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Abstract

Aeromonas strains isolated from sediments upstream and downstream of a water resource 

recovery facility (WRRF) over a two-year time period were tested for susceptibility to thirteen 

antibiotics. Incidence of resistance to antibiotics, antibiotic resistance phenotypes, and diversity 

(based on resistance phenotypes) were compared in the two populations. At the beginning of the 

study, the upstream and downstream Aeromonas populations were different for incidence of 

antibiotic resistance (p < 0.01), resistance phenotypes (p < 0.005), and diversity. However, these 

differences declined over time and were not significant at the end of the study. These results (1) 

indicate that antibiotic resistance in Aeromonas in stream sediments fluctuates considerably over 

time and (2) suggest that WRRF effluent does not, when examined over the long term, affect 

antibiotic resistance in Aeromonas in downstream sediment.
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Introduction

Resistance to antibiotics poses a serious threat to human health. Resistance in pathogens 

increases morbidity and mortality. It also increases healthcare costs due to the need for 

alternatives to standard antibiotic treatment (McGowan 2001). Antibiotic resistance in 

bacteria from clinical and community settings has been the subject of intensive study. 

However, less is known about antibiotic resistance outside these settings.

It has been shown that resistance to antibiotics is not unusual in environmental bacteria, 

occurring in bacteria from wastewater, surface water, groundwater, and in soils and 

sediments (Baquero et al. 2008; Faria et al. 2009; Goni-Urriza et al. 2000; Kummerer 2004; 

Mispagel and Gray 2005; Schwartz et al. 2003; Watkinson et al. 2007). It has been 

suggested that injudicious use of antibiotics is linked to the spread of resistance in the 

environment and to human pathogens. It has also been suggested that antibiotics in the 

environment promote the development and dissemination of resistance in environmental 
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bacteria, which can then be transferred to human pathogens or commensals (Cabello 2006; 

Witte 1998; Rhodes et al. 2000). Antibiotics, antibiotic resistant bacteria, and antibiotic 

resistance genes can enter the environment through anthropogenic inputs such as agriculture, 

septic systems, and water resource recovery facilities (Rosenblatt-Farrell 2009).

Water resource recovery facilities are generally very effective at reducing excess nutrients 

and toxic compounds associated with raw wastewater. However, treated wastewater has 

been shown to contain trace amounts of antibiotics, antibiotic resistant bacteria, and 

antibiotic resistance genes (Kim and Aga 2007; Zhang et al. 2009a). Since the discharge 

volume can be substantial, exposure to water resource recovery facility effluent may affect 

resistance in downstream bacteria.

Bacteria from the genus Aeromonas are ubiquitous in both natural and man-made aquatic 

ecosystems (Holmes et al. 1996; Martone-Rocha et al. 2010; Poffe and Op de Beeck 1991). 

They are planktonic in water, but also form biofilms in sediment in freshwater streams, 

drinking water systems, and water resource recovery facilities (Andersson et al. 2008; 

Chauret et al. 2001; Keevil 2003; Zalmum et al. 1998; Peduzzi et al. 1992; Szabo et al. 

2011). Aeromonas represent 9-20% of cultivable bacteria in biofilms from freshwater 

sediment (Peduzzi et al. 1992; Szabo et al. 2011). Clonal lineages of Aeromonas can persist 

in the environment for 3 years (Rahman et al. 2007). In addition, Aeromonas strains have 

been linked to a variety of illnesses in humans, particularly in immunocompromised 

individuals (Janda and Abbott 2010; Parker and Shaw 2011). Because of their persistence in 

the environment and their medical relevance, Aeromonas is ideally suited for studies 

concerning the effect of water resource recovery facility effluent on the development and 

persistence of antibiotic resistance in the environment and on the dissemination of resistance 

from the environment to human pathogens and commensals. In this study, conducted over a 

two-year period, the incidence and patterns of antibiotic resistance in Aeromonas strains 

from sediments upstream and downstream of a water resource recovery facility were 

compared. Aeromonas strains were isolated from creek sediments rather than water because 

Aeromonas in biofilms in sediment are more likely to be resident in the ecosystem than 

bacteria transiting through the sampling site in the water and, therefore, more appropriate for 

a long-term study.

Materials and Methods

Study sites and sample collection

The Tahlequah water resource recovery facility (WRRF) began operating at its present 

location in 1972. It is a tertiary treatment facility that processes primarily domestic 

wastewater including a small amount of hospital waste that is not pre-treated. Wastewater 

treatment consisted of i) screening and grit removal, ii) biological nutrient removal in 

aeration tanks, iii) precipitation of phosphate by addition of aluminum sulfate (Al2(SO4)3) 

followed by filtration through sand and anthracite, and iv) disinfection by ultraviolet (UV) 

light. The facility began disinfecting wastewater with UV in 1992 and during the study used 

a UV3000plus disinfection system (Trojan Technologies, Ontario, Canada). Monthly 

averages of total coliforms/100ml (October-April) or fecal coliforms/100ml (May-

September) present in Tahlequah WRRF effluent in 2007, 2008, and 2009 are shown in 
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Table 1. Treated wastewater (570-760m3) was discharged into Tahlequah Creek every 90 

minutes. Each discharge took approximately 45 minutes and during discharge the stream 

volume and flow rate increased 2- to 3-fold over base flow.

Tahlequah Creek is a 2.1 km second-order stream that flows into the Illinois River. Its two 

branches (Ross Branch and Town Branch, 7.3 km and 10.1 km in length, respectively) have 

multiple springs feeding into them. The confluence of the two branches and the beginning of 

Tahlequah Creek is roughly 1.3 km upstream of the discharge point of the Tahlequah WRRF 

(EPA My WATERS Mapper, http://watersgeo.epa.gov). Land use in the Town Branch 

watershed is primarily urban with some agricultural uses in the headwaters north of 

Tahlequah. Land use in the Ross Branch watershed is a mix of agricultural, forest, and urban 

(in descending order). Land use in the Tahlequah Creek watershed is a mix of forest, 

agricultural, and the WRRF.

Water and sediment samples were collected approximately 200 m upstream and 100 m 

downstream of the Tahlequah WRRF discharge site. The upstream and downstream 

sampling sites were very similar with the exception that the downstream location was 

exposed to treated wastewater from the plant. For the purposes of this study, the upstream 

site served as a control.

In November 2007 upstream and downstream water samples were collected and assayed for 

the presence of antibiotics with the assistance of the United States Geological Survey 

(USGS). Downstream water samples were taken during discharge of treated wastewater. 

Water was collected from a single vertical point in Tahlequah Creek, filtered with a 0.7-

micron pore size baked glass-fiber filter, and shipped in amber baked-glass bottles chilled to 

4°C. Samples were analyzed for antibiotics and antibiotic residues using solid-phase 

extraction and liquid chromatography/mass spectrometry (LC/MS) at the USGS Kansas 

Water Science Center.

Sediment samples were collected from Tahlequah Creek in November 2007 to coincide with 

the antibiotic analysis. Subsequent sediment sampling was brought forward to May in 2008 

and repeated in May 2009. Analysis of the May data sets revealed that these results differed 

from that of November 2007. Accordingly, a fourth sampling date was added, November 

2009, in order to investigate possible seasonal effects.

Sterile 60cc Teflon scoops were used to collect upstream and downstream sediment samples, 

and the sediment samples were transferred into sterile containers. Samples were placed on 

ice and processed within 6 hours as recommended for environmental samples containing 

microorganisms (Hurst et al. 2002). Sediment samples were taken from approximately the 

same locations on each date. Sediments at both sampling sites were similar. They were 

composed of chert (microcrystalline quartz, > 95%) and limestone (< 5%). They were 

primarily gravel-sized (> 95%) with some clay-sized particles (< 3%) and very little sand or 

silt (< 1% each). Grains were primarily very angular to subangular (approximately 40% 

each) with some subround (approximately 20%). Sediments were poorly sorted (i.e., the 

sediment particles varied in size).
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Precipitation in the Tahlequah Creek watershed varied on the different sampling dates: in 

November 2007 and May 2008 0.5-1.0 inches of rain fell the week prior to sampling, in May 

2009 > 1.5 inches of rain fell the week prior to sampling, and in November 2009 no 

precipitation was measured the week prior to sampling (Oklahoma Climatological Survey 

Mesonet website, www.mesonet.org, and Tahlequah WRRF records).

Isolation and identification of Aeromonas from sediment

Sterile distilled water (100ml) was added to the sediment samples described above, samples 

were shaken for 3 minutes, and large particulates were allowed to settle. One ml of water 

from the prepared sediment samples (both undiluted and diluted 10-fold in sterile water) was 

added directly to the differential media Coliscan® or ECA Check® EasyGel (Micrology 

Laboratories, Goshen, IN) per the manufacturer's instructions. In addition, as most 

Aeromonas spp. are intrinsically resistant to ampicillin (Clinical and Laboratory Standards 

Institute 2006; Rossolini et al. 1996), ampicillin was added to the differential media at a 

concentration of 32μg/ml. Five plates each were prepared using undiluted and diluted 

sediment samples per sampling site. Plates were incubated at 35°C for 36 hours, and 50 

putative Aeromonas colonies were selected from both upstream sediment and downstream 

sediment samples for additional analysis. Cultures were purified by sub-culturing on BBL™ 

Mueller Hinton II Agar (BD, Franklin Lakes, NJ) containing 32 μg/ml ampicillin and stored 

at -80°C (Microbank®, Pro-Lab Diagnostics, Austin, TX).

Total DNA was extracted from overnight bacterial cultures using a PurElute™ Bacterial 

Genomic Kit (Edge BioSystems, Gaithersburg, MD) or an UltraClean® Microbial DNA 

Isolation Kit (MoBio Laboratories, Inc., Carlsbad, CA). DNA was quantitated using a 

Qubit® fluorometer and Quant-iT™ dsDNA Broad Range Assay Kit (Invitrogen 

Corporation, Carlsbad, CA). 16S rRNA gene sequences were amplified using universal 

primers, 8F and 805R (Lee et al. 2007). Amplification reactions were performed in a volume 

of 50μl containing 100 ng DNA, 1 mM MgSO4, 0.3 mM of each dNTP, 0.3 μM of each 

primer, 1× Pfx amplification buffer, and 1 unit Platinum® Pfx DNA polymerase (Invitrogen 

Corporation, Carlsbad, CA). The amplification program consisted of an initial denaturation 

step of 95°C for 5 min, followed by 35 cycles of 15 sec at 95°C, 30 sec at 55°C, 68°C for 1 

min, and a final extension step at 68°C for 10 min. PCR products were purified for 

sequencing using E.Z.N.A.® Cycle Pure or Gel Extraction Kits (Omega Bio-Tek Inc., 

Norcross, GA). Isolates were identified from these sequences using the 16S rRNA gene 

database, GreenGenes (DeSantis et al. 2006).

Antibiotic susceptibility testing

Antibiotic susceptibility tests were performed using Etest strips (bioMérieux, Durham, NC) 

and BBL™ Sensi-Discs (BD, Franklin Lakes, NJ) according to the manufacturer's 

instructions and CLSI recommendations (Clinical and Laboratory Standards Institute 2006). 

E. coli strains ATCC 25922 and 35218 were included as controls. Aeromonas isolates were 

tested for susceptibility to thirteen antibiotics (type of test, antibiotic abbreviation, and 

antibiotic concentration where applicable are indicated in parentheses): tetracycline (Etest, 

TET), ciprofloxacin (Sensi-Disc, CIP, 5 μg), gentamicin (Etest, GM), chloramphenicol 

(Etest, CHL), ampicillin (Sensi-Disc, AM, 10 μg), amoxicillin plus clavulanic acid (Sensi-
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Disc, AMC, 30 μg), cefazolin (Sensi-Disc, CZ, 30 μg), ceftazidime (Sensi-Disc, CAZ, 30 

μg), cefotaxime (Sensi-Disc, CTX, 30 μg), cefepime (Sensi-Disc, FEP, 30 μg), cefoxitin 

(Sensi-Disc, FOX, 30 μg), aztreonam (Sensi-Disc, ATM, 30 μg), and imipenem (Sensi-Disc, 

IPM, 10 μg). After incubation at 35°C for 18 hours isolates were defined as resistant when 

the inhibition zone diameters surrounding the Sensi-Discs were less than or equal to 15mm 

for CIP, 13 mm for AM, 13 mm for AMC, 14 mm for CZ, 14 mm for CAZ, 14 mm for 

CTX, 14 mm for FEP, 14 mm for FOX, 15 mm for ATM, and 13 mm for IPM or the 

minimum inhibitory concentrations (MICs) were greater than or equal to 16 μg/ml for TET, 

16 μg/ml for GM, and 32 μg/ml for CHL when using Etest strips (Clinical and Laboratory 

Standards Institute 2006).

Antibiotics from five groups were tested including aminoglycosides (gentamicin), 

quinolones (ciprofloxacin), phenicols (chloramphenicol), tetracyclines (tetracycline), and 

beta-lactams. The beta-lactam antibiotics used in these tests belong to the following classes: 

penicillins (ampicillin), cephems (cephalosporin I-cefazolin, cephalosporin II-cefoxitin, 

cephalosporin III-cefotaxime and ceftazidime, and cephalosporin IV-cefepime), 

monobactams (aztreonam), penems (imipenem), and beta-lactams with beta-lactamase 

inhibitors (amoxicillin with clavulanic acid).

Analysis of Aeromonas populations

Dendrograms representing strain relatedness were determined using the unweighted pair 

group method using arithmetic means (UPGMA) based on 16S rRNA gene sequences 

(Bionumerics 6.5 software, Applied Maths, Austin, TX). Aeromonas isolates from upstream 

and downstream of the water resource recovery facility were grouped and analyzed by 

sampling date or combined for analysis. In addition, antibiotic resistance phenotypes in the 

upstream and downstream Aeromonas isolates were compared.

Statistical analysis

Fisher's exact test of independence was used to compare the incidence of antibiotic 

resistance in the two Aeromonas populations (isolates from sediments upstream and from 

sediments downstream of the water resource recovery facility) on each sampling date, for 

sampling dates combined, and for comparison of incidence of antibiotic resistances in the 

two seasons (November vs. May). χ2 and paired t-tests were used to compare antibiotic 

resistance phenotypes of upstream and downstream Aeromonas isolates on each sampling 

date, for sampling dates combined, and for comparison of resistance phenotypes present in 

November vs. May. Statistical analysis was performed using Microsoft® Excel® 2008 for 

Mac (Microsoft Corporation, Redmond, WA). p-values < 0.05 were considered to be 

significant. Diversity of the upstream and downstream Aeromonas populations was 

calculated using Simpson's index of diversity according to the formula Di = 1-Σ[Ni × 

(Ni-1)/[N × (N-1)] where Ni equals the number of isolates assigned to the ith antibiotic 

resistance phenotype and N is the total number of isolates examined (Kuhn et al. 1997; Hurst 

et al. 2002).
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Results

Antibiotics in Tahlequah Creek water samples

In November 2007 water samples taken upstream and downstream of the Tahlequah, OK 

water resource recovery facility were analyzed for 25 antibiotic residues by the Kansas 

Water Science Center (Kolpin et al. 2002) (Table 2). No antibiotics were detected in the 

upstream water sample. The downstream water sample contained 0.042 μg/L azithromycin, 

0.006 μg/L ciprofloxacin, 0.039 μg/L ofloxacin, and 0.024 μg/L trimethoprim.

Incidence of antibiotic resistance in Aeromonas isolates from sediments upstream and 
downstream of the Tahlequah WRRF

Aeromonas strains isolated from sediments upstream and downstream of the Tahlequah 

water resource recovery facility in November 2007, May 2008, May 2009, and November 

2009 were tested for susceptibility to thirteen antibiotics. Resistance to six antibiotics (not 

including ampicillin) from five classes was detected: ciprofloxacin, tetracycline, 

chloramphenicol, amoxicillin plus clavulanic acid, cefazolin, and cefoxitin (Table 3). The 

most commonly encountered resistance was to cefazolin, followed by resistance to 

amoxicillin plus clavulanic acid, cefoxitin, tetracycline, and ciprofloxacin and 

chloramphenicol (one strain each). None of the Aeromonas strains were resistant to 

gentamicin, ceftazidime, cefotaxime, cefepime, aztreonam, or imipenem. Significant 

differences in the incidence of antibiotic resistance in the upstream and downstream 

Aeromonas populations were found for three antibiotics: amoxicillin plus clavulanic acid 

(AMC), cefazolin (CZ), and cefoxitin (FOX) (Table 3). The incidence of resistance to AMC 

and to CZ was higher in the downstream population than in the upstream population (AMC, 

sampling dates combined and November 2007, p< 0.001; CZ, sampling dates combined, p< 

0.01 and CZ, November 2007, p< 0.0001). In contrast, the incidence of resistance to FOX 

was higher in the upstream population than in the downstream population (sampling dates 

combined and May 2008, p<0.05). In May 2009 and in November 2009 the incidence of 

antibiotic resistance in the two populations was not significantly different for any of the 

antibiotics tested.

Seasonal differences in the incidence of antibiotic resistance in the upstream and 

downstream Aeromonas populations were also observed. The incidence of resistance to 

cefoxitin (FOX) in both the upstream and downstream populations was higher in May than 

in November (p<0.05). The incidence of resistance to cefazolin (CZ) in the upstream 

population only was higher in May than November (p<0.0005). The incidence of resistance 

to amoxicillin plus clavulanic acid (AMC) in the downstream population only was higher in 

November than in May (p<0.05).

Comparison of Aeromonas upstream and downstream sediment populations

Dendrograms based on 16S rRNA gene sequences showed no evidence of clustering of the 

upstream and downstream Aeromonas isolates (data not shown). The same or very similar (≥ 

97% sequence identity) 16S rRNA alleles were present in both populations. Therefore, there 

was no evidence of differences between the upstream and downstream Aeromonas 

populations by this criterion.
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Antibiotic resistance phenotypes of Aeromonas isolates from sediments upstream and 

downstream of the water resource recovery facility were also compared (Table 4). Ten 

different resistance phenotypes were observed among the 352 Aeromonas isolates. All ten 

phenotypes were present at some time point in the downstream Aeromonas population. 

Seven of the ten phenotypes were detected in the upstream population. Three of the 

phenotypes were detected only once over the two-year period. In all cases this was in the 

downstream Aeromonas population only. Based on their resistance phenotypes the upstream 

and downstream Aeromonas populations were significantly different on November 2007, 

May 2008, and when the sampling dates were combined (p<0.005, p<0.05, and p<0.005, 

respectively). However, the upstream and downstream populations were not statistically 

different in May 2009 and November 2009.

Seasonal differences were observed for four of the ten antibiotic resistance phenotypes. The 

AMCR AMR CZR FOXR phenotype was more abundant in May than in November in both 

the upstream and downstream populations (p<0.005). The AMR CZR FOXR phenotype was 

more abundant in the upstream population in May than in November (p<0.005). The AMR 

CZR phenotype was more abundant in the downstream population in May than in November 

(p<0.05). The AMR phenotype was more abundant in the upstream population in November 

than in May (p<0.001).

Diversity in the upstream and downstream Aeromonas populations was compared over time 

based on antibiotic resistance phenotypes (Figure 1). The upstream population had relatively 

high levels of diversity in November 2007, May 2008 and May 2009 (0.7040, 0.7003, and 

0.7058, respectively). However, in November 2009 the diversity level of the upstream 

population decreased almost two-fold (0.3757). The downstream population exhibited 

greater variation. Diversity levels were low in November 2007 and November 2009 (0.4420 

and 0.3295, respectively), but were relatively high in May 2008 and May 2009 (0.6833 and 

0.5874, respectively). Diversity levels in the upstream and downstream Aeromonas 

populations were similar except in November 2007 when diversity in the downstream 

population was much lower compared to the upstream population.

Discussion

It has been shown that antibiotics and other pharmaceuticals are present in water resource 

recovery facility (WRRF) effluent and in surface waters that receive effluent (this study and 

Fick et al. 2009; Galloway et al. 2005; Kolpin et al. 2002; Lindberg et al. 2005; Miao et al. 

2004). This has led to debate about the impact of these, usually low level, pollutants on the 

environment and on human health (Cooper et al. 2008; Kim and Aga 2007; Rodriguez-

Mozaz and Weinberg 2010). Several studies have been published that examine the 

association between WRRF effluent and antibiotic resistance (Akiyama and Savin 2010; 

Goni-Urriza et al. 2000; Zhang et al. 2009b). They show that bacteria downstream of water 

resource recovery facilities are more likely to be resistant to antibiotics and to greater 

numbers of antibiotics than upstream bacteria. For example, Goni-Urriza et al. have reported 

that Aeromonas isolates from water downstream of an urban water resource recovery facility 

were more likely to be resistant to antibiotics than Aeromonas isolated from water upstream 

of the plant (Goni-Urriza et al. 2000). The expectation in this study was that any differences 
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in antibiotic resistance observed between upstream and downstream Aeromonas sediment 

populations would be at least as great if not greater than those observed from water for two 

reasons. Firstly, it has been shown that in urban playa lakes greater numbers of antibiotic 

resistant Aeromonas were isolated from sediments than water (Huddleston et al. 2006). 

Secondly, it has been shown that antibiotics adsorb to soils and stream sediments (Cordova-

Kreylos and Scow 2007; Figueroa et al. 2004; ter Laak et al. 2006; Luo et al. 2011; Zhou et 

al. 2011; Kim and Carlson 2007; Massey et al. 2010) and that some antibiotics can persist in 

sediments for hundreds of days (Lai et al. 2011; Lin et al. 2010). This adsorption may 

generate microenvironments in the sediment that promote resistance in bacteria at that 

location. Indeed, it has been shown that sediments downstream of water resource recovery 

facilities have higher concentrations of antibiotics than water samples taken at the same 

location (Kim and Carlson 2007; Massey et al. 2010). Our findings contradicted our 

expectations and previous reports on the impact of WRRF effluent on downstream bacteria 

(Akiyama and Savin 2010; Goni-Urriza et al. 2000; Zhang et al. 2009b). However, previous 

studies, although similar, were not identical. Akiyama et al. (2010) studied Escherichia coli 

and Zhang et al. (2009b) studied Acinetobacter rather than Aeromonas. Goni-Urriza et al. 

and Zhang et al. examined antibiotic resistance in Aeromonas and Acinetobacter, 

respectively, over time periods of less than one year. Furthermore, Goni-Urriza et al. 

isolated their Aeromonas spp. from water rather than from sediments as in this study. One 

possible explanation for the lack of effect of WRRF effluent on downstream Aeromonas is 

that this population is continuously being replenished in sediments. However, Aeromonas 

forms biofilms in sediment (Keevil 2003; Zalmum et al. 1998) and it has been shown that 

clonal lineages of Aeromonas can persist in the environment for 3 years (Rahman et al. 

2007) indicating that the turnover rate of this genus is low.

There are several mechanisms by which WRRF effluent could contribute to antibiotic 

resistance in downstream sediments. The effluent could contain resistant bacteria that 

colonize the sediment or transfer genes to autochthonous strains, or it could contain 

antibiotics that are adsorbed to sediment and result in direct selection of antibiotic resistance 

in downstream bacteria. The antibiotics ofloxacin, ciprofloxacin (both quinolones), 

azithromycin (a macrolide), and trimethoprim (a dihydrofolate reductase inhibitor) were 

detected in water downstream of the Tahlequah WRRF in November 2007 (this study) and 

have also been reported in nearby streams (Haggard et al. 2006). A small percentage of 

Aeromonas strains in this study were found to be resistant to ciprofloxacin. 

Fluoroquinolones such as ciprofloxacin are completely synthetic compounds, not based on 

natural compounds with antimicrobial activity. Therefore, resistance in environmental 

bacteria is unexpected, as they would not naturally be exposed to this type of compound. 

Quinolones have been shown to be adsorbed by soils and stream sediments (Cordova-

Kreylos and Scow 2007; Luo et al. 2011; Zhou et al. 2011; Massey et al. 2010). Hence, a 

possible source of resistance is selection due to absorption of ciprofloxacin from the WRRF 

effluent by sediment. However, Tahlequah Creek sediments contain very little clay, sand, 

and silt and consequently are likely to be relatively poor at adsorbing antibiotics. This may 

be a reason why the numbers of ciprofloxacin resistant Aeromonas isolated were low and, 

more generally, why the incidence of antibiotic resistance in the upstream and downstream 
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Aeromonas populations was similar at the end of the study although it does not explain the 

differences observed in November 2007.

Upstream and downstream Aeromonas populations were first compared based on the 

incidence of antibiotic resistance. The results from the November 2007 sampling were 

consistent with the hypothesis that exposure to WRRF effluent affects antibiotic resistance 

in downstream bacteria. The downstream Aeromonas population had a higher incidence of 

resistance to two antibiotics (amoxicillin plus clavulanic acid, AMC, and cefazolin, CZ) 

compared to the upstream population. However, on the second sampling date the results 

were quite different. The downstream population did not have a higher incidence of 

resistance for any of the antibiotics tested. The upstream population, however, had a higher 

incidence of resistance to cefoxitin (FOX) compared to the downstream population. On 

subsequent sampling dates no significant differences in the incidence of antibiotic resistance 

were observed between the upstream and downstream populations. The data show that 

differences in the incidence of antibiotic resistance could be detected between the two 

populations, but the differences were short-lived. At the end of two years the two 

populations were not significantly different.

Comparison of the antibiotic resistance phenotypes present in the upstream and downstream 

Aeromonas populations revealed a trend similar to the incidences of antibiotic resistance in 

the populations. The two populations were statistically different on November 2007 and on 

May 2008, but the differences were again short-lived. In May 2009 and November 2009 the 

two populations were statistically the same. By the end of the two-year period the resistance 

phenotypes of Aeromonas strains in the two populations were nearly identical. When the 

data from all sampling dates was combined there were statistical differences between the 

populations, but they appeared to be driven by differences between the populations in 

November 2007 and May 2008.

Diversity levels based on the antibiotic resistance phenotypes present in the upstream and 

downstream Aeromonas populations followed a similar pattern over time. The two 

populations were different on November 2007, but on subsequent sampling dates diversity 

levels in the populations were similar. Interestingly, the general trend in antibiotic resistance 

phenotypes in both Aeromonas populations over the two-year time period was towards 

reduced diversity. By November 2009 two resistance phenotypes were dominant in both 

populations: >90% of Aeromonas isolates from both populations had one of two resistance 

phenotypes.

For all comparisons, incidence of antibiotic resistance, resistance phenotypes, and diversity, 

differences were observed between the upstream and downstream Aeromonas populations in 

November 2007. Interestingly, on this date the ampicillin resistant bacterial population in 

downstream sediment differed from subsequent samples. Fewer than 60% of ampicillin 

resistant bacteria isolated from the downstream sediment in November 2007 were 

Aeromonas. Greater than 40% of the bacteria were coliforms. On all other dates for both 

upstream and downstream sediment samples, greater than 85% of ampicillin resistant 

bacteria isolated were Aeromonas. Tahlequah WRRF staff were consulted and they stated 

that the plant had not been modified nor, had there been major changes in operations at the 
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plant during the months prior to initiation of the study or over the course of the study. The 

data suggest, therefore, that prior to the November 2007 sampling date the downstream 

Aeromonas population was perturbed by an unknown event but, over time, the population 

stabilized becoming more similar to the upstream Aeromonas population. This indicates the 

importance of sampling over a prolonged period in studies of this type.

The Aeromonas upstream and downstream sediment populations were also compared using 

16S rRNA gene sequences for each sampling date and for all isolates combined. During the 

two-year period gene sequences in the two populations were ≥ 97% similar, and the same or 

very similar alleles were present in both the upstream and downstream populations. The 

high degree of 16S rRNA gene sequence similarity observed between the two populations 

could be due to three factors. Firstly, 16S rRNA gene sequences in Aeromonas may lack 

discretionary power. While use of 16S rRNA gene sequences to identify and distinguish 

bacterial species is an accepted methodology, it is not without disadvantages (Janda and 

Abbott 2007). It has been reported that Aeromonas species are difficult to distinguish from 

each other and that misidentification is not unusual (Janda and Abbott 2010; Parker and 

Shaw 2011; Janda and Abbott 2007). Secondly, WRRF effluent may not have had a 

selective effect on the downstream sediment population. Thirdly, unidentified selective 

pressure(s) on both populations may have caused the populations to be more similar than 

different. The fact that the 16S rRNA alleles were similar in the upstream and downstream 

populations suggests that the observed differences in antibiotic resistance phenotypes might 

be due at least in part to horizontal transfer of resistance genes.

In this study, Aeromonas strains were isolated from Tahlequah Creek sediments during 

different seasons, in the months of November and May, over the two-year period. Previous 

studies have indicated that Aeromonas species are present at higher densities in water in 

both natural and man-made ecosystems, such as water resource recovery facilities, during 

the warmer months of the year (Gavriel et al. 1998; Warren et al. 2004; Monfort and Baleux 

1991; Villarruel-Lopez et al. 2005). Furthermore, seasonal effects on the isolation of 

antibiotic resistant Aeromonas have also been reported (Warren et al. 2004). In this study, 

statistical differences were observed when comparing antibiotic resistance in isolates 

collected in November to isolates collected in May. However, the data lacked a consistent 

pattern. For example, the incidence of resistance to cefoxitin in both the upstream and 

downstream populations was greater in May than in November. In contrast, the incidence of 

resistance to amoxicillin plus clavulanic acid was significantly different only in the 

downstream population: greater numbers of resistant strains were present in November than 

in May. Similar inconsistencies were observed when comparing resistance phenotypes in the 

two populations in the different seasons. It is likely that these results are due to complex 

interactions between the bacterial populations, treated wastewater, and environmental 

factors such as rainfall, streambed disturbances, and/or ambient temperature that are not 

addressed by our study. For example, one limitation of this study is that it is restricted to a 

single genus. An alternative approach is to assay antibiotic resistance genes in ecosystems 

directly. This approach avoids the need to isolate bacteria and is not restricted to a single 

genus. Studies using this approach suggest that human and agricultural inputs into streams 

do affect the downstream incidence of antibiotic resistance genes (Pei et al. 2006; Pruden et 
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al. 2006; Storteboom et al. 2010; Chen et al. 2013; Luo et al. 2010). In these studies, 

however, samples were collected and assayed over a period of one year or less, raising the 

possibility that, as observed in this report, longer-term sampling might show different 

results.

Conclusions

Results from this study indicate that WRRF effluent did not have a long-term effect on 

antibiotic resistance in Aeromonas spp. downstream of the treatment facility although 

differences between the upstream and downstream populations were observed on early 

sampling dates. Factors such as bacterial species and microbial habitat (e.g. transiting in 

water versus resident in sediment) may play important roles in the development and spread 

of antibiotic resistance in the environment. In addition, the time period over which 

observations are made appears to be important. Therefore, studies that examine multiple 

bacterial species and/or multiple antibiotic resistance genes over long periods of time may 

be required to accurately determine the effects, if any, of wastewater treatment plant effluent 

on antibiotic resistance in downstream bacteria.
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Figure 1. Comparison of diversity in upstream and downstream Aeromonas populations based 
on antibiotic resistance phenotypes (Simpson's index of diversity)
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Table 1
Monthly averages for total coliforms or fecal coliforms in Tahlequah water resource 
recovery facility effluent 2007-2009

Year Month Total coliforms/100 mla Fecal coliforms/100mlb

2007 Jan 16

Feb 25

Mar 11

Apr 80

May 10

Jun 14

Jul 4

Aug 37

Sep 33

Oct 215

Nov 185

Dec 217

2008 Jan 189

Feb 318

Mar 134

Apr 127

May 41

Jun 34

Jul 3

Aug 26

Sep 15

Oct 101

Nov 1118

Dec 464

2009 Jan 177

Feb 622

Mar 1700

Apr 3313

May 51

Jun 27

Jul 12

Aug 14

Sep 19

Oct 99

Nov 352

Dec 241

a
Tahlequah WRRF Oklahoma/National Pollutant Discharge Elimination System (OPDES/NPDES) permit limitations: Daily Maximum Discharge 

of 20,000 coliforms/100 ml and an Average (geometric mean) Monthly Discharge of 5,000 coliforms/100ml.
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b
Tahlequah WRRF Oklahoma/National Pollutant Discharge Elimination System (OPDES/NPDES) permit limitations: Daily Maximum Discharge 

of 400 fecal coliforms/100 ml and an Average (geometric mean) Monthly Discharge of 200 fecal coliforms/100ml.
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Table 2
Antibiotics detected in water samples collected upstream and downstream of the 
Tahlequah water resource recovery facility in November 2007

Antibiotic Detection limit Upstream Downstream

azithromycin <0.005 μg/L NDa 0.042 μg/L

chloramphenicol <0.1 μg/L ND ND

chlorotetracycline <0.01 μg/L ND ND

ciprofloxacin <0.005 μg/L ND 0.006 μg/L

doxycycline <0.01 μg/L ND ND

enrofloxacin <0.005 μg/L ND ND

erythromycin <0.008 μg/L ND ND

lincomycin <0.005 μg/L ND ND

lomefloxacin <0.005 μg/L ND ND

norfloxacin <0.005 μg/L ND ND

ofloxacin <0.005 μg/L ND 0.039 μg/L

ormetoprim <0.005 μg/L ND ND

oxytetracycline <0.01 μg/L ND ND

roxithromycin <0.005 μg/L ND ND

sarafloxacin <0.005 μg/L ND ND

sulfachloropyridazine <0.005 μg/L ND ND

sulfadiazine <0.1 μg/L ND ND

sulfadimethoxine <0.005 μg/L ND ND

sulfamethazine <0.005 μg/L ND ND

sulfamethoxazole <0.005 μg/L ND ND

sulfathiazole <0.02 μg/L ND ND

tetracycline <0.01 μg/L ND ND

trimethoprim <0.005 μg/L ND 0.024 μg/L

tylosin <0.005 μg/L ND ND

virginiamycin <0.005 μg/L ND ND

a
ND = none detected
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