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ABSTRACT: Water resource recovery facilities have been described as

creating breeding ground conditions for the selection, transfer, and

dissemination of antibiotic resistance genes (ARGs) among various

bacteria. The objective of this study was to determine the effect of direct

addition of antibiotic and silver nanoparticles (Ag NPs, or nanosilver) on

the occurrence of ARGs in thermophilic anaerobic digesters. Test

thermophilic digesters were amended with environmentally-relevant

concentrations of Ag NP (0.01, 0.1, and 1.0 mg-Ag/L; corresponding to

’0.7, 7.0, and 70 mg-Ag/kg total solids) and sulfamethoxazole (SMX)

that span susceptible to resistant classifications (1, 5, and 50 mg/L) as

potential selection pressures for ARGs. Tetracycline (tet(O), tet(W)) and

sulfonamide (sulI, sulII) ARGs and the integrase enzyme gene (intI1)

associated with Class 1 integrons were measured in raw sludge, test

thermophilic digesters, a control thermophilic digester, and a control

mesophilic digester. There was no apparent effect of Ag NPs on

thermophilic anaerobic digester performance. The maximum SMX

addition (50 mg/L) resulted in accumulation of volatile fatty acids and

low pH, alkalinity, and volatile solids reduction. There was no significant

difference between ARG gene copy numbers (absolute or normalized to

16S rRNA genes) in amended thermophilic digesters and the control

thermophilic digester. Antibiotic resistance gene copy numbers in

digested sludge ranged from 103 to 106 copies per lL (’8 3 101 to 8

3 104 copies per lg) of sludge as result of a 1-log reduction of ARGs (2-

log reduction for intI1). Quantities of the five ARGs in raw sludge ranged

from 104 to 108 copies per lL (’43102 to 43106 per lg) of sludge. Test
and control thermophilic digesters (53 8C, 12-day solids retention time

[SRT]) consistently reduced but did not eliminate levels of all analyzed

genes. The mesophilic digester (37 8C, 20-day SRT) also reduced levels of

sulI, sulII, and intI1 genes, but levels of tet(O) and tet(W) were the same

or higher than in raw sludge. Antibiotic resistance gene reductions

remained constant despite the application of selection pressures, which

suggests that digester operating conditions are a strong governing factor

of the bacterial community composition and thus the prevalence of

ARGs. Water Environ. Res., 85, 411 (2013).
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Introduction
Water resource recovery facilities have been identified as

vehicles for the conveyance of pharmaceuticals and silver

nanoparticles (Ag NPs or nanosilver) in addition to antibiotic

resistant bacteria (ARB) and antibiotic resistance genes (ARGs)

from anthropogenic sources to the environment. Kolpin et al.

(2002) raised the awareness of pharmaceuticals (including

antibiotics) in the environment, sourced in part from water

resource recovery facilities. These concerns have now grown to

include engineered nanomaterials such as Ag NPs that are used

primarily as antimicrobial agents in a wide variety of consumer

products. The Project on Emerging Nanotechnologies reports

that as of March 2011, Ag NPs are used in 24% of 1300

commercially available, nanotechnology-enabled products. Benn

and Westerhoff (2008) reported that 10 to 30% of silver

contained in a tested Ag NPs-amended sock fabric was released

to washwater as Ag NPs. Although the percentage and overall

silver mass varied widely by manufacturer and sock type, their

findings underscore the anticipated increase of Ag NPs loading

to water resource recovery facilities. Lastly, antibiotic resistance

genes are also emerging environmental contaminants of concern

(Pruden et al., 2006).

Antibiotic resistance genes genetically encode a molecular

mechanism such as efflux pumps, target modification, or

antibiotic inactivation or degradation that enables bacteria to

circumvent or diffuse antibiotic action. Many infectious diseases

are increasingly difficult to treat as a result of antimicrobial-

resistant pathogens (NIAID, 2012). Because pathogenic bacteria

differ little from commensal or environmental bacteria in basic

cell functions that are the target of antibiotics, genetic exchange

of mobile resistance elements occurs in the environment and not

just in clinical settings (Summers, 2002). Wastewater treatment

plants with high nutrient loadings and dense microbial

populations have been specifically identified as potential

breeding grounds for amplification and transfer of ARGs (Kim

and Aga, 2007).

An overarching hypothesis of this study is that antibiotics and

Ag NPs could act as selection agents for ARG proliferation in

anaerobic digesters. Kohanski et al. (2010) reported that sub-

lethal antibiotic concentrations produced an oxidative stress

response that induced mutagenesis and led to an increase in

resistance to multiple antibiotics. In the environment, low

concentrations of antibiotics can act as signals that initiate

transcription of genes to alter metabolism and growth (Allen et
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al., 2010; Davies et al., 2006), suggesting that antibiotics have

biological consequences even at sub-inhibitory concentrations.

Co-selection of antibiotic and silver resistance genes in the

environment has been documented (Cunningham and Lin, 2010;

Loh et al., 2009). Genes encoding silver resistance and antibiotic

resistance can be found on the same plasmid or in the same

bacteria on different plasmids or other loci. Integrons, which are

multi-gene cassettes that can encode many different ARGs

under a common promoter, can also facilitate co-selection of

ARGs. Thus, selection pressure exerted by one antibiotic might

select for ARGs corresponding to distinct antibiotics within the

gene cassette of the integron. For example, sulI is an ARG that

incurs resistance against sulfonamides, including sulfamethox-

azole (SMX), and is located in the conservative region of Class I

integrons. Persistent SMX could co-select for ARGs encoding

resistance to other clinically important antibiotics that are co-

located on integrons.

To date, three published studies have examined the effect of

anaerobic digestion on ARGs, Diehl and LaPara (2010), Ghosh et

al. (2009), and Ma et al. (2011). Collectively, full- and lab-scale

studies measured ARG numbers and ratios (ARG gene copy

number normalized to 16S bacterial rRNA) for tetracycline,

sulfonamide, erythromycin, and Class 1 integrase genes in

thermophilic and mesophilic digestion. All genes showed some

reduction during thermophilic treatment. However, results for

tetracycline genes in mesophilic digestion varied, which suggests

that the digester microbial community and the operating

conditions that influence the development and maintenance of

that community play an important role in determining ARG fate.

Aside from temperature, digester operating conditions and raw

sludge characteristics (such as ARG composition or antibiotic

and Ag NPs concentration) that might affect digester ARG

composition have not been investigated.

The fate and toxicity of ionic silver in wastewater processes

have been reported in the literature (Bard et al., 1976; Lytle,

1984; Pavlostathis and Maeng, 2000; Shafer et al., 1998).

However, concerns have recently arisen as to whether Ag NPs

pose hazards distinct from ionic silver with respect to

wastewater microorganisms, toxicity, and fate (Choi and Hu,

2009; Liang et al., 2010). Kiser et al. (2010) reported 97% removal

of Ag NPs by sorption to activated sludge biomass; thus, Ag NPs

will likely accumulate from influent wastewater in sludge sent to

digestion. More recently, Yang et al. (2012) reported that an Ag

NP concentration of ,40 mg/L had a negligible effect on

anaerobic digestion as assessed by methane production, pH,

volatile fatty acids (VFAs), and methanogen diversity and

population.

With respect to SMX addition, Fountoulakis et al. (2004) did

not measure any inhibition of acetoclastic methanogenesis

under mesophilic conditions by SMX at concentrations up to

400 mg/L as measured by specific methanogenic activity. The

effects of SMX on thermophilic anaerobic digestion processes

have also not been reported.

The purpose of this study was to investigate (1) the fate of

ARGs in thermophilic anaerobic digestion, (2) the effect of

artificially-applied antibiotic (SMX) and antimicrobial (Ag NPs)

selection pressures on ARGs and anaerobic digester perfor-

mance, and (3) possible co-selection of multiple ARGs via

integrons.

Sulfamethoxazole, citrate-coated Ag NPs, and ionic silver

were spiked separately at increasing concentration levels into

raw sludge and fed daily to lab-scale digesters. Anaerobic

mesophilic and thermophilic control digesters (no amendments)

were also operated for comparison. Silver levels were selected to

mirror estimated environmentally-relevant concentrations of Ag

NPs, ranging from 0.01 to 1 mg-Ag/L (Benn and Westerhoff,

2008; Gottschalk et al., 2009; Muhling et al., 2009; U.S. EPA,

2009), rather than minimum inhibitory values (MIC). The latter

values have been reported to range from 0.02 to 65 mg/L in

susceptible bacteria and up to 2675 mg/L in resistant bacteria

(Clement and Jarrett, 1994). Bard et al. (1976) found silver

nitrate concentrations of 10 mg-Ag/L inhibited wastewater

bacteria. Sulfamethoxazole concentrations (1, 5, and 50 mg/L)

were selected based on background SMX concentrations in

biosolids (U.S. EPA, 2009), and MIC values corresponding to

susceptible (,2 to 38 mg/L) and resistant (.8 to 150 mg/L) as

reported in Nagulapaly et al. (2009). Background SMX

concentrations in wastewater have been reported to range from

0.1 to 5 lg/L and from 3.91 to 651 lg/kg (0.05 to 7.8 mg/L,

assuming 1.2% total solids; U.S. EPA, 2009) in biosolids.

Bacterial 16S rRNA genes and ARGs encoding resistance to

sulfonamides (sulI, sulII) and tetracycline (tet(O), tet(W)), as

well as a gene encoding the integrase enzyme (intI1) that is

found in Class 1 integrons, were measured in the raw sludge feed

and digested sludge (i.e., bioreactor effluent). Class 1 integrons

are the largest, most prevalent integron class and contain most

integron-associated ARGs. sulI is located in the conservative

region of Class I integrons and encodes resistance to sulfon-

amides such as SMX. ARGs tet(O) and tet(W), which enable

resistance to tetracycline by protecting ribosomes, were targeted

because they have been associated with wastewater sources

(Storteboom et al., 2010). They also exhibit variable treatment

efficiencies within mesophilic digestion (Diehl and LaPara, 2010;

Ma et al., 2011).

Methodology
Digester Operation. A total of four 15-L, 12-day solids

retention time (SRT) thermophilic (53 8C) digesters and one 10-

L, 20-day SRT mesophilic (37 8C) digester were fed raw sludge

daily. Three of the thermophilic digesters were test digesters and

received feed with Ag NPs, silver nitrate, or SMX at one of three

concentration levels. One thermophilic and one mesophilic

digester with no amendments were also included as controls.

High density polyethylene cone fermenters (Hobby Beverage

Equipment Company, Temecula, California) with nominal

volumes of 6.5 gallons (24.6 L) were fed daily with a 70%

primary sludge and 30% thickened waste activated sludge

mixture from the Christiansburg Wastewater Treatment Plant.

This facility predominantly receives residential wastewater with

minimal industrial and no hospital contributions. The mixture

was diluted with tap water to 2.5% total solids to both maintain a

consistent feed to the digesters and to reduce variations in

operating parameters (e.g., pH, alkalinity, VFAs, volatile solids

reduction [VSR]). During the study period, raw sludge was

collected from the plant every 4 to 6 weeks and stored at 4 8C

until added to the digesters. Total solids, volatile solids, and pH

of the raw sludge were routinely measured to ensure consistency

of the feed sludge. A peristaltic pump was used to mix digester

contents by recycling headspace gas to the bottom of the cone

digester. Evolved gases were collected in 25-L Tedlar bags (SKC,

Inc., Eighty Four, Pennsylvania). All digesters were maintained at

37 8C.

Miller et al.

412 Water Environment Research, Volume 85, Number 5



The mesophilic anaerobic digester was operated at an active

volume of 10 L (2.6 gallons), with a 20-day SRT, and at 37 8C

that was achieved from ambient conditions. The digester was

initiated using 5 L of digested sludge seed from the Christians-

burg Wastewater Treatment Plant. A total of 0.5 L of feed sludge

mixture was added per day until the 10 L operating volume was

reached. All four thermophilic anaerobic digesters were

operated at an active volume of 15 L, 12-day SRT, and heated

to a target temperature of 53 8C using electric heating tape with

a temperature controller (Model No. BSAT 101-100, Thermo-

lyne, Dubuque, Iowa). Temperatures in the thermophilic

digesters over the duration of the study were 52.0 6 1.3, 52.7

6 1.3, 52.2 6 1.8, and 53.2 6 1.7 8C for Ag NPs, ionic silver,

SMX, and thermo control, respectively. Each digester was seeded

with digested sludge from laboratory thermophilic anaerobic

digesters (temperatures ranged from 48 to 57 8C) and fed with

primary and secondary solids from the District of Columbia

Water and Sewer Authority Blue Plains Advanced Wastewater

Treatment Plant. The start-up of mesophilic and thermophilic

digesters occurred for 6 months prior to this 6-month study.

Digester Performance Monitoring. Total and volatile solids

(Method 2540-G), total alkalinity (Method 2320-G), pH

(Method 4500), and gas volume (Method 2720) were analyzed

as specified in Standard Methods (APHA et al., 1995).

Headspace methane and carbon dioxide were analyzed using a

Shimadzu Gas Chromatograph (Model GC-14A, Columbia,

Maryland) with a thermal conductivity detector (TCD) as

described in Wilson et al. (2008). Volatile fatty acids were

measured using a gas chromatograph with flame ionization

detector per Wilson et al. (2008). Individual acid concentrations

are converted on a theoretical oxygen demand basis and

summed to report total VFA as mg/L as acetate.

Total silver was measured in digested sludge from each

digester prior to the start of the study to establish a baseline, and

ranged from 0.9 to 9.6 mg Ag/L. Notably, these concentrations

were higher than reported by the Christiansburg Wastewater

Treatment Plant where annual total silver concentration in

biosolids from 2009 to 2011 were reported as ,5.6 mg/kg, 22

mg/kg, and ,14.9 mg/kg (equivalent to 0.07, 0.19, and 0.26 mg

Ag/L, assuming 1.2% total solids).

Dosing of Selection Pressures. Following start-up, all

digesters received raw sludge without amendment to establish

a baseline and to ascertain typical variation of ARG concentra-

tions between digesters fed the same raw sludge. Digester

performances were monitored and samples analyzed by

quantitative polymerase chain reaction (QPCR) over 3 SRTs.

Antibiotic resistance gene ratios and un-normalized ARGs were

the same (p , 0.05) in digested sludge from all thermophilic

digesters during this baseline time period (data not shown).

Following the baseline, test digesters were amended with Ag

NPs, ionic silver, or SMX at the following three sequential

concentration levels: Level 1 (0.01 mg-Ag/L Ag NPs, 0.01 mg-

Ag/L ionic Ag, or 1 mg/L SMX); Level 2 (0.1 mg-Ag/L Ag NPs,

0.1 mg-Ag/L ionic Ag, or 5 mg/L SMX); and Level 3 (1.0 mg-Ag/

L Ag NPs, 1.0 mg-Ag/L ionic Ag, or 50 mg/L SMX). On Day 0 of

each concentration level, the appropriate volume of stock

solution (or deionized water for control digesters) was added

to a given digester to achieve 25% of the target concentration.

Thereafter, the daily feed mixture was amended with Ag NPs,

ionic silver, SMX, or deionized water to avoid shock loading. It

was determined that 90% of the target concentration would be

reached within 2 SRTs. After 2 SRTs (starting Day 25), low

variation in VSR and pH (standard deviation ,10% or less of

average value) were used to verify steady state conditions and

digester performance, and QPCR samples were collected for an

additional 1.5 SRTs thereafter.

Silver Nanoparticles Synthesis. Silver nanoparticles were

synthesized using a method modified from Solomon et al. (2007)

with stabilization provided by sodium citrate (2 mM). The final

silver concentration was 10.4 mg-Ag/L as measured by

inductively coupled plasma mass spectrometer. Ultraviolet-

visible (UV-Vis) spectroscopy measurements were obtained

using a Cary 5000 UV-Vis-NIR spectrophotometer (Agilent

Technologies, Santa Clara, California). Estimates of hydrody-

namic diameter (Z-average, 44.6 6 3.9 nm) were obtained using

a Malvern Zetasizer NanoZS (Malvern, U.K.). The polydispersity

index ranged from 0.524 to 0.885, which suggests that

suspensions were similarly monodisperse.

Ionic Silver Preparation. Silver nitrate (Sigma Aldrich, St.

Louis, Missouri) was dissolved in distilled water to a concen-

tration of 10.4 mg-Ag/L.

Sulfamethoxazole Preparation. Sulfamethoxazole (Sigma

Aldrich, St. Louis, Missouri) was dissolved in methanol and

diluted with distilled water to final concentrations of 500 mg/L

and 100 mg/L.

Quantification of Antibiotic Resistance Genes. Deoxyribo-

nucleic acid was extracted from 250 lL of digested sludge from

the digesters or raw feed sludge (250 mg centrifuged sludge for

baseline samples) using FastDNA Soil Kit (MP Biomedicals,

Solon, Ohio) according to manufacturer’s recommended proto-

col. Extracted DNA was diluted 50 times to minimize inhibitory

effects (Ma et al., 2011). Diluted DNA extracts were stored at

�20 8C until QPCR analysis for the following bacterial 16S rRNA

genes: sulI, sulII, tet(O), tet(W), and intI1. A 10-lL reaction

mixture was prepared and consisted of 5.0 lL SsoFast Evagreen

Supermix (Bio-Rad, Hercules, California), 0.8 lL of each 5 lM
primer (Ma et al., 2011), 2.4 ll of molecular biology-grade water,

and 1 lL of DNA template. All samples were quantified in

triplicate. Standards prepared from serial dilutions of cloned

genes ranged from 102 to 108 gene copies per lL. Standards and
a reagent blank were included in each run.

Quantification of Methanogen Populations. Diluted DNA

extracts were analyzed by QPCR using TaqMant probes and

primers targeting for order-specific 16S rRNA archael genes

corresponding to hydrogenotrophic methanogens (Methanobac-

teriales, Methanococcales, and Methanomicrobiales and an

acetoclastic methanogen Methanosarcinales) (Wilson, 2009).

Statistics. Microsoft Excel 2007 was used to calculate

averages and standard error for all data. R-2.8.1 was used to

perform Student t-tests on log ARG gene copy numbers and

ARG ratios between (1) test digesters and the thermophilic

control digester, and (2) all digesters and the raw sludge feed. A

P-value of ,0.05 was considered to indicate a significant

difference between means.

Results
Digester Performance. There was no observed effect of

environmentally-relevant concentrations of Ag NPs or ionic

silver compounds on thermophilic digester performance. Also,

there was no observed effect of SMX addition at concentrations

below the MIC (1 and 5 mg-SMX/L). pH was maintained

between 7.4 and 7.6 with alkalinities between 3200 and 4100 mg/
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L as CaCO3. Volatile solids reduction ranged between 54 to 62%,

and total VFAs ranged between 64 and 180 mg-acetate/L with

acetate and propionate constituting almost all measured VFAs.

Statistical analyses of pH, methane gas composition, gas volume,

and VSR data showed that all thermophilic test digesters

operated comparably to the thermophilic control digester when

fed the same raw sludge, except a slightly lower VSR in the ionic

silver digester during Level 3 (P , 0.05, Figure 1). The

mesophilic control digester operated at a lower pH and

produced less gas, which is to be expected given the difference

in daily feed volumes. The methane composition of the

mesophilic control digester was lower during Level 1 than the

thermophilic control because the digester had a small air leak,

although this did not appear to affect VSR in Level 1. Level 3

VSR in the mesophilic control was lower than the thermophilic

control. This deviation was likely a result of the continued

improvement in VSR and stability with digester age in the

thermophilic digesters, which tend to require longer acclimation

periods, rather than deterioration in the performance of the

mesophilic digester. The mesophilic digester VSR performance

was consistent across all dosing levels.

Digester performance was adversely affected by the high dose

of SMX (50 mg/L). Alkalinity decreased to 2260 mg/L as CaCO3,

and pH decreased to 6.3 in response to an increase in VFAs. The

VSR declined to 40%, at which point SMX dosing was

suspended. Gas composition was difficult to interpret because

total gas recoveries (i.e., CO2þCH4) increased from 103% to as

much as 114% during this period. This result could be explained

by TCD detection of other unidentified components in the CO2

and CH4 fractions.

Interestingly, there was a 30% increase in gas volume

production during the first few days of SMX addition at 50

mg/L, followed by a return to the baseline volume production

(data not shown). Hydrogen gas concentrations were two to six

times the concentration of the thermophilic control digester

(data not shown). The color of the digested sludge turned from

black to a light brown, which suggests that digestion was

incomplete (also supported by VSR measurements), whereas the

odor changed from earthy-musty to acidic or vinegar (acetic

acid).

Quantitative polymerase chain reaction analysis of sludge

samples collected from the SMX digester show that hydro-

genotrophic and acetoclastic methanogen populations measured

both as gene copy numbers per microliter and gene copy

numbers per gram volatile solids were reduced at the time

coinciding with reductions in VSR (data not shown). Also, the

relative proportion of hydrogenotrophic and acetoclastic me-

thanogens did not change (data not shown).

Effect of Silver Nanoparticles and Sulfamethoxazole on

Antibiotic Resistance Genes. The results of QPCR analysis are

Figure 1—Comparison of volatile solids reduction (%, VSR), pH, gas volume, and methane composition during all dosing levels. Error
bars represent standard error of three to six samples collected at steady state every 3 days over 1.5 to 2 solids retention times for
dosing Levels 1, 2, and 3.

Miller et al.
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provided as ARG copy numbers normalized to 16S bacterial

rRNA (ARG ratio) as well as ARG copy number per microliter of

sludge (un-normalized ARGs). Normalization accounts for

variability in DNA extraction efficiencies and biomass between

samples. The antibiotic resistance gene ratios shown in Figure 2

can be thought of as roughly representing an average gene count

per bacteria cell and as such, can mask increases or decreases in

un-normalized ARG copy numbers as a result of biomass

growth or death. For this reason, un-normalized ARG data are

also provided (Figure 3).

There was no consistent trend of ARG copy numbers or ratios

with respect to dosing concentration for any of the digesters.

Antibiotic resistance gene ratios in test digesters (Ag NPs, ionic

silver, SMX) were the same as the thermophilic control digester

(P . 0.05) for all genes during all sampling periods, except for

sulI and sulII (P , 0.05) that were lower in the Ag NPs and SMX

digesters at Level 2 (0.1 mg-Ag/L and 5 mg-SMX/L, respective-

ly) (Figure 2, * symbol). Analysis using un-normalized ARGs

(Figure 3, * symbol) also showed the same result of test digesters

predominantly being the same as the thermophilic control

digester. However, the exceptions were tet(O) in the ionic silver

digester at Level 1 (0.01 mg-Ag/L), sulII in the Ag NP and SMX

digesters at Level 2 (0.1 mg-Ag/L and 5 mg-SMX/L, respective-

ly), and tet(O) in the Ag NP digester at Level 3 (1.0 mg-Ag/L).

Effect of Digester Temperature on Antibiotic Resistance

Genes. In comparing digested sludge to raw sludge feed (Figures

2, # symbol), the ARG ratios in the test digesters and the

thermophilic control digester were significantly different (lower)

from the raw sludge feed (P , 0.05). Exceptions included intI1,

sulI, and tet(W) in all digesters during Level 3 and tet(O) in the

Figure 2—Antibiotic resistance genes (ARG) and intI1 ratios in the raw feed sludge (feed), test digesters (nanosilver [Ag NP], ionic
silver, and sulfamethoxazole [SMX]), thermophilic control digester (thermo control), and mesophilic control digester (meso control).
Error bars represent standard error of four to six samples collected at steady state every 3 days over 1.5 to 2 solids retention times for
dosing Levels 1, 2, and 3.
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ionic silver and Ag NP digesters during Level 3. However, the P

values of these exceptions were small (P , 0.09) and the result of

the high variability of the feed ARG ratios stemming from

storage conditions. Statistical analysis using un-normalized gene

copy (Figure 3, # symbol) showed all ARGs in thermophilic

digesters were lower than the raw sludge feed. The un-

normalized gene data also shows that the 16S rRNA gene was

lower in Ag NP and ionic silver digesters during Level 2 and

Level 3 and the SMX digester during Level 2.

tet(O) and tet(W) ratios in the mesophilic control digester

were the same or higher from the raw sludge feed for all

sampling periods. Similar to the thermophilic digesters, intI1

and sulI ratios in the mesophilic control digester and raw feed

were the same during Level 3. Notably, the P values of these

exceptions were small (0.10 , P , 0.09), likely a result of the

high variability of the feed ARG ratios. Statistical analysis using

un-normalized ARGs (Figure 3, # symbol) shows similar results

as ARG ratios where tet(W) gene copy numbers in Levels 1, 2,

and 3, and tet(O) gene copy numbers in Levels 1 and 2 were the

same or higher in the mesophilic digester compared to raw

sludge.

Effect of Raw Sludge Antibiotic Resistance Genes on

Digester Antibiotic Resistance Genes. Antibiotic resistance

gene ratios and un-normalized levels in refrigerated (4 8C) raw

Figure 3—Quantities of antibiotic resistance genes (ARGs) and intI1and 16S rRNA gene copy numbers (number per lL sludge) in raw
feed sludge (feed), test digesters (nanosilver [Ag NP], ionic silver, and sulfamethoxazole [SMX]), thermophilic control digester (thermo
control), and mesophilic control digester (meso control). Error bars represent standard error of four to six samples collected at steady
state every 3 days over 1.5 to 2 solids retention times for dosing Levels 1, 2, and 3.
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sludge increased during the approximately 4- to 6-week storage

period. sulI and intI1 ARGs in the raw sludge increased as much

as seven- and four-fold, respectively, whereas the 16S bacteria

rRNA less than doubled. sulII, tet(O), and tet(W) genes did not

increase. The Level 2 study period coincided with the use of

middle-age to old sludge and resulted in increasing sulI and intI1

ARG ratios in raw sludge feed with time and high variation.

Transition from old to new feed sludge during the Level 3

sampling period similarly resulted in high variation in ARGs.

Increasing levels of ARGs in the raw sludge during extended

refrigerated storage of the feed afforded the opportunity to

examine digester performance with increasing ARG levels in the

feed. During two separate study periods, ARG ratio and copy

numbers remained constant in both mesophilic and all

thermophilic test and control digesters, regardless of the feed

ARG content (Figure 4, only Level 2 data for control digesters

shown). It is not known whether the extended storage time, low

temperature, lack of mixing, or a combination induced the

increase in ARGs.

Discussion
Effect of Antibiotic Resistance Gene Nanoparticles on

Digester Performance. Recent studies of nanosilver in sludge

have confirmed that Ag NPs readily bind with sulfide (Kaegi et

al., 2011) and form individual and small aggregates of silver

sulfide nanoparticles (Kim et al., 2010). Based on these studies, it

is likely that amended ionic silver and Ag NPs were rapidly and

completely converted to sulfidized silver.

Although the environmental fate of Ag NPs is now widely

accepted, the mechanism(s) of their toxicity is still under

investigation—sometimes with conflicting results. At present, it

is difficult to ascertain whether the antimicrobial properties of

Ag NPs are caused by leaching of the silver ion, nanoscale

interactions with bacteria based on size and morphology, or a

combination thereof (Morones et al., 2005; Pal et al., 2007;

Sotiriou and Pratsinis, 2010). Reinsch et al. (2012) reported that

Escherichia coli inhibition is reduced with increased sulfidation

of Ag NPs. That study also highlighted that Ag NPs can be

sulfidized to different extents; that is, fully or partially

enveloped/passivated. The authors also emphasized that variable

levels of sulfidation imparted differences in toxicity that were

seemingly based on the remaining level of exposed silver. For

this reason, simply stating sulfidized or non-sulfidized might not

be an adequate descriptor to describe the level of toxicity.

In this study, both Ag NPs and ionic silver added at

concentrations up to 1 mg-Ag/L did not have an observable

effect on digester performance. It is possible that toxicity was

not observed because of the low concentrations of Ag NPs used

in the study or the likely sulfidation of Ag NPs to form silver

sulfide. The no-observed-effect of ionic silver on digester

performance is not surprising. The toxicity of metallic or bulk

silver is attributed to the aqueous concentration of the free ion

Agþ. Consequently, processes that reduce free ion concentra-

tions by binding with other elements or preventing the binding

of the free ion to cells will reduce toxicity (Ratte, 1999). Lytle

(1984) and Bard et al. (1976) found that silver was converted

Figure 4—sul1 and intI1 gene copy numbers and antibiotic resistance gene (ARG) ratios during the dosing Level 2 steady state
sampling period. Each data point represents a single DNA extraction from one sample collected from the respective digester or feed on
the given day. 16S rRNA, intI1, and sul1 gene copy numbers were analyzed via quantitative polymerase chain reaction in triplicate on
aliquots from the same extracted DNA.
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predominately to silver sulfide and accumulated in the sludge

biomass during wastewater treatment. Indeed, the solubility

product (Ksp) of silver sulfide is approximately 10�41. Bard and

colleagues also investigated the effect of various forms of silver

on oxygen uptake rates by activated sludge biomass. They found

that 100 mg-Ag/L as silver sulfide did not inhibit respiration,

whereas 10 mg-Ag/L as free ion derived from silver nitrate and

silver chloride led to an 84 and 43% inhibition, respectively. The

latter findings suggest that although bound silver is not

biologically active, free silver ions, and to a lesser extent

aqueous complexes, inhibit microbial activity.

Effect of Sulfamethoxazole on Digester Performance. Only

speculations can be made regarding the mechanistic effects of

SMX on digester operations because published literature on the

effect of antibiotics on anaerobic digestion and Archaea is

limited (Dridi et al., 2001; Hilpert et al., 1986; Sanz et al., 1996).

Because published literature on the effect of antibiotics on

anaerobic digestion and Archaea is limited (Dridi et al., 2001;

Hilpert et al., 1986; Sanz et al., 1996), only speculations can be

made regarding the mechanistic effects of SMX on digester

operations. The antibiotic action of SMX in bacteria is mediated

by competition with the precursor para-aminobenzoic acid

(PABA) for the catalyst site on the enzyme dihydropteroate

synthetase that converts PABA to a precursor of folic acid.

DiMarco et al. (1990) reported that PABA is also a precursor in

the biosynthesis of tetrahydromethanopterin (H4MPT), a

cofactor in methanogensis. Tetrahydromethanopterin (among

other enzymes) catalyze the conversion of carbon dioxide to

methane using hydrogen as an electron donor in hydrogeno-

trophic methanogens (Rouviere and Wolfe, 1988). Lessner

(2009) reported H4MPT to be a structural analog to the enzyme

tetrahydrosarcinapterin (H4SPT), which is involved in the

shuttling of carbon from acetate’s carboxyl group to methane

by acetoclastic methanogens.

Dimitru et al. (2003) found that a competitive relationship

between PABA and various PABA-like inhibitors for the active

site on an enzyme (4-(b-d-ribofuranosyl)aminobenzene-5 0-

phosphate synthase) that catalyzes the first step in the

biosynthesis of H4MPT. Although not reported in other studies,

it is hypothesized that inhibition of H4SPT and H4MPT

biosynthesis—in this case as a result of competition of SMX

and PABA—results in reduced methanogenic activity of

acetoclastic and hydrogenotrophic methanogens. This could

explain the accumulation of acetic acid, other VFAs, and

hydrogen observed in this study. However, Fountoulakis et al.

(2004) reported that SMX up to 400 mg/L had no inhibitory

effect on acetoclastic methanogens. The increase in gas volume

could be the result of carbon dioxide stripping at the lower pH;

however, there was no measured increase in the carbon dioxide

proportion. The reason(s) behind the observed increases in gas

volume with no increase in carbon dioxide proportion in this

study are unclear.

Effect of Silver Nanoparticles and Sulfamethoxazole on

Antibiotic Resistance Genes. The lack of a consistent trend of

ARG copy numbers with ionic silver dosing concentration is not

surprising, in part because other studies (Bard et al., 1976; Ratte,

1990) predict removal of ionic silver from solution by sulfide

binding and subsequent loss of toxicity. The antimicrobial

property of Ag NPs might also result from size-dependent

nanoscale interactions with bacteria. However, Ag NPs at the

environmentally-relevant concentrations tested in this study

(0.01 to 1.0 mg-Ag/L) also did not elicit an ARG response.

The lack of response of sulI and sulII ARGs to addition of

SMX is surprising—particularly at the dose above the MIC

(Level 3 ¼ 50 mg-SMX/L, ’5 g-SMX/kg total solids). It seems

reasonable that a high nutrient, microbially-dense environment

in the presence of selection pressures might result in an increase

in ARGs. In this regard, other researchers have reported

increased ARG transcription in response to even sub-MIC

antibiotic levels (e.g., Davies et al., 2006). Studies investigating

the fate of ARGs in dairy lagoons have also reported a positive

correlation of ARGs with increased antibiotic concentrations

(McKinney et al., 2010; Pei et al., 2007). Pei and colleagues

conducted studies at 4 and 20 8C with an SMX concentration of

20 mg/L; McKinney et al. (2010) analyzed environmental

samples collected at ambient temperatures over four seasons

(no specific temperatures reported) and with SMX concentra-

tions up to 840 lg/kg. In addition, it is widely accepted that the

mesophilic gastrointestinal tract of humans and farm animals

also gives rise to ARBs under antibiotic selection pressures via

mutation or horizontal transfer (Levy and Marshall, 2004).

Correlation of intI1 with Antibiotic Resistance Genes.

Class 1 integrons are mobile genetic elements that often contain

multiple ARGs. Selection for one ARG can result in the selection

of all ARGs housed on the integron. As such, intI1 could be an

important indicator of ARG propagation. intI1 in digested

sludge had significant correlation (P , 0.05) with all genes

analyzed, although the strength of the correlation varied

between genes as strong (sulI, r2 ¼ 0.74), moderate (sulII, r2 ¼
0.66 and tet(O), r2¼ 0.55), and weak (tet(W), r2¼ 0.04). Strong

correlation of sulI and intI1 is not surprising because sulI is

typically associated with Class 1 integrons (Mazel, 2006).

Effect of Digestion Temperature on Antibiotic Resistance

Genes. In comparing the thermophilic and mesophilic control

digesters study results, the ARG response was found to be gene-

specific. This suggests that both thermophilic and mesophilic

digestion have similar removals of sulI, sulII, and intI1 genes,

ranging from 1- to 2-log reductions. Although thermophilic

digesters also consistently reduced tet(O) and tet(W) genes, at

times in the mesophilic digester these genes increased relative to

the feed. Ma et al. (2011) and Diehl and Lapara (2010) also

reported gene-specific responses to digestion temperature with

respect to tet genes. Diehl and Lapara (2010) further reported

temperature dependence with the intI1 gene; however, this study

and Ma et al. (2011) both found consistent reduction of the intI1

gene in either mesophilic or thermophilic digestion.

Ahring et al. (2001) reported that at 55 8C, bacterial rRNA

contributed 74 to 79% and archaeal rRNA contributed 18 to 23%

of the universal probe, respectively. At 65 8C, the archaeal

contribution increased to 34 to 36% whereas the bacterial

contribution decreased to 57 to 62%. Archaea are resistant to

most antibiotics because their physiology and structure differ

from bacteria such that antibiotic targets are not recognized. As

such, an increase in Archaea population relative to Bacteria

would reduce the total number of possible hosts and ARGs

embodied therein. However, a 16S bacterial rRNA primer was

used in this study, so a reduction in the ARG ratio reflects the

reduction of ARG copy numbers relative to bacteria. This

suggests that the number of ARGs per bacterial cell were

reduced overall, not just reduced as a result of the reduction of

bacterial population relative to the archaeal population.
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Although the shift in microbe composition between Bacteria

and Archaeamight account for some loss of total ARGs, this loss

should have been accounted for by normalizing ARG copy

numbers to 16S bacterial rRNA gene copy numbers.

Effect of Raw Sludge Antibiotic Resistance Gene Content

on Digester Antibiotic Resistance Gene Content. Un-

normalized ARGs and ARG ratios remained constant in both

mesophilic and thermophilic control digesters during addition of

raw sludge that varied in the levels of intI1 (Figure 4). However,

Figures 2 and 3 show a similar pattern of ARG content in the

raw sludge feed and digesters. For example, sulI and intI1 levels

in the raw sludge increased from Level 1 through Level 3, which

spanned approximately 6 months. Similarly, sulI and intI1 levels

in the digested sludge from all digesters also increased from

Level 1 through Level 3 time periods. Further research is

necessary to determine the effect of raw sludge ARG content on

digester ARG content.

Antibiotic Resistance Gene Attenuation Mechanisms. In

digestion, the fate of ARGs depends on the cumulative effect of

the following: (1) proliferation/attenuation of ARGs with

replicating/dying raw sludge bacteria or digester bacteria, (2)

differential replication of ARG-containing raw sludge or digester

bacteria (enrichment), (3) horizontal transfer of ARGs from raw

sludge bacteria to digester bacteria, and (4) mutation. Mutation

can be discounted in this study because it is unlikely that

mutations would give rise to the specific genes recognized by the

QPCR assays.

Based on experimental results, it appears that the higher

temperatures and/or endogenous conditions used in mesophilic

and thermophilic anaerobic digestion can create an environment

that is not conducive to horizontal transfer, or might support a

microbial community that is not compatible with incoming raw

sludge bacteria for horizontal transfer of the ARGs. Indeed,

diversity among bacteria is reduced in thermophilic digestion

relative to mesophilic digestion (LaPara et al., 2000; Leven et al.,

2007; Wilson et al., 2008). Thus, as pointed out by Ma et al.

(2011), restriction of the host range might play a role in

attenuation of ARGs in thermophilic digestion. It also seems

plausible that the differences in the microbial community are the

reason behind varied individual gene response to mesophilic and

thermophilic conditions.

Conclusions
The following are the major findings of this study:

� Effect of silver nanoparticles and SMX on digester

performance. Neither direct application of Ag NPs nor

ionic silver affected digester performance as assessed by

pH, alkalinity, VFA, and VSR. Low concentrations of

antibiotic SMX (,5 mg/L) did not affect digester

performance; however, the highest dose (50 mg/L) resulted

in digester souring where pH and alkalinity decreased as a

result of the accumulation of VFAs. It is possible that SMX

inhibits the synthesis of methanopterin, which is a key

enzyme in hydrogenotrophic methanogenesis.
� Effect of silver nanoparticles and SMX on antibiotic

resistance genes. Antibiotic resistance gene ratios and un-

normalized copy numbers did not increase relative to the

thermophilic control in response to the amendments added

to test thermophilic digesters. Typically, ARG ratios and

un-normalized copy numbers were the same (sulI, sulII,

and intI1) or higher (tet ARGs) in mesophilic digestion (37

8C, 20-day SRT) than thermophilic digestion (53 8C, 12-day

SRT) when using the same feed.
� Effect of digestion temperature on ARGs. Test and

control thermophilic digesters consistently reduced but did

not eliminate levels of all genes that were analyzed (sulI,

sulII, intI1, tet(O), and tet(W)). The mesophilic digester

also reduced levels of sulI, sulII, and intI1 genes, but levels

of tet(O) and tet(W) were the same or higher than in raw

sludge.
� Effect of raw sludge ARG content on digester ARG

content. Antibiotic resistance gene ratios in digested

sludge remained constant under increasing concentration

of feed ARGs. Quantities of the five ARGs in the raw sludge

ranged from 104 to 108 copies per lL of sludge, whereas

quantities of sulII, tet(O), tet(W) were consistently an order

of magnitude lower than quantities of intI1 and sulI.

Quantities in digested sludge ranged from 103 to 106 as a

result of a 1-log reduction of ARGs (2-log reduction for

intI1) during anaerobic digestion.

In summary, this study shows that mesophilic and thermo-

philic anaerobic digestion reduces but does not eliminate ARG

loading to the environment. Thermophilic digestion reduced a

wide variety of ARGs, whereas tetracycline genes were not

reduced and sometime increased in mesophilic digestion. ARG

ratios in digested sludge (reactor effluent) remained constant

despite the application of selection pressures and variable feed

ARG concentrations suggesting that the digester operating

conditions themselves are the primary factor that governs the

composition of the bacterial community and the subsequent

prevalence of ARGs. Future studies that investigate the effect of

stress conditions on ARG horizontal transfer and persistence

and the fate of ARGs post-digestion are warranted.
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