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ABSTRACT 
 Antimicrobial compounds have been used by humans to counteract bacterial 

infections since 1910.  Overuse of these compounds in clinical and agricultural 

applications has led to rapid evolution and global spread of antimicrobial resistance and 

rivers are the main receiving body for antimicrobials and resistant bacteria from urban 

effluents and agricultural runoff.  When antimicrobial-resistant bacteria enter the 

aquatic environment, water acts as a physical pathway for their distribution.  

Subsequently, resistance genes become established in natural systems and pose threats 

to human health and ecological processes.  Due to these potential threats, antimicrobial 

resistance in the aquatic environment should be closely monitored. 

 To improve the understanding of antimicrobial resistance in two river systems in 

Kansas, intestinal contents from 20 Channel Catfish (Ictalurus punctatus) and water 

samples were taken at eight sites on the Arkansas and South Fork Ninnescah rivers 

during the spring of 2012.  These samples were examined for resistance to six 

compounds representing major classes of antimicrobials and resistance was observed in 

94 isolates.  From these isolates, 39 bacteria species were identified by partial 

sequencing of the 16S ribosomal RNA gene.  Resistant species included common 

isolates from the environment and pathogens of humans and fish.  Minimum inhibitory 

concentrations were determined for bacteria resistant to azithromycin, ciprofloxacin, 

and tetracycline.  Several isolates exhibited no zone of inhibition, indicating they were 

resistant to the maximum concentration of the assay.  Multi-drug resistance was also 

observed in eight species.
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PREFACE 

This thesis follows the style of The Journal of Freshwater Ecology.
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INTRODUCTION 

Bacteria, a common constituent in all natural systems, are ubiquitous in the 

water, soil, and air.  Many species endure environmental extremes, from the freezing 

and thawing of Arctic permafrost (Rivkina et al. 2000) to the near boiling waters and 

high acidity levels of hot springs (Roeselers et al. 2007).  Bacteria also live within most 

organisms and are often beneficial to nitrogen fixation in plants (Franche et al. 2009) 

and digestive function in animals (Cummings & MacFarlane 1997).  For example, a 

species of Carnobacterium is a common intestinal microbe in Atlantic Salmon (Salmo 

salar) and is known to inhibit pathogen growth in fish, allowing it to be used in some 

aquaculture operations as a probiotic (Robertson et al. 2000).  In contrast, some species 

of bacteria can cause diseases that are harmful or deadly to the organisms they infect.  

Edwardsiella ictaluri and Flavobacterium columnare cause enteric septicemia and 

columnaris, respectively, and are the most common diseases in Channel Catfish 

(Ictalurus punctatus), accounting for the greatest economic losses in aquaculture 

(Schrader 2008).  Another widespread bacterium, Aeromonas salmonicida, causes 

ulcers in salmonid and non-salmonid fish species (Wiklund & Dalsgaard 1998).  

However, the main focus on bacteria is directed to the many species that cause life-

threatening illnesses in humans.  Bacteria species such as Mycobacterium tuberculosis 

and Pseudomonas aeruginosa can cause deadly infections in humans (Levy 1998) and 

Yersinia pestis, the bacterium responsible for the Black Plague in the 14th century, 

killed 17 million to 28 million people in Europe over the course of four years (Perry & 

Fetherston 1997).
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 Humans have a long history of using chemicals to counteract bacterial 

infections.  Centuries before antimicrobial drugs, heavy metals were used to treat 

infectious diseases (Baker-Austin et al. 2006).  In 1910, the first contemporary 

antimicrobial, arsphenamine, was released to counteract bacterial pathogens (Zaffiri et 

al. 2012).  Antimicrobial compounds inhibit the growth and proliferation of bacterial 

cells by interfering with the production of materials required for growth or cell division 

(Levy 1998).  Several classes of antimicrobials target different products or mechanisms 

of bacterial reproduction and, in general, these compounds act on cell wall production, 

protein synthesis, and DNA replication or repair (Walsh 2000).   

Glycopeptide and penicillin classes of antimicrobials inhibit cell wall formation 

by interfering with the production of peptidoglycan, the component that gives strength 

to bacterial cell walls (Walsh 2000).  Vancomycin, a glycopeptide, inhibits cell wall 

biosynthesis by interacting with the peptide substrate required for peptidoglycan 

production (Williams 1996).  The spectrum of antimicrobial activity of vancomycin is 

restricted to Streptococcus and Staphylococcus species and other Gram-positive 

bacteria (Wilhelm 1991).  Penicillins, such as ampicillin, use beta-lactam rings to 

inactivate binding proteins that are responsible for the final stages of peptidoglycan 

layer production (Spratt & Cromie 1988).  Ampicillin is effective against both Gram-

positive and Gram-negative organisms (Acred et al. 1964). 

Antimicrobial classes that inhibit protein synthesis include aminoglycosides, 

macrolides, and tetracyclines (Walsh 2000).  Aminoglycosides, such as gentamicin, 

negatively affect protein synthesis by binding to the 30S ribosome, which causes codon 
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misreading (Edelmann & Gallant 1977).  Gentamicin, a commonly used 

aminoglycoside, has antimicrobial effects on many Gram-negative bacteria (Edelmann 

& Gallant 1977).  Tetracyclines also bind to the 30S ribosome but interfere with the 

binding of tRNA to the ribosome complex (Schnappinger & Hillen 1996).  

Oxytetracycline, a type of tetracycline, is a broad-spectrum antimicrobial with 

substantial effects against Gram-negative bacteria (Jacobsen & Berglind 1988).  

Macrolides, such as azithromycin and erythromycin, act similar to oxytetracycline but 

bind to 50S ribosomes rather than 30S ribosomes (Brisson-Noel et al. 1988).  

Azithromycin exhibits activity against Gram-positive and Gram-negative bacteria 

(Peters et al. 1992). 

Ciprofloxacin belongs to the quinolone class of antimicrobial compounds.  This 

class of drugs affects bacteria by targeting DNA gyrase, the enzyme responsible for 

uncoiling double-stranded DNA, thus inhibiting cell division of bacteria (Shen et al. 

1989).  Ciprofloxacin is a synthetic antimicrobial that has a broad range of activity and 

is effective against Gram-positive and Gram-negative bacteria (Chin & Neu 1984; 

Oliphant & Green 2002). 

Several mechanisms influence bacterial resistance to the effects of 

antimicrobials such as efflux pumps, which are present in a wide variety of bacteria to 

move molecules out of the cells (Walsh 2000).  Some species that produce antibiotics 

use the pumps to export compounds that allow them to better compete with other 

microbes (Walsh 2000).  There also is growing evidence that bacteria use efflux pumps 

to export antibiotics and other compounds at sub-inhibitory concentrations as a means 
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of communication (Waters & Bassler 2005; Davies et al. 2006).  As a result, many 

bacteria have the intrinsic ability to remove antimicrobials before they reach an 

effective concentration within the cell (Walsh 2000).   Another mechanism is the use of 

enzymes to deactivate or destroy the functionality of the antimicrobial (Walsh 2000).  

Some bacteria, such as Staphylococcus aureus, can use the enzyme beta-lactamase to 

hydrolyze the beta-lactam ring of penicillins, opening the ring and making it ineffective 

(Philippon et al. 1985).  Other bacteria use enzymes to alter the targets of antimicrobials 

(Walsh 2000).  These enzymes can alter the structure of ribosomal components to 

reduce antimicrobial affinity without compromising protein synthesis, an effective 

countermeasure against erythromycin class drugs (Bussiere et al. 1998).  Some bacteria 

not only survive but use “antimicrobial” molecules as their only source of carbon 

(Dantas et al. 2008).  These species can subsist on natural and synthetic antimicrobials 

and represent a phylogenetically diverse group that includes organisms closely related 

to human pathogens.  The presence of these bacteria in the environment suggests that 

these species already have the metabolic mechanisms to resist clinical antimicrobial 

agents and could readily share or receive resistance genes from other organisms (Dantas 

et al. 2008). 

While many bacteria naturally possess these genes for self-protection (Alonso et 

al. 2001; Piddock 2006) and communication (Waters & Bassler 2006), bacteria can 

receive new resistance genes via mutation and horizontal gene transfer (Walsh 2000; 

Davies & Davies 2010).  The short generation time of bacteria allows for a relatively 

high frequency of mutation (Martinez & Baquero 2000).  In the presence of 



5 
 

 
 

antimicrobials, bacteria with mutations that confer resistance develop a competitive 

advantage over non-resistant forms and are more likely to pass on these resistance 

genes (Martinez & Baquero 2000; Walsh 2000).  However, the dispersal of these genes 

is not restricted to vertical transfer from parental cells to offspring.  Horizontal gene 

transfer represents a significant mechanism for the dispersal of antimicrobial resistance 

genes (Pruden et al. 2006) and includes a number of pathways through which genes can 

be transferred on plasmids or transposons from one bacterium to another.  Transfer 

elements can be transported between bacteria via viral transduction, bacterial 

conjugation, and transformation from free DNA (Thomas & Nielsen 2005).  

Additionally, these transfer pathways have been observed between diverse groups of 

bacteria (Courvalin 1994; Kruse & Sorum 1994).  Accordingly, the increase in the 

prevalence of resistance genes and the diversity of mechanisms for resistance causes the 

therapeutic efficacy for any antimicrobial to decline shortly after its introduction.  

Resistance has been observed within months or only a few years after the release of 

some clinical antimicrobial drugs (Davies 1996). Because antimicrobials act as the 

primary form of treatment for many infectious diseases, it is critical that their 

effectiveness is preserved (Walsh 2000). 

Antimicrobial resistant (AMR) bacteria are difficult to treat and are a crucial 

threat to human health.  The World Health Organization (2013) reported that resistant 

pathogens infect over two million Americans each year, causing 23,000 deaths.  The 

incidence of bacteria resistant to one or multiple antimicrobials becomes more common 

every year (Arias & Murray 2009), with occurrence of vancomycin-resistant 
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Enterococcus spp. increasing from 0% to 25% within 10 years in the United States 

(Willems et al. 2005).  Antimicrobial-resistant bacteria also have been collected from 

isolated human populations in Nepal (Walson et al. 2001).  This rapid evolution and 

global spread of resistance can be largely attributed to overuse of antimicrobials in 

clinical and agricultural applications (Andersson & Levin 1999).   

Compounding the threat is the use of antimicrobials for non-therapeutic 

purposes.  Many antimicrobial drugs are used in agriculture as growth promoters to 

increase animal production (Gaskins et al. 2002).  In addition, Kummerer (2010) 

reported up to 95% of antimicrobial drugs might be unaltered when excreted by humans 

and other animals.  Unfortunately, some unused antimicrobials are discarded directly 

into sewage systems (Kümmerer 2003), after which they are released directly into the 

environment (Kümmerer 2010).   

 Rivers are the main receiving bodies for antimicrobials and resistant bacteria 

from urban effluents and agricultural runoff (Goñi-Urriza et al. 2000).  Resistant 

organisms from these sources could contaminate surface and ground waters that are 

used as sources of human drinking water (Kümmerer 2004).  The increased input of 

drugs has dramatically shaped the resistance determinants in the environment, termed 

„the resistome‟ (D‟Costa et al. 2006).  Once in the aquatic environment, water provides 

a means of distribution for antimicrobial resistant bacteria to animal and human 

populations (Baquero et al. 2008; Allen et al. 2010).  In addition to physical forces such 

as water and wind, animal movements provide a biological mechanism for dispersal of 

resistance genes (Allen et al. 2010).  These dispersal mechanisms allow for resistance 
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genes to become established in natural bacterial ecosystems (Baquero et al. 2008), 

causing natural environments to serve as reservoirs of antimicrobial resistance genes 

(Martinez 2008).  Most wastewater treatment plants are not designed to remove small 

chemicals such as antimicrobials, allowing many drugs to enter riverine systems at high 

concentrations (Batt et al. 2006).  Subsequently, selection occurs for resistant organisms 

in the environment (Goñi-Urriza et al. 2000).  The general lack of efficient wastewater 

treatment threatens to add to resistance as the human population continues to grow.  

This increased contact between human pathogenic bacteria and resistant bacteria in the 

environment is likely to encourage gene transfer among these organisms (Martinez 

2008). 

The growing human population also demands a larger food supply, which has 

led to an increase in aquaculture (Goldburg & Naylor 2005).  Over 200,000 metric tons 

of Channel Catfish are produced annually in North America (Garibaldi 1996).  Up to 

114,000 kg of antimicrobials are used annually to treat catfish, with an industry-wide 

estimate of 200,000 kg annual rate of use in aquaculture (Benbrook 2002).  

Antimicrobial compounds, with oxytetracycline being the most common, are frequently 

used as growth promoters and therapeutic treatments for fish diseases (Martinez 2008).  

These compounds are frequently integrated into food pellets for the fish (Ervik et al. 

1994, DePaola et al. 1995).  Diseased fish often exhibit a reduced food-intake, which 

might result in over-feeding.  Excess food pellets containing antimicrobial agents could 

then enter surrounding systems (Ervik et al. 1994).  Additionally, oxytetracycline is 

readily incorporated into calcified structures; thus it is used to mark hatchery-reared fish 
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(Brooks et al. 1994) and for age validation studies (MacFarlane & Beamish 1987).  As a 

result of this antimicrobial regime, drug residues and resistant bacteria are often 

transferred from aquaculture ponds to surrounding aquatic environments (Huys et al. 

2001).  Ervik et al. (1994) documented resistant bacteria in Blue Mussels (Mytilus 

edulis) and antimicrobial agents in muscles of wild fish near an aquaculture facility.  

Horizontal gene transfer has been observed from fish pathogens to Aeromonas spp. and 

Escherichia coli, common human pathogens (Rhodes et al. 2000; Cabello 2006).  

Aquaculture workers are particularly susceptible because they might be in direct contact 

with these resistant organisms (McPhearson et al. 1991).  Furthermore, multi-drug 

resistant bacteria have been isolated from ornamental fish, providing an international 

mechanism for dispersal of resistance genes (Verner-Jeffreys et al. 2009).   

Riverine systems have received relatively little attention compared to 

aquaculture environments in regard to the presence of antimicrobial resistance 

(McPhearson et al. 1991).  Even though non-clinical environments represent the main 

source of antimicrobials, there is a paucity of information about the effects of resistant 

bacteria in natural ecosystems (Martinez 2008).  Resistant bacteria could have a 

competitive advantage over non-resistant bacteria, altering natural microbial 

communities and thus ecological processes (Costanzo et al. 2005; Martinez 2008).  

Directing research towards the ecology of antimicrobials and resistance in non-clinical 

environments could provide insight into the evolution of resistance (Pruden et al. 2006).  

Paradigms of environmental science will soon need to include antimicrobial resistance 

genes as potential environmental contaminants.  Thus, environmental scientists and 
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researchers are needed to document, monitor, and address the challenge of 

antimicrobial resistance in bacteria (Pruden et al. 2006). Particular emphasis should be 

placed on riverine systems and their biota, as these ecosystems receive the majority of 

antimicrobials and resistant organisms from agriculture and clinical applications (Goñi-

Urriza et al. 2000). 

 Channel Catfish occur throughout Kansas and live in a variety of habitats, 

ranging from large streams to small impoundments (Cross & Collins 1995).  They are 

primarily carnivores, eating invertebrates and other fish; however, they also consume 

parts of plants (Cross & Collins 1995).  They also are the most-sought fish species by 

licensed anglers in Kansas (Burlingame 1998).  Additionally, Channel Catfish are one 

of the most commonly raised fish in aquaculture (Chapman 1992), with several hundred 

ponds in Kansas dedicated to commercial production (Cross & Collins 1995).  The 

large geographic range, common occurrence, generalized habitat and diet preferences, 

and human importance make the Channel Catfish a good model organism for 

environmental studies in Kansas. 

The goal of this study was to address the following objectives to improve the 

understanding of AMR bacteria in two large, prairie streams in Kansas: 1) Screen, 

isolate, and identify bacteria resistant to six compounds representing major classes of 

antimicrobial drugs; 2) Determine the prevalence of AMR bacteria in Channel Catfish 

and associated water samples relative to perceived sources in a large urban area and a 

large fish hatchery; and 3) Quantify the level of resistance of those bacteria.
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METHODS 

Study area 

 The Arkansas River is a sandy, prairie stream that runs through Wichita, the 

most populous city in Kansas.  The domestic effluent from Wichita is released into this 

river.  The South Fork (SF) Ninnescah River is morphologically similar to the Arkansas 

River, making it a hydrologically comparable stream.  However, the anthropogenic 

effects on the SF Ninnescah River primarily are restricted to agricultural runoff from 

cropland and a state fish hatchery that contains Channel Catfish.  These differences in 

the prevalence of antimicrobial-resistant (AMR) bacteria allowed comparison between 

domestic and aquaculture effluents. 

Sites were selected based on accessibility, water availability, and probability of 

antimicrobial exposure (Figure 1, Appendix 1). The Lower Arkansas River Water 

Quality Reclamation Facility is Wichita‟s main waste water treatment plant.  Two 

study sites were selected downstream of Wichita to determine the effects of domestic 

effluent on AMR bacteria presence.  Site AR1 was located 29.5 river km (rkm) 

downstream of Wichita‟s effluent.  Site AR2 was 3.25 rkm downstream of the effluent.  

Two additional sites were sampled upstream of the Wichita effluent to provide control 

treatments on the Arkansas River.  Site AR3 was 30 rkm upstream and AR4 was 61.5 

rkm upstream of the effluent.  Sites AR2 and AR3 were sampled twice to increase 

sample size.  On the SF Ninnescah River, two sites were selected downstream of Pratt, 

KS to determine the effects of hatchery effluent on presence of AMR bacteria.  Sites
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 NR4 and NR3 were 55.75 and 2 rkm downstream of the fish hatchery, respectively.  

Two sites were sampled upstream of Pratt to act as a control for these perceived effects.  

Site NR2 was 4.25 rkm upstream of the fish hatchery and site NR1, 7.25 rkm upstream. 

Sample collection  

 Channel Catfish were collected from March to May 2012 in the Arkansas and 

SF Ninnescah rivers (Figure 1).  A barge electrofishing unit was used to capture 

Channel Catfish.  Fish were placed in a cooler with water and transported to an area in 

the riparian zone for processing.  Intestinal samples were obtained by extracting a 

length of lower intestine and releasing 10 ml of its contents into a 50-ml centrifuge tube 

partially filled with a sterile phosphate buffered saline (PBS) solution (Liau & 

Shollenberger 2003).  Water samples were collected from the middle of the water 

column, at the center of each site.  Each sample was assigned a unique code for 

identification.  All samples were stored on ice during transportation to Fort Hays State 

University.  Samples were then stored at 4°C until screening. 

Sample screening, isolation, and identification 

 Antimicrobial agar dilution was used to screen intestinal content and water 

samples against six antimicrobial compounds.  Ampicillin (Fisher BioReagents), 

azithromycin (TCI America), ciprofloxacin (TCI America), gentamicin (Fisher 

BioReagents), oxytetracycline (EMD Chemicals), and vancomycin (Fisher 

BioReagents) were diluted individually in Mueller-Hinton (MH) agar (Thermo 

Scientific) to concentrations (Table 1) considered to be resistance breakpoints (Kerry et 

al. 1997; Clinical and Laboratory Standards Institute 2012).  DePaola et al. (1995), 
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Miranda and Zemelman (2002), and Taylor (2003) successfully incubated microbes 

isolated from fish at temperatures ranging from 20–35°C.  Samples in this study were 

lawn-streaked on antimicrobial plates and incubated at 30°C for 24-96 hours.  

Escherichia coli and Staphylococcus aureus were used as positive controls throughout 

the isolation process to ensure the effectiveness of the antimicrobials.  After incubation, 

unique colonies were differentiated by morphology, growth type, and color.  The 

isolation streaking process was completed three times for each selected colony to ensure 

a pure culture was isolated.  Subsequently, Gram staining of isolated colonies was used 

to determine Gram reaction, cell morphology and grouping, and to confirm isolate 

purity prior to gene sequencing.  After visual characterization, isolates were assigned a 

unique code.  Additionally, colonies from each isolate were grown in Tryptic Soy Broth 

(TSB) and then frozen for preservation at -80°C in a solution of 60:40 ratio PBS and 

glycerol. 

Morphologically unique isolates were sent to GeneWiz, Inc. (South Plainfield, 

NJ) for partial sequencing of the 16S ribosomal RNA gene.  CodonCode Aligner 

software was used to correct misreads in the gene sequences.  Consensus sequences 

were then assembled with the software and compared to the GenBank database via 

Basic Local Alignment Search Tool (BLAST) for putative bacterial identification.  The 

BLAST software is used to locate similar regions in nucleotide and protein sequences 

from unicellular and multicellular organisms.  The first entry provided by BLAST 

represents the sequence with the highest identity percentage to the gene sequence 

submitted, and was thus used as the putative species identification.  Isolates with an 
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identity percentage of ≥99% are confident to species-level identification, whereas 

isolates with a percentage of 95-98% are confident to genus (Barghouthi 2011).  

Bacteria of the same species and from the same environmental sample, isolated on 

different antimicrobial agars, were examined for multi-drug resistance.   

Minimum inhibitory concentrations 

The minimum inhibitory concentration (MIC) is classified as the lowest 

concentration of an antimicrobial compound that inhibits bacterial growth (Andrews 

2001).  Determination of this concentration is important for assessing the antimicrobial 

activity of new drugs and for measuring resistance in bacteria (Andrews 2001).  One 

method of obtaining this information is to complete E-test assays.  E-tests are conducted 

using a plastic strip that contains a pre-defined gradient of antimicrobial compound on 

one side and a concentration scale on the other side (Citron et al. 1991).  The point at 

which the zone of inhibition intersects the concentration scale is considered the MIC 

(Citron et al. 1991). 

According to manufacturer‟s protocols, minimum inhibitory concentrations 

(MIC) were determined from E-test strips (bioMérieux, Inc., Durham, NC).  E-strips 

contained one of the following antimicrobials: azithromycin, ciprofloxacin, or 

tetracycline.  Tetracycline was used in place of oxytetracycline to represent the 

tetracycline class of antimicrobials for the MIC assays because bioMérieux, Inc. did not 

manufacture oxytetracycline E-strips.  Isolates were revived from frozen storage by 

incubation in TSB at 30°C for 48 hours.  The bacteria and media were then transferred 

to a conical-bottom centrifuge tube and placed in a centrifuge at 4000 rpm for 15 
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minutes.  The media was decanted and discarded, and the pellet of bacteria cells was 

retained.  The pellet of cells was re-suspended and diluted in 0.85% saline solution.  

Using a spectrophotometer, the bacterial concentration was standardized to 0.5 

McFarland standard.  The standardized solution of cells was plated by three-way streak 

onto MH agar plates.  The plate was allowed to dry for one minute before an E-test strip 

was placed on the agar surface.  For isolates suspected of multi-drug resistance, two 

strips were placed, in opposite directions, on each plate.  The plate was incubated for 20 

hours and the zone of inhibition was examined to determine the MIC (Figure 2).   

Prevalence of resistant species 

G-tests of goodness-of-fit were completed for the Arkansas and SF Ninnescah 

rivers to determine if there was a difference in prevalence of resistant bacteria between 

sites near effluent sources compared to sites farthest from the sources.  For these tests, 

sites AR2 and AR3 were considered near-source sites and the numbers of species at 

each site were combined, whereas AR1 and AR4 were farther from the domestic 

effluent on the Arkansas River.  Sites NR2 and NR3 were nearest the hatchery source 

on the SF Ninnescah River, whereas NR1 and NR4 were farthest from the source.   

Rarefaction curve and detection effectiveness 

The vegan package (version 2.0-3) in R Statistical Program (version 2.15.2) was 

used to construct a bacterial species rarefaction curve (Figure 3).  The “specaccum” 

function was used to complete 500 permutations of the rarefaction curve.  This curve 

was used to interpret the effectiveness at detecting AMR bacteria species in the study 

area, given the detection and isolation methods outlined above.  Additionally, the 
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“specpool” function was used to extrapolate the total number of resistant bacteria in the 

species pool by estimating the number of unobserved species.  The Chao model (Chao 

1987) within this function assumes that the number of unobserved species is related to 

the number of rare species within the sample. 
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RESULTS 

Sample screening, isolation, and identification 

During spring 2012, intestinal contents were collected from 20 Channel Catfish 

at eight sites in the Arkansas and South Fork Ninnescah rivers.  Water samples were 

also collected, one from each site.  An additional water sample was collected during a 

resampling effort at site AR2 during a sewage leak from the Wichita treatment plant.  

The samples yielded 94 resistant isolates after screening and characterization on 

antimicrobial agar plates; 71 from fish samples and 23 from water samples.  The water 

sample from site AR4 did not yield any isolates that were resistant to the six 

antimicrobials examined.  One catfish from site NR1 also did not yield resistant 

isolates.   

After partial sequencing of the 16S rRNA gene and subsequent BLAST query, 

39 bacterial species (Table 2) were identified from the 94 isolates.  Twenty-nine 

resistant species were isolated from fish samples and 13 were isolated from water, with 

three species occurring in both sample types.  The most bacterial species isolated from 

one fish was six at site AR1.  In the SF Ninnescah River, the highest number was five 

species from one fish at site NR3.  The most species isolated from a water sample was 

four, at sites AR2 and NR1.   Site AR2 yielded a total of 12 resistant species isolated 

from fish, the highest number for a single site (Table 3).   Three species were isolated 

from fish at site NR1, the lowest number from a single site (Table 3).  
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Pseudomonas was the most common genus isolated and was represented by 14 

species in 35 isolates.  However, Pseudomonas gessardii, P. protogens, and P. 

pseudoalcaligenes comprised 19 of those 35 isolates.   The most common species in the 

study, Sediminibacterium salmoneum, comprised 11 of the isolates.  Other common 

species were Aeromonas bestiarum, Providencia heimbachae, Serratia fonticola, and 

Shewanella putrefaciens.  Four species were widespread among fish, occurring at five 

of the eight sample sites and in both rivers (Table 3).  Of the 39 species isolated, 15 

were resistant to ampicillin, 11 to azithromycin, 12 to ciprofloxacin, 5 to gentamicin, 

and 11 to oxytetracycline.  No Gram-positive isolates were observed with resistance to 

vancomycin.  The eight species that exhibited multi-drug resistance were Aeromonas 

bestiarum, Oerskovia turbata, Pseudomonas mandelii, Pseudomonas 

pseudoalcaligenes, Sediminibacterium salmoneum, Serratia fonticola, Shewanella 

putrefaciens, and Stenotrophomonas maltophilia (Appendix 2).   

Minimum inhibitory concentrations 

 E-strips were used to determine MIC values for organisms resistant to 

azithromycin, ciprofloxacin, and tetracycline.  The MIC values for azithromycin ranged 

from 8 to ≥256 µg/ml (Appendix 4).  Pseudomonas pseudoalcaligenes, Shewanella 

putrefaciens, and Yersinia intermedia showed no zone of inhibition indicating they 

were resistant to at least 256 µg/ml of azithromycin, the maximum concentration on the 

E-strip.  Minimum inhibitory concentrations were not determined for 13 of the 24 

azithromycin-resistant isolates because viability was lost between the initial screening 

and the MIC testing.  The MIC values for ciprofloxacin ranged from 4 to ≥32 µg/ml 



18 
 

 

(Appendix 5).  Three isolates from site AR3 were resistant to at least the maximum 

concentration of 32 µg/ml ciprofloxacin.  Two of these three isolates were 

Enterococcus faecium, and the other was Pseudomonas pseudoalcaligenes.  

Tetracycline MIC values ranged from 6 to ≥256 µg/ml (Appendix 7).  Six species of 

bacteria were resistant to at least the maximum concentration of 256 µg/ml tetracycline.  

Four isolates exhibited lower MIC values (6.0, 16.0, 16.0 and 24.0 µg/ml) than the 

concentrations in the oxytetracycline-infused MH plates used in the initial screening 

(Appendix 7).   

Prevalence of resistant species  

The results of the G-tests suggested that there was no significant difference in 

the prevalence of resistant bacteria between sites near the sources compared to sites 

farthest from the sources on the Arkansas River (G=0.445, df=1, P=0.505) or on the SF 

Ninnescah River (G=1.657, df=1, P=0.198).   

Rarefaction curve and detection effectiveness 

A species rarefaction curve (Figure 3) was constructed to determine the 

sampling effectiveness of all AMR bacteria species.  The curve was steep on the left 

after only a few fish were sampled, indicating that a large proportion of the bacterial 

species diversity has yet to be sampled.  The slope was reduced as sample size 

increases, damping the curve; however, at about 20 fish sampled, the curve maintained 

a relatively steep slope suggesting there were likely many bacteria species to be 

isolated.  The species pool model estimated a total of 54.6 resistant species (S.E.=17.90) 

could have been isolated from fish in the study area.  These estimates suggested that, on 
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average, 26 resistant species were missed that could have been detected by this 

screening process.
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DISCUSSION 

The results of screening the intestinal flora of 20 Channel Catfish from the 

Arkansas and South Fork Ninnescah rivers indicated that these fish acted as reservoirs 

of antimicrobial-resistant bacteria.  Resistance was observed to five antimicrobial 

compounds, all of which are commonly used in clinical settings.  Additionally, 

oxytetracycline is commonly used in aquaculture operations.  The antimicrobial activity 

of vancomycin is restricted primarily to Gram-positive bacteria (Jones 2006).  Only 

Gram-negative species were isolated on vancomycin-infused plates, though it is 

possible that some Gram-positives were missed during the screening process.  Twenty-

nine bacteria species isolated from fish exhibited resistance to at least one antimicrobial 

compound.  Thirteen resistant species also were isolated from water samples in both 

rivers.  However, the intestinal contents and water samples only shared three resistant 

bacteria species.  This suggests that the microbial communities were different between 

the fish and the aquatic environment.  The variable diet of Channel Catfish might also 

provide sources of antimicrobials and resistant bacteria.  Intestinal samples in this study 

contained a variety of food items including algae, crayfish, and other fish species.  In 

addition, Channel Catfish have been documented to move 160 river km during the 

summer (Wendel & Kelsch 1999) and might be acting as biological mechanisms for the 

dispersal of resistance genes (Allen et al. 2010). 

The Arkansas River has many potential sources of antimicrobials, resistant 

bacteria, and resistance genes.  Wichita, Kansas and several smaller communities 

discharge domestic effluent into this river and its tributaries.  Regardless of the dosage,
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 it is estimated that up to 95% of antimicrobials are unaltered when excreted by humans 

and other animals (Kummerer 2010).  In general, treatment plants are not designed to 

remove micro-pollutants such as antimicrobials, allowing many of these compounds to 

be released into rivers (Hirsch et al. 1999; Kolpin et al. 2002).  Once antimicrobials 

enter the aquatic system, selection for resistant bacteria occurs (Goñi-Urriza et al. 

2000).  Resistant organisms also have been isolated directly from wastewater effluents 

(Schwartz et al. 2003).  Furthermore, biosolids are often recycled from wastewater 

treatment plants and applied to agricultural fields.  These biosolids can contain 

antimicrobials and resistant bacteria (Smith 2009), which then enter the river system 

through runoff.  Although domestic effluent is more limited on the SF Ninnescah River, 

agriculture and aquaculture are prevalent.  One of the largest feedlots in south-central 

Kansas, serving up to 40,000 cattle, is located approximately 12 km north of the SF 

Ninnescah River.  Runoff from this operation could enter the river or its tributaries, 

providing a potential source of antimicrobial compounds and resistant bacteria.  The 

Pratt Fish Hatchery discontinued use of oxytetracycline in 2011 (2014 email comm. 

from  Mike Hassler, Hatchery Biologist, Kansas Department of Wildlife, Parks, and 

Tourism; unreferenced).  However, the results of this study suggested that resistance 

genes have become established in the microbial communities within the SF Ninnescah 

River.  The large number of sources throughout the study area, such as those above, 

might have caused the lack of a statistical pattern in prevalence of resistant bacteria 

among sites. 
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 Although bacterial studies have been common in aquaculture facilities where 

antimicrobials are frequently used, few studies have identified bacteria from fish in 

riverine systems.  This lack of information made it difficult to determine if the AMR 

bacteria isolated in this study were normal flora or pathogens in Channel Catfish.  

Sarter et al. (2007) documented that Pseudomonas spp. composed 35% of the 

microflora in farmed Shark Catfish (Pangasius hypophtalmus) in Viet Nam.  Other 

studies reported Pseudomonas, Aeromonas, and Vibrio to be common genera in fish 

intestinal contents (Grisez et al. 1997; Spangaard et al. 2000; Huber et al. 2004).  The 

prevalence of Pseudomonas and Aeromonas species in these hatchery studies was 

comparable to the results from the present project, but no Vibrio species were isolated 

from fish in the Arkansas and SF Ninnescah rivers. 

 Many of the bacteria, such as Sediminibacterium salmoneum, detected in this 

study are commonly isolated from aquatic environments.  However, several species of 

bacteria were isolated that are considered potential pathogens of humans.  Although 

observed more commonly in soil, Achromobacter spanius has been isolated from blood 

samples of humans and is considered an opportunistic pathogen for individuals with 

cystic fibrosis (Coenye et al. 2003; Spilker et a. 2013).  Maningo and Watanakunakorna 

(1995) reported a fatality rate of 44% in humans with lower respiratory tract infections 

caused by Stenotrophomonas maltophilia.  Other opportunistic pathogens of humans 

isolated in this study were Acinetobacter haemolyticus, Brevundimonas diminuta, 

Enterococcus faecium, Morganella morganii, and Serratia fonticola (McDermott & 
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Mylottte 1984; Pfyffer 1992; Edmond et al. 1995; Bergogne-Berezin & Towner 1996; 

Han & Andrade 2005).   

 Resistant pathogens of fish also were isolated during this study.  Aeromonas 

salmonicida and A. bestiarum are responsible for furunculosis in fish, a disease that 

causes inflammation and lesions in the skin and can cause hemorrhaging of internal 

organs (Martinez-Murcia et al. 2005).  Psuedomonas plecoglossicida is responsible for 

hemorrhagic ascites in some fish, causing the peritoneal cavity to fill with fluid 

(Nishimori et al. 2000).  Carnobacterium maltaromaticum can cause kidney disease in 

salmonid fish species (Loch et al. 2008), but is occasionally used as an aquaculture 

probiotic and food protectant for its antimicrobial activity against other bacteria 

(Robertson et al. 2000; Leisner et al. 2007). 

Minimum inhibitory concentrations were determined for organisms resistant to 

azithromycin, ciprofloxacin, and tetracycline.  Several isolates did not exhibit a zone of 

inhibition, indicating they were resistant to at least the maximum concentrations 

contained on the E-strips.  In many cases, these organisms were resistant to 

antimicrobial concentrations that are not safely achievable in humans.  When 

azithromycin was administered intravenously to humans, a maximum serum 

concentration of 9.91 µg/ml was documented (Luke et al. 1996).  Isolates from fish and 

water samples in the Arkansas and SF Ninnescah exhibited MIC values ranging from 8 

to ≥256 µg/ml azithromycin (Appendix 4).  Davis et al. (1996) reported a maximum 

serum concentration of 6.7 µg/ml ciprofloxacin when the antimicrobial was 

administered intravenously to patients.  Bacteria isolated from fish and water samples in 
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this study exhibited MIC values ranging from 4 to ≥32 µg/ml ciprofloxacin (Appendix 

5).  When intramuscularly administered to Common Carp (Cyprinus carpio), 

oxytetracycline was observed at a maximum serum concentration of 56.8 µg/ml 

(Grondel et al. 1987).  This concentration was not achievable through oral 

administration (Grondel et al. 1987), the most common route in aquaculture.  Minimum 

inhibitory concentrations for oxytetracycline in the present study ranged from 6 to ≥256 

µg/ml (Appendix 7).  Four isolates exhibited lower MIC values than the concentrations 

contained in the oxytetracycline-infused plates (6.0, 16.0, 16.0 and 24.0 µg/ml) used 

during screening.  However, these bacteria possessed an intermediate level of resistance 

and would not be susceptible to antimicrobial inhibition by clinical standards (Clinical 

and Laboratory Standards Institute 2012).  These results suggested that antimicrobial 

treatment would be limited, if possible at all, for infections caused by these resistant 

bacteria. 

Multidrug resistance presents a major challenge to the treatment of bacterial 

infections in humans, agriculture, and aquaculture (Kruse & Sorum 1994).  Multiple 

resistance genes often occur on the same plasmid (Levy & Marshall 2004) and dispersal 

of these mobile genetic elements has been documented among diverse groups of 

bacteria (Kruse & Sorum 1994).  Eight bacteria species exhibited multidrug resistance.  

Serratia fonticola was resistant to ampicillin and oxytetracycline.  Stenotrophomonas 

maltophilia was resistant to ciprofloxacin and oxytetracycline.  Both species are 

considered to be potential pathogens of humans and were resistant to antimicrobials 

frequently used in clinical settings.  Aeromonas bestiarum, a documented pathogen of 
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fish, was resistant to gentamicin and oxytetracycline.  Other multidrug resistant bacteria 

from this study are commonly isolated from aquatic systems.  The presence of 

multidrug resistance genes in these rivers and the ability of bacteria to transfer these 

genes, represent a concern for public health because both rivers are used as sources of 

drinking water, crop irrigation, and recreation.  Furthermore, in the presence of 

antimicrobials, these highly resistant bacteria might out-compete non-resistant species 

that provide important ecological services.  Current monitoring protocols of aquatic 

systems are restricted primarily to sediment loads, heavy metals, pesticides, and 

polychlorinated biphenyls (PCBs).  Based on public health concerns and potential 

ecological effects, it is critical that antimicrobials and resistance genes are added to this 

list of environmental contaminants. 

Future research 

The rarefaction curve (Figure 3) constructed from these data maintained a 

relatively steep slope, suggesting that more resistant species could be detected without 

exhaustive sampling.  The species pool model indicated that a total number of 55 

species of resistant bacteria could be collected from fish within the study area.  Twenty-

nine resistant species were isolated during this study, which suggested perhaps as many 

as 26 resistant species were not detected.  However, this number is probably quite 

conservative given the coarse nature of morphological screening and the general 

observation that most bacteria collected in environmental samples cannot be cultured by 

standard methods like the ones employed here (Dykhuizen 1998). 
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Additional research is necessary to isolate and identify the normal flora of fish 

in riverine systems.  MacMillan and Santucci (1990) reported that seasonal temperature 

changes in aquaculture ponds caused changes in the microflora of Channel Catfish.  

These types of data would allow researchers to determine when and where certain 

bacteria occur within fish.  Such information also would provide more accurate 

inferences to potential sources of resistance and more specific antimicrobial assays.  

Isolating resistance genes carried by these bacteria also would allow identification of 

potential sources of resistance. 

Remediation and monitoring of antimicrobial resistance 

 While the discovery rate of new antimicrobial drugs is declining (Projan & 

Shlaes 2004), the dispersal and development of resistance is occurring at rapid rates 

(Pruden et al. 2006).  Responsible use of antimicrobials in clinical, agricultural, and 

aquacultural settings is necessary to curb the spread of resistance.  Reduced and 

improved use of antimicrobials can diminish resistance and potentially allow the drugs 

to reemerge as effective agents against bacterial infections (Barbosa & Levy 2000).  

Antimicrobial use could be reduced in aquaculture by integrating management practices 

that take a holistic approach to disease prevention and treatment.  Ensuring the health of 

the fish by using quality feed, reducing stress, and selective breeding might improve 

disease resistance (Defoirdt et al. 2011).  Improving the aquaculture environment by 

maintaining good water quality and quarantine procedures also would reduce disease 

(Defoirdt et al. 2011).  Additionally, new methods, such as bacteriophage therapy and 

quorum-sensing inhibition, have shown potential for disease treatment in aquaculture 
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(Defoirdt et al. 2011).  Probiotic use also has increased in aquaculture (Balcazar et al. 

2006).  Probiotics can reduce disease by competitive exclusion of pathogens and 

improved immune response and nutrient uptake in fish hosts (Balcazar et al. 2006).  It 

would be naïve to expect prevention of infectious diseases in all situations without use 

of antimicrobials.  However, new techniques coupled with the rational use of 

antimicrobials could help to reduce the prevalence and dispersal of resistance. 

 Currently, most wastewater treatment practices are ineffective at removing 

antimicrobials (Batt et al. 2006).  Improving treatment plants to decrease antimicrobial 

concentrations in discharged effluent would further reduce the spread of antimicrobial 

resistance.  Nakada et al. (2007) reported removal rates of 88% and 93% for 

erythromycin and azithromycin, respectively, following ozonation of wastewater.  

Nanofiltration has been an effective method for removing tetracycline class 

antimicrobials with removal rates up to 80% (Koyuncu et al. 2008).  Ultraviolet 

radiation is ineffective at removing macrolide antimicrobials (Kim et al. 2009), but this 

method is effective against antimicrobials that are susceptible to photodegradation such 

as tetracyclines (Shaojun et al. 2008).  Although it is unlikely that a single removal 

method would be effective at removing all antimicrobials due to the differences in the 

chemical nature of these compounds, a combination of processes would greatly increase 

the removal effectiveness of wastewater treatment plants. 

Antimicrobial use in the clinical sector is strongly monitored and regulated in 

the United States, but the same cannot be said for agriculture or aquaculture where there 

are no central reporting or monitoring entities.  The Food and Drug Administration is 
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responsible for regulating what antimicrobials are approved (McEwen & Fedorka-Cray 

2002), but most estimates of antimicrobial use come from industry sources rather than 

actual usage rates at the production level (Benbrook 2002).  Monitoring resistance in 

the environment is critical to maintain the efficacy of antimicrobial compounds.  When 

a new antimicrobial compound is released, it is necessary that resistance monitoring in 

the environment begins immediately to determine the rate at which resistance is 

established.  Rivers are areas of particular concern, given the numerous sources of 

resistance.  The Kansas Department of Health and Environment has protocols to 

monitor heavy metals and PCBs in rivers and tissues of food fish.  However, there are 

no monitoring protocols in place for antimicrobials or resistant bacteria.  Mass 

spectrometry has been an effective method for screening water samples for 

antimicrobial compounds (Kolpin et al. 2002).  Antimicrobial agar dilution, as used in 

the current study, could be used to screen for the presence of resistant organisms.  

Although such screening methods would require more labor and finance for laboratory 

analysis, they could be applied to current protocols without additional field sampling.  

Given the risks associated with exposure to antimicrobials and resistant bacteria, these 

compounds and resistant organisms should be included in environmental regulations, 

monitoring protocols, and warning systems.
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TABLE 1.  Antimicrobials, agar concentrations, and references for resistance breakpoints 

used during antimicrobial agar screening. 

Antimicrobial Compound 

Mueller-Hinton Agar 
Concentration 

(µg/ml) 

Reference for 
Resistance 
Breakpoint 

Ampicillin Sodium Salt 32 CLSI 2012 
Azithromycin Dihydrate 8 CLSI 2012 
Ciprofloxacin Hydrochloride Monohydrate 4 CLSI 2012 
Gentamicin Sulfate 16 CLSI 2012 
Oxytetracycline Hydrochloride 25 Kerry et al. 1997 
Vancomycin Hydrochloride 32 CLSI 2012 
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TABLE 2. Summary table of resistant bacteria species identified from Channel Catfish intestinal contents and water samples from the 

Arkansas and South Fork Ninnescah rivers in Kansas, the antimicrobials compounds they were resistant to, and presence of multi-drug 

resistance. Abbreviations representing the compounds are as follows: AM is ampicillin, AZ is azithromycin, CI is ciprofloxacin, GE is 

gentamicin, and OT is oxytetracycline. 

Bacteria Species Compound(s) MDR 
 

Bacteria Species Compound(s) MDR 
Achromobacter spanius CI   

 
Pseudomonas lundensis AM, OT   

Acinetobacter haemolyticus OT   
 

Pseudomonas mandelii AM, AZ * 
Aeromonas bestiarum GE, OT * 

 
Pseudomonas meridiana AM   

Aeromonas salmonicida AM, OT   
 

Pseudomonas migulae AZ   
Brevundimonas diminuta AM   

 
Pseudomonas plecoglossicida AM   

Carnobacterium maltaromaticum AM   
 

Pseudomonas poae AZ   
Citrobacter freundii AZ   

 
Pseudomonas protegens AM, AZ   

Comamonas jiangudensis AM   
 

Pseudomonas pseudoalcaligenes AZ, CI * 
Enterococcus faecium CI   

 
Pseudomonas umsongensis AM   

Escherichia fergusonii GE   
 

Pseudomonas vancouverensis AM   
Microbacterium flavescens CI   

 
Pseudomonas veronii AZ   

Microbacterium hatanonis CI   
 

Sediminibacterium salmoneum AZ, CI, OT * 
Microbacterium lacus CI   

 
Serratia fonticola AM, OT * 

Morganella morganii OT   
 

Shewanella putrefaciens AZ, CI, OT * 
Oerskovia paurometabola CI   

 
Sphingobacterium faecium GE   

Oerskovia turbata CI, GE * 
 

Sphingomonas melonis CI   
Providencia heimbachae OT   

 
Stenotrophomonas maltophilia CI, OT * 

Pseudomonas fluorescens AM   
 

Vitreoscilla stercoraria OT   
Pseudomonas fragi AM   

 
Yersinia intermedia AZ   

Pseudomonas gessardii AM, AZ   
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TABLE 3.  Site occurrence table for bacteria species isolated from Channel Catfish in the Arkansas and South Fork Ninnescah rivers 

with distance (rkm) and direction from the primary effluent.  Domestic effluent from Wichita, KS was the presumed source on the 

Arkansas River while hatchery effluent from the Pratt Fish Hatchery was the presumed source on the SF Ninnescah River. 

Site Distance from Primary Effluent: 29.5 rkm 
Downstrm 

3.25 rkm 
Downstrm 

30.0 rkm 
Upstream 

61.5 rkm 
Upstream 

7.25 rkm 
Upstream 

3.25 rkm 
Upstream 

2.0 rkm 
Downstrm 

55.75 rkm 
Downstrm 

Bacterial Species AR1 AR2 AR3 AR4 NR1 NR2 NR3 NR4 
Achromobacter spanius 

   
X 

   
  

Aeromonas bestiarum X X 
 

  
   

  
Aeromonas salmonicida salmonicida X X 

 
  

   
  

Brevundimonas diminuta 
 

X 
 

  
   

  
Carnobacterium maltaromaticum 

   
  

 
X 

 
  

Citrobacter freundii 
   

X 
   

  
Comamonas testosteroni X 

  
  

   
  

Enterococcus faecium 
  

X   
   

  
Escherichia fergusonii 

 
X 

 
  

   
  

Microbacterium flavescens 
   

  
  

X   
Microbacterium lacus 

   
  

  
X   

Morganella morganii morganii 
  

X   
   

  
Oerskovia paurometabola 

   
X 

   
  

Oerskovia turbata 
   

  
  

X   
Providencia heimbachae 

 
X X X X X 

 
  

Pseudomonas fragi 
 

X 
 

  
   

X 
Pseudomonas gessardii 

   
  X X 

 
X 

Pseudomonas lundensis X X 
 

  
   

  
Pseudomonas migulae 

 
X 

 
  

   
  

Pseudomonas protegens 
  

X X X 
  

  
Pseudomonas pseudoalcaligenes X X X   

 
X X   
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TABLE 3.  (continued) 

Bacterial Species AR1 AR2 AR3 AR4 NR1 NR2 NR3 NR4 
Pseudomonas veronii 

  
X   

 
X 

 
  

Sediminibacterium salmoneum X X 
 

X 
  

X X 
Serratia fonticola X 

 
X X 

  
X X 

Shewanella putrefaciens 
 

X X X 
  

X   
Sphingobacterium faecium 

 
X 

 
  

   
  

Sphingomonas melonis 
   

  
 

X 
 

  
Vitreoscilla stercoraria 

   
  

   
X 

Yersinia intermedia X 
  

  
   

  
Number of bacteria species per site: 8 12 8 8 3 7 7 5 
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FIGURE 1.  Map of sample collection sites for antimicrobial-resistant bacteria on the Arkansas and South Fork Ninnescah rivers. 

Pratt Fish Hatchery 

50 kilometers 

Study Site 

Effluent Location 

City 



48 
 

 

FIGURE 2.  Tetracycline E-test results indicating an MIC value of 96.0 µg/ml for 

Providencia heimbachae DSM 3591 isolated from a Channel Catfish at site AR2. 
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FIGURE 3.  Rarefaction curve of bacteria community data of fish from the Arkansas and 

South Fork Ninnescah rivers with the black line representing the number of bacteria 

species and the shaded gray area representing the confidence intervals of 500 

permutations. 
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APPENDIX 1.  Survey locations for antimicrobial resistant bacteria in the Arkansas and South Fork Ninnescah rivers during the 

spring of 2012.  The main effluent source on the Arkansas River was domestic effluent from Wichita, KS.  The main source on the SF 

Ninnescah River was hatchery effluent from the Pratt Fish Hatchery. 

Site River 
River km from Main 

Effluent Source County Date Latitude Longitude 
AR1 Arkansas River 29.50 Downstream Sumner 5 May 2012 37.391636 -97.194819 
AR2 Arkansas River 3.25 Downstream Sedgwick 5 & 24 May 2012 37.565953 -97.287307 
AR3 Arkansas River 30 Upstream Sedgwick 6 & 24 May 2012 37.781583 -97.390318 
AR4 Arkansas River 61.5 Upstream Sedgwick 25 May 2012 37.896050 -97.665230 
NR1 South Fork Ninnescah River 7.25 Upstream Pratt 31 March 2012 37.639879 -98.766704 
NR2 South Fork Ninnescah River 4.25 Upstream Pratt 14 April 2012 37.633364 -98.734756 
NR3 South Fork Ninnescah River 2 Downstream Pratt 14 April 2012 37.629086 -98.676670 
NR4 South Fork Ninnescah River 55.75 Downstream Kingman 15 April 2012 37.645499 -98.255655 
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APPENDIX 2.  Multi-drug resistant bacteria species with site, sample, and minimum inhibitory concentration data.  Column MIC 1 

contains minimum inhibitory concentrations to the associated compound in column AMR 1, whereas column MIC 2 contains the same 

data for compounds in column AMR 2. 

Bacterial Species Sample Origin Site AMR 1 
MIC 1 
(µg/ml) AMR 2 

MIC 2 
(µg/ml) 

Aeromonas bestiarum strain CIP 7430 Fish AR2 OTC 16 Gen ND 
Oerskovia turbata strain 27 Fish NR3 Cip 6 Gen ND 
Pseudomonas pseudoalcaligenes strain Stanier 63 Fish AR2 Azi 8 Cip 4 
Serratia fonticola strain DSM 4576 Fish AR4 OTC ≥256 Amp ND 
Shewanella putrefaciens strain Hammer 95 Fish NR3 Azi 64 OTC 24 
Pseudomonas mandelii strain CIP 105273 Water AR1 Azi ND Amp ND 
Sediminibacterium salmoneum strain NJ-44 Water AR1 Azi 8 Cip 4 
Sediminibacterium salmoneum strain NJ-44 Water NR1 Cip 6 OTC ≥256 
Stenotrophomonas maltophilia strain R551-3 Water AR3 Cip 6 OTC ≥256 

 

 

 



 
 

 52 
52 

APPENDIX 3.  Ampicillin-resistant bacteria species with site, sample, and BLAST identity percentage data.  Environmental sample 

ID is the unique code given to fish and water samples.  Isolate ID is the unique code given to pure isolates for frozen storage.  Symbol 

* indicates the bacteria species exhibited multi-drug resistance. 

Site 
Environmental 

Sample ID 
Sample 
Origin Isolate ID Bacterial Species 

BLAST 
Identity % 

AR1 AR1-1 Fish Amp1 Serratia fonticola strain DSM 4576 99 
AR1 AR1-2 Fish Amp3 Comamonas jiangduensis strain YW1 99 
AR2 AR2-1 Fish Amp5 Brevundimonas diminuta ATCC 11568 strain IAM 12691 98 
AR2 AR2-2 Fish Amp6 Aeromonas salmonicida subsp. salmonicida strain CECT 894 99 
AR2 AR2-12 Fish Amp9 Pseudomonas lundensis strain ATCC 49968 99 
AR2 AR2-14 Fish Amp10 Pseudomonas fragi strain ATCC 4973 99 
AR3 AR3-1 Fish Amp12 Pseudomonas protegens Pf-5 strain Pf-5 99 
AR3 AR3-2 Fish Amp13 Pseudomonas protegens Pf-5 strain Pf-5 99 
AR3 AR3-4 Fish Amp16 Serratia fonticola strain DSM 4576 99 
AR4 AR4-1 Fish Amp17 Pseudomonas protegens Pf-5 strain Pf-5 99 
AR4 AR4-1 Fish Amp18 Serratia fonticola strain DSM 4576* 99 
NR1 NR1-1 Fish Amp19 Pseudomonas protegens Pf-5 strain Pf-5 99 
NR2 NR2-F Fish Amp26 Carnobacterium maltaromaticum LMA28 99 
NR3 NR3-2 Fish Amp29 Serratia fonticola strain DSM 4576 99 
NR4 NR4-1 Fish Amp31 Serratia fonticola strain DSM 4576 99 
NR4 NR4-2 Fish Amp32 Pseudomonas fragi strain ATCC 4973 99 
AR1 AR1-W Water Amp35 Pseudomonas mandelii strain CIP 105273* 99 
 



 
 

 

53 

APPENDIX 3.  (continued) 

Site 
Environmental 

Sample ID 
Sample 
Origin Isolate ID Bacterial Species 

BLAST 
Identity % 

AR2 AR2-W Water Amp38 Pseudomonas plecoglossicida strain FPC951 99 
AR3 AR3-W Water Amp40 Pseudomonas protegens Pf-5 strain Pf-5 99 
NR1 NR1-W Water Amp43 Pseudomonas gessardii strain CIP 105469 99 
NR1 NR1-W Water Amp44 Pseudomonas umsongensis strain Ps 3-10 99 
NR2 NR2-W Water Amp45 Pseudomonas fluorescens Pf0-1 strain Pf0-1 99 
NR2 NR2-W Water Amp46 Pseudomonas vancouverensis strain ATCC 700688 99 
NR3 NR3-W Water Amp48 Pseudomonas meridiana strain CMS 38 99 
NR4 NR4-W Water Amp49 Pseudomonas gessardii strain CIP 105469 99 
NR4 NR4-W Water Amp50 Pseudomonas mandelii strain CIP 105273 99 
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APPENDIX 4.  Azithromycin-resistant bacteria species with site, sample, minimum inhibitory concentration, and BLAST identity 

percentage data.  Environmental sample ID is the unique code given to fish and water samples.  Isolate ID is the unique code given to 

pure isolates for frozen storage.  Symbol * indicates the bacteria species exhibited multi-drug resistance.  Abbreviation ND indicates 

the MIC was not tested due to loss of viability. 

Site 
Environmental 

Sample ID 
Sample 
Origin Isolate ID Bacterial Species 

MIC 
(µg/ml) 

BLAST 
Identity % 

AR1 AR1-2 Fish Azi2 Yersinia intermedia ATCC 29909 ≥256 99 
AR2 AR2-2 Fish Azi3 Pseudomonas migulae strain CIP 105470 ND 99 
AR2 AR2-1 Fish Azi37 Pseudomonas pseudoalcaligenes strain Stanier 63 64 96 
AR2 AR2-14 Fish Azi6 Shewanella putrefaciens strain LMG 26268 128 99 
AR2 AR2-14 Fish Azi7 Pseudomonas pseudoalcaligenes strain Stanier 63* 8 97 
AR3 AR3-1 Fish Azi8 Shewanella putrefaciens strain LMG 26268 192 99 
AR3 AR3-2 Fish Azi9 Shewanella putrefaciens strain LMG 26268 ≥256 95 
AR3 AR3-3 Fish Azi10 Shewanella putrefaciens strain Hammer 95 ND 97 
AR3 AR3-3 Fish Azi11 Pseudomonas pseudoalcaligenes strain Stanier 63 ND 97 
AR3 AR3-4 Fish Azi12 Pseudomonas veronii strain CIP 104663 ND 99 
AR4 AR4-1 Fish Azi13 Citrobacter freundii strain DSM 30039 ND 99 
AR4 AR4-2 Fish Azi14 Shewanella putrefaciens strain LMG 26268 ND 96 
AR4 AR4-2 Fish Azi15 Pseudomonas protegens Pf-5 strain Pf-5 ND 100 
NR1 NR1-1 Fish Azi16 Pseudomonas gessardii strain CIP 105469 192 99 
NR2 NR2-F Fish Azi19 Pseudomonas gessardii strain CIP 105469 ND 99 
NR2 NR3-1 Fish Azi20 Pseudomonas veronii strain CIP 104663 ND 99 
NR3 NR3-2 Fish Azi21 Shewanella putrefaciens strain Hammer 95* 64 99 
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APPENDIX 4.  (continued) 

Site 
Environmental 

Sample ID 
Sample 
Origin Isolate ID Bacterial Species 

MIC 
(µg/ml) 

BLAST 
Identity % 

NR3 NR3-2 Fish Azi22 Pseudomonas pseudoalcaligenes strain Stanier 63 ≥256 97 
NR4 NR4-2 Fish Azi24 Pseudomonas gessardii strain CIP 105469 ND 99 
AR1 AR1-W Water Azi25 Sediminibacterium salmoneum strain NJ-44* 8 96 
AR1 AR1-W Water Azi26 Pseudomonas mandelii strain CIP 105273* ND 99 
AR2 AR2-W Water Azi27 Sediminibacterium salmoneum strain NJ-44 ND 96 
AR2 AR2-W2 Water Azi28 Pseudomonas gessardii strain CIP 105469 ND 99 
NR4 NR4-W Water Azi36 Pseudomonas poae strain P 527/13 192  99 
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APPENDIX 5.  Ciprofloxacin-resistant bacteria species with site, sample, minimum inhibitory concentration, and BLAST identity 

percentage data.  Environmental sample ID is the unique code given to fish and water samples.  Isolate ID is the unique code given to 

pure isolates for frozen storage.  Symbol * indicates the bacteria species exhibited multi-drug resistance. 

Site 
Environmental 

Sample ID 
Sample 
Origin Isolate ID Bacterial Species 

MIC 
(µg/ml) 

BLAST 
Identity % 

AR1 AR1-1 Fish Cip39 Pseudomonas pseudoalcaligenes strain Stanier 63 6 96 
AR2 AR2-2 Fish Cip7 Shewanella putrefaciens strain LMG 26268 8 99 
AR2 AR2-14 Fish Cip9 Pseudomonas pseudoalcaligenes strain Stanier 63* 4 97 
AR3 AR3-1 Fish Cip10 Enterococcus faecium Aus0004 strain Aus0004 ≥32 99 
AR3 AR3-1 Fish Cip11 Pseudomonas pseudoalcaligenes strain Stanier 63 ≥32 96 
AR3 AR3-4 Fish Cip14 Enterococcus faecium Aus0004 strain Aus0004 ≥32 97 
AR4 AR4-1 Fish Cip15 Achromobacter spanius strain LMG 5911 6 99 
AR4 AR4-2 Fish Cip18 Oerskovia paurometabola strain DSM 14281 6 99 
NR2 NR2-F Fish Cip21 Sphingomonas melonis strain DAPP-PG 224 6 93 
NR3 NR3-1 Fish Cip22 Microbacterium flavescens strain 401 4 99 
NR3 NR3-1 Fish Cip23 Microbacterium lacus strain A5E-52 4 99 
NR3 NR3-2 Fish Cip24 Oerskovia turbata strain 27* 6 100 
AR1 AR1-W Water Cip28 Sediminibacterium salmoneum strain NJ-44* 4 96 
AR3 AR3-W Water Cip33 Stenotrophomonas maltophilia strain R551-3* 6 99 
NR1 NR1-W Water Cip34 Sediminibacterium salmoneum strain NJ-44* 6 96 
NR1 NR1-W Water Cip35 Microbacterium hatanonis strain JCM 14558 6 99 
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APPENDIX 6.  Gentamicin-resistant bacteria species with site, sample, and BLAST identity percentage data.  Environmental sample 

ID is the unique code given to fish and water samples.  Isolate ID is the unique code given to pure isolates for frozen storage.  Symbol 

* indicates the bacteria species exhibited multi-drug resistance. 

Site 
Environmental 

Sample ID 
Sample 
Origin Isolate ID Bacterial Species 

BLAST 
Identity % 

AR1 AR1-1 Fish Gen1 Aeromonas bestiarum strain CIP 7430 99 
AR2 AR2-1 Fish Gen5 Sphingobacterium faecium strain DSM 11690 99 
AR2 AR2-2 Fish Gen7 Aeromonas bestiarum strain CIP 7430* 99 
AR2 AR2-12 Fish Gen8 Escherichia fergusonii ATCC 35469 99 
NR3 NR3-2 Fish Gen27 Oerskovia turbata strain 27* 99 
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APPENDIX 7.  Oxytetracycline-resistant bacteria species with site, sample, minimum inhibitory concentration, and multidrug 

resistance data.  Environmental sample ID is the unique code given to fish and water samples.  Isolate ID is the unique code given to 

pure isolates for frozen storage.  Symbol * indicates the bacteria species exhibited multi-drug resistance. 

Site 
Environmental 

Sample ID 
Sample 
Origin Isolate ID Bacterial Species 

MIC 
(µg/ml) 

BLAST 
Identity % 

AR1 AR1-1 Fish OTC1 Pseudomonas lundensis strain ATCC 49968 ≥256 99 
AR1 AR1-1 Fish OTC2 Aeromonas salmonicida subsp. salmonicida  CECT 894 6 100 
AR1 AR1-1 Fish OTC3 Sediminibacterium salmoneum strain NJ-44 ≥256 96 
AR1 AR1-2 Fish OTC4 Aeromonas bestiarum strain CIP 7430 64 96 
AR2 AR2-1 Fish OTC5a Sediminibacterium salmoneum strain NJ-44 64 96 
AR2 AR2-2 Fish OTC5b Aeromonas bestiarum strain CIP 7430* 16 100 
AR2 AR2-12 Fish OTC7 Providencia heimbachae strain : DSM 3591 96 99 
AR2 AR2-14 Fish OTC8 Providencia heimbachae strain : DSM 3591 ≥256 99 
AR3 AR3-1 Fish OTC9 Providencia heimbachae strain : DSM 3591 192 99 
AR3 AR3-4 Fish OTC12 Morganella morganii subsp. morganii KT 16 99 
AR4 AR4-1 Fish OTC13 Providencia heimbachae strain : DSM 3591 128 99 
AR4 AR4-1 Fish OTC14 Serratia fonticola strain DSM 4576* ≥256 99 
AR4 AR4-2 Fish OTC15 Sediminibacterium salmoneum strain NJ-44 32 96 
NR1 NR1-1 Fish OTC16 Providencia heimbachae strain : DSM 3591 96 99 
NR2 NR2-1 Fish OTC18 Providencia heimbachae strain : DSM 3591 128 99 
NR3 NR3-2 Fish OTC20 Shewanella putrefaciens strain LMG 26268* 24 99 
NR3 NR3-2 Fish OTC21 Sediminibacterium salmoneum strain NJ-44 128 96 
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APPENDIX 7.  (continued) 

Site 
Environmental 

Sample ID 
Sample 
Origin Isolate ID Bacterial Species 

MIC 
(µg/ml) 

BLAST 
Identity % 

NR4 NR4-2 Fish OTC22 Vitreoscilla stercoraria strain Gottingen 1488-6 48 94 
NR4 NR4-1 Fish OTC30 Sediminibacterium salmoneum strain NJ-44 64 96 
AR2 AR2-W Water OTC25 Acinetobacter haemolyticus strain DSM 6962 48 97 
AR2 AR2-W2 Water OTC26 Sediminibacterium salmoneum strain NJ-44 64 96 
AR3 AR3-W Water OTC27 Stenotrophomonas maltophilia R551-3* ≥256 99 
NR1 NR1-W Water OTC28 Sediminibacterium salmoneum strain NJ-44* ≥256 96 
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APPENDIX 8.  Site occurrence table of resistance to five examined antimicrobial 

compounds from Channel Catfish intestinal bacteria from the Arkansas and South Fork 

Ninnescah rivers. 

  Antimicrobial Resistance in Fish 
Site Amp Azi Cip Gen OTC 

AR1 X X X X X 
AR2 X X X X X 
AR3 X X X   X 
AR4 X X X   X 
NR1 X X     X 
NR2 X X X   X 
NR3 X X X X X 
NR4 X X     X 
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APPENDIX 9.  Table of resistant bacteria and their associated GenBank accession numbers for 

access to 16S ribosomal RNA gene sequences.  Abbreviation N/A indicates sequences were not 

submitted to GenBank for those isolates. 

Isolate 
ID Bacteria Species 

GenBank 
Accession 

Amp1 Serratia fonticola strain DSM 4576 KJ726543 
Amp10 Pseudomonas fragi strain ATCC 4973 KJ726544 
Amp12 Pseudomonas protegens Pf-5 strain Pf-5 KJ726545 
Amp13 Pseudomonas protegens Pf-5 strain Pf-5 KJ726546 
Amp16 Serratia fonticola strain DSM 4576 KJ726547 
Amp17 Pseudomonas protegens Pf-5 strain Pf-5 KJ726548 
Amp18 Serratia fonticola strain DSM 4576 KJ726549 
Amp19 Pseudomonas protegens Pf-5 strain Pf-5 KJ726550 
Amp26 Carnobacterium maltaromaticum LMA28 KJ726551 
Amp29 Serratia fonticola strain DSM 4576 KJ726552 
Amp3 Comamonas testosteroni CNB-2 strain CNB-1 KJ726553 
Amp31 Serratia fonticola strain DSM 4576 KJ726554 
Amp32 Pseudomonas fragi strain ATCC 4973 KJ726555 
Amp35 Pseudomonas mandelii strain CIP 105273 KJ726556 
Amp38 Pseudomonas plecoglossicida strain FPC951 KJ726557 
Amp40 Pseudomonas protegens Pf-5 strain Pf-5 KJ726558 
Amp43 Pseudomonas gessardii strain CIP 105469 KJ726559 
Amp44 Pseudomonas umsongensis strain Ps 3-10 KJ726560 
Amp45 Pseudomonas fluorescens Pf0-1 strain Pf0-1 KJ726561 
Amp46 Pseudomonas vancouverensis strain ATCC 700688 KJ726562 
Amp48 Pseudomonas meridiana strain CMS 38 KJ726563 
Amp49 Pseudomonas gessardii strain CIP 105469 KJ726564 
Amp5 Brevundimonas diminuta ATCC 11568 strain IAM 12691 KJ726565 
Amp50 Pseudomonas mandelii strain CIP 105273 KJ726566 
Amp6 Aeromonas salmonicida subsp. salmonicida strain CECT 894 KJ726567 
Amp9 Pseudomonas lundensis strain ATCC 49968 KJ726568 
Azi10 Shewanella putrefaciens strain Hammer 95 KJ726597 
Azi11 Pseudomonas pseudoalcaligenes strain Stanier 63 KJ726598 
Azi12 Pseudomonas veronii strain CIP 104663 KJ726599 
Azi13 Citrobacter freundii strain DSM 30039 KJ726569 
Azi15 Pseudomonas protegens Pf-5 strain Pf-5 KJ726600 
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APPENDIX 9. (continued) 

Isolate 
ID Bacteria Species 

GenBank 
Accession 

Azi16 Pseudomonas gessardii strain CIP 105469 KJ726601 
Azi19 Pseudomonas gessardii strain CIP 105469 KJ726570 
Azi2 Yersinia intermedia ATCC 29909 KJ726602 
Azi20 Pseudomonas veronii strain CIP 104663 KJ726603 
Azi21 Shewanella putrefaciens strain Hammer 95 KJ726604 
Azi22 Pseudomonas pseudoalcaligenes strain Stanier 63 KJ726571 
Azi24 Pseudomonas gessardii strain CIP 105469 KJ726605 
Azi25 Sediminibacterium salmoneum strain NJ-44 KJ726572 
Azi26 Pseudomonas mandelii strain CIP 105273 KJ726606 
Azi27 Sediminibacterium salmoneum strain NJ-44 KJ726607 
Azi28 Pseudomonas gessardii strain CIP 105469 KJ726608 
Azi3 Pseudomonas migulae strain CIP 105470 KJ726609 
Azi36 Pseudomonas poae strain P 527/13 KJ726610 
Azi37 Pseudomonas pseudoalcaligenes strain Stanier 63 KJ726611 
Azi6 Shewanella putrefaciens strain LMG 26268 KJ726573 
Azi7 Pseudomonas pseudoalcaligenes strain Stanier 63 KJ726612 
Azi8 Shewanella putrefaciens strain LMG 26268 KJ726574 
Cip10 Enterococcus faecium Aus0004 strain Aus0004 KJ726575 
Cip11 Pseudomonas pseudoalcaligenes strain Stanier 63 KJ726576 
Cip14 Enterococcus faecium Aus0004 strain Aus0004 KJ726577 
Cip15 Achromobacter spanius strain LMG 5911 KJ726578 
Cip18 Oerskovia paurometabola strain DSM 14281 KJ726579 
Cip21 Sphingomonas melonis strain DAPP-PG 224 KJ726580 
Cip22 Microbacterium flavescens strain 401 KJ726613 
Cip23 Microbacterium lacus strain A5E-52 KJ726614 
Cip24 Oerskovia turbata strain 27 KJ726615 
Cip28 Sediminibacterium salmoneum strain NJ-44 KJ726581 
Cip33 Stenotrophomonas maltophilia strain R551-3 KJ726616 
Cip34 Microbacterium hatanonis strain JCM 14558 KJ726582 
Cip35 Sediminibacterium salmoneum strain NJ-44 KJ726617 
Cip39 Pseudomonas pseudoalcaligenes strain Stanier 63 KJ726583 
Cip7 Shewanella putrefaciens strain LMG 26268 KJ726584 
Cip9 Pseudomonas pseudoalcaligenes strain Stanier 63 KJ726585 
Gen1 Aeromonas bestiarum strain CIP 7430 KJ726586 
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APPENDIX 9. (continued) 

Isolate 
ID Bacteria Species 

GenBank 
Accession 

Gen27 Oerskovia turbata strain 27 KJ726587 
Gen5 Sphingobacterium faecium strain DSM 11690 KJ726588 
Gen7 Sphingobacterium faecium strain DSM 11690 KJ726589 
Gen8 Escherichia fergusonii ATCC 35469 KJ726590 
OTC1 Pseudomonas lundensis strain ATCC 49968 KJ726618 
OTC12 Morganella morganii subsp. morganii KT KJ726619 
OTC13 Providencia heimbachae strain : DSM 3591 KJ726620 
OTC14 Serratia fonticola strain DSM 4576 KJ726621 
OTC15 Sediminibacterium salmoneum strain NJ-44 KJ726591 
OTC16 Providencia heimbachae strain : DSM 3591 KJ726622 
OTC18 Providencia heimbachae strain : DSM 3591 KJ726623 
OTC2 Aeromonas salmonicida subsp. salmonicida  CECT 894 KJ726624 
OTC20 Shewanella putrefaciens strain LMG 26268 KJ726592 
OTC21 Sediminibacterium salmoneum strain NJ-44 KJ726625 
OTC22 Vitreoscilla stercoraria strain Gottingen 1488-6 KJ726593 
OTC25 Acinetobacter haemolyticus strain DSM 6962 KJ726594 
OTC26 Sediminibacterium salmoneum strain NJ-44 KJ726595 
OTC27 Stenotrophomonas maltophilia R551-3 KJ726626 
OTC28 Sediminibacterium salmoneum strain NJ-44 KJ726627 
OTC3 Sediminibacterium salmoneum strain NJ-44 KJ726628 
OTC30 Sediminibacterium salmoneum strain NJ-44 KJ726629 
OTC4 Aeromonas bestiarum strain CIP 7430 KJ726596 
OTC5a Sediminibacterium salmoneum strain NJ-44 KJ726630 
OTC5b Aeromonas bestiarum strain CIP 7430 KJ726631 
OTC7 Providencia heimbachae strain : DSM 3591 KJ726632 
OTC8 Providencia heimbachae strain : DSM 3591 KJ726633 
OTC9 Providencia heimbachae strain : DSM 3591 KJ726634 
Azi9 Shewanella putrefaciens strain LMG 26268 N/A 
Azi14 Shewanella putrefaciens strain LMG 26268 N/A 
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