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Introduction 
In continuing efforts to recycle resources in arid regions, treated wastewater is often used 

to irrigate crops. While this practice has been in place for centuries, it has mostly been 

used for livestock feed and grasslands. Only within the last 150 years, since the beginning 

of modern wastewater management, has treated wastewater been used to irrigate crops 

for human consumption (EPA, 2001). Today, there are 18 states in the US that allow 

reclaimed water to be used for irrigation of produce crops (EPA, 2001). 

Millions of antibiotics are prescribed daily, but these are not easily metabolized by the 

human body. In fact, studies have shown between 25% to 75% of an antibiotic dose leave 

the body unaltered via feces or urine (Chee-Sanford, Aminov, Krapac, Garrigues-

Jeanjean, & Mackie, 2001). The unmetabolized antibiotics are then sent to a wastewater 

treatment plant (WWTP) through sewer systems. While WWTPs are effective at 

removing most contaminants from wastewater, antibiotics in the influent wastewater are 

not removed by typical WWTP processes, so they exit the WWTP in the effluent stream. 

Additionally, existing studies have suggested that the high growth rates and microbial 

densities in the unit operations at WWTPs, along with the presence of antibiotics in 

influent wastes, present a sort of ‘perfect storm’ for promoting antibiotic resistance in the 

resident bacteria (Pruden, 2013).  

Lingering antibiotics in WWTP effluent is a dilemma for irrigation of crops for human 

consumption. One of the greatest concerns is that pathogenic bacteria present in the 

soil of these fields will be continuously exposed to residual antibiotics at low parts per 

billion (ppb) or parts per trillion (ppt) concentrations and may develop antibiotic 

resistance. This can lead to more severe food outbreaks due to the presence of the 

antibiotic resistant pathogens, or ‘superbugs’, because it would take more than the 

typically prescribed dosage to kill that pathogen. In 2016, the World Health 

Organization (WHO) declared antibiotic resistance as “one of the biggest threats to 

global health, food security, and development today” (WHO, 2016). 
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Project Objective 
This research project aims to build a better understanding of how antibiotics in the 

environment can affect exposed bacteria and pathogens naturally occurring in soils. The 

specific objective of this study was to determine and quantify if chronic exposure to 

selected antibiotics at environmentally-relevant doses could induce an increase in 

resistance to those antibiotics in the soil bacterium Pseudomonas putida. 

Literature Review 
Several studies have reported the presence and concentrations of antibiotics in various 

surface and ground water sources (Karthikeyan & Meyer, 2006) (Heidari, et al., 2013) 

(Huang, Renew, Smeby, Pinkston, & Sedlak, 2011). However, the evaluation of how 

these antibiotics can affect naturally occurring bacteria and pathogens remains largely 

unknown for the fields of environmental toxicology and public health. 

Antibiotics 
Antibiotics are a type of antimicrobial drug used to treat bacterial infections. The 

discovery of antibiotics as a way to treat infections began with penicillin in 1928, and 

new antibiotic types have been discovered and developed ever since. Figure 1 illustrates 

the timeline of antibiotic discovery and development, with the development of new 

antibiotics taking off in the 1960’s. 

 

Figure 1. Timeline of antibiotic discovery. Image source from (The Golden Age of Antibacterials, 2011). 
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Grouping Methods 
The most common ways of classifying antibiotics use schemes based on chemical 

structure and toxicity (Etebu & Arikekpar, 2016). The chemical structure method features 

the number and arrangement of aromatic rings or the presence of a certain functional 

group. The toxicity method, or ‘mode of action’ method, involves grouping the 

mechanisms of action that antibiotics use against bacteria into categories. 

 
Table 1. Toxicity sorting method for antibiotics. 

Toxicity 
Method 

Cell Wall Synthesis Protein Synthesis DNA Synthesis 

Examples Penicillin, amoxicillin, 
carbapenem, 
cephalosporins 

Kanamycin, gentamicin, 
oxytetracycline, erythromycin, 
aminoglycosides 

Gentamycin, 
ciprofloxacin, ofloxacin, 
metronidazole 

 
Table 2. Chemical structure sorting method for antibiotics. 

Families Beta-Lactams Macrolides Quinolones Tetracyclines Aminoglycosides 
Characteristic Beta-lactam 

ring 
14, 15, or 16- 
membered 
macrolide 
ring 

Fused aromatic 
rings with 
carboxylic acid 
group 

Four adjacent 
cyclic 
hydrocarbon 
rings 

Amino-sugar 
substructures 

Examples Penicillin  Erythromycin Ciprofloxacin Oxytetracycline Kanamycin 
 

Antibiotics primarily used in this study include ciprofloxacin, ofloxacin, oxytetracycline, 

and kanamycin.  These antibiotics represent various antibiotic families and employ 

various modes of action against bacteria. 

Ciprofloxacin and ofloxacin represent the quinolone family, where the antibiotic 

interferes with DNA replication and transcription to attack bacterial infections (Jacoby & 

Hooper, 2012). Quinolone-type antibiotics have structures that contain fused aromatic 

rings and sometimes possess an additional ring that enables  a broader spectrum of 

antibiotic potency (Etebu & Arikekpar, 2016). Ciprofloxacin and ofloxacin in particular 

are called ‘flouroquionolones’ because of the fluorine addition to the core structure. The 

addition of fluorine to quinolone antibiotics was an important modification that 

dramatically increased potency. Quinolone antibiotics were commonly prescribed for 

relatively mild conditions, such as urinary tract and prostate infections, but the more 

potent flouroquinolones are now used to treat respiratory tract infections, sexually 
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transmitted diseases, gastrointestinal infections, and skin infections (Jacoby & Hooper, 

2012). 

   
Figure 2. Ofloxacin chemical structure.  Figure 3. Ciprofloxacin chemical structure.  

Chemical structure figures obtained from the Sigma-Aldrich website. 

 

Oxytetracylcine is in the tetracycline family and prevents bacterial growth by inhibiting 

protein synthesis (Kaufman, 2011). Tetracyclines are characterized by linearly fused 

cyclic hydrocarbon rings. Tetracyclines can be used to treat respiratory infections such as 

atypical pneumonia, various genital infections, or as prophylaxis for malaria. 

Tetracylcines are also commonly prescribed for acne treatment since they are excreted 

via perspiration (Chopra & Roberts, 2001). 

 
Figure 4. Oxytetracycline chemical structure. 

 

Kanamycin is a member of the aminoglycoside family which prevents bacterial growth 

by inhibiting protein synthesis (Gualerzi, Brandi, Fabbretti, & Pon, 2013). 

Aminoglycosides are characterized by containing aminosugar substructures. 

Aminoglycosides are commonly prescribed to treat many hospital- borne bacterial 

infections such as urinary tract infections, blood stream infections, hospital-acquired 
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pneumonia, and are even used as a second-line treatment for tuberculosis (Armstrong, et 

al., 2011). 

 

Figure 5. Kanamycin sulfate chemical structure.  

 

Increased Usage of Antibiotics 
The use of antibiotics has skyrocketed in recent decades. To put this into perspective, it is 

estimated that in 1954, two million pounds of antibiotics were produced in the United 

States alone. Today, that value exceeds 50 million pounds (Levy, 1998). Already, the 

consequences of overuse are observable as deaths associated with drug resistant 

infections are on the rise (Ventola, 2015).  

In addition to the increased use of antibiotics in developed countries such as the United 

States, lack of control and regulation of antibiotics in developing countries also leads to 

overuse. Prescriptions and doctors’ visits are not necessary in many countries, instead 

antibiotics can be purchased over-the-counter or in local markets (Carlet, et al., 2012).  

Since their discovery and development, antibiotics have been viewed as the global 

panacea for infections. Today, developed and developing countries alike are facing the 

consequences of antibiotic misuse and overuse. For example, the Center for Disease 

Control and Prevention reported that deaths by pneumonia in the U.S. in 2011 were 

increased by 7,000 due to antibiotic resistance strains, resulting in an excess of $96 

million additional medical costs (CDCP, 2013). 

Antibiotic Resistance Mechanisms 
Antibiotic resistance is the ability for bacteria to survive and continue to multiply in the 

presence of antibiotics. Antibiotic resistance is identified as one of the most pressing 
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public health problems today and can be held partially responsible for the recent rise in 

death rates from communicable diseases such as tuberculosis (Levy, 1998). 

There are various known mechanisms of antibiotic resistance (Figure 6). Genes can code 

for an “efflux” pump to rid unwanted antibiotics from inside the cells. Studies have 

shown that these efflux pumps are responsible for biofilm resistance in several 

microorganisms, such as Pseudomonas aeruginosa (Soto, 2013). Efflux pumps are 

essentially ‘transport’ or ‘carrier’ proteins that move substrates across the biological cell 

membrane and can be classified into various families based on what they pump and what 

they use as their energy source (Piddock, 2006). 

 

Figure 6. Mechanisms of resistance include a) antibiotic-efflux pumps, b) antibiotic-degrading 
enzymes, or c) antibiotic-altering enzymes. Image from (Levy, 1998). 

 
Genes can also code for enzymes to either degrade or to chemically inactivate antibiotics. 

Mechanisms of antibiotic inactivation include hydrolysis, group transfer, and redox 

mechanisms (Wright, 2005). The performance of these enzymes and their mechanisms 

are specific to the type of antibiotic. For example, group-transfer enzymes are effective 

against a diverse array of antibiotics while hydrolysis enzymes are particularly effective 

against antibiotics of the beta-lactam family (Wright, 2005). 
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Spread of Antibiotic Resistance 
Resistance can either be a part of a bacterium’s intrinsic genetic arrangement, or it can be 

acquired in the environment (Gualerzi, Brandi, Fabbretti, & Pon, 2013). Intrinsic 

resistance is explained by some bacteria naturally containing antibiotic resistance genes, 

which are segments of DNA that allow the bacterium to fight the antibiotic in various 

ways. Intrinsic resistance in gram-negative bacteria is often attributed to the thick, 

impermeable outer membrane that surrounds their relatively thin peptidoglycan layer 

(Cox & Wright, 2013). Bacteria can also acquire antibiotic resistance in their 

environment from other bacteria via a process called ‘horizontal gene transfer’. In this 

process, bacteria can uptake extracellular genetic material in the form of a plasmid or a 

transposon. This genetic material may be exchanged through conjugation or 

transformation mechanisms. Figure 6 shows how resistant DNA is carried in a plasmid 

and exchanged between bacteria via a mating bridge for the conjugation process. Bacteria 

can also horizontally acquire resistance through transformation by up-taking DNA found 

in their environment from other cells that have already been lysed (Gualerzi, Brandi, 

Fabbretti, & Pon, 2013). 

 

 

Figure 7. Conjugation as a means of exchanging antibiotic resistant DNA. Image from (Gallagher, 2015). 
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Antibiotic resistance can also increase over time through evolution and natural selection 

processes (APUA, 2014). The increased usage of antibiotics has led to a selective 

pressure and an increase of antibiotic resistant genes in the environment. Figure 7 shows 

how only antibiotic resistant bacteria will survive in environments stressed by a presence 

of antibiotics, thus increasing the population of antibiotic resistant bacteria. For example, 

the high growth rates and microbial densities at WWTPs, along with the presence of 

antibiotics in influent wastes, promote the development of antibiotic resistance in the 

resident bacteria via selective pressures (Pruden, 2013). 

 

Figure 8. Natural selection as a means of increasing antibiotic resistant bacteria populations. 
Image from (ReAct, n.d.). 

 

Chronic Exposure and Induction of Resistance 
Recent studies have indicated that antibiotics themselves can also contribute to the risk of 

antibiotic resistance in the environment. This risk is associated with the fact that 

antibiotics have the potential to enrich resistant bacteria through selective pressure 

processes and increase the probability of horizontal gene transfer to pathogens (Pruden, 

2013). As bacterial communities evolve in an environment chronically exposed to small 

concentrations of antibiotics, such as in a field irrigated with treated wastewater, resistant 

cells survive and persevere much more so than non-resistant cells, thus enriching the 

resistant bacteria population. In addition to selective pressure as a means for enhancing 

antibiotic resistant populations, this presence of subinhibitory antibiotic concentrations 

can also impact cell physiology in a variety of ways, triggering cellular responses such as 

changes in gene expression, horizontal gene transfer, and mutagenesis (Viswanathan, 
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2014). Studies have detected and correlated a stress response expressed in bacteria when 

exposed to subinhibitory concentrations of antibiotics. The induction of this stress 

response causes the regulon to change the expression of hundreds of genes involved in 

the resiliency of membrane permeability as means of mutagenesis for antibiotic 

resistance (Gutierrez, et al., 2013). 

Minimum Inhibitory Concentration Assay 
A common method for assessing antibiotic resistance is the Minimum Inhibitory 

Concentration (MIC) assay. This assay determines the minimum antibiotic concentration 

that completely inhibits growth of the study organism. There are three methods for 

conducting an MIC assay: agar dilution, broth macrodilution, or broth microdilution 

(EUCAST, 2003). This study employed the broth microdilution method, where the assay 

is performed on a sterile 96-well plate with wells of 300μl maximum capacity. The plate 

is set-up to contain ascending concentrations of antibiotic in columns 1 through 12 with 

replicates (octuplets) in rows A through H. After a 24-hour incubation time of allowing 

the bacteria to grow in the presence of antibiotics, the 96-well plate is measured for 

optical density at 600 nm (OD600) where 600 nm is the wavelength at which bacteria 

absorb light. The concentration at which no growth occurs represents the MIC of the 

antibiotic against the bacterium (Weigand, Hilpert, & Hancock, 2008). The gaining of 

resistance in a bacterium can be tracked by plotting MIC values over time to see how the 

antibiotic concentration required to completely inhibit bacterial growth increases over 

time. 

Pseudomonas putida 
The organism used in this study is Pseudomonas putida, a common soil bacterium found 

in aerobic environments. This rod-shaped, gram-negative, nonpathogenic bacterium is 

used to model Pseudomonas aeruginosa, its deadly pathogenic cousin (Marcus, 2003).  

P. putida grows optimally in the 25-30°C range in LB (Luria Broth) culture media and 

has been used extensively in research due to its relatively simple culturing environment 

conditions (Ruiz-Manzano, Yuste, & Rojo, 2005). 
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Materials and Methods 

Materials 
• Pseudomonas putida (ATCC® 12633) 

• Difco Luria-Burtani (LB) Broth, Miller (BD, CAS 244610) 

• MilliQ water (17 mΩ) 

• Antibiotic powders 

o Ampicillin (Aldrich CAS 69-53-4) 

o Amoxicillin trihydrate (TCI CAS 61336-70-7) 

o Ciprofloxacin (Aldrich CAS 86393-32-0)  

o Erythromycin (Aldrich, CAS 114-07-8) 

o Kanamycin (Aldrich, CAS 8063-07-8) 

o Ofloxacin (Aldrich CAS 82419-36-1) 

o Oxytetracycline (Aldrich, CAS 6153-64-6) 

o Sulfamethazine (Aldrich, CAS 57-68-1) 

o Tetracycline hydrochloride (Alfa Aesar CAS 64-75-5) 

Equipment 

• 96-well plates (VWR, CAS 10062-900) 

• Sterile reagent reservoirs, 25 mL (VWR, CAS 89094-662) 

• Clear glass bottles, 250 mL and 500 mL 

• Amber glass bottles, 250 mL and 500 mL 

• BioTek Gen5 plate reader 

• Laminar flow cabinet 

• Shaker-incubator 

• Multichannel pipettes 

• Sterile pipette tips, 20 μL and 200 μL 

Methods 
Preparation of Antibiotic Solutions 
Antibiotics were purchased in powder form and brought into aqueous solution with 17 

mΩ deionized water. The aqueous antibiotic solutions were then filter-sterilized through 

a 0.2 µm syringe filter. Antibiotic stock solutions were stored at 4°C in sterile, glass 
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bottles. Antibiotics from the tetracycline family are light sensitive and therefore were 

stored in amber-colored glass bottles. 

Media Preparation 
Luria Broth (LB) media was used for culturing Pseudomonas putida. The media was 

prepared in a 1 L glass beaker by combining 1000 mL of 17 mΩ deionized water and 25g 

of Difco LB-Broth powder. The beaker contents were mixed using a magnetic stir bar 

and stir plate until the yellow media powder was completely dissolved (typically about 

five minutes). The well-mixed media solution in the 1 L beaker were separated into 125 

mL Erlenmeyer flasks using a serological pipette, with each flask containing 

approximately 75 mL of the LB solution. Each flask was closed with a foam stopper and 

covered with tinfoil. The flasks were autoclaved for 30 minutes on the liquid setting to 

ensure sterility of the media. After the autoclave cycle was complete, the flasks were left 

to cool and then stored at room temperature. 

Culturing of Pseudomonas putida 
The P. putida culture used in this project initially started from a glycerin-infused culture 

sample (ATCC® 12633) stored in a 1.5 mL vial in a -80°C freezer. To begin the culture 

for this study, a sterile pipette tip was used to administer 10 μl of the stored sample onto a 

Luria Broth agar petri dish, and a sterile glass ‘hockey stick’ was used to spread the 

sample across the plate’s entirety. This plate grew in a 30°C stationary incubator for 

about 24 hours until visible colonies had formed.  

A ‘mother culture’ of P. putida was created by touching a sterile pipette tip to one of the 

colonies that formed on the agar plate and dropping that tip into a 125 mL Erlenmeyer 

flask that contained 75 mL of sterile LB media. The mother culture flask was shaken and 

incubated at 30°C for 24-hour periods before being re-suspended in fresh media. Daily 

resuspension involved pipetting 100 μl from the existing mother culture flask into a new 

125 mL Erlenmeyer flask containing 75 mL of sterile Luria Broth. The mother culture 

was used for the initial cell inoculations on chronic exposure plates and for baseline MIC 

screening assays for various antibiotics. The mother culture flask was then stored in the 

4°C fridge as a back-up source of unaltered, original ‘control’ cells if needed.  
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Throughout the chronic exposure assays, much smaller volumes of control cells were 

needed on a daily basis. Therefore, instead of re-suspending the control cells in 75 mL of 

new media every day, the control cells were grown on the 96-well plates instead of in 125 

mL flasks. Moreover, it is important to keep the physical environment of the control cells 

consistent with that of the chronically exposed cells because growth in a 125 mL flask 

versus growth in a 300 μl well could affect cell physiology.  

Preparing 96-well Plates 
P. putida was cultured in 96-well plates for the chronic exposure assays and for the MIC 

tests. Although the plates were set-up differently depending on if the plate was for a 

chronic exposure assay or for a MIC test, the initial set-up of all plates was similar and 

outlined as follows. The 96-well plates were prepared in a sterile environment in a 

laminar flow cabinet after all cabinet surfaces had been completely wiped down with 

70% ethanol solution. The 96-well plate was removed from its individual sterile 

packaging and its lid was removed and set aside. Sterile LB media was poured out from 

one of the 125 mL autoclaved flasks into a 25 mL sterile reagent reservoir for ease of 

pipetting with a multichannel pipette. Aliquots of 200 μL sterile LB broth were 

distributed into all wells of the plate using a multichannel pipette with sterile pipette tips. 

The first column on the plate was treated as a negative control, to verify sterility, and 

only contained sterile growth media. If there was no contamination, there would be no 

growth in this column. The second column on the plate was treated as a positive control, 

to verify normal bacterial growth, and only contained sterile growth media and 10 μL of 

P. putida inoculum. The contents of the remaining 10 columns on the plate varied 

depending on whether the plate was being used for a chronic exposure assay or for a MIC 

test.  

The perimeters of these sterile, enclosed 96-well plates were wrapped in parafilm to 

prevent evaporation from the wells while in the shaker-incubator. The parafilm-wrapped 

plates were taped down in the shaker-incubator with the temperature regulator set to 

28°C.  

Chronic Exposure Assay Process 
The overall process for conducting the chronic exposure assay is outlined in Figure 8. In 

order to attribute any increase in resistance to chronic exposure, P.putida’s natural 
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resistance to selected antibiotics was determined prior to commencing any chronic 

exposure assays, as indicated by the first step in Figure 9. 

 
Figure 9. Chronic exposure assay process. 

The remaining steps outlined in Figure 9 introduce the tasks associated with conducting a 

chronic exposure assay. Table 3 below outlines a week-at-a-glance of what type of plates 

were prepared each day throughout the chronic exposure assay. 

Table 3. Week at a glance for chronic exposure assay. 

Monday Tuesday Wednesday Thursday Friday 

Continue chronic 

exposure plate 

Continue chronic 

exposure plate 

Continue chronic 

exposure plate 

Continue chronic 

exposure plate 

Continue chronic 

exposure plate 

   Set-up MIC 

plates*  

Measure OD600 of 

all MIC plates 

*One MIC plate for control cells against each antibiotic, one MIC plate for each column 

on the chronic exposure plate that is exposed to a certain dose of a certain antibiotic. 

 

Baseline Minimum Inhibitory Concentration Tests 
Prior to commencing any chronic exposure assays, the baseline MIC of an antibiotic 

against P. putida was determined. These MIC plates were set-up as described in the 

‘Preparing 96-well Plates’ section, and the 10 µL of cell inoculum used were control 

cells. The columns on the plate contained ascending concentrations of antibiotics from 

Column 3 to Column 12 of whichever antibiotic was being tested. The MIC plate was 

wrapped in parafilm and shaken for 24-hours at 28°C in the shaker-incubator. Growth in 

each column was assessed by measuring absorbance at 600 nm in each well using a 

BioTek Gen5 microplate reader. The concentration at which no growth occurred (i.e. no 

Determine 
baseline MIC of 
antibiotic against 

P.putida

Conduct chronic 
exposure assay

Once a week, do 
an MIC test on 

chronically 
exposed cells

Graph MIC vs 
days of exposure
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observed OD600) was called the MIC. If the MIC was not reached on the plate, as in if 

growth occurred in all test columns on the 96-well plate, then the procedure was repeated 

with higher antibiotic concentrations. Details on the statistical analysis of these MIC tests 

are presented in the later section titled ‘Statistical Methods used in MIC Determination’. 

Sequencing Batch Reactor Set-up for Chronic Exposure Plates 
During the chronic exposure assays, as indicated in the second step in Figure 9, P. putida 

was cultured in 96-well plates in the presence of an antibiotic at various subinhibitory 

concentrations (on the scale of ppt, ppb, and ppm). The 96 wells of 300 µL volume on the 

plates acted as sequencing batch reactors. All columns that weren’t used for positive or 

negative controls contained antibiotics in addition to the 200 μL of LB and 10 μL of cells. 

The presence of the subinhibitory concentration of an antibiotic in the wells is what 

deemed the cells to be ‘chronically exposed’ to that antibiotic. 

The volume of antibiotic to be added to each column on the plate was calculated using 

the common M1V1= M2V2 dilution equation. Volumes of antibiotic added were typically 

in the range of 10 μL to 50 μL, due to the 300 μL capacity limitation of the wells in the 

96-well plate.  

Every day throughout the chronic exposure assay (after the chronic exposure plate had 

been shaken and incubated for about 24-hours), chronically exposed cells were 

transferred onto a new 96-well plate that was set-up exactly the same as the last. This step 

is called ‘continue chronic exposure plate’ in Table 3. The purpose of this daily plate 

transfer was to re-suspend the cells in new media so they would stay in exponential 

growth phase. The wells where growth occurred (every column except for the negative 

control column, since exposure concentrations were subinhibitory) were visibly cloudier, 

indicating bacterial growth. The cells used for inoculum on the chronic exposure plate 

were specific to the column. In other words, if Column 4 contains 200 ppb ciprofloxacin 

as it does in Figure 10, 10 μL from that column is used for cell inoculum in Column 4 on 

the new chronic exposure plate. 
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Figure 10. Chronic exposure plate representing three, simultaneous chronic exposure assays with 

ciprofloxacin, ofloxacin, and oxytetracycline.  

This process of re-suspending the chronically exposed cells, or ‘continuing the chronic 

exposure plate’ as Table 3 presents, was repeated daily for the length of the experiment.   

MIC Tests during Chronic Exposure Assays 
The third step in Figure 9 presents the weekly MIC tests that were conducted during the 

chronic exposure assay. The MICs of the chronically exposed cells were measured 

weekly by preparing 96-well plates containing antibiotics at much higher ppm-level 

concentrations, as shown in Figure 11.  For the MIC plates, 10 µL of chronically exposed 

cells were used as the inocula.  

 
Figure 11. MIC plate for chronically exposed cells. 
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The range of concentrations on the MIC plate for chronically exposed cells ranged from 

around the antibiotic’s baseline MIC on the low end, to about 40 ppm above that value on 

the high end. This allowed for 5 ppm increments between columns in the 96-well plate, 

which is realistic with pipetting accuracy capabilities, and also spanned a great enough 

range of concentrations since a weekly increase in MIC was not anticipated to be more 

than a few ppm. As shown in Figure 10, there were three different antibiotics included in 

the chronic exposure assay. Therefore, there were three MIC plates set-up in total for the 

chronically exposed cells: one plate using cells chronically exposed to 200 ppb 

ciprofloxacin as the 10 μL cell inoculum, the second plate using cells chronically exposed 

to 200 ppb ofloxacin as the 10 μL cell inoculum, and the third MIC plate using cells 

chronically exposed to 200 ppb oxytetracycline as the 10 μL cell inoculum. Antibiotic 

stock solutions were prepared at concentrated concentrations (100 ppm and 1000 ppm) so 

that the volumes to be added to the wells were kept low for these MIC plates for 

chronically exposed cells. 

On the same day that the MICs of chronically exposed cells were tested, additional plates 

were set-up to test the MIC of the ‘control’ P. putida cells growing in the positive control 

column against each antibiotic included in the assay. These control MIC plates were set-

up the same way as they were during the baseline MIC determination set-up. 

All of the MIC plates (for chronically exposed cells and for control cells) were wrapped 

in parafilm and shaken for 24-hours at 28°C in the shaker-incubator. Growth in each 

column was assessed by measuring absorbance at 600 nm in each well using a BioTek 

Gen5 microplate reader. The concentration at which no growth occurred (i.e. no observed 

OD600) was called the MIC. Details on the statistical analysis of these MIC tests are 

presented in the following section. These experiments lasted upwards of a month and 

yielded a plot of the weekly MICs for various antibiotic exposure concentrations over 

time for a visual representation of how resistance changed with chronic exposure. 

Method limitations for this assay include the coarseness of the MIC plate set-up. 

Antibiotic concentration intervals were between 2ppm and 5ppm due to breadth of 

concentrations present on one plate (12 columns) as well as the feasibility of pipetting 

small volumes accurately. 
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Statistical Methods used in MIC Determination 
The Student t-test is a form of hypothesis testing for comparing two sample means 

(Skaik, 2015). In this project, the student t-test was used to determine the concentration at 

which the MIC occurred. The two sample means were the average initial OD600 of media, 

antibiotics, and cells (µ1) and the average OD600 of media, antibiotics, and cells after 

overnight growth (µ2). Note that 10 μL of cells were included in the µ1 value because this 

volume of cells has turbidity and therefore affects absorbance even before the cells have 

started to grow in the media. A hypothesized mean difference (H0) of zero was assumed 

which would imply no growth and therefore that the MIC had occurred in the µ2 sample 

mean. Optical densities of µ1 and µ2 were compared for statistical significance using a 

95% (α = 0.05) confidence interval. Microsoft Excel was used for these statistical tests as 

it is a robust, efficient way to perform Student t-tests. Excel also produces an output table 

for each performed test which includes the probability of rejecting H0, called the p-value. 

A comparison between the two-tailed p-value with the α-value determines whether or not 

the hypothesis is rejected or accepted. If the p-value exceeds the α-value, the H0 is 

accepted. If the α-value exceeds the p-value, the H0 is rejected and implies that the two 

samples means were statistically different. Table 4 provides a visual representation of the 

t-test hypothesis rejection or acceptance criteria. 

Table 4. T-test hypothesis rejection or acceptance criteria. 

p-value > α-value Accept H0 Sample means are not statistically different 

p-value < α-value Reject H0 Sample means are statistically different 

The Q test, also called Dixon’s Q test (Dean & Dixon, 1951), was used to identify and 

reject outliers from daily OD600 plate reader data. The Q test is used for small, normally 

distributed datasets. Risk of false rejection was set to 1%, and sample size was 8 because 

of octuplet datasets. The Q test involves calculating the gap between the potential outlier 

with the nearest value, and dividing that number by the range between the largest and 

smallest values in the data set. The number calculated from this ratio is compared to 

tabulated values for risks of false rejection and sample size. The use of this outlier test is 

critical in MIC determination because the multichannel pipette used to inoculate new 96-
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well plates every day has the potential to over-inoculate individual wells if, for example, 

it uptakes a dense clump of cells.  

Results and Discussion 

Antibiotic Screening Process 
The primary goal of the screening process was to identify which antibiotics could inhibit 

bacterial growth at low concentrations. An upper limit of 20 ppm was selected to 

represent the highest concentration that might be administered to humans. However, 

ppm-levels do not exist in the environment from typical water reuse practices and most 

monitoring studies report much lower ppt-level concentrations (Kostich, Batt, & 

Lazorchak, 2014). Note that the chronic exposure assay for kanamycin did not go through 

this fine of screening process since it was the first attempt at a chronic exposure assay 

and served as a proof of concept for the theory that antibiotic resistance can be acquired 

through chronic exposure. Therefore, kanamycin was chosen for use in the first assay 

since it had a lower intrinsic MIC than the antibiotics it was initially screened alongside: 

amoxicillin, and ampicillin. 

The chemical structure sorting method was used to select a diverse array of antibiotics for 

the screening process. Table 5 below presents the antibiotics selected from each antibiotic 

family to undergo the screening process. Additionally, these selected antibiotics have 

been found at detectable levels (ppb range) in wastewater effluent (Karthikeyan & 

Meyer, 2005) and therefore were relevant antibiotics to include in the study. 

Table 5. Antibiotics selected to be screened for use in chronic exposure assays due to their wide function 
representations and documented presence in WWTP effluents. 

Antibiotic 
Families 

Antibiotics to represent 
family in study 

Beta-Lactams amoxicillin, ampicillin 
Macrolides erythromycin 
Fluoroquinolones ciprofloxacin, ofloxacin 
Tetracyclines oxytetracycline 
Aminoglycosides kanamycin 
Sulfonamide sulfamethazine 
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Baseline MIC Determination 
Prior to commencing chronic exposure assays, the ‘baseline’ or ‘natural’ MIC was 

determined so that the resistance level during the assay could be attributed to chronic 

exposure. Most soil bacteria exhibit intrinsic resistance to a handful of antibiotics, but 

baseline MICs for antibiotics against various bacteria are not widely published values 

(Fair & Tor, 2014). Furthermore, MICs can vary depending on the culturing method of 

the bacterium (i.e.- biofilm, planktonic, etc.).  Many studies have shown how bacteria in 

biofilms are more resistant to antimicrobials (Uymaz Tezel, Akçelik, Neslihan Yüksel, & 

Taşkale, 2016). In fact, biofilm cells have been found 10–1,000-fold less susceptible to 

various antimicrobials than the same bacterium grown in a free-floating culture (Davies, 

2003). 

The following bar graphs plot optical density at 600 nm on the y-axis as an indicator of 

bacterial growth, while the x-axis represents the concentration of antibiotic dosing. Error 

bars on the following graphs represent a 95% confidence interval for the average OD600 

value for the eight replicate samples exposed to that antibiotic dose. The lowest 

concentration at which no growth occurred, or the MIC, is indicated by the first bar 

column with a height (including the height of the error bar) that is not statistically 

different from an optical density of zero (the x-axis). The bar height represents the OD600 

that has been normalized to account for natural turbidity from adding cells to the wells on 

the 96-well plate, as described in the ‘Statistical Methods used in MIC Determination’ 

section. The first column on all of the bar graphs is labeled ‘cells’ and represents normal 

growth of cells that are not exposed to the selected antibiotic. 

Ampicillin Screening 
Ampicillin was found to have a baseline MIC of 275 ppm against P. putida (Figure 12) 

since that was the first concentration at which the normalized OD600 was not statistically 

different from zero, representing no growth. A required inhibitory concentration this high 

indicates that P. putida is naturally very resistant to ampicillin. Literature confirms that 

P.aeruginosa is naturally resistant to beta-lactam antibiotics (Porras-Gomez, Vega-

Baudrit, & Nunez-Corrales, 2012). For comparison, a MIC value of 96 ppm was reported 

for ceftazidime, another member of the beta-lactam family, against P.aeruginosa 

(Zamorano, et al., 2010) 
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(a) 

 

 
(b) 

 

 
(c) 

Figure 12. MIC tests with ampicillin ranging in concentrations from (a) 10 ppm through 100 ppm, 

(b) 125 ppm through 350 ppm, and (c)  275 ppm through 500 ppm. 
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Kanamycin Screening 
Kanamycin was found to have a baseline MIC of 150 ppm against P. putida (Figure 13). 

This value is within range of another study that experimentally determined the MIC of 

kanamycin against various bacterial isolates of Pseudomonas protegens, finding intrinsic 

MIC values of around 256 ppm (Chow, Waldron, & Gillings, 2015). However, these MIC 

values are much greater than what’s typically reported for Pseudomonas aeruginosa 

which are in the range of 10 ppm (Chow, Waldron, & Gillings, 2015). 

 
(a) 

 
(b) 
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(c) 

Figure 13. MIC tests with kanamycin ranging in concentrations from (a) 10 ppm through 100 

ppm, (b) 115 ppm through 160 ppm, and (c) 150 ppm through 240 ppm. 

 
Amoxicillin Screening 
Amoxicillin was found to have a baseline MIC of 640 ppm against P. putida (Figure 14). 

A required inhibitory concentration this high indicates that P. putida is naturally very 

resistant to amoxicillin. Literature confirms that P. aeruginosa is naturally resistant to 

beta-lactam antibiotics such as amoxicillin (Porras-Gomez, Vega-Baudrit, & Nunez-

Corrales, 2012). Another study that attempted to evaluate natural MICs of various 

antibiotics for control reference strains found that the MIC of amoxicillin against 

P.aeruginosa was greater than 128 ppm, which was the highest concentration tested in 

that study (Andrews, 2001). 

 
(a) 
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(b) 

 
(c) 

 
(d) 

Figure 14. MIC tests with amoxicillin ranging in concentrations from (a) 10 ppm through 100 

ppm, (b) 125 ppm through 350 ppm, (c) 375 ppm through 600 ppm, and (d) 600 ppm through 780 

ppm.  
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Erythromycin Screening 
Erythromycin was included in the second MIC screening assay where the primary goal 

was to identify which antibiotics have a sub-20 ppm intrinsic MICs against P. putida. As 

seen in Figure 15, exposing P. putida to 20 ppm erythromycin had only a modest effect 

on its growth, and thus this antibiotic was not included in the chronic exposure 

experiments. Literature supports this observation by reporting intrinsic resistance of 

P.aeruginosa to macrolides when tested in standard broth culture and an MIC of 

erythromycin for P. aeruginosa at about 512 ppm (Morita, Tomida, & Kawamura, 

2013).  

 
Figure 15. MIC screening test of erythromycin against P. putida. MIC is greater than 20 ppm. 

 
Oxytetracycline Screening 
Oxytetracycline was considered for the chronic exposure assay and was included because 

the preliminary screening process revealed a baseline MIC of 12 ppm against P. putida 

(Figure 16). This value is comparable to published reference values for tetracycline, 

another antibiotic in the same family, which has an MIC of 8 ppm against P.aeruginosa 

(Miranda & Zemelman, 2002). This low baseline MIC aligns with literature that reports 

how tetracyclines can transverse the outer membrane through porin channels and increase 

P.aeruginosa’s susceptibility to this family of antibiotics (Lister, Wolter, & Hanson, 

2009). 
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Figure 16. MIC screening test of oxytetracycline against P. putida reveals MIC of 12 ppm. 

Ofloxacin Screening 
Ofloxacin was considered for the chronic exposure assay and was included because the 

preliminary screening process revealed a baseline MIC of 2 ppm against P. putida 

(Figure 17). Literature reports a comparable baseline MIC of 1 ppm ofloxacin against 

P.aeruginosa (Kumari, Balasubramanian, Zincke, & Mathee, 2014). 

 
Figure 17. MIC screening test of ofloxacin against P. putida reveals MIC of 2 ppm. 

 
Ciprofloxacin Screening 
Ciprofloxacin was considered for the chronic exposure assay and was included because 

the preliminary screening process revealed a baseline MIC of 2 ppm against P. putida 

(Figure 18). Literature reports a comparable baseline MIC of 0.25 to 1 ppm for 
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ciprofloxacin against P.aeruginosa (Kumari, Balasubramanian, Zincke, & Mathee, 2014) 

(Ibrahim-Elmagboul & Livermore, 1997). 

 
Figure 18. MIC screening test of ciprofloxacin against P. putida reveals MIC of 2 ppm. 

Sulfamethazine Screening 
Sulfamethazine was included in the second chronic exposure assay where the preliminary 

screening process eliminated any antibiotics that did not have a sub-20 ppm intrinsic MIC 

against P. putida. As seen in Figure 19, shocking P. putida with 20 ppm sulfamethazine 

had little effect on its growth, and thus this antibiotic was not included in the assay. The 

result of this screening is supported by reports that Pseudomonas spp. are intrinsically 

resistant to sulfonamides (Ou, Chen, Bai, Song, & Lin, 2015). Previous studies have 

deemed P.aeruginosa ‘moderately resistant’ to sulfonamides with an MIC value 

somewhere below 1000 ppm for sulphamethoxazole, a sulfonamide-family antibiotic 

(Grey & Hamilton-Miller, 1975). 

 

 
Figure 19. MIC screening test of sulfamethazine against P. putida. MIC is greater than 20 ppm. 
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Chronic Exposure Assays 
The first chronic exposure assay conducted involved only one antibiotic, kanamycin, but 

multiple exposure concentrations were included and ranged from ppt-level to ppm-level 

doses. The second chronic exposure assay involved three antibiotics (ciprofloxacin, 

ofloxacin, and tetracycline), but only included one ppb-level exposure concentration. The 

product of these chronic exposure assays are figures where MIC values are plotted 

against days of exposure as a means of displaying acquired resistance to various 

antibiotics by P. putida. 

Chronic Exposure Assays with Kanamycin 
The following three figures represent assays that were conducted concurrently, but are 

separated into three graphs (ppt, ppb, and ppm exposure concentrations) for clarity. 

As Figures 20a-c illustrate, chronic exposure to ppt and ppb-levels of kanamycin do not 

appear to induce resistance in P. putida, but exposure to ppm-level doses do seem to have 

this effect. These results are consistent with another study that chronically exposed 

Pseudomonas protegens cells to 25 ppm kanamycin (1/10th its experimentally determined 

MIC value) to find that the intrinsic MIC increased 8-fold after 40 generations in chronic 

exposure (Chow, Waldron, & Gillings, 2015). 

Other studies have investigated the response P. aeruginosa undergoes when stressed by 

aminoglycoside antibiotics such as kanamycin. Findings indicate that novel phenotypes 

are produced to increase biofilm formation and use secretion systems as means for 

resisting kanamycin (Jones, Allsopp, Horlick, Kulasekara, & Filloux, 2013). 

The gap between MIC values for the chronic exposure series and the control series does 

not get wider over time in Figures 20a and 20b. Therefore, exposure to ppb-level and ppt-

level concentrations of kanamycin over a 45-day period did not appear to induce an 

increase in resistance.  
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Figure 20a. MIC over time for P. putida chronically exposed to ppt-level doses of kanamycin. 

 
Figure 20b. MIC over time for P. putida chronically exposed to ppb-level doses of kanamycin. 
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The gap between MIC values for the chronic exposure series and the control series 

widens over time in Figure 20c for the 10 ppm series. Therefore, exposure to 10 ppm 

kanamycin over a 45-day period appeared to induce an increase in resistance.  

 
Figure 20c. MIC over time for P. putida chronically exposed to ppm-level doses of kanamycin. 

 
On day 35 of the chronic exposure assay with kanamycin, extreme heat was present in the 

laboratory and the shaker-incubator used to culture the plates was unable to maintain the 

set 28°C temperature. The spike in MIC values after this date for all series including the 

control cells is attributed to the shaker-incubator reaching temperatures in the range of 

38°C. With higher temperatures, growth rates are accelerated, thus producing more cells 

in each individual well on the 96-well plate. This increased cell population requires more 

antibiotics to kill it off, and therefore a higher MIC value is observed. The lack of 

temperature control in this experiment was a limitation, but resistance trends can still be 

observed by comparing the control series to the chronic exposure series on the graphs. As 

long as the gap between the MIC for control cells with the MIC for chronically exposed 

cells is widening, resistance is being acquired. 

The results of this first assay with kanamycin supported the hypothesis that chronic 

exposure to sub-MIC concentrations of an antibiotic can promote an increase in antibiotic 
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resistance over time. However, the concentrations for which this phenomenon was 

observed with kanamycin against P. putida were ppm-level. Since ppm-level 

concentrations are not likely to occur in the environment, kanamycin does not appear to 

pose a threat for creating superbugs out of common soil pathogens such as Pseudomonas 

aeruginosa when treated wastewater is used for food-crop irrigation. 

Chronic Exposure Assays with Ciprofloxacin, Ofloxacin, and Oxytetracycline 
The second chronic exposure assay included more antibiotics than the first assay but only 

evaluated exposure to one environmentally relevant, ppb-level concentration. This 

chronic exposure assay revealed how some antibiotic families are more capable of 

inducing resistance in P. putida than others. The fluoroquinolone family, represented by 

ciprofloxacin and ofloxacin, was capable of inducing a significant increase in resistance 

in P. putida. On the contrary, the tetracycline family, represented by oxytetracycline, did 

not exhibit the same capabilities over the duration of this assay. 

The acquired resistance trend during this assay for ciprofloxacin is displayed in Figure 

21a. The gap between MIC values for the chronic exposure series and the control series 

widens over time in Figure 21a, with initial MIC values of 5ppm increasing to around 

20ppm. Therefore, exposure to 200 ppb ciprofloxacin over a 50-day period appeared to 

induce an increase in resistance in P. putida. 

 
Figure 21a. MIC of P. putida over time with chronic exposure to 200ppb ciprofloxacin-HCl. 
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A similar study involving chronic exposure to 0.025 ppm ciprofloxacin (1/10th the natural 

experimentally determined MIC) to Pseudomonas protegens found that the MIC 

increased 10-fold over forty generations (Chow, Waldron, & Gillings, 2015). Another 

study exposed Pseudomonas aeruginosa to 0.5 ppm (one-half of the natural 

experimentally determined MIC) and saw an increase in MICs from 1 ppm to 12 ppm 

after nine exposures (Wu, Scott, Li Wan Po, & Tariq, 1999). The result of this research 

study, shown in Figure 21a, compares with published studies that have found induction of 

resistance from exposure to concentrations ranging from 0.025 ppm to 0.5 ppm since this 

study used 200 ppb exposure doses and saw a similar trend. The results of this study vary 

from other studies in that baseline MIC values were generally greater than reported in 

literature. 

Other studies have investigated the mechanisms Pseudomonas aeruginosa use to resist 

fluoroquinolones and found that the pathogen responds by active efflux pumps, structural 

changes of the antibiotic’s target enzymes, and promotion of biofilm formation (Hooper, 

2001) (Linares, Gustafsson, Baquero, & Martinez, 2006). 

Chronic exposure to ofloxacin, another member of the fluoroquinolone family, also 

appeared to induce an increase in resistance in P. putida. However, there was more noise 

in this data set, making Figure 21b less conclusive than Figure 21a. 

 
Figure 21b. MIC of P. putida over time with chronic exposure to 200ppb ofloxacin. 
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The gap between MIC values for the chronic exposure series and the control series 

widens over time in Figure 21b. Therefore, exposure to 200 ppb ofloxacin over a 50-day 

period appeared to induce a slight increase in resistance in P. putida. However, the 

variability in the control series towards the end of this assay raises the concern of whether 

the increased MIC in the chronically exposed cells is attributed to a factor that also 

caused an increase in the control cells’ MICs. 

Figure 21c, below, tracks the resistance trend of P. putida exposed to 200 ppb 

oxytetracycline during the chronic exposure assay.  

 
Figure 21c. MIC of P. putida over time with chronic exposure to 200ppb oxytetracycline. 

Overall, the response by Pseudomonas spp. upon chronic exposure to subinhibitory 

concentrations of tetracycline antibiotics is not widely understood, and chronic exposure 

of P. putida to 200 ppb oxytetracycline was inconclusive in this study, as seen in Figure 

21c. 

The first two data points for the control MIC series on the preceding graphs are excluded 

due to abnormally high values compared to the relatively stable control series for the rest 

of the assay duration.  Excluded values for the first two data points include 10 ppm and 

16 ppm for ciprofloxacin, 18 ppm and 20+ ppm for oxytetracycline, and 14 ppm and 10 

ppm for oxytetracycline. These outliers are likely attributed to the fact that initial control 

MIC tests were performed using cells grown in the ‘mother culture’ 125 mL flask rather 

than in 300 µl wells of a 96-well plate, which could have different physiology. Methods 
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were revised per this observation such that another column of control cells was grown on 

the 96-well plate so that there would be enough volume to use these cells for the weekly 

control MIC tests. 

Conclusions 
The findings of this study support the hypothesis that bacteria can develop antibiotic 

resistance through chronic exposure to environmentally-relevant concentrations of 

antibiotics. However, this phenomenon depends on the study organism, the antibiotic, 

and the concentration of chronic exposure. The quinolone family, represented by 

ciprofloxacin and ofloxacin, appears to have a great potential for inducing resistance in 

bacteria similar to Pseudomonas aeruginosa, posing a serious threat to human health. 

This study contributes to the growing understanding of how antibiotics behave in the 

environment. Many studies have investigated how chronic exposure to subinhibitory 

concentrations leads to genetic mutations and the use of resistance mechanisms in 

bacteria, but there are still big knowledge gaps in explaining the link between those 

mutations and mechanisms with antibiotic resistance. This study helps fill that knowledge 

gap by tracking how MICs change over time as a result of chronic exposure. 

Wastewater treatment plants that intend to use their treated effluent for food-crop 

irrigation purposes should consider testing their influent waste for the presence of various 

antibiotics, especially for those that have been shown to have capabilities of inducing 

antibiotic resistance in soil pathogens. Wastewater treatment plants that supply food-crop 

irrigation water should verify whether or not influent waste contains antibiotic 

concentrations capable of inducing resistance in the environment through chronic 

exposure. If concerning concentrations are present in the influent wastewater, removing 

antibiotics with technologies such as reverse osmosis and oxidative processes, such as 

ozone, would be paramount for reducing the risk of creating superbugs in irrigated soils.  
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