water 
Conservation Unit
Washington State Univ.
231 Johnson Hall
Pullman, WA 99164

Robert J. Kremer
USDA-ARS
Cropping Systems and Water Quality Unit
Univ. of Missouri
302 ABNR Bldg.
Columbia, MO 65211

Jean E.T. McLain
Water Resources Research Center
Dep. of Soil Water and Environ. Sci.
Univ. of Arizona
350 N. Campbell Ave.
Tucson, AZ 85719

Clinton F. Williams
USDA-ARS
U.S. Arid-Land Agric. Research Center
21881 N. Cardon Lane
Maricopa, AZ 85138

Veterinary antibiotics (VAs) administered to livestock are introduced to 
agroecosystems via land application of manure, posing a potential human 
and environmental health risk. Recent evidence suggests that agroforestry 
and grass vegetative filter strips (VFS) may act to mitigate VA transport or 
enhance VA degradation; however, VAs may adversely affect soil microbial 
communities within VFS and thus alter the primary functioning of the VFS. 
The objectives of this research were to investigate potential changes in micro-
bial community structure and function and to quantify the development of 
antibiotic resistance in VFS and no-till soils exposed to various VA classes 
and concentrations. Laboratory mesocosms were established using soils col-
lected from no-till cropland and two VFS (grass and agroforestry). Soils were 
treated with oxytetracycline or lincomycin (5–200 mg kg−1 soil). Individual 
mesocosms underwent destructive sampling at nine time points during 63 d, 
and the soils were tested for soil microbial function (C-utilization, dehydro-
genase, and fluorescein diacetate hydrolysis assays), community structure 
(phospholipid fatty acid analysis), and antibiotic resistance. Functional assays 
associated with all VA treatments showed an initial inhibitory effect, but this 
trend was generally reversed by the seventh day. Shifts in microbial communi-
ty structure and increased antibiotic resistance were not observed, suggesting 
that the soil microbial communities were robust to the effects of oxytetra-
cycline and lincomycin at test concentrations. This work indicates that using 
VFS to mitigate VA loss from agroecosystems will not diminish important pri-
mary functions associated with VFS use in agriculture.

Abbreviations: FDA, fluorescein diacetate; LIN, lincomycin; MIC, minimum inhibitory 
concentration; OTC, oxytetracycline; PLFA, phospholipid fatty acid; VA, veterinary 
antibiotic; VFS, vegetative filter strips.
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VFS to minimize nutrient loss (Udawatta et al., 2002), reduce 
surface runoff and soil erosion (Coyne et al., 1995; Veum et al., 
2009), and mitigate pesticide transport from agroecosystems 
(Krutz et al., 2005; Lin et al., 2011b). Other studies have cited 
increased biodiversity, wildlife habitat and corridors, and posi-
tive effects on stream habitat (Lovell and Sullivan, 2006) and 
water quality (Lerch et al., 2005).

Improved soil physical, chemical, and biological characteristics 
of VFS have been implicated in these ecosystem functions. For ex-
ample, soils of VFS have been shown to have greater aggregate stabil-
ity (Udawatta et al., 2008; Helgason et al., 2010), more complex and 
varied soil organic matter fractions (Mungai et al., 2005; Dornbush, 
2007; Macdonald et al., 2009; Veum et al., 2011), and increased im-
mobilization of CO2 relative to cropped soils (Borin et al., 2010). 
Subsequently, VFS have been demonstrated to support more robust 
and diverse microbial communities (Martin et al., 1999).

The presence of VAs in manure is derived from the use of 
these drugs for therapeutic, prophylactic, and enhanced animal 
growth purposes (Wegener, 2003). A significant proportion of 
VAs ingested by animals is excreted unmetabolized (30–80%), 
however, and is subsequently land applied when manure is used 
to fertilize agricultural crops (Elmund et al., 1971; Levy, 1992; 
Halling-Sørensen et al., 2002). The three primary concerns sur-
rounding the presence of VAs in the environment revolve around 
negative impacts to water quality, changes in soil microbial com-
munity structure and function, and the development of VA-
resistant bacteria (Daughton and Ternes, 1999; Sarmah et al., 
2006; Lee et al., 2007; Aga, 2008).

Although antibiotics have been observed in streams across 
the United States (e.g., Kolpin et al., 2002), the Safe Drinking 
Water Act lacks provisions for the regulation or monitoring of 
antibiotics (Bradford et al., 2008; Kemper, 2008). Recent updates 
to the USEPA’s Drinking Water Strategy include the development 
of technologies to reduce contaminant chemicals in potable water 
supplies, but antibiotics are not included in the list of contami-
nants (USEPA, 2011). Yet, in 2000, a World Health Organization 
report focused on antibiotic resistance as one of the most criti-
cal human health challenges of the next century (World Health 
Organization, 2000), indicating that the spread of antibiotic re-
sistance in environmental and clinical bacteria is of the upmost 
public health importance (Bradford et al., 2008; Kemper, 2008). 
Previous research has noted the presence of antibiotic-resistant 
genes in environmental samples collected near confined animal 
feed operations (Chee-Sanford et al., 2001; Koike et al., 2007) and 
adverse VA effects on soil microbial community structure and di-
versity (Hammesfahr et al., 2008; Gutiérrez et al., 2010).

Given the potential effects of VAs on soil microorganisms, 
there is concern that VAs intercepted and retained within VFS 
may alter soil microbial communities to an extent that other VFS 
ecosystem services are adversely impacted. Therefore, the objec-
tives of this study were to investigate changes in (i) microbial 
community structure and (ii) microbial community function 
and (iii) to quantify the development of antibiotic resistance in 

VFS and non-VFS soils exposed to various VA classes and con-
centrations as a function of time.

We chose two common VAs for our investigations: oxytet-
racycline (OTC) and lincomycin (LIN). Oxytetracycline falls 
within the tetracycline class of VAs, which is one of the two 
heavily used antibiotic classes in animal agriculture (Bradford et 
al., 2008). Oxytetracycline is a broad-spectrum bacteriostatic an-
tibiotic capable of treating a wide variety of infections; it is also 
widely used as a feed additive to stimulate growth in livestock 
(Boleas et al., 2005; Sarmah et al., 2006). Lincomycin, of the lin-
cosamide class of VAs, is not as widely used or studied as OTC; 
however, LIN is used in disease prevention for swine and poultry 
(Sarmah et al., 2006) because it inhibits bacterial protein synthe-
sis, particularly in Gram-positive bacteria.

Methods
Study Site

Soils for this study were collected from the paired water-
shed study site at the University of Missouri’s Greenley Memorial 
Research Center, Novelty, MO (40°1² N, 92°11² W) established in 
1991 (Fig. 1). In 1997, grass VFS were established in the west water-
shed (3.16 ha) and agroforestry VFS were installed in the center wa-
tershed (4.44 ha); the east watershed (1.65 ha) contains no VFS and 
serves as a control. Vegetative filter strips, 4.5 m wide, follow the con-
tour; they are separated by a distance of 36.5 m. Filter strips in the 
west and center experimental watersheds were planted with redtop 
(Agrostis gigantea Roth), bromegrass (Bromus spp.), and birdsfoot 
trefoil (Lotus corniculatus L.). Pin oak (Quercus palustris Münchh), 
swamp white oak (Quercus bicolor Willd.), and bur oak (Quercus 
macrocarpa Michaux) were planted 3 m apart in the center of the 
agroforestry VFS. Before the establishment of the filter strips, all 
three watersheds were under a corn (Zea mays L.)–soybean [Glycine 
max (L.) Merr.] rotation under no-till management. This corn–soy-
bean rotation has been maintained in the control watershed and in 
between VFS of the west and center watersheds. For further study 
site information, see Veum et al. (2009) and references therein.

Soil Collection and Treatment
Bulk soil samples (three per watershed at the 0–10-cm 

depth) were collected in October 2009 from all watersheds. In 
the VFS watersheds, soils were collected at the shoulder land-
scape position, which equated to the second VFS from the top of 
the watershed (Fig. 1); soils were sampled at an equivalent posi-
tion in the control watershed. Soils from this landscape position 
are characterized as Putnam silt loam (a fine, smectitic, mesic 
Vertic Albaqualf ) (see Supplemental Table S1 for soil character-
ization data). Samples collected from the agroforestry VFS were 
located approximately 0.6 m from the base of the trees; this was 
to avoid root-wad soil from the nursery and the weed matting, 
which extended up to 0.5 m from the tree base.

Replicate soil samples were extracted and analyzed for initial 
LIN and OTC content before treatment. Soils were extracted by 
accelerated solvent extraction (ASE-300, Dionex Corp.). Dry soil 
and Hydromatrix (an inert diatomaceous earth sorbent, Agilent 
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Technologies) were mixed (15 g soil/2 g Hydromatrix) well and 
then poured onto 1 cm of sand in a 34-mL stainless steel extrac-
tion cell. The remainder of the extraction cell was filled with sand. 
Glass fiber filters were placed at both ends of the extraction cell 
and sealed with high-pressure end caps. The packed cells were then 
extracted using three static cycles with deionized water at 100°C 
and 10.340 MPa for LIN and three static cycles with 50% water 
(containing 5% NaOAc and 100 mmol L−1 ethylenediamine tet-
raacetic acid) and 50% methanol at 100°C and 10.340 MPa for 
OTC. Each static cycle was 5 min long and the final flush was 60% 
of the pore volume. Extracts were then concentrated using solid-
phase extraction by diluting with 400 mL of deionized water. The 
resulting solutions had organic solvent contents <5% and could be 
passed through a conditioned Strata-X (Phenomenex) solid-phase 
extraction cartridge followed by three 20-mL rinses of nano-pure 
water. The cartridge was then dried for 2 min and eluted with 3 mL 
of 1:1 methanol/water. For OTC analysis, an additional cleanup 
was performed by adding 1 mL of 0.05 mol L−1 citric acid con-
ditioning solution to the previous eluate and passing the solution 
through a Strata SAX cartridge. Oxytetracycline was eluted from 
the Strata SAX cartridge using 3 mL of methanol. Solutions con-
taining OTC and LIN were evaporated to dryness under N2 at 
35°C, and the samples were reconstituted with 100 μL of metha-
nol followed by 900 μL of nano-pure water. The samples were then 
transferred to high-performance liquid chromatography vials for 
liquid chromatography–mass spectrometry (LC-MS) analysis.

Lincomycin and OTC analysis was performed using LC-
MS–MS electrospray (positive mode). Separation was performed 
using a Waters 2.1- by 30-mm XTerra MS C18 column with a 
2.5-mm stationary phase. Operating conditions of the LC were: 
a mobile-phase flow rate of 0.25 mL min−1, with a binary mobile 
phase of 0.1% formic acid in acetonitrile and 0.1% formic acid 
in water. Initial conditions were 10:90 acetonitrile/water, fol-

lowed by isocratic flow for 1.5 min; at 1.5 min, a linear gradi-
ent from 10:90 acetonitrile/water to 90:10 acetonitrile/water 
was applied over 5 min, followed by 1.5 min of isocratic flow 
at 90:10 acetonitrile/water. Lincomycin eluted at 2.2 min and 
was quantified using the transition 407.2 ® 126.2 m/z; OTC 
eluted at 5.7 min and was quantified using the transition 461.2 
® 426.1 m/z.

Replicate soil samples collected in the field within each 
vegetative treatment were moist sieved and then divided into 
individual jars (60 g soil in a 150-mL magenta jar). Triplicate 
samples (one associated with each sampling location) from each 
vegetative treatment then received the following VA treatments: 
(i) no treatment (control); oxytetracycline hydrochloride (>95% 
purity; Sigma-Aldrich) at concentrations of (ii) 5, (iii) 50, or 
(iv) 200 mg kg−1 soil; or lincomycin hydrochloride (>95% pu-
rity; Sigma-Aldrich) at concentrations of (v) 5, (vi) 50, or (vii) 
200 mg kg−1 soil. The antibiotic concentrations chosen for this 
study are quite extreme, but they were intentionally chosen to 
test the robustness of the systems. Antibiotic solutions were ad-
justed to pH 6.5 to 7.5; 6 mL of either VA solution or distilled 
water was pipetted into the appropriate sample jars, and the sam-
ples were shaken vigorously to help distribute the VA through-
out the soil. The final soil moisture content was 35% (±2%). The 
jars were capped, wrapped in foil, and stored in the dark at room 
temperature (~25°C) during incubation to avoid VA photodeg-
radation. Triplicate samples for each VFS–VA treatment were 
collected at 0, 3, 7, 14, 21, 28, 35, 49, and 63 d following the ini-
tial VA spike and were placed in cold storage (4°C) until analysis.

Soil Microbial Community Function
Dehydrogenase and fluorescein diacetate (FDA) hydrolysis 

enzyme assays along with C-utilization assays using Biolog ECO 
microplates were used to determine the soil microbial commu-

Fig. 1. Paired watershed study site at the University of Missouri’s Greenley Memorial Research Center, Novelty, MO, and watershed map (courtesy 
of K. Veum). Gray bands indicate locations of grass or agroforestry vegetative filter strips (VFS); stars indicate sampling locations.
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nity function. Dehydrogenase and FDA assays followed the pro-
cedures described by Kremer and Li (2003). The dehydrogenase 
enzyme assay was used to approximate the respiratory activity for 
soil microorganisms (Tabatabai, 1994). Soil (6 g fresh weight) 
was amended with 1.0 mL of 3% triphenyl-tetrazolium chloride 
and 3.0 mL of 0.2 mol L−1 CaCO3 and incubated for 24 h at 
37°C. Reactions were terminated by the addition of 50 mL of 
methanol, and the product, 2,3,4-triphenyl-tetrazolium forma-
zan (TPF), was extracted for 30 min on a rotary shaker. The 
reaction mixtures were filtered, the concentration of TPF was 
determined spectrophotometrically at 485 nm, and the enzyme 
activity expressed as milligrams TPF released per gram dry soil 
per hour.

Soil microbial activity expressed as FDA hydrolysis was 
determined following the method of Schnuürer and Rosswall 
(1982) as modified by Kremer and Li (2003). Fluorescein diace-
tate is a general substrate for several hydrolytic enzymes includ-
ing esterases, lipases, and certain proteases (Dick, 1997). For this 
assay, 1.0 g of soil was suspended in 20 mL of phosphate buffer 
(pH 7.6) in 50-mL Erlenmeyer flasks. After shaking for 15 min 
on a rotary shaker, 100 mL of FDA (4.8 mmol L−1) was added 
and the flasks were returned to the rotary shaker at 100 rpm and 
incubated at 30°C for 105 min. The assay was terminated by ex-
traction with acetone (10 mL) followed by filtration through fil-
ter paper (Whatman no. 2). Hydrolytic activity was detected by 
spectrophotometrically (490 nm) measuring the product of hy-
drolysis (fluorescein); enzyme activity is expressed as milligrams 
fluorescein released per gram dry soil per hour.

Biolog ECO microplates provided a C-utilization pattern 
of the soil microbial communities. This pattern is based on a 
battery of 31 substrates replicated three times in a 96-well mi-
crotiter plate and is visualized by color development after an in-
cubation period. Soil samples (1 g) were extracted using 9 mL 
of 100 mmol L−1 phosphate buffer (phosphate-buffered saline 
at pH 7), serially diluted 10-fold to achieve a final concentra-
tion of 10−3. Each microplate well was inoculated with 150 μL 
of extract, and the plates were incubated in the dark at 25°C for 
72 h. Color development in the microplates was measured by 
an ELx808 absorbance microplate reader (Biotek Instruments) 
at 570 nm.

From ECO microplate absorbance readings, the follow-
ing measures were calculated: average well color development 
(AWCD); substrate utilization richness; diversity; and even-
ness. The AWCD measures species activity and density as well 
as the ability of the microbial community to respond to a par-
ticular substrate (Zak et al., 1994). To determine the AWCD, 
initial readings were subtracted from final readings (72 h) for 
each well; any negative results were replaced with zeros before 
the totals for each plate replicate were divided by 31. The three 
replicates per plate were then averaged to achieve one reading per 
plate. Substrate utilization richness (S) was determined by the 
total number of positive responses (i.e., optical density > 0.10). 
Diversity was calculated using the Shannon diversity index (H = 
−Σpi(ln pi), where pi is the ratio of the activity on the ith sub-

strate to the sum of activities on all substrates), and evenness was 
calculated as H/log S (Zak et al., 1994).

Soil Microbial Community Structure
Soil samples at 0, 3, 35, and 63 d were selected for PLFA 

analysis to determine the soil microbial community structure. 
Procedures were as described in Unger et al. (2009). Whole-
soil PLFA procedures generally follow Bligh and Dyer (1959) 
as described by Petersen and Klug (1994). All reagents were 
high-performance liquid chromatography grade and purchased 
from Sigma-Aldrich, except where noted. Soil samples (2 g) were 
placed in Teflon-lined, screw-cap culture tubes (16 × 100 mm) 
and fatty acid methyl esters analysis was conducted based on sa-
ponification of soil at 100°C, acid methylation at 80°C, an alka-
line wash, and an extraction of methyl esters of long-chain fatty 
acids and similar lipid compounds into hexane. Nonadecanoic 
acid methyl ester was included after the methylation step to 
enable quantification of the identified lipids on a molar basis. 
Samples for phospholipid analysis were separated by solid-phase 
extraction using 100-mg silica columns (Varian). The columns 
were conditioned with 3 mL of hexane, 1.5 mL of hexane/chlo-
roform (1:1), and 100 mL of chloroform; a slight vacuum (2.5–5 
cm of Hg) was applied to the columns after the addition of each 
solvent. The columns were rinsed by the sequential addition of 
1.5 mL of chloroform/2-propanol (1:1) and 1.5 mL of 2% acetic 
acid in diethyl ether under vacuum. Finally, phospholipids were 
eluted from the columns with 2 mL of methanol, and evaporated 
under N2 in preparation for PLFA extraction. The combined or-
ganic phase was evaporated to dryness under N2 and redissolved 
in 75 mL of hexane/methyl tertiary butyl ether (1:1).

Fatty acid methyl esters were analyzed on a gas chromato-
graph (Agilent Technologies GC 6890) with a fused silica col-
umn and equipped with a flame ionization detector and integra-
tor. ChemStation (Agilent Technologies) operated the sampling, 
analysis, and integration of the samples. Peak identification and 
integration of areas were performed under the Eukary method 
parameters by software supplied by Microbial Identification 
Systems. Peak chromatographic responses were translated into 
molar responses using the internal standard, and responses were 
recalculated as needed. Peaks that correspond to C chain lengths 
of 12 to 20 carbons are generally associated with microorgan-
isms. Bacterial/fungi ratios were calculated for each sample. 
Stress indicators were calculated based on the ratios of the cy-
clopropyl fatty acids to monoenoic precursors and the total satu-
rated to total monounsaturated fatty acids (Kieft et al., 1997; 
Bossio and Scow, 1998; Fierer et al., 2003). Biomass was calcu-
lated using the relationship determined by Bailey et al. (2002). 
Peaks used as markers for bacteria, fungi, Gram-positive bacteria, 
Gram-negative bacteria, mycorrhizae, and stress indicators are 
identified in Supplemental Table S2.

Quantification of Antibiotic Resistance
Soil samples at 0, 3, 21, 35, and 63 d were selected for quan-

tification of antibiotic resistance. In the laboratory, approximate-
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ly 1.0 g of moist soil was added to 5.0 mL of BBL Enterococcosel 
Bile Esculin broth (Becton, Dickinson and Co.) and placed 
onto a shaking incubator at 37°C to enrich Enterococcus (Gram-
positive). An additional 1.0 g of moist soil was added to 5.0 mL of 
sterile BBL EC broth (Becton, Dickinson and Co.) and shaken at 
37°C to selectively enrich total coliforms (Gram-negative). After 
24 to 36 h, aliquots of each enrichment broth were spread onto 
plates prepared with Enterococcosel agar or MI agar (Becton, 
Dickinson and Co.) for isolation of enterococci and Escherichia 
coli, respectively. Following 24 to 36 h of incubation at 37°C, 16 
isolates were collected from each plate. Following Gram staining 
to confirm identity as Gram-positive or Gram-negative, each iso-
late was assessed for antibiotic sensitivity as detailed below.

Sensitivity to LIN (Gram-positive isolates) and OTC 
(Gram-negative isolates) was determined by broth microdilution 
according to the Clinical and Laboratory Standards Institute 
(2009) standards for antimicrobial susceptibility testing. As 
such, each Gram-positive and Gram-negative plate included 
control (reference) isolates Enterococcus fecalis ATCC 29212 or 
E. coli ATCC 25922, respectively, to monitor the performance 
and reproducibility of the microdilution assay. All screening was 
performed utilizing 96-well plates containing dilution ranges of 
the target VAs from 0.5 to 32 mg L−1. Following loading of the 
antibiotic solutions into the wells, 50 μL of the target isolate sus-
pended in cation-adjusted Mueller–Hinton broth (initial target 
concentration of 5 ´ 108 colony-forming units L−1) was added 
to each well. Each isolate was analyzed in duplicate; positive con-
trol wells with no VA added were included on each plate. The 
plates were sealed and placed into a 37°C incubator for 24 h.

Cell growth was determined using absorbance (600 nm) 
of individual wells using a BioTek microplate reader (BioTek 
Instruments). Absorbance readings from negative control wells 
(VA only, no isolate added) were subtracted from each isolate–
antibiotic well before data analysis. The minimum inhibitory 
concentration (MIC), defined as the lowest concentration of VA 
that prevented growth, was calculated for each isolate.

Data Analysis
Analysis of variance (Proc Mixed) was used to evaluate 

the effects of the VA treatments on soil microbial community 
function and structure with time. Soils for this experiment were 
collected from three different locations within each VFS. For 
analyses, locations for each site were pooled; thus, the linear sta-
tistical model was location (i.e., agroforestry VFS, grass VFS, or 
cropland with no VFS), replicate within location, treatment (i.e., 
LIN 5, LIN 50, LIN 200, OXY 5, OXY 50, OXY 200, and no-
VA control), time (i.e., 0, 3, 7, 14, 21, 28, 35, 49, and 63 d), and all 
possible interactions of location, treatment, and time. Replicate 
within location was used as the denominator of F to test loca-
tion. All other effects in the model used the residual mean square 
for the denominator of F. Structuring the analysis in this manner 
allowed us to compare each VA concentration combination (e.g., 
LIN 5 vs. OXY 5, LIN 5 vs. OXY 50, LIN 5 vs. OXY 200, etc.) 
as opposed to the more limited comparisons that would result 

from lumping the VA treatments by type (e.g., LIN vs. OXY) or 
concentration (e.g., 5 vs. 50 vs. 200 mg kg−1 soil). Each depen-
dent variable for microbial community function (i.e., dehydroge-
nase and FDA activity, AWCD, diversity, richness, and evenness) 
and microbial community structure (response variables for each 
microbial group as well as total biomass, bacteria/fungi ratio, 
and four stress indicators) was analyzed separately. Least square 
means were calculated and compared to determine significant 
differences among treatments. These analyses were conducted us-
ing SAS software (SAS Institute). For antibiotic resistance data, 
statistical significance of the results was assessed using repeated 
measures ANOVAs, with VFS treatment and VA concentration 
as fixed effects. These analyses were performed using Minitab 16 
statistical software (Minitab Inc.).

Results and Discussion
Initial Antibiotic Concentrations

Initial antibiotic concentrations were measured for each 
soil. In all cases, the VA concentrations were detectable but 
very low. The average concentration of three replicates for LIN 
before treatment was 1.0 ×10−2 μg kg−1 for the grass VFS 
soil, 7.0 ´ 10−3 μg kg−1 for the agroforestry VFS soil, and 
4.2 ´ 10−3 μg kg−1 for the cropland soil. The initial OTC con-
tent was greater than that of LIN. The average OTC concen-
tration of three replicates was 6.0 ´ 10−2 μg kg−1 for the grass 
VFS soil, 7.8 ´ 10−2 μg kg−1 for the agroforestry VFS soil, and 
1.0 ´ 10−1 μg kg−1 for the cropland soil. In all cases, the initial 
antibiotic concentration was at least five orders of magnitude 
lower than the treatments. The highest pretreatment concen-
tration of OTC was found in the cropland soil; however, it was 
50,000 times lower than the lowest treatment concentration.

The presence of VAs in the pretreated soils may be due to 
small amounts of contamination during experimental establish-
ment or residues remaining in the soil from prior land use. Farm 
records indicate that during the past 35 yr, no manure has been 
land applied on these watersheds. Before the establishment of 
the VFS in 1991, however, beef cows (Bos taurus) were allowed 
to graze the corn and soybean stubble in late fall and early winter 
(R. Smoot, personal communication, 2012). Since 1991, only 
inorganic fertilizers have been utilized in the watersheds while 
under corn rotation (Udawatta et al., 2002). Small-scale expo-
sure to VAs via grazing may have occurred 20 yr ago.

Soil Microbial Community Function
The soil microbial community function was affected by the 

VA treatments (Table 1). Significant VA treatment ´ time inter-
actions were observed for all ECO microplate variables except 
evenness; likewise, significant antibiotic treatment ´ time inter-
actions were observed for both dehydrogenase and FDA enzyme 
assays (Table 1). Similar patterns were observed for the effects of 
both VAs on AWCD, richness, and diversity from the ECO mi-
croplate assay. This pattern showed an early decline in response 
(i.e., at 3 d), followed by a rapid recovery, with peak levels occur-
ring around 35 d. Response dropped sharply by 49 d but then 
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recovered to near pretreatment levels by 63 d (Fig. 2a–2c and 
3a–3c). While for the most part the VAs and the control treat-
ments were not different, there were a few notable exceptions. 
For AWCD, both LIN and OTC at 50 mg kg−1 soil appeared 
to stimulate the microbial community because the AWCD for 
these treatments were significantly greater than those for the 
control at 7 d (Fig. 2a and 3a). Oxytetracycline at a concentra-
tion of 50 mg kg−1 soil also appeared to increase richness and 
diversity over control levels at 7 d (Fig. 3b and 3c). Also of inter-
est is the significant decline in diversity compared with control 
treatments under LIN at 5 mg kg−1 soil at Day 7.

Enzyme assays also showed an early decline and recovery 
pattern (Fig. 2d–2e and 3d–3e). As with the ECO microplate 
assay, the VA treatments showed only a few significant differenc-
es from the control treatment. The greatest differences observed 
between the control and VA treatments in dehydrogenase activ-
ity occurred at 3 d (Fig. 2d and 3d). Dehydrogenase activity was 
significantly lower than the control treatment for both VAs at 
concentrations of 50 and 200 mg kg−1 soil; however, neither VA 
at 5 mg kg−1 was different than the control at 3 d. After 3 d, the 
dehydrogenase activity generally increased during the remainder 
of the experiment in soils amended with either VA. A decline in 
dehydrogenase activity was observed at 35 d; however, activity 
recovered by 63 d at greater than pretreatment levels. The great-
est differences in FDA activity occurred at 7 d. In this case, FDA 
activity under LIN at concentrations of 50 and 200 mg kg−1 soil 
and under OTC at 200  mg kg−1 soil was significantly greater 
than FDA activity under the control treatment at 7 d (Fig. 2e 
and 3e). The FDA activity under both VAs recovered by 14 d 
and fluctuated within pretreatment levels for the remainder of 
the experiment (Fig. 2e and 3e).

Lincomycin and OTC had limited effects on the soil mi-
crobial community function. Veterinary antibiotics entering the 
soil environment face three primary fates: sorption, leaching, or 
degradation (Sarmah et al., 2006; Bradford et al., 2008). Both 
OTC and LIN are susceptible to strong sorption. Binding of 
OTC to soil has been related to ionic binding to divalent metal 
ions such as Ca2+ and Mg2+ (Boleas et al., 2005; Chander et al., 
2005), the cation exchange capacity of organic matter (Kuchta et 
al., 2009), the soil clay content, and other chemical and physical 

properties associated with land management practices (Chander 
et al., 2005; Chu et al., 2010). Similarly, LIN sorbs to clay via 
cation exchange mechanisms (Wang et al., 2009; Watanabe et al., 
2010). Sorption may occur quickly and may reduce the effective-
ness of the VA (Kemper, 2008); however, soil-bound antibiotics 
have been shown to remain active (Kemper, 2008). For example, 
Chander et al. (2005) found that adsorbed OTC and tylosin 
were effective in inhibiting the growth of microorganisms; how-
ever, the effectiveness of these antibiotics was related to soil prop-
erties (clay content in particular). Given the clay content and 
cation exchange capacity of our soils, it is reasonable to assume 
that OTC and LIN were quickly adsorbed to the soils in both 
the experimental VFS and the cropland soils. A few declines in C 
utilization and enzyme activities were observed very early in our 
study (at 3 and 7 d), and this may correspond to the brief period 
during which a significant proportion of the VAs remained in 
soil solution.

Any VA effect on the soil microbial community function was 
short-lived. A number of abiotic and biotic processes may contrib-
ute to the degradation of antibiotics in the environment (Sarmah 
et al., 2006; Bradford et al., 2008). For example, a number of VAs 
are susceptible to photodegradation (Bradford et al., 2008), and 
microbial degradation via enzymatic reactions may also occur 
(Kemper, 2008). A half-life of 17 to 19 d has been reported for 
LIN (Kuchta et al., 2009) and a half-life of 30 d has been reported 
for OTC (Boleas et al., 2005). While care was taken to avoid pho-
todegradation (e.g., sample jars were wrapped in foil and kept in 
closed boxes during incubation), microbial degradation may have 
occurred during the course of the experiment. Thus the VAs could 
be available as substrates for some members of the soil microbial 
community (Demoling et al., 2009); this is reflected by increased 
C utilization and enzyme activities between 10 and 35 d in our 
study (Fig. 2); however, the C-utilization and enzyme activity pat-
terns for this time period do not differ between VA and control 
treatments. Therefore, these increases may simply be attributed 
to other changes in the soil microbial environment, in particular 
changes in soil moisture. Pretreatment soils had a moisture content 
of 25% (±2%); VA and control treatments raised the soil moisture 
content to 35% (±2%). This increase in soil moisture may have 
stimulated the soil microbial community. The declines in C uti-

Table 1. Analysis of variance results (F statistic) describing the effects of veterinary antibiotics (VAs) on soil microbial community 
function with and without vegetative filter strips (VFS). Significant results are in bold type.

Source  
of variation

Biolog ECO microplates Enzyme assays

AWCD† Richness Diversity Evenness Dehydrogenase Fluorescein diacetate

VFS 0.72 1.40 1.88 1.87 11.44** 13.22**

VA 1.11 1.10 2.25* 0.36 9.87‡ 1.45

VFS ´ VA 1.04 0.89 2.29** 0.87 3.75‡ 0.82

Time 72.18‡ 67.65‡ 53.25‡ 6.55‡ 111.46‡ 52.35‡

VFS × time 1.38 2.15** 1.35 3.38‡ 4.89‡ 0.64

VA × time 2.46‡ 2.30‡ 2.54‡ 0.65 1.68** 1.71**

VFS × VA × time 0.68 0.75 0.98 0.65 0.83 0.51
* Significant at the 0.05 level.
** Significant at the 0.01 level.
† Average well color development.
‡ Significant at the 0.0001 level.
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lization between 35 and 49 d and FDA activity between 49 and 
63 d suggest a density-dependent regulation mechanism. In other 
words, the microbial population increased due to environmental 
changes until the carrying capacity of the system was exceeded. At 
this point, competition and subsequent declines in microbial com-
munity function occurred. Members of the community lost due to 
competition became C and N substrates for those members of the 
community that survived and allowed microbial community func-
tion (i.e., C utilization) to recover to pretreatment levels by 63 d.

Soil Microbial Community Structure
In contrast to the results related to soil microbial function, 

analysis of soil microbial community structure data using ANOVA 
failed to reveal any significant VA treatment ´ time interactions 
(Table 2). Significant VFS treatment ´ time interactions were 
observed, however, for several variables (Table 2). In general, the 
soils of the agroforestry and grass VFS supported more robust 
populations of microorganisms than the cropland soil (Table 3). 
The grass VFS supported the greatest microbial biomass; likewise, 
populations of Gram-positive bacteria, fungi, mycorrhizae, and 
protozoa were greatest in the soils of the grass VFS treatment. The 

Fig. 2. Microbial community functional responses to lincomycin 
treatments with time: (a) average well color development, (b) richness, (c) 
diversity, (d) dehydrogenase activity, and (e) fluorescein diacetate (FDA) 
activity. Treatments included no veterinary antibiotic treatment (control) 
or lincomycin (LIN) at 5, 50, and 200 mg kg−1 soil. Least square means are 
presented; means that are within ±1 standard error (error bar, upper left 
corner) are not significantly different.
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agroforestry VFS treatment supported the greatest total bacteria 
and had the highest responses for Gram-negative and anaerobic 
bacteria (Table 3). In contrast, the cropland soils supported the 
least microbial biomass and the lowest responses for total bacteria, 
Gram-positive bacteria, fungi, and mycorrhizae.

A general decline in PLFA marker response between 0 and 
3 d roughly corresponds with the declines observed for the Biolog 
(substrate utilization) and enzyme assays (Table 4). All markers 
declined between 0 and 3 d; additional declines were observed in 

biomass, Gram-positive bacteria, Gram-negative bacteria, anaero-
bic bacteria, fungi, and mycorrhizae between 3 and 35 d. During 
this same time period, the bacteria/fungi ratio and protozoa re-
sponse increased. The general decline in PLFA marker response 
during this time period does not appear to be reflected in soil mi-
crobial functional activity based on observed steady or increased 
C utilization and enzyme activity. Finally, between 35 and 63 d, 
Gram-positive bacteria, fungi, and mycorrhizae continued to de-
cline, while biomass, the bacteria/fungi ratio, and the response of 

Fig. 3. Microbial community functional responses to oxytetracycline 
treatments with time: (a) average well color development, (b) richness, 
(c) diversity, (d) dehydrogenase activity, and (e) fluorescein diacetate 
(FDA) activity. Treatments included no veterinary antibiotic treatment 
(control) or oxytetracycline (OTC) at 5, 50, and 200 mg kg−1 soil. Least 
square means are presented; means that are within ±1 standard error 
(error bar, upper left corner) are not significantly different.
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Gram-negative and anaerobic bacteria and protozoa continued to 
increase. Total bacteria remain unchanged for this final time pe-
riod. Declines in Gram-positive bacteria, fungi, and mycorrhizae 
between 35 and 63 d may help explain the declines observed for 
both C utilization and enzyme activity at this time period.

The overall lack of response to VA treatment may be related 
to two factors: (i) the antibiotic application methods and (ii) ini-
tial differences in the soil microbial community structure. In this 
investigation, soils were collected from sites that lacked any previ-
ous exposure to VAs via land-applied manure. In addition, the an-
tibiotics were applied to the soils only once during the course of 
the 63-d experiment and no manure or residue amendments were 
made. Working with sulfonamide antibiotics and a loamy sand soil 
from dairy farms in California, Gutiérrez et al. (2010) observed no 
significant effects of sulfonamides on dehydrogenase activity when 
the antibiotics were administered without a glucose amendment. 
When the glucose amendment was applied, however, significant 
inhibition was observed. Gutiérrez et al. (2010) speculated that 
a readily available C source was needed to promote microbial 
growth and subsequently observe effects due to the VAs. Similarly, 
Hammesfahr et al. (2008), working with sulfadiazine and manure-
amended soils, observed a shift in the soil microbial structure fol-
lowing a single antibiotic application. The effects of this single 
antibiotic plus manure treatment were long lasting (2 mo) and the 
reseachers suggested that repeated applications of antibiotics, as are 
typically found in agricultural settings, are likely to intensify the ob-
served effects (Hammesfahr et al., 2008). Finally, Demoling et al. 
(2009), working with sulfamethoxazole, found no significant dif-
ference in community structure in an unamended soil, even at the 
highest antibiotic concentrations. They suggested that a lag effect in 
the production of PLFAs might contribute to the lack of observed 
results. They speculated that PLFAs formed by microbial growth 
on added substrate are more likely to form than new PLFAs from 
tolerant species (Demoling et al., 2009). All of these examples are 
from experiments investigating sulfonamides, however, as opposed 
to OTC or LIN. Previous research at this site indicates significant 
differences in solid to solution partition coefficients (Kd values) 
between sulfonamides and tetracyclines. Chu et al. (2010) found 
OTC and sulfadimethoxine Kd values ranging from 670 to 1200 

and 0.9 to 1.8 L kg−1, respectively. Additionally, similar differences 
have been observed for sulfonamide and LIN added to smectites 
(Gao and Pedersen, 2005; Wang et al., 2009), the dominant min-
eral found in the clay fraction at this site (B. Chu, personal commu-
nication, 2012). Such differences in the sorption of sulfonamides, 
OTC, and LIN to soils inhibit our ability to readily state that the 
lack of shifts in the soil microbial community structure in our study 
was due to an insufficient supply of readily available C substrate or 
due to a single application of the chosen antibiotics. Nevertheless, 
future research investigating the effects of strongly sorbing VAs on 
soil microorganisms should consider these possibilities.

It should be further noted that the VFS and cropland soils dif-
fered in their initial soil microbial communities. Differences were 
most pronounced between the agroforestry VFS and the cropland 
soils, with the agroforestry VFS supporting larger populations of 
total bacteria, Gram-negative bacteria, anaerobic bacteria, and my-
corrhizae than the cropland soil (data not shown). Likewise, previ-
ous studies of the soil microbial communities of the two VFS have 
demonstrated greater enzyme activities than the cropland system 
(Udawatta et al., 2008). Udawatta et al. (2008) measured FDA, 
β-glucosidase, β-glucosaminidase, and dehydrogenase; in every case, 
the agroforestry and grass VFS had greater activity levels than the 
cropland soils. For reasons noted above, it is possible that a single ap-
plication of the antibiotics was not great enough to overcome these 

Table 2. Analysis of variance results (F statistic) describing the effects of veterinary antibiotics (VAs) on soil microbial community 
structure with and without vegetative filter strips (VFS). Significant results are in bold type.

Source  
of variation

 
Biomass

Bacteria/fungi 
ratio

Microbial response Stress indicators†

Total 
bacteria

Gram − 
bacteria

Gram + 
bacteria

Anaerobic 
bacteria

 
Fungi

 
Mycorrhizae

 
Protozoa

 
MFA

Sat./MFA 
ratio

VFS 26.08‡ 42.69‡ 79.51‡ 55.02‡ 69.58‡ 56.86‡ 97.41‡ 98.36‡ 95.22‡ 178.13‡ 55.95‡

VA 1.50 1.43 1.08 0.99 1.49 0.78 1.76 1.44 0.49 7.94‡ 2.45*

VFS × VA 0.98 0.81 0.43 0.89 0.4 0.68 1.57 1.38 0.99 15.1‡ 5.94‡

Time 8.03‡ 17.35‡ 69.35‡ 25.74‡ 74.19‡ 26.89‡ 40.57‡ 45.46‡ 9.22‡ 1.14 1.8

VFS × time 1.00 4.91‡ 3.5*** 11.09‡ 1.75 11.86‡ 2.22* 2.17* 12.6‡ 2.38 0.95

VA × time 0.83 1.16 0.43 0.76 0.46 0.53 1.27 1.02 0.57 1.1 0.86

VFS × VA × time 0.71 1.49* 0.68 0.55 0.85 0.3 1.34 1.2 0.77 2.9‡ 1.37
* Significant at the 0.05 level.
*** Significant that 0.001 level.
† MFA, monounsaturated fatty acids; Sat./MFA, saturated/monounsaturated ratio.
‡ Significant at the 0.0001 level.

Table 3. Differences in microbial community structure (as 
measured by phospholipid fatty acid analysis) due to vegeta-
tive filter strip treatment. 

Microbial marker† Agroforestry Grass Control

Biomass, g C kg−1 soil 318.38 b† 354.24 a 246.66 c

Bacteria/fungi ratio 3.100 b 2.659 c 3.594 a

Bacteria, mol% 0.190 a 0.183 b 0.160 c

Gram-negative bacteria, mol% 0.083 a 0.071 b 0.070 b

Gram-positive bacteria, mol% 0.106 b 0.110 a 0.091 c

Anaerobic bacteria, mol% 0.080 a 0.066 b 0.067 b

Fungi, mol% 0.065 b 0.072 a 0.046 c

Mycorrhizae, mol% 0.065 b 0.071 a 0.046 c

Protozoa, mol% 0.007 c 0.010 a 0.009 b

Monounsaturated fatty acids, mol% 0.309 c 0.452 a 0.367 b

Saturated/monounsaturated ratio 5.329 c 13.933 a 5.329 c
† Means followed by different letters are significantly different (a = 0.05).
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initial differences. For significant changes in soil microbial structure 
to be observed, the VAs would have to have greatly altered the soil 
community structure of the VFS. Slight changes in microbial com-
munity structure due to VAs would fall within the overall commu-
nity variation and not result in any significant changes.

Antibiotic Resistance
Minimum inhibitory concentrations (the lowest concen-

tration of VA preventing growth) was determined for all Gram-
negative (E. coli) and Gram-positive (Enterococcus) strains isolated 
from soils treated with OTC and LIN, respectively (Tables 5 and 
6). It must be noted that MICs were calculated following selective 
enrichment of the bacterial community, methods that have been 
shown to bias the selection of isolates (Bruhn et al., 2005; Gorski, 
2012). This bias, along with the knowledge that the two bacterial 
groups examined (E. coli and Enterococcus) represent but a small 
fraction of the total microbial community of the soil, may result 
in a failure to detect antibiotic resistance change occurring among 
other populations. The E. coli and enterococci were selected for 

resistance screening due to their clinical relevance, the propensity 
of these bacterial groups for the development of resistance (Hayes 
et al., 2003; Tadesse et al., 2012), and their reported ability to pro-
liferate in soil environments (Byappanahalli and Fujioka, 2004).

Current clinical interpretive standards for E. coli state that an 
isolate showing MIC ≤4 mg L−1 is susceptible to tetracycline antibi-
otics (including OTC); isolates with MICs of 8 mg L−1 are classified 
as intermediate in resistance, and isolates with MICs ³16 mg L−1 
show high-level resistance (Clinical and Laboratory Standards 
Institute, 2010). Increased resistance resulting from a VA treat-
ment might be revealed through a corresponding increase in the 
median MIC of bacterial isolates. Of the 12 VFS ´ VA treatments 
investigated, a total of eight (one agroforestry, three grass, and four 
cropland) showed a pattern of significantly (P < 0.001) increased 
median MIC from Days 0 to 63 (Table 5); however, the three sites 
with no OTC added were among those showing the most strik-
ing increases in mean MIC from the beginning to the end of the 
study. The microbial response to the applied concentration ranges of 
OTC were inconclusive; agroforestry VFS showed a significant (P 

Table 5. Minimum inhibitory concentration (MIC) for Gram-negative bacteria isolated from soils treated with oxytetracycline at 
0, 5, 50, or 200 mg kg−1. Numbers represent median MICs of all isolates from each sample. 

 
Site

Day of soil 
collection

Total isolates 
screened

Minimum inhibitory concentration

No OTC OTC 5 OTC 50 OTC 200

no. ——————— mg L−1 ———————

Agroforestry 0 32 2 2 4 2

3 28 2 1 2 1

21 32 8† 4 1 2

35 32 2 8† 2 1

63 32 32‡ 2 1 1

Grass 0 32 2 1 16‡ 1

3 32 2 2 1 16‡

21 28 2 2 1 1

35 32 8† 8† 8† 16‡

63 32 16‡ 8† 8† 32‡

Cropland 0 32 4 2 2 2

3 32 2 1 1 2

21 30 2 2 2 1

35 32 8† 8† 4 4

63 32 32‡ 32‡ 16‡ 16‡
† Samples with isolate median MIC classified as intermediate in resistance (MIC = 8 mg L−1).
‡ Samples with isolate median MIC classified as highly resistant (MIC ≥ 16 mg L−1).

Table 4. Differences in microbial community structure (as measured by phospholipid fatty acid analysis) with time. 

Microbial marker† 0 d 3 d 35 d 63 d

Biomass, g C kg−1 soil 353.41 a† 292.74 bc 270.47 c 309.09 b

Bacteria/fungi ratio 2.83 c 2.95 bc 3.07 b 3.61 a

Bacteria, mol% 0.200 a 0.181 b 0.164 c 0.166 c

Gram-negative bacteria, mol% 0.082 a 0.072 c 0.068 d 0.076 b

Gram-positive bacteria, mol% 0.116 a 0.108 b 0.095 c 0.090 d

Anaerobic bacteria, mol% 0.079 a 0.069 c 0.064 d 0.072 b

Fungi, mol% 0.073 a 0.065 b 0.057 c 0.050 d

Mycorrhizae, mol% 0.072 a 0.065 b 0.057 c 0.049 d

Protozoa, mol% 0.008 b 0.008 b 0.009 a 0.009 a

Monounsaturated fatty acids, mol% 0.376 a 0.382 a 0.379 a 0.367 a

Saturated/monounsaturated ratio 9.601 a 9.344 ab 8.801 ab 7.499 b
† Means followed by different letters are significantly different (a = 0.05).
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= 0.009) decrease in MIC from the control samples (no OTC) to 
the highest OTC concentration (i.e., 200 mg kg−1 soil) during the 
length of the study, while the grass VFS showed significant increases 
in MIC across the same treatments (P = 0.044). Only the cropland 
soils showed a strong trend of increased median MIC from Days 0 
to 63 under all antibiotic applications, but the same trend was re-
vealed in the cropland soils with no antibiotic added (Table 5).

The U.S. Clinical and Laboratory Standards Institute does not 
provide a published susceptibility range for Gram-positive bacteria 
exposed to LIN; however, the Public Health Agency of Canada 
classifies isolates with MICs ≥8 mg L−1 as highly resistant (Public 
Health Agency of Canada, 2004). All samples (including those 
with no added LIN) showed highly resistant median MICs at one 
or more times during this study (Table 6). Lincomycin resistance 
was significantly correlated with sampling date overall (P = 0.002), 
with the highest resistance levels found at 35 d, but decreasing in 
most sites by 63 d. Resistance levels were not significantly related 
to the applied VA concentration in agroforestry VFS, grass VFS, or 
cropland soils (P = 0.385, 0.945, and 0.270, respectively).

No increases in bacterial resistance were detected following an-
tibiotic selective pressure by OTC or LIN, and high proportions of 
resistant Gram-positive and Gram-negative bacteria were detected 
in most study sites, including those with no added VAs. The preva-
lence of highly resistant organisms in the majority of sites studied 
was not surprising. Many studies have reported a diversity of anti-
biotic resistance genes in natural environments and have suggested 
that the primary ecological role for naturally produced antibiotics 
in soils is likely to be in inhibiting the growth of competing bacte-
ria (Martínez, 2008). Båverud et al. (2004) reported OTC MICs 
averaging ³32 mg L−1 in Clostridium spp. isolated from Swedish 
soils, and high levels of LIN resistance have also been reported in soil 
microbial communities (Gonzalez et al., 1999; Čermák et al., 2008).

Many studies have suggested a correlation between in-
creased bacterial resistance levels in aquaculture and antibiotics 

used at the farms (DePaola et al., 1988; Guardabassi et al., 2000), 
yet studies in soils have largely failed to reveal clear-cut increases 
in microbial resistance following VA exposure (Hund-Rinke et 
al., 2004; Schmitt et al., 2006; Rodríguez-Sánchez et al., 2008). 
Exposure to anthropogenic metals rather than antibiotics is also 
thought to be important in selecting for antibiotic-resistant bac-
teria (Berg et al., 2005), suggesting that resistance acquisition can 
occur independently of antibiotic use.

Conclusions and Future Directions
The VAs OTC and LIN did not have a strong effect in this 

system. While a few changes in microbial function were ob-
served, these changes were quickly mitigated. Community struc-
tural changes due to antibiotic application were not observed, 
nor were increased antibiotic resistance. It is probable that OTC 
and LIN were adsorbed quickly to the clay and organic matter 
fractions of the soil. This action may have resulted in reduced an-
timicrobial function and may have facilitated the biological deg-
radation of these compounds. A single VA dose administered in 
the absence of any readily available C source (e.g., manure or resi-
due) appears to be ineffective in altering the soil microbial com-
munity structure. Pretreatment differences in microbial commu-
nity structure due to management imposed during the past 10+ 
yr appear to have superseded any effects of the VA treatments. 
Finally, the observed antibiotic resistance could not be linked to 
the OTC or LIN treatments. Vegetative filter strips may be effec-
tive in mitigating VAs; however, further investigations are war-
ranted to determine whether multiple VA inputs to VFS during 
sporadic runoff events has a significant effect on soil microbial 
structure, function, and antibiotic resistance. Additional studies 
should examine the combined effects of VAs and soil amend-
ments (i.e., manure), as well as the effect of multiple VA doses.

Table 6. Minimum inhibitory concentration (MIC) for Gram-positive bacteria isolated from soils treated with lincomycin at 0, 5, 
50, or 200 mg kg−1. Numbers represents median MICs of all isolates from each sample. 

 
Site

Day of soil 
collection

Total isolates 
screened

Minimum inhibitory concentration

No LIN LIN 5 LIN 50 LIN 200

no. ——————— mg L−1 ———————

Agroforestry 0 14 4 8† 4 4

3 12 4 8† 8† 2

21 20 8† 8† 2 8†

35 28 8† 8† 4 8†

63 32 4 1 2 1

Grass 0 14 4 4 4 4

3 16 2 4 4 2

21 12 8† 2 2 8†

35 32 0.5 4 8† 8†

63 32 4 8† 4 8†

Cropland 0 16 2 4 8† 2

3 24 1 4 2 4

21 16 2 1 4 1

35 20 8† 8† 8† 8†

63 28 2 2 8† 4
† Samples with isolate median MIC classified as highly resistant (MIC ≥ 8 mg L−1).



www.soils.org/publications/sssaj	 111

Acknowledgments
This work was funded through the Center for Agroforestry at the University 
of Missouri under Cooperative Agreement 58-6227-9-059 with the 
USDA-ARS. The work of Jean McLain was supported under USDA-ARS 
National Program 211, Water Availability and Watershed Management. 
Any opinions, findings, conclusions or recommendations expressed in 
this publication are those of the author(s) and do not necessarily reflect 
the view of the USDA. We wish to thank Jeremy Hansen (USDA-ARS) 
for assistance with PLFA analyses; and Basanta Gurung, Akin Aytekin, 
Hassaan Sipra, Katie Wall (Westminster College), Laura Gosen, and John 
Gardner (University of Missouri) for their assistance with data collection 
and data entry. We also wish to thank the two anonymous reviewers whose 
comments helped improve the quality of this manuscript.

References:
Aga, D.S. 2008. Fate of pharmaceuticals in the environment and in water 

treatment systems. CRC Press, Boca Raton, FL.
Bailey, V.L., A.D. Peacock, J.L. Smith, and H. Bolton, Jr. 2002. Relationships between 

soil microbial biomass determined by chloroform fumigation–extraction, 
substrate-induced respiration, and phospholipid fatty acid analysis. Soil Biol. 
Biochem. 34:1385–1389. doi:10.1016/S0038-0717(02)00070-6.

Båverud, V., A. Gunnarsson, M. Karlsson, and A. Franklin. 2004. Antimicrobial 
susceptibility of equine and environmental isolates of Clostridium difficile. 
Microb. Drug Resist. 10:57–63. doi:10.1089/107662904323047817

Berg, J., A. Tom-Petersen, and O. Nybroe. 2005. Copper amendment of 
agricultural soil selects for bacterial antibiotic resistance in the field. Lett. 
Appl. Microbiol. 40:146–151. doi:10.1111/j.1472-765X.2004.01650.x

Bligh, E.G., and W.J. Dyer. 1959. A rapid method of total lipid extraction and 
purification. Can. J. Biochem. Physiol. 37:911–917. doi:10.1139/o59-099

Boleas, S., C. Alonso, J. Pro, C. Fernandez, G. Carbonell, and J.V. Tarazena. 
2005. Toxicity of the antimicrobial oxytetracycline to soil organisms in a 
multi-species–soil system (MA-3) and influence of manure co-addition. J. 
Hazard. Mater. 122:233–241. doi:10.1016/j.jhazmat.2005.03.003

Borin, M., M. Passoni, M. Thiene, and T. Tempesta. 2010. Multiple functions of 
buffer strips in farming areas. Eur. J. Agron. 32:103–111. doi:10.1016/j.
eja.2009.05.003

Bossio, D.A., and K.M. Scow. 1998. Impacts of carbon and flooding on soil microbial 
communities: Phospholipid fatty acid profiles and substrate utilization 
patterns. Microb. Ecol. 35:265–278. doi:10.1007/s002489900082

Bradford, S.A., E. Segal, W. Zheng, Q. Wang, and S.R. Hutchins. 2008. Reuse of 
concentrated animal feeding operation wastewater on agricultural lands. J. 
Environ. Qual. 37:S-97–S-115. doi:10.2134/jeq2007.0393

Bruhn, J.B., B.F. Vogel, and L. Gram. 2005. Bias in the Listeria monocytogenes 
enrichment procedure: Lineage 2 strains outcompete Lineage 1 strains in 
University of Vermont selective enrichments. Appl. Environ. Microbiol. 
71:961–967. doi:10.1128/AEM.71.2.961-967.2005

Byappanahalli, M., and R. Fujioka. 2004. Indigenous soil bacteria and low 
moisture may limit but allow faecal bacteria to multiply and become a 
minor population in tropical soils. Water Sci. Technol. 50(1):27–32.

Public Health Agency of Canada. 2004. Canadian Integrated Program for Antimicrobial 
Resistance Surveillance. Public Health Agency of Canada, Guelph, ON. http://
www.phac-aspc.gc.ca/cipars-picra/pdf/cipars-picra-2004_e.pdf.

Čermák, L., J. Kopecký, J. Novotná, M. Omelka, N. Parkhomenko, K. Plháčková, 
and M. Ságová-Marečková. 2008. Bacterial communities of two contrasting 
soils reacted differently to lincomycin treatment. Appl. Soil Ecol. 40:348–
358. doi:10.1016/j.apsoil.2008.06.001

Chander, Y., K. Kumar, S.M. Goyal, and S.C. Gupta. 2005. Antibacterial activity 
of soil-bound antibiotics. J. Environ. Qual. 34:1952–1957. doi:10.2134/
jeq2005.0017

Chee-Sanford, J.C., R.I. Aminov, I.J. Krapac, H. Garrigues-Jeanjean, and R.I. Mackie. 
2001. Occurrence and diversity of tetracycline resistance genes in lagoons 
and groundwater underlying two swine production facilities. Appl. Environ. 
Microbiol. 67:1494–1502. doi:10.1128/AEM.67.4.1494-1502.2001

Christian, T., R.J. Schneider, H.A. Färber, D. Skutlarek, M.T. Meyer, and H.E. 
Goldbach. 2003. Determination of antibiotic residues in manure, soil, 
and surface waters. Acta Hydrochim. Hydrobiol. 31:36–44. doi:10.1002/
aheh.200390014

Chu, B., K.W. Goyne, S.H. Anderson, C.-H. Lin, and R.P. Udawatta. 2010. 
Veterinary antibiotic sorption to agroforestry buffer, grass buffer and 
cropland soils. Agrofor. Syst. 79:67–80. doi:10.1007/s10457-009-9273-3

Clinical and Laboratory Standards Institute. 2009. Methods for dilution 
antimicrobial susceptibility tests for bacteria that grow aerobically, 
approved standard. 8th ed. Doc. M07-A8. CLSI, Wayne, PA.

Clinical and Laboratory Standards Institute. 2010. Performance standards for 
antimicrobial susceptibility testing, 20th informational supplement. Doc. 
M100-S20. CLSI, Wayne, PA.

Coyne, M.S., R.A. Gilfillen, R.W. Rhodes, and R.L. Blevins. 1995. Soil and fecal 
coliform trapping by grass filter strips during simulated rain. J. Soil Water 
Conserv. 50:405–408.

Daughton, C.G., and T.A. Ternes. 1999. Pharmaceuticals and personal care 
products in the environment: Agents of subtle change. Environ. Health 
Perspect. 107:907–938. doi:10.1289/ehp.99107s6907

Demoling, L.A., E. Bååth, G. Greve, M. Wouterse, and H. Schmitt. 2009. Effects 
of sulfamethoxazole on soil microbial communities after adding substrate. 
Soil Biol. Biochem. 41:840–848. doi:10.1016/j.soilbio.2009.02.001

DePaola, A., P.A. Flynn, R.M. McPhearson, and S.B. Levy. 1988. Phenotypic and 
genotypic characterization of tetracycline- and oxytetracycline-resistant 
Aeromonas hydrophilia from culture channel fish (Ictalurus punctatus) and 
their environment. Appl. Environ. Microbiol. 54:1861–1863.

Dick, R.P. 1997. Soil enzyme activities as integrative indicators of soil health. In: 
C.E. Pankhurst et al., editors, Biological indicators of soil health. CAB Int., 
Oxford, UK. p. 121–156.

Dornbush, M.E. 2007. Grasses, litter and their interaction affect microbial 
biomass and soil enzyme activity. Soil Biol. Biochem. 39:2241–2249. 
doi:10.1016/j.soilbio.2007.03.018

Elmund, G.K., S.M. Morrison, D.W. Grant, and M.P.N.B. Sister. 1971. Role 
of excreted chlortetracycline in modifying the decomposition process in 
feedlot waste. Bull. Environ. Contam. Toxicol. 6:129–132.

Fierer, N., J.P. Schimel, and P.A. Holden. 2003. Variations in microbial 
community composition through two soil depth profiles. Soil Biol. 
Biochem. 35:167–176. doi:10.1016/S0038-0717(02)00251-1

Gao, J., and J.A. Pedersen. 2005. Adsorption of sulfonamide antimicrobial agents to 
clay minerals. Environ. Sci. Technol. 39:9509–9516. doi:10.1021/es050644c

Gonzalez, I., A. Niebla, M. Lemus, L. Gonzalez, I.O. Iznaga, M.E. Perez, and 
C. Vallin. 1999. Ecological approach of macrolide–lincosamides–
streptogramin producing Actinomyces from Cuban soils. Lett. Appl. 
Microbiol. 29:147–150. doi:10.1046/j.1365-2672.1999.00580.x

Gorski, L. 2012. Selective enrichment media bias the types of Salmonella enterica 
strains isolated from mixed strain cultures and complex enrichment broths. 
PLoS ONE 7(4):E34722. doi:10.1371/journal.pone.0034722

Guardabassi, L., M. Dalsgaard, M. Raffatellu, and J.E. Olsen. 2000. Increase 
in the prevalence of oxolinic acid resistant Acinetobacter spp. observed 
in a stream receiving the effluent from a freshwater trout farm following 
treatment with oxolinic acid-medicated feed. Aquaculture 188:205–218. 
doi:10.1016/S0044-8486(00)00340-9

Gutiérrez, I.R., N. Watanabe, T. Harter, B. Glaser, and M. Radke. 2010. Effect of 
sulfonamide antibiotics on microbial diversity and activity in a Californian 
Mollic Haploxeralf. J. Soils Sediments 10:537–544. doi:10.1007/s11368-
009-0168-8

Halling-Sørensen, B., G. Sengeløv, and J. Tjørnelund. 2002. Toxicity of 
tetracyclines and tetracycline degradation products to environmentally 
relevant bacteria, including selected tetracycline-resistant bacteria. Arch. 
Environ. Contam. Toxicol. 42:263–271. doi:10.1007/s00244-001-0017-2

Hammesfahr, U., H. Heur, B. Manzke, K. Smalla, and S. Thiele-Bruhn. 2008. 
Impact of the antibiotic sulfadiazine and pig manure on the microbial 
community structure in agricultural soils. Soil Biol. Biochem. 40:1583–
1591. doi:10.1016/j.soilbio.2008.01.010

Hayes, J.R., L.L. English, P.J. Carter, T. Proescholdt, K.Y. Lee, D.D. Wagner, and 
D.G. White. 2003. Prevalence and antimicrobial resistance of Enterococcus 
species isolated from retail meats. Appl. Environ. Microbiol. 69:7153–
7160. doi:10.1128/AEM.69.12.7153-7160.2003

Helgason, B.L., F.L. Walley, and J.J. Germida. 2010. No-till soil management 
increases microbial biomass and alters community profiles in soil aggregates. 
Appl. Soil Ecol. 46:390–397. doi:10.1016/j.apsoil.2010.10.002

Hund-Rinke, K., M. Simon, and T. Lukow. 2004. Effects of tetracycline on the 
soil microflora: Function, diversity, resistance. J. Soils Sediments 4:11–16. 
doi:10.1007/BF02990823

Kay, P., P.A. Blackwell, and A.B.A. Boxall. 2005. Transport of veterinary 
antibiotics in overland flow following the application of slurry to arable land. 
Chemosphere 59:951–959. doi:10.1016/j.chemosphere.2004.11.055

Kemper, N. 2008. Veterinary antibiotics in the aquatic and terrestrial 
environment. Ecol. Indic. 8:1–13. doi:10.1016/j.ecolind.2007.06.002



112	 Soil Science Society of America Journal

Kieft, T.L., E. Wilch, K. O’Connor, D.B. Ringelberg, and D.C. White. 1997. Survival 
and phospholipid fatty acid profiles of surface and subsurface bacteria in 
natural sediment microcosms. Appl. Environ. Microbiol. 63:1531–1542.

Kim, S.-C., and K. Carlson. 2007. Temporal and spatial trends in the occurrence 
of human and veterinary antibiotics in aqueous and river sediment 
matrices. Environ. Sci. Technol. 41:50–57. doi:10.1021/es060737+

Koike, S., I.G. Krapac, H.D. Oliver, A.C. Yannarell, J.C. Chee-Sanford, R.I. 
Aminov, and R.I. Mackie. 2007. Monitoring and source tracking of 
tetracycline resistance genes in lagoons and groundwater adjacent to 
swine production facilities over a 3-year period. Appl. Environ. Microbiol. 
73:4813–4823. doi:10.1128/AEM.00665-07

Kolpin, D.W., E.T. Furlong, M.T. Meyer, E.M. Thurman, S.D. Zaugg, L.B. Barber, and 
H.T. Buxton. 2002. Pharmaceuticals, hormones, and other organic wastewater 
contaminants in U.S. streams, 1999–2000: A national reconnaissance. Environ. 
Sci. Technol. 36:1202–1211. doi:10.1021/es011055j

Kremer, R.J., and J. Li. 2003. Developing weed-suppressive soils through 
improved soil quality management. Soil Tillage Res. 72:193–202. 
doi:10.1016/S0167-1987(03)00088-6

Krutz, L.J., S.A. Senseman, R.M. Zablotowicz, and M.A. Matocha. 2005. 
Reducing herbicide runoff from agricultural fields with vegetative filter 
strips: A review. Weed Sci. 53:353–367. doi:10.1614/WS-03-079R2

Kuchta, S., A.J. Cessna, J.A. Elliott, K.M. Peru, and J.V. Headley. 2009. Transport 
of lincomycin to surface and ground water from manure-amended 
cropland. J. Environ. Qual. 38:1719–1727. doi:10.2134/jeq2008.0365

Lee, L.S., N. Carmosini, S.A. Sassman, H.M. Dion, and M.S. Sepulveda. 2007. 
Agricultural contributions of antimicrobials and hormones on soil and water 
quality. Adv. Agron. 93:1–69. doi:10.1016/S0065-2113(06)93001-6

Lerch, R.N., N.R. Kitchen, R.J. Kremer, W.W. Donald, E.E. Alberts, E.J. Sadler, et al. 
2005. Development of a conservation-oriented precision agriculture system: I. 
Water and soil quality assessment. J. Soil Water Conserv. 60:411–421.

Levy, S.B. 1992. The antibiotic paradox: How miracle drugs are destroying the 
miracle. Plenum Publ., New York.

Lin, C.H., K.W. Goyne, R.J. Kremer, R.N. Lerch, and H.E. Garrett. 2010. 
Dissipation of sulfamethazine and tetracycline in the root zone of grass and 
tree species. J. Environ. Qual. 39:1269–1278. doi:10.2134/jeq2009.0346

Lin, C.H., R.N. Lerch, K.W. Goyne, and H.E. Garrett. 2011a. Reducing herbicides 
and veterinary antibiotic losses from agroecosystems using vegetative buffers. 
J. Environ. Qual. 40:791–799. doi:10.2134/jeq2010.0141

Lin, C.H., R.N. Lerch, R.J. Kremer, and H.E. Garrett. 2011b. Stimulated 
rhizodegradation of atrazine by selected plant species. J. Environ. Qual. 
40:1113–1121. doi:10.2134/jeq2010.0440

Lovell, S.T., and W.C. Sullivan. 2006. Environmental benefits of conservation 
buffers in the United States: Evidence, promise, and open questions. Agric. 
Ecosyst. Environ. 112:249–260. doi:10.1016/j.agee.2005.08.002

Macdonald, C.A., N. Thomas, L. Robinson, K.R. Tate, D.J. Ross, J. Dando, 
and B.K. Singh. 2009. Physiological, biochemical and molecular 
responses of the soil microbial community after afforestation of pastures 
with Pinus radiata. Soil Biol. Biochem. 41:1642–1651. doi:10.1016/j.
soilbio.2009.05.003

Managaki, S., A. Murata, H. Takada, B.C. Tuyen, and N.H. Chiem. 2007. 
Distribution of macrolides, sulfonamides, and trimethoprim in tropic 
waters: Ubiquitous occurrence of veterinary antibiotics in the Mekong 
Delta. Environ. Sci. Technol. 41:8004–8010. doi:10.1021/es0709021

Martin, T.L., J.T. Trevors, and N.K. Kaushik. 1999. Soil microbial diversity, 
community structure and denitrification in a temperate riparian zone. 
Biodivers. Conserv. 8:1057–1078. doi:10.1023/A:1008899722286

Martínez, J.L. 2008. Antibiotics and antibiotic resistance genes in natural 
environments. Science 321:365–367. doi:10.1126/science.1159483

Müller, K., R. Stenger, and A. Rahman. 2006. Herbicide loss in surface runoff 
from a pastoral hillslope in the Pukemanga catchment (New Zealand): 
Role of pre-event soil water content. Agric. Ecosyst. Environ. 112:381–
390. doi:10.1016/j.agee.2005.08.027

Mungai, N.W., P.P. Motavalli, R.J. Kremer, and K.A. Nelson. 2005. Spatial variation of 
soil enzyme activities and microbial functional diversity in temperate alley cropping 
systems. Biol. Fertil. Soils 42:129–136. doi:10.1007/s00374-005-0005-1

Needelman, B.A., W.J. Gburek, G.W. Petersen, A.N. Sharpley, and P.J.A. Kleinman. 
2004. Surface runoff along two agricultural hillslopes with contrasting soils. 

Soil Sci. Soc. Am. J. 68:914–923. doi:10.2136/sssaj2004.0914
NRCS. 1998. Global major land resource stresses map. NRCS, Washington, DC.
Petersen, S.O., and M.J. Klug. 1994. Effects of sieving, storage, and incubation 

temperature on the phospholipid fatty acid profile of a soil microbial 
community. Appl. Environ. Microbiol. 60:2421–2430.

Rodríguez-Sánchez, C., K. Altendorf, K. Smalla, and A. Lipski. 2008. Spraying of 
oxytetracycline and gentamicin onto field-grown coriander did not affect 
the abundance of resistant bacteria, resistance genes, and broad host range 
plasmids detected in tropical soil bacteria. Biol. Fertil. Soils 44:589–596. 
doi:10.1007/s00374-007-0242-6

Sarmah, A.K., M.T. Meyer, and A.B.A. Boxall. 2006. A global perspective on 
the use, sales, exposure pathways, occurrence, fate and effects of veterinary 
antibiotics (VAs) in the environment. Chemosphere 65:725–759. 
doi:10.1016/j.chemosphere.2006.03.026

Schmitt, H., K. Stoob, G. Hamscher, E. Smit, and W. Seinen. 2006. Tetracyclines 
and tetracycline resistance in agricultural soils: Microcosm and field 
studies. Microb. Ecol. 51:267–276. doi:10.1007/s00248-006-9035-y

Schnuürer, J.S., and T. Rosswall. 1982. Fluorescein diacetate hydrolysis as 
a measure of total microbial activity in soil and litter. Appl. Environ. 
Microbiol. 43:1256–1261.

Schultz, R.C., J.P. Colletti, T.M. Isenhart, C.O. Marquez, W.W. Simpkins, and 
C.J. Ball. 2000. Riparian forest buffer practices. In: H.E. Garrett et al., 
editors, North American agroforestry: An integrated science and practice. 
ASA, Madison, WI. p. 189–281.

Tabatabai, M.A. 1994. Soil enzymes. In: R.W. Weaver et al, editors, Methods of 
soil analysis. Part 2. Biological and biochemical properties. SSSA Book Ser. 
5. SSSA, Madison, WI. p. 777–823.

Tadesse, D.A., S. Zhao, E. Tong, S. Ayers, A. Singh, M.J. Bartholomew, and P.J. 
McDermott. 2012. Antimicrobial drug resistance in Escherichia coli from 
humans and food animals, United States, 1950–2002. Emerg. Infect. Dis. 
18:741–749. doi:10.3201/eid1805.111153

Udawatta, R.P., R.J. Kremer, B.W. Adamson, and S.H. Anderson. 2008. Variations 
in soil aggregate stability and enzyme activities in a temperate agroforestry 
practice. Appl. Soil Ecol. 39:153–160. doi:10.1016/j.apsoil.2007.12.002

Udawatta, R.P., J.J. Krstansky, G.S. Henderson, and H.E. Garrett. 2002. 
Agroforestry practices, runoff, and nutrient loss: A paired watershed 
comparison. J. Environ. Qual. 31:1214–1225. doi:10.2134/jeq2002.1214

Unger, I.M., A.C. Kennedy, and R.M. Muzika. 2009. Flooding effects on soil microbial 
communities. Appl. Soil Ecol. 42:1–8. doi:10.1016/j.apsoil.2009.01.007

USEPA. 2011. Drinking water strategy: An update on EPA’s new approach to 
protecting drinking water and public health. USEPA Office of Water, 
Washington, DC. http://water.epa.gov/lawsregs/rulesregs/sdwa/
dwstrategy/index.cfm#one (accessed 23 Aug. 2011).

Veum, K.S., K.W. Goyne, S.H. Holan, and P.P. Motavalli. 2011. Assessment of 
soil organic carbon and total nitrogen under conservation management 
practices in the Central Claypan Region, Missouri, USA. Geoderma 167–
168:188–196. doi:10.1016/j.geoderma.2011.09.003

Veum, K.S., K.W. Goyne, P.P. Motavalli, and R.P. Udawatta. 2009. Runoff and 
dissolved organic carbon loss from a paired-watershed study of three 
adjacent agricultural watersheds. Agric. Ecosyst. Environ. 130:115–122. 
doi:10.1016/j.agee.2008.12.006

Wang, C., Y. Ding, B.J. Teppen, S.A. Boyd, C. Song, and H. Li. 2009. Role of 
interlayer hydration in lincomycin sorption by smectite clays. Environ. Sci. 
Technol. 43:6171–6176. doi:10.1021/es900760m

Watanabe, N., B.A. Bergamaschi, K.A. Loftin, M.T. Meyer, and T. Harter. 
2010. Use and environmental occurrence of antibiotics in freestall dairy 
farms with manured forage fields. Environ. Sci. Technol. 44:6591–6600. 
doi:10.1021/es100834s

Wegener, H.C. 2003. Antibiotics in animal feed and their role in resistance 
development. Curr. Opin. Microbiol. 6:439–445. doi:10.1016/j.
mib.2003.09.009

World Health Organization. 2000. WHO annual report on infectious disease: 
Overcoming antimicrobial resistance. WHO, Geneva, Switzerland. 
http://www.who.int/infectious-disease-report/2000/ (accessed 23 Aug. 2011).

Zak, J.C., M.R. Willig, D.L. Moorhead, and H.G. Wildman. 1994. Functional 
diversity of microbial communities: A quantitative approach. Soil Biol. Biochem. 
26:1101–1108. doi:10.1016/0038-0717(94)90131-7


