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Abstract 

 
The spread of antibiotic resistant organisms has increased in different water environments. 

This originates from the disposal of antibiotics from hospital wastes, irrigation from farms, 

domestic antibiotic drug disposal in sewage, pharmaceutical production wastes and effluents from 

wastewater treatment plants. Antibiotic resistant bacteria (ARB) are capable of spreading their 

genes into water-indigenous microbes, circulating in the water environment and potentially 

altering microbial ecosystems. Antibiotic resistance in water environments are considered 

contaminants of emerging concerns (CEC), based on the UN and WHO groups and as such 

becoming a major global health issue in the future.  

This project focuses on establishing a rapid, cost effective and easy-to-use, on-site method 

that will aid in quantifying the ARB, specifically vancomycin resistant Enterococcus (VRE), in 

water using TECTATM pathogen detection system. This method can potentially be incorporated as 

part of on site and in lab water quality controls and monitoring assessments. Specifically, this 

project focuses on establishing a resistance profile for 160 Enterococcus spp. isolates from local 

wastewater treatment plants for their resistance to vancomycin using the microdilution assay 

method.  The resistance profile established will be used to assess the accuracy of the TECTA 

system from TECTA-PDS (Kingston, ON) 

The TECTA system as a new detection method for ARB, has proved to be effective in 

detecting the growth of Enterococcus spp. isolates in the presence of low and high concentrations 

of vancomycin. In comparison to the microdilution assay, the TECTA instrument detected 

resistance in isolates with an 86.8% agreement with the microdilution assay and a specifically 

designating resistance at 32 mg/L vancomycin level at a 76.3% agreement. 
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1.0 Introduction 

1.1 Background 

 
Water is an essential factor contributing to the health and wellbeing of humans. The human 

body is known to be 75% water and, as a result, can only survive without water for a maximum of 

3 days (Khalifa et al. 2018).  According to the World Health Organization, 1.1 billion people 

around the world do not have access to clean drinking water supply in addition to 2.4 billion 

without proper sanitation facilities (WHO 2000). In developing countries, waterborne diarrheal 

diseases are responsible for the death of 450 children below the age of 5 every hour due to poor 

water supply and sanitation facilities. Waterborne infections and parasitic diseases in developing 

countries are responsible for 36% of deaths per year (Zehnder, 2003). It has been studied that for 

every 1 person, 20 to 50 liters of clean safe water is required every day to maintain the health of 

the human body system. The mentioned 20-50 liters are utilized for hygiene, drinking and cooking 

(Khalifa et al. 2018).  

 

Water scarcity, flooding and lack of proper wastewater management also hinder social and 

economic development. Increasing water efficiency and improving water management are critical 

to balancing the competing and growing water demands from various sectors and users. In 2015, 

according to the Department of Economic and Social Affairs, the United Nations Member States 

organized 17 Sustainable Development Goals (SDGs) that later motivated the 2030 Agenda for 

Sustainable Development (SDGS 2015). The 17 goals consist of various sectors that together can 

achieve a sustainably peaceful and prosperous quality of living for current and future generations. 

These goals include climate action, equality, justice, eliminating poverty and hunger and economic 
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growth. Furthermore, this project contributes to Sustainable Development Goal 6, which is 

dedicated to ensuring availability and sustainable management of water and sanitation for all 

(SDGS 2015). 

 

Gibson offered a framework for sustainability-based assessment in 2006 proposing a 

framework to help identify, evaluate and compare all possible impacts alternatives may have that 

would affect moving forward sustainably, to help guide decision making (Gibson 2006). This 

framework is based on intragenerational equity and socio-ecological system integrity sustainability 

criteria. Gibson’s sustainability framework is a structure that links principles to indicators. One of 

seven essential principles is sufficiency and opportunity, which solely focuses on ensuring 

everyone has an equal chance for a decent life and the opportunity to improve without 

compromising future generations’ resources. From that principle, indicators are derived and 

selected to proceed in the research problem of focus. Gibson’s framework promotes the selection 

of the most highly efficient indicators in terms of providing the most sustainable and 

comprehensive coverage of all aspects of sustainability (Gibson 2001).  

 

The main microbiological indicator for water quality is fecal indicator bacteria (FIB) such 

as Escherichia coli and Enterococcus is used traditionally as an indicator to detect various 

environmental contaminants, such as in the case of antibiotic resistant bacteria in the form of 

vancomycin resistant Enterococcus (VRE). The use of indicator bacteria will limit the need for the 

use of many complex testing methods to address an individual pathogen or other contaminants of 

concern. FIB are sustainable indicators in developing more rapid and routine methods in detecting 

environmental contaminants, such as Antibiotic resistant bacteria (ARB), that would propose harm 
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on humans and animals if exposed (Rompré 2002). The idea is a few simple tests for FIB can 

indicate the risk to contamination from many contaminants in sewage and other fecal sources. The 

assumption is that the presence of the pathogens and other contaminants of concern is highly 

correlated with the presence of the indicator.  

 

ARB and their presence as pathogens are assumed to be directly correlated with FIB such 

as E. coli and Enterococcus. To better address ARB, a time efficient and feasible detection system 

that uses FIB, specifically vancomycin resistant Enterococcus as an indicator to ARB, is key to 

effective water quality monitoring and thus the data achieved help encourage consistent policy and 

decision makers in identifying water bodies and species at risk.  

 

Every year, 3,300 chemical compounds out of the 400 million metric tons of synthetic 

chemicals produced are utilized in human medicine (Zehnder 2003). As a result, large portions of 

these chemicals end up in water bodies through environmental releases. Pharmaceuticals and 

antibiotics used on animals and prescribed to humans are eventually excreted into wastewater 

through wastes (Zehnder 2003). With the ever-increasing world population and the intensive use 

of antibiotics in various sectors, antibiotic molecules are increasingly found in freshwater and 

marine environments (Boy-Roura et al. 2018). These sectors include concentrated animal feeding 

operations (CAFOs), aquaculture, hospitals and human domestic usage. The amount of antibiotics 

used in aquaculture has not been estimated but due to intensive farming, it is one of the fastest 

growing food sectors worldwide (Henriksson et al. 2018). Moreover, antibiotics in manure and 

other waste-based fertilizers run off crop and grazing fields and are deposited into waterways 

(Kraemer et al. 2019).  
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As a result of increased human use, antibiotics are now found in great quantities in sewage 

and wastewater treatment plants (WWTPs). The UN and WHO groups are predicting an increase 

in illnesses caused by antibiotic resistance and as such becoming a major global health issue in the 

future. This is due to the detection of concerning levels of antibiotic resistant bacteria, which are 

considered contaminants of emerging concern (CEC) based on the United Nations and World 

Health Organization (Sanderson et al. 2016). CEC are defined as “any synthetic or naturally 

occurring chemical, or any microorganism, that is not commonly monitored in the environment 

but has the potential to enter the environment and cause known or suspected adverse ecological 

and (or) human health effects” (USGS 2017). Commonly monitoring contaminants refers to the 

regular surveillance of the chemical in the environment with various methods available to be 

utilized. Furthermore, antibiotic resistance also imposes a significant financial burden on world 

economies, with the USA alone spending an estimated $35 billion per annum on the treatment of 

resistant infections (CDC, 2013). 

 

ARB levels are increasing in water environments (Baquero et al. 2008; Kim et al. 2007). 

ARB can spread antibiotic resistance genes (ARG) through horizontal exchange with neighboring 

bacteria, therefore altering the environmental microbiome (Martinez 2008; Grohmann 2011). 

Antimicrobial-resistant infections are more costly to treat and can increase morbidity and mortality 

(Cosgrove, 2006).  

 

 

 



 5 

1.2 The TECTATM Automated Rapid Microbial Detection Systems 
 

1.2.1 Overview  

 

The TECTA-PDSTM (Fig. 1) as an automated detection system can accurately detect E. coli 

and Enterococcus bacteria as well as total coliform and fecal coliform bacteria in drinking water 

samples using a biosensor-type detector (Brown et al. 2008; Brown et al. 2013).  The TECTA 

system analyzes and provides sample information in 2-18 hours (TECTA-PDS 2017). Once the 

samples start running, a notification alert will appear and be transmitted by email as soon as any 

sample becomes positive for the test target. Furthermore, no sample preparation or dilution is 

required prior to testing on the TECTA, therefore, acting as a simple, rapid bacteria detection 

system that can be used on site or in a laboratory without the need for extensive microbiological 

training to operate.  

 

 

Figure 1: TECTA B16 Automated Rapid Microbial Detection Systems 
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As shown in figure 2, the TECTA™ B16 has 16 incubation chambers where coloured rings 

are displayed on the touch display screen corresponding to each sample in the chambers.  

 

 
Figure 2: The TECTA B16 Detection Instruments shown with open lid indicating 16 chambers 

for running multiple test cartridges 

 
 

 
 

Figure 3: The TECTAlert CCA, ECA, ENA and FCA Test Cartridges 
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Once an ENA test cartridge, a TECTA cartridge label specified for Enterococcus tests, is 

in the TECTA, the Enterococcus isolates multiply and produce an enzyme called β-glucosidase. 

β-glucosidase enzyme reacts with the anthracene-β-D-glucopyranoside substrate and derives a 2-

hydroxyanthracene product. As shown in figure 4, the fluorescent 2-hydroxyanthracene product 

then diffuses into a polymer at the base of the test cartridge. These fluorescent molecules are then 

monitored with a fibre optic probe by the TECTA system every 30 seconds during the test period 

to detect the growth of Enterococcus in the cartridge using fluorescence. 

 

Figure 4: Schematic of a TECTA test cartridge showing bacteria metabolizing a substrate and 

producing a fluorescent product that then diffuses into the polymer at the base of the test 

cartridge. Fibre optic probes monitor the fluorescent molecules during the test period as an 

indication of growth detection of Enterococcus. 



 8 

 

Once the test period has been completed, TECTA instrument stores all data in the system 

and it can be later archived using a USB memory drive.  

 

A project was carried out by Brown et al. (2018) to test for E. coli and total coliforms in 

lake water samples from Lake Ontario. The TECTA method was compared with the Colilert-18 

method with Quantitray-2000. Samples were diluted in a 100 mL sample bottle and mixed with 

the Colilert-18 reagents then added in Quantitray packages. They are then sealed in the packages 

and incubated at 35oC for 18-22 hours. Results are recorded through visual observation of the wells 

as either positive or negative in reference to a comparator. MPN (Most Probable Number post 

dilution) numbers are recorded with the aid of manufacturer provided tables, 2420 MPN/100 mL 

is the detectable limit for the Quantitray-2000. Samples were tested on the TECTA by adding 100 

mL of the lake water sample to the TECTA test cartridge with no dilution required, securely 

closing the lid and mixing it manually to ensure the powder ingredients were dissolved. The test 

cartridge was then loaded into the TECTA in the designated chamber followed by the selecting 

the option on the touch screen for the appropriate test. On the other hand, for the Colilert-18 

method, some lake water samples needed to be diluted 10 times or 100 times with sterile water to 

not exceed the 2420 MPN/100 mL limit, then mixed with Colilert-18 reagents. Samples were 

loaded to the Quantitray packages and incubated at 35 C for 18-22 h. Results were visually 

recorded by reading the wells as either positive or negative based on a comparison with a 

comparator. MPN numbers were recorded with the use of tables provided by the manufacturer. In 

comparison, the TECTA quantitative data results were available within approximately 12.5 to 7 

hours for E. coli samples with less than 1 CFU/100 mL to 105 CFU/100 mL, respectively, and 

results were available on email sent from the TECTA when the test was completed. Overall, 
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TECTA samples needed less than 5 minutes to process compared with the Colilert-18 method as 

well as did not require the need for personnel to be present to visually interpret the results after the 

24 hours incubation period. In addition, the nature of sample handling for the TECTA was the 

same as collecting samples for any other method and can be operated at any location with a bench 

top where the instrument can be plugged in (Brown et al. 2018).  

 

The TECTA B16 is a rapid pathogen detection system that is designed to be used on-site 

and can be operated without the need of expert microbiological training. However, despite of the 

growing concern for the spread of ARB in the environment, especially in water environments, 

there has been a lack of research dedicated to developing a similar automated bacteria detection 

system for quantifying ARB in water. Therefore, the main objective of this work is the 

modification of the TECTA system to detect ARB to help establish an efficient, cost effective and 

practical method to provide rapid water quality monitoring and response. Enterococcus bacteria 

were chosen as a fecal indicator to help develop the TECTA method to detect vancomycin resistant 

Enterococcus (VRE) as a model group of ARB. 

 
From a public health standpoint, pathogens carrying resistance genes against multiple 

classes of antibiotics, often referred to as ‘superbugs’, are of special interest. The most well-known 

‘superbugs’ are methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant 

Enterococci (VRE) and extended-spectrum beta-lactamases (ESBL)-carrying E. coli (Kraemer et 

al. 2019). Once the TECTA has adapted to detecting ARB in water, it can be a useful on-site and 

in lab tool for rapidly and consistently detecting the ARB of concern by providing up to date 

bacterial resistance data and therefore contribute to maintaining and advancing the water quality 

monitoring and treatment processes. 
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The proposed approach for detecting VRE using TECTA may be a model for developing 

tests for other types of resistance as well as for multiresistant organisms by adding different 

antibiotics.  

 

 
1.3 Conventional ARB detection methods 
 
 

1.3.1 Kirby-Bauer disc diffusion susceptibility test 
 
 

The Kirby-Bauer disk diffusion susceptibility test was developed in the 1980s and is used 

for determining the susceptibility or resistance of bacteria to antibiotics. This method involves the 

preparation of a saline bacterial suspension by inoculating 4-5 isolated colonies of the bacterial 

organism to be tested using a sterile loop in 2 mL sterile saline. Suspension is vortexed to ensure 

it is uniform. The turbidity of the suspension should be at 0.5 McFarland standard (figure 5). This 

is done to make sure the Mueller-Hinton (MH) agar plate is uniformly and completely covered 

with bacteria. The bacterial suspension is then transferred using a sterile swab on an MH agar plate 

surface by streaking a swab three times over the entire agar surface (Clinical Laboratory Standards 

Institute 2006). 
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Figure 5: McFarland standards 0.5, 1.0, 2.0, 3.0 (left to right), positioned in front of a 

Wickerham card. 

 
Antibiotic discs are placed on the MH agar using sterile forceps. Once all antibiotic discs 

have been placed, MH agar plates are covered and incubated at 35°C for 24 hours. The 

concentration of the antibiotic is highest closest to the disc (Clinical Laboratory Standards Institute 

2006). As shown in figure 6, bacterial resistance level is determined by the radius of the bacterial 

growth in the presence of antibiotics in the media. Measurements are recorded in centimeters and 

the smaller the radius, the greater the resistance. 
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Figure 6: The measuring of growth of bacteria by resistance growth radius in the presence of 

antibiotic impregnated paper discs demonstrating the bacteria’s resistance to the antibiotic. The 

smaller the radius, the greater the resistance. 

 

 
 
 

1.3.2 Microdilution method 

 
The microdilution assay is a widely used method of susceptibility testing and determining 

the minimal inhibitory concentrations (MIC) of antibiotics for bacteria (Rotilie et al. 1975, Leber 

2016). MIC is the lowest concentration at which the antibiotic can completely inhibit the growth 

of the bacterial strain tested, with the growth inhibition assessed by visual observation. This 

method is referred to as microdilution due to the use of small volumes of media broth deposited 

into sterile microdilution trays containing multiple wells. Typically, a 96 well tray is used and must 

be handled in an aseptic setting. As a result, the preparation process of the microdilution method 

can only be accomplished in a laboratory environment and cannot be done remotely. In addition, 



 13 

some of the lab resources required are media bottles, sterile test tubes and pipettes, and a 35 ± 2°C 

incubator available for 2 days for the incubation of well trays.  

 

 

Figure 7: Microdilution method process. Todd Hewitt Broth (THB) media is poured in a petri 

dish for easier accessibility of the 8 tip pipettor then media is deposited in the designated well 

rows on the 96-well plate. Plates are incubated in 35 ± 2°C for 24-48 hours.  

 

1.3.3 PCR 
 

A Polymerase chain reaction (PCR) assay is a classic molecular technique used to 

genetically detect pathogenic species. A successful PCR assay requires two DNA primers, 

template DNA, nucleotides, and DNA polymerase to amplify the specific DNA fragment 

containing the resistant gene of interest from a pool of DNA (Bustin 2017).  To detect resistance 
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genes, PCR generates many copies of a specific segment of DNA from a sample which includes 

the resistance gene. If the resistance gene is not present in the sample, it will not attach to the 

primer and therefore will not be detected and copied, and the sample is then characterized as non-

resistant. In the case of VRE, genes vanA and vanB are normally used to detect the vancomycin 

resistance of Enterococcus. The PCR is sensitive and accurate but can be costly and requires an 

expert with sufficient background in molecular biology work (Bustin 2017). As a result, PCR is 

used for final characterization, in the case of uncertainty. Additionally, other cons to PCR are 

associated with the DNA kits. Firstly, the DNA polymerase, which is an essential part of the kit 

that determines the success of the PCR assay in many cases has proven to be prone to errors as 

mutations can occur in the generated fragment in addition to the error caused by the inhibition of 

the PCR process, which can be common for environmental samples. Furthermore, primers have 

evidently been associated with binding errors, despite coding accuracy. This is due to occasional 

nonspecific binding of primers caused by the presence of similar genetic sequences in the template 

DNA (Bustin 2017). In addition, sometimes the DNA is present but does not code for resistance.  

Those bacteria are genotypically resistant, but phenotypically non-resistant.  

In comparison with culture-based characterization of bacterial antibiotic resistance in 

relevance to sample preparation time, PCR requires the manual extraction and preparation of a 

sample before the sample under study can be tested in the instrument. PCR is faster than culture 

methods, but more time is spent working on the sample. This versus the lesser time required to 

swab, streak and incubate protocol for culture-based phenotypic characterization (Andreas et al. 

2015). Both methods are required to be performed aseptically in a laboratory setting and cannot 

be done remotely.  
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A study conducted by Schwartz in 2003 used the PCR method to investigate the presence 

of ARB and their resistance genes in biofilms from hospitals, wastewater and drinking water 

(Schwartz 2003). Genes vanA and vanB were used to detect the vancomycin resistance of 

Enterococcus. VanA genes were detected in all wastewater and environmental biofilms. Results 

showed that enterococci and streptococci concentrations as well as the resistance genes were 

detected in higher concentrations in hospital biofilms in comparison to biofilms from wastewater 

samples at municipal sewage treatment plant (Schwartz 2003). 

 

All conventional methods discussed are widely used for the detection of antibiotic resistant 

bacteria. They all require different microbiological and molecular background to achieve accurate 

detection. However, they are all commonly labour intensive, need considerable amount of time, 

resources and lab space to operate. As a result, they cannot be used for routine detections and 

screenings of ARB in addition to their inability to be used remotely and on-site (i.e., outside a 

laboratory).   The efficacy and ultimate accuracy of phenotypic and genotypic characterization are 

generally influenced by time, volume of samples and trained staff available. Whereas the TECTA 

detection system requires minimal sample preparation, is more rapid, provides quantitative results, 

and without the need for extensive microbiological training and knowledge.  
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1.4 Purpose of the project 
 
 

Monitoring ARB in water is important as it would establish a resistance profile in a water 

source that could potentially have an effect on human health or water ecosystem. Vancomycin 

resistant Enterococcus is a good model ARB as Enterococcus is an established indicator for water 

quality because of tolerance to water alkalinity, increased temperature and sodium chloride 

concentrations (Thomas et al. 2003). Therefore, vancomycin resistant Enterococcus species, such 

as Enterococcus faecalis, are a great starting point for developing a rapid testing method for VRE 

as a model for ARB. 

 

Developing a routine detection method is essential as conventional methods are costly, 

require experts and cannot be automated on-site to gather rapid results.  This project focuses on 

establishing a time efficient, cost effective and feasible method using TECTA that will aid in 

rapidly quantifying VRE in water on site which can be incorporated as part of water quality 

controls and monitoring assessments. This method will be confirmed by comparing results to a 

microdilution assay.  

 

Research Questions 

 

1. Are we able to design an alternative method based on the TECTA technology to detect 

antibiotic resistant bacteria in water that is rapid, cost effective, and efficient? 

2. Will it be capable of detecting changes in the ARB levels in water samples?  
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2.0 Literature Review 

2.1 History and the start of the spread of antibiotic resistant bacteria 
 

In the 1930s, the first antibiotic agents, the sulfonamides, became available and were 

produced to eliminate or limit the growth of infectious bacteria (Aminov 2010). In the 1940s the 

antibiotic drug, penicillin, sourced from Penicillium notatum fungi, was developed by Sir 

Alexander Fleming to cure bacterial infections. Penicillin then replaced sulfonamides to treat 

infections that sulfonamides were incapable of treating such as streptococcal infections (Guilfoile 

& Alcamo 2006). The discovery of these drugs transformed the medical field as they are capable 

of dramatically reducing mortality and morbidity in patients with infections, which as a result 

escalated life expectancy (Adedeji 2016).  

Sources of antibiotics into water systems, illustrated in figure 8, include concentrated 

animal feeding operations (CAFOs), hospitals, aquaculture and human domestic usage, along with 

industrial sources. The global use of antibiotics in livestock has reached 63,151 tons in 2010, and 

by 2030 it is expected to increase by another 67% (Van Boeckel et al. 2015). Furthermore, the 

concentration of antibiotics used by biomass in animal feeding operations in Canada are at least 

twice that used in humans (Public Health Agency of Canada, 2016). Additionally, European 

Medicines Agency and the WHO stated that the overuse of antibiotics in farming has led to higher 

levels of antibiotic resistance in human infections, weakened immunity and spread of diseases 

(Landers et al. 2012). The ever-increasing use of antibiotics has seen their increasing deposition 

into environments and waterways.  



 18 

 

Figure 8: The main vectors that encourage the transmission of antibiotics are air, water, animal 

products and humans, shown next to the flow arrows. 

 

Illustrated in figure 9 is the history of the spread of ARB in correlation with the 

development and availability of various antibiotics (García-Solache 2019). Since the late 1980s, 

VRE spread has started to increase leading to the first VRE outbreak in the US as well as an overall 

increase in enterococcal health care-associated infections (HAIs).  This has led to the major global 

concern of the spread of antibiotic resistant bacteria and genes in different water environments 

(Baquero et al. 2008; Kim et al. 2007). Antibiotic resistant bacteria are capable of spreading their 

genes into water-indigenous microbes and circulating in the water environment potentially altering 

microbial ecosystems (Martinez 2008). Various studies confirm that the disposal of 

pharmaceuticals and antibiotics, mainly originate from hospital wastes, irrigation from animal and 

agricultural farms, aquaculture, domestic antibiotics disposal in sewage, pharmaceutical 
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production wastes and effluents from wastewater treatment plants (Lee et al. 2007). This disposal 

leads to the development of resistance in the water-indigenous microbes.  

 

 

Figure 9: Timeline of Enterococci as human pathogens throughout history (blue), 

development of antibiotic resistance (green), and availability of antibiotics clinically (red). HAIs 

are health care-associated infections (García-Solache 2019). 

 

Antibiotic pollution and misuse have led to the reduction of bacterial susceptibility to 

antibiotics as bacterial cells are exposed to antibiotics in water environments leading to the 

development of antibiotic resistant bacteria (Kraemer et al. 2018). Studying Enterococcus 

antibiotic resistance from effluent samples sampled from local wastewater treatment plants is 

important in determining potential exposure of bacteria to humans through water. Wang et al. 

(2020) gathered statistics on the distribution of ARB, ARG, and antibiotics in WWTPs worldwide 
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(Europe, America, Asia and Africa). Results showed that sulfonamide, macrolide, quinolone, 

tetracycline and trimethoprim were the most frequently detected antibiotics in WWTPs. The 

removal of antibiotics, ARB and ARG only ranged between 53-78% before human exposure 

(Wang et al. 2020). Well water and lake water are common receptors and can be sources for human 

exposure as the main environmental exposure route of humans to ARB is through water (Kim et 

al. 2007).  

 

Schwartz et al. (2003) studied the possible occurrence of resistance genes in drinking water 

after filtration and disinfection treatments at local wastewater treatment plants. Enterococci, 

Enterobacteriaceae, staphylococci were used as indicator bacteria to look at biofilms in drinking 

water from riverbank filtrates. Schwartz et al. (2003) were able to detect the vancomycin resistant 

enterococci gene vanA using PCR in both the wastewater biofilms and in drinking water biofilms. 

Interestingly, the gene was detected without the presence of Enterococci, which was an indication 

of a gene transfer to autochthonous drinking water bacteria (Schwartz et al. 2003). This 

investigation is useful as it would highlight any potential transfer from wastewater and surface 

water to drinking water that would require constant monitoring to protect against human exposure 

(Schwartz et al. 2003). 

 

Figure 10 illustrates the growing issue of the spread of antibiotics and the various routes 

associated with the spread (Pomba 2017). 
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Figure 10: Antibiotic transport, post animal exposure, through feeds and the deposits into the 

environment. 

 
CAFOs are intensive animal production units, some of which use high quantities of 

antibiotics on livestock to minimize any infections and maximize their growth to increase profit 

and yields, where regulations permit. Since the 1950s, farm animal agriculture industry has 

transitioned to an intensive industry due to the increased human population. The intensification 

has led to increasing the concentration of animals in a single space, therefore, leading to greater 

chances of transmission of pathogens and infectious agents. As a result, antibiotic therapy is the 

most commonly used infection management strategy (Davis 1978). In 2013, the global 

consumption of antibiotics in the veterinary sector was estimated at 131,000 tonnes. Antibiotics 

consumption between livestock and humans were relatively similar at 118 mg/population corrected 

unit (PCU) and 133 mg/kg, respectively. In 2010, Canada was recorded to use 111.5 mg/PCU of 

antibiotics (Figure 11). PCU is the measurement of milligrams of total antibiotics used per 
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kilogram of meat production with the correction of differences in livestock numbers and types. 

Thus, the total consumption of antibiotics in livestock is estimated to be 70-80% of the total 

consumption of antibiotics produced worldwide. The antibiotic overconsumption accelerates the 

cases of antibiotic resistance resulting in infections that are difficult to treat and further spreading 

antibiotic resistance to humans consuming the meats and dairy products (Ritchie 2017).  

 

Figure 11: Global antibiotic use measured in mg/PCU in livestock in 2010 (Ritchie 2017) 

 
2.2 Resistance and gene spread mechanisms 

 
For any susceptible bacteria to develop resistance, two conditions must apply. The initial 

condition is for the organism to be in close contact with the antibiotic. Secondly, a mechanism 

must take place for the resistance against the antibiotic to develop in the microorganism. Some 

mechanisms for antibiotic resistance performed by the bacterial cell include antibiotic 

modification, which essentially produce enzymes in charge of inactivating the antibiotic through 

Antibiotic use in livestock, 2010
Antibiotics are used in livestock for animal health and productivity, but also pose a risk for antibiotic resistance in
both humans and livestock. Data is measured as the milligrams of total antibiotic use per kilogram of meat
production. This is corrected for differences in livestock numbers and types, normalising to a population-corrected
unit (PCU).
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the addition of specific chemical moieties to the compound or that will fully deactivate the 

molecule itself, preventing the antibiotic from interacting with its target (Munita et al. 2016). 

Another mechanism is antibiotic degradation, which involves hydrolyzing the antibiotic, such as 

degradation of β-lactam antibiotics by contact with β-lactamases for example (Peterson et al 2018).  

Additional mechanisms include antibiotic sequestration which blocks the antibiotic from reaching 

its target bacterial site with the use of proteins (Peterson et al. 2018).  

 

In the bacterial cell, the chromosome and the extrachromosomal elements (plasmids, efflux 

pumps, modifying enzymes and degrading enzymes) are in charge of facilitating resistance in the 

cell (Figure 12). Resistant cells may have mutated chromosomal genes that change from coding 

for antibiotic sensitivity to antibiotic resistance through β-lactam and penicillin binding proteins, 

PBP-based resistance mechanisms. These mechanisms inhibit the antibiotic by associating it with 

a similar structure of PBP and acylating the active site serine (Peterson et al 2018). Rate of 

mutation in bacterial cells can occur at one per million to one per billion cells. Plasmids in the 

form of small circular pieces containing DNA can be nonconjugative, which involves movement 

within the bacterial cell. When the resistant bacterial cell is exposed to an antibiotic, modifying 

enzymes change the structure of the antibiotic to become ineffective, while degrading enzymes 

aim to completely degrade the antibiotic. Efflux pumps can also cause resistance by removing the 

antibiotic from the cell (Khachatourians 1998). Figure 12 below illustrates the mechanisms of 

antibiotic resistance described above. 
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Figure 12: Process of antibiotic resistance development in the plasmid. Antibiotics are shown as 

cubes (Khachatourians 1998). 

 

After bacteria genetically acquire resistance, they are capable of facilitating the resistance 

to other bacteria through mobile gene elements (MGEs) via their antibiotic resistant plasmids and 

transposons, regardless of the presence of antibiotics in the environment, becoming the most 

important mechanism of the spread of resistance (Munita et al. 2016). Figure 13 shows the 

conjugative state of the plasmid where DNA is mobilized from one bacterium to another. These 

mechanisms consist of horizontal gene transfer of MGEs amongst bacteria including transduction, 

conjugation (addition of chemical groups), and transformation. Transduction, a virus mechanism, 

is a phage-supported transmission from a bacteriophage-infected bacterium to a bacteriophage 

susceptible bacterium. This is done through a virus infection as a replicated virus carries the 

plasmid encoding resistance out to the susceptible cell. Conjugation occurs when an antibiotic 
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resistant plasmid is transferred through a pilus, formed between two bacterial cells. Lastly, 

transformation occurs through bacterial update of naked DNA encoding resistance from the 

environment, after a bacterium containing an antibiotic resistant plasmid has been lysed (Thomas 

et al. 2005).  

 

 

Figure 13: Three ways in which antibiotic-resistant conjugative plasmids move from one 

bacterium to another; A: Transduction, B: conjugation C: transformation. 

 

Resistance transfer can lead to potential creation of a reservoir of resistant pathogens that 

would be unresponsive to antibiotic treatment if humans are exposed through drinking water 

(Thomas et al. 2005).  
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3.0 Materials and Methods 

3.1 Sample collection  

 
Water samples for this project were collected as secondary sewage effluent from two local 

wastewater treatment plants, Cataraqui Bay WWTP and Ravensview WWTP (figure 14 and 15).  

 

 
Figure 14 Cataraqui Bay WWTP, servicing West Kingston City 

 

Figure 15 Ravensview WWTP, servicing central and East Kingston City 
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3.2 Membrane filtration 

 
The detection of Enterococcus species from the collected secondary sewage (SS) sample 

was done by diluting the secondary sewage and filtering it through a modified cellulose membrane 

filter (47 mm, 0.45 μm pore). The filter was then placed on a Slanetz and Bartley (S&B) plate and 

incubated for 44 hours at 35⁰C. All should be done in a sterile environment with all essential 

Personal Protective Equipment (PPE); lab coat, goggles and gloves. During incubation, 

Enterococcus colonies grew on the filter and were observed by their different shades of purple. 

Following incubation, there was as maximum of 45 Enterococcus colonies per plate. Enterococcus 

isolates were picked at random using a wooden inoculating stick and transferred to culture tubes 

with 5 mL Todd Hewitt Broth (THB) medium for overnight culturing at 35⁰C. After 24 hours, the 

overnight cultures were used for the microdilution assay to develop a resistance profile for every 

isolate. A total of 160 Enterococcus spp. isolates were selected in this manner. 

 
 
3.3 Microdilution Assay 
 

Microdilution assay was used to gather information on the resistance level of Enterococcus 

isolates. Microdilution assay involved the preparation of THB media, dispensing it in the wells, 

inoculating the wells with overnight cultures of isolates and adding the test concentration of 

vancomycin in a pre-prepared solution.  

 

For the vancomycin resistance tests on the 96-well microplates (supplied by Thermo Fisher 

Scientific), a stock of 12.8 mg/mL vancomycin was prepared by dissolving 64.0 mg vancomycin 

in 5.00 mL sterile RO water. For the 4 mg/L tests, 31.3 μL of the 12.8 mg/mL vancomycin stock 
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was added to 100 mL sterile THB with Esculin and Ferric Ammonium Citrate (FAC). For the 32 

mg/L tests, 250 μL of the 12.8 mg/mL vancomycin stock was added to 100 mL sterile THB with 

Esculin and FAC.  

 

On the 96 well microplate, all wells were filled with 200 μL of THB+Esculin+FAC.  

Columns 1-3 and 10 were kept as controls (no vancomycin was added), columns 4-6 and 11 with 

4 mg/L vancomycin, columns 7-9 and 12 with 32 mg/L vancomycin. 20 μL of bacterial isolates 

were inoculated in columns 1-9.  

 

Microplates were incubated at 35⁰C for 24 hours. For quality control, E. faecalis ATCC 

#29212 (EF29212) was inoculated into the last row. Wells that developed a dark colour indicated 

growth of the Enterococcus isolates. Isolates were assigned as non-resistant, low-resistance or 

high-resistance based on their growth in the corresponding microplate well. The darker the well, 

the greater the colony count and growth of Enterococcus spp. 

 

3.4 Isolates storage and its impacts  

 
A batch of 100 isolates were frozen in sterile 2-mL screwcap cryo-vials with 0.15 mL 100% 

glycerol and 0.85 mL of bacterial overnight culture. The isolates were previously tested for their 

resistance and only the highly resistant isolates were later retrieved. These isolates were thawed 

by streaking a small amount of the frozen culture in four quadrants on Tryptone Soya Agar (TSA) 

media using an inoculating loop. The TSA plate was then incubated at 37oC for 18-24 hours. A 

subculture was made after the 24-hour incubation of the first spread plate for each isolate to ensure 

the glycerol had been fully removed and only the bacterial culture was grown on the TSA media 
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plate. This was done by using an inoculating loop to remove one healthy and isolated colony from 

the first spread plate and streaking it in quadrants onto the second TSA spread plate and incubated 

at 37oC for 24 hours. Once colonies for all thawed isolates had grown on the second TSA plate, 

for each isolate, one colony was removed using a wooden inoculating stick and inserted in a THB 

media test tube and incubated at 37oC for 24 hours.  

 

Isolates were then tested for their resistance on microplates in 4 mg/L and 32 mg/L 

vancomycin and incubated at 37oC for 24 hours. This practice verified that freezing isolates had 

in fact affected their resistance potential as the previously highly resistant isolates no longer grew 

in 32 mg/L vancomycin after freezing. Therefore, all resistance testing using the TECTA was 

compared to a same-day resistance result from microdilution assay. 

 

3.5 Enumeration of strains in overnight culture  

 

Once the resistance profile for all isolates had been established using the microdilution 

assay, each isolate was enumerated to obtain an approximate colony forming unit (CFU) count 

prior to inoculation of samples for the TECTA™ system.  Enumeration was done using serial 

dilution.  

 

Serial dilution involved the transfer of 9 mL of sterile Reverse Osmosis (RO) water using 

a pipette to all test tubes needed for the dilution process. Overnight cultures of natural and lab 

isolates cultured in THB overnight were vortexed three times, then 1 mL was transferred to the 

first tube, that tube was designated 101. In order to achieve 100 cfu, overnight cultures were diluted 
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by serial 10-fold dilutions until the target dilution of 106 and 107 was achieved. Then 50 μL was 

aseptically pipetted onto the middle of a TSA plate and spread using a sterile metal spreader. 

Spreaders were sterilized in 95% ethanol after each use. Plates were incubated at 37oC for 24 hours. 

Steps are illustrated in figure 8. All Enterococcus isolates were spread plated from the 106 and 107 

dilutions, and the 100 cfu target inoculations were taken from the optimal dilution. In most cases, 

107 was the optimal dilution factor for enumeration and inoculation at 100 cfu target.   

 

Figure 16: Visual of the serial dilution process. 

 
3.6 TECTA Vancomycin Resistant Enterococcus (VRE) tests 
 
 

For the TECTA resistance test, 1.6 mg/mL vancomycin stock solution was prepared by 

adding 250 μL of the 12.8 mg/mL vancomycin stock to 1.75 mL sterile RO water. This stock was 

used for the 4 mg/L TECTA™ test where 50 μL of the 1.6 mg/mL vancomycin stock was added 

to the 20 mL THB in test cartridge. As for the 32 mg/L test, 50 μL of the 12.8 mg/mL vancomycin 

stock was added to the 20 mL THB cartridge. 
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All isolates were tested in three TECTAlert™ ENA test cartridges; one cartridge for a 0 

mg/L vancomycin control to confirm isolate growth, a 4 mg/L vancomycin test cartridge and a 32 

mg/L vancomycin test cartridge. The TECTA™ instrument was set to TECTA-ENA-ENTERO 

mode and incubated at 41.5oC for 24 hours. TECTA-ENA-ENTERO is in reference to the TECTA 

instrument test mode specified for quantifying Enterococcus isolates in the test cartridge.  

 

Empty TECTA™ cartridges were filled with 20 mL sterile THB, 200 μL of 0.5 mg/mL 

anthracene-β-D-glucopyranoside substrate suspension, 1 mL of the Enterococcus overnight 

culture, and either 4 or 32 mg/L vancomycin, where needed, as explained in table A1. The 

anthracene-β-D-glucopyranoside suspension was prepared by adding 5.0 mg to 10 mL sterile RO 

water and vortexed immediately before dispensing to make the suspension uniform since the 

anthracene-β-D-glucopyranoside is not highly soluble in water. This stock was used for up to a 

month when stored in the fridge. Test cartridges were manually mixed well to ensure the equal 

distribution of ingredients then added to the TECTA™ instrument. Test cartridges were placed in 

the TECTA chambers and test was run in the TECTA-ENA-ENTERO mode for 24 hours. Results 

were displayed on the screen regarding the detection of bacterial growth and data is then archived 

using a USB drive. The USB drive is set to contain all statistical information about the isolates’ 

growth during the test period including growth curves established during the test. 
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4.0 Results and discussion 

 

4.1 Characterization of isolates by microdilution assay 

 
Shown in figure 17 is an example of a 96 well plate after 24 hours incubation at 37oC and 

how results were recorded. Columns 1-3 served as positive controls, indicating effective 

inoculation of a row with viable bacteria and serving as a visual guide for positive wells.  Columns 

10-12 were negative controls, confirming that background organisms were not being delivered in 

the growth medium or other reagent solutions and serving as a visual guide for negative wells.  

Row A demonstrated growth for a high resistance isolate with strong growth in the presence of 4 

mg/L and 32 mg/L vancomycin, matching the positive controls in columns 1-3. In row B the isolate 

did not grow at either 4 mg/L or 32 mg/L, which indicated a non-resistant isolate. The isolate in 

row C demonstrated low resistance to vancomycin, with strong growth in the presence of 4 mg/L 

but less growth at 32 mg/L vancomycin. The complete set of 96-well microplates is displayed in 

Appendix A. Literature reports classify isolate resistance using a threshold of 16 mg/L or 32 mg/L 

vancomycin (Sanderson et al. 2016), which corresponds to high resistance in this classification.  

 

The lab strain, E. faecalis ATCC #29212 (EF29212) has a low resistance to vancomycin 

as the inhibition concentration of 50%, IC50, for growth is at 2.6 mg/L vancomycin. The 

combination of S&B culturing of the membrane filter and the vancomycin microdilution assay 

provide Enterococcus spp. isolates characterization for their vancomycin susceptibility and 

assigned to a VRE category. The lab strain EF29212 was used as a control to confirm identification 

of low vancomycin resistance, meanwhile EF27270 was used as a control for identifying non-

resistant Enterococcus isolates (Swenson et al. 1995, Nicas et al. 1989). 
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Figure 17: 96-well microplate testing the susceptibility of Enterococcus spp. isolates at 4 mg/L 

and 32 mg/L vancomycin. Each row was inoculated with a different sewage isolate taken from 

an S&B plate.  

 
Some variables were investigated to ensure resistance level and growth rate was reliably 

recorded. Firstly, growth of the isolates in the microplates after 24 and 48 hours of incubation was 

compared. This was done through the preparation of two 96-well microplates with identical high 

and low resistant isolates and with EF29212 as a control on each. Both 96-well microplates were 

stored in a 37oC incubator, but one was left for 24 hours and one for 48 hours. Additionally, another 

variable tested was the temperature at which the microplates are incubated. The same procedure 

was followed except one microplate was incubated at 37oC and the other at 41.5oC for 24 

hours.  Tables 1 and 2 below show that temperature did not influence their resistance neither did a 

longer incubation period, as growth on the microplates remained the same for all isolates 

(Appendix A). Strain 10 was the only exception as it expressed greater resistance to vancomycin 
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at concentration 4 mg/L when incubated for 48 h than at 24 h at both temperatures.  It should be 

noted that Strain 10 was originally classified as high-resistance but was then stored for 6 months 

at -80 oC, and these results were obtained after thawing the isolate.  

 

Table 1: Resistance comparison for 7 isolates in 96-well microplates incubated at 37oC and 41.5oC 

for 24 hours. 

 

 

 

 

 

 

 

 

Table 2: Resistance comparison for 7 isolates in 96-well microplates after 24- and 48-hour 

incubation at 37oC. 

Isolate # Microplate resistance at 
37oC  
24 hours 

Microplate resistance at 
37oC 
48 hours 

42 Low Low 
49 Low-high Low-high 
55 Low-high Low-high 
21 Low Low 
68 Low-high Low-high 
87 Low-high Low-high 
10 Non-low Low 

Isolate # Microplate resistance at 
37oC 

Microplate resistance at 
41.5oC 

42 Low Low 
49 Low-high Low-high 
55 Low-high Low-high 
21 Low Low 
68 Low-high Low-high 
87 Low-high Low-high 
10 Non-low Low 
E. 

faecalis ATCC 

29212 

Low Low 
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E. 
faecalis ATCC 

29212 

Low  Low 

 

 

160 Enterococcus spp. isolates were tested using the microdilution assay. Out of the 160, 

55 Enterococcus isolated were non-resistant, 68 were low resistance, and 37 were of high 

resistance (figure 18). The 43% low resistant bacteria and 23% high resistant bacteria were 

expected as various studies including one conducted by Aali et al. (2014) confirmed the inability 

of conventional WWTPs to significantly reduce or eliminate ARB, resulting in high concentrations 

of ARB present in the effluent (Aali et al. 2014). 

 

  

Figure 18: Microdilution assay results for the 160 Enterococcus spp. isolates. 
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4.2 Development of resistance assay in the TECTA 

 
The isolate collection developed using the microdilution assay step was suitable for 

characterizing the TECTA system for detection and classification of VRE as it is comprised of 

non-resistant, low resistance and high resistance isolates. 

 

Enterococcus isolates were cultured in THB media and incubated for 24 hours at 37°C. A 

volume of the overnight culture is added to the TECTA test cartridge. Different isolate spike 

volumes were initially tested in the TECTA test cartridge to investigate the optimal number of 

cells required to maximize accuracy in representing resistance level as well as to attain results in 

the minimum time. Spike volumes 0.1, 0.5, and 1 mL were compared using control lab strains 

EF29212 and E. faecium ATCC #27270 (EF27270). Volume and number of cells are important as 

the greater the volume, the more cells are in the inoculate and vice versa. A low volume may not 

offer a sufficient number of cells to detect high resistance in the test duration. Meanwhile a high 

spike volume may provide excess cells such that growth is detected even for low resistance isolates 

in the high resistance test.  

 

4.2.1 TECTA detection of antibiotic inhibition of growth of reference organisms 

 
 

Lab strains EF29212 and EF27270 were tested in the TECTA system with 0, 4 and 32 

mg/L vancomycin in the growth medium. The fluorescence signal recorded in the TECTA system 

indicated whether growth of the organisms was detection in the 24 h incubation period.  A plot of 

signal vs. time for the different test conditions was examined to assign a result of “growth” or “no-
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growth” for each test.  These results were then compared with the microdilution results for the 

same isolates.   

 

 

Figure 19:  TECTA growth curve with 2 mL of culture of lab strain EF29212 tested at 0, 4 and 

32 mg/L vancomycin 

 
Figure 19 shows detection of EF29212 at 0 mg/L vancomycin, where the signal increase 

between about 5 h and 10 h indicates normal growth after inoculation with 2 mL of the culture.  

EF29212 was also detected at 4 mg/L vancomycin but the growth was delayed until the 12 h to 17 

hr range, indicating slower growth in the presence of the antibiotic.  No growth was detected at 32 

mg/L vancomycin as the signal simply drifted around baseline values. This pattern of growth at 

the three vancomycin levels indicates low resistance for the isolate, consistent with growth 

observed in the microdilution tests after 24 h and as expected for the EF29212 isolate.   
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Figure 20: TECTA growth curve displaying the growth of lab strain EF27270 tested at 0, 4 and 

32 mg/L vancomycin 

 
As shown in figure 20 above, lab strain EF27270 showed non-resistance to vancomycin as 

it was tested at 0, 4 and 32 mg/L and at different spike volumes. Growth was detected at only 0 

mg/L vancomycin, meanwhile no growth was detected at 4 and 32 mg/L vancomycin for any 

inoculation volume up to 2 mL. These results are fully consistent with literature reports that 

EF29212 is low resistant and EF27270 is non-resistant to vancomycin (Swenson et al 1995, Nicas 

et al 1989).  
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The average cell density in 1 mL added to 20 mL THB in the TECTA test cartridge is 

3.90x107 cfu/mL. In comparison, the cell concentration in the microplates where 20 μL culture is 

added into 200 μL is an average of 8.2x106 cfu/mL 

 

4.2.2 Optimization of inoculation volume for natural isolates 

 
Signal curves for 0.1 mL inoculations of the lab strains EF27270 and EF29212 and natural 

strains 52 and 68 without the addition of vancomycin are shown in figure 21. Signals for all isolates 

appear at about the same time, indicating similar growth of all isolates during the test period at 

41.5oC incubation in the TECTA system. This shows that these reference strains grow similarly to 

the natural strains in the absence of vancomycin. 

 

Figure 21: Growth detection of EF29212, EF27270, strain 68 and 52 with 0.1 mL of overnight 

culture 
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These initial results suggest that further TECTA tests should use the same cell count as 

EF29212 at 2 mL, since the results for EF29212 were as expected. This is achieved by enumerating 

the isolates the same day they will be run on TECTA.  

 
Further examination of the inoculation volume was done using strain 68 and EF29212, 

both of which should be low resistant according to their growth on the microplates. The results in 

figure 22 and figure 23 would classify these as non-resistant on the TECTA, probably due to the 

low spike level.  

 

 

Figure 22: EF29212 TECTA test with 0.1 mL overnight culture  
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Figure 23: Test result for 0.1 mL overnight culture. 

Figure 24 below demonstrates the growth rates of natural strain 68 using 0.1 mL, 0.5 mL 

and 1 mL inoculation volumes. Strain A68 was classified as low resistance based on its growth on 

the 96-well plates during the microdilution assay. As shown in the graph below, the isolate 

expressed normal growth at 0 mg/L vancomycin at all spike levels. Furthermore, at 4 mg/L 

vancomycin, only the 1 mL spike volume curve was clearly visible after 8 hours showing low 

resistance to vancomycin. Meanwhile with 0.5 and 0.1 mL of overnight culture, there was little to 

no growth at 4 and 32 mg/L vancomycin as the colony count was too low to express and 

demonstrate resistance. In addition, at 1 mL, strain 68 showed some signal at 32 mg/L but declined 

as the test period progressed. This further justifies the classification of low resistance to 

vancomycin and the suitability of 1 mL as a spike volume for the TECTA tests.  
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Figure 24: Natural strain 68 growth at different spike volumes. 

The test of inoculation volume with EF29212 was repeated on a day when the initial culture 

density was higher, at 7.7x108 cfu/mL.  The results in figure 25 below show that a spike volume 

of 2 mL (1.5x109 cfu) is too high as growth curves at 0 mg/L and 4 mg/L vancomycin are almost 

superimposed, and the curve at 32 mg/L is not clearly showing presence or absence of growth.  

The results at 1 mL (7.7x108 cfu) show a clearer distinction between signals at 0 mg/L vancomycin 

and 4 mg/L vancomycin. 
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Figure 25: Growth detection of EF29212; Green curves represent samples with1.5x109 cfu and 

blue curves represent samples with 7.7x108 cfu. 

 
 

A similar test was done with the low resistant natural strain 68 with a 1 mL and a 2 mL 

spike volume from the overnight culture to determine whether 2 mL could be suitable for some of 

the isolates. This was also motivated by the idea of potentially achieving faster results for VRE on 

the TECTA system 
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Figure 26: Enterococcus strain 68 test using 1 mL and 2 mL culture volumes. 

 

The results for strain 68 data (figure 26) show that a 2 mL spike volume was too high, 

giving overlapping signals at 0 mg/L vancomycin and 4 mg/L vancomycin as was seen for 

EF29212 in figure 25. The 1 mL spike provided the expected low resistance classification, 

matching the results for 1 mL of this strain in figure 23.  

 

4.3 TECTA classification of resistance for isolates 

 

4.3.1 Problems with isolates archived in the freezer 

 
Before generating new Enterococcus spp. isolates in the lab from secondary sewage, a 

comparison test was done for a previously frozen strain to compare the results with the previous 

microdilution assay method. Strain A52 was one of the strains originally classified as highly 
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resistant to vancomycin as it grew very well in the microplates during the microdilution assay in 

both 4 mg/L and 32 mg/L vancomycin. This strain was later frozen at -80oC with other strains of 

different resistance levels for 4 months. When strain A52 was thawed and re-tested on the 

microplates at 4 mg/L and 32 mg/L vancomycin, it clearly did not grow at either 4 mg/L or 32 

mg/L, appearing non-resistant, as shown in figure 27.  

 

 

Figure 27: Blue box labelled on the microplate highlights the growth of Enterococcus spp. strain 

number 52 in 4 mg/L and 32 mg/L tests. 

All microplates follow the same format of columns 1-3 and 10 kept as controls with added 

vancomycin, columns 4-6 and 11 with 4 mg/L vancomycin and columns 7-9 and 12 with 32 mg/L 

vancomycin.  
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Figure 28 shows that the thawed strain 52 also demonstrated non-resistance in the TECTA. 

This result shows an unexpected effect of freezing on the resistance potential of Enterococcus 

isolates, where the thawed organisms grew normally but could no longer tolerate the vancomycin. 

A positive outcome is the agreement of the TECTA classification compared with the microplate 

even for these unexpected results.  

 

Figure 28: Enterococcus spp. strain 52 growth on the TECTA in 4 mg/L and 32 mg/L tests. 

 
 

 4.3.2 TECTA classification of resistance for multiple isolates  
 
 

Additional natural Enterococcus spp. strains were isolated by membrane filtration from 

secondary sewage in an effort to obtain more high resistance isolates. The 96-well microplate in 

figure 29 shows the resistance profile for 8 of these the isolates, and the microplates for the 

remaining 152 isolates are displayed in Appendix A. Resistance levels of the Enterococcus isolates 
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were characterized in the TECTA based on detection of growth within 24 hours. A signal increase 

of at least one half of the control (no vancomycin) signal was designated as indicating growth.  

Every isolate was tested at 0 mg/L, 4 mg/L and 32 mg/L vancomycin at a time and results are 

compared with the microdilution assay resistance results to judge the capability and accuracy of 

the TECTA method. If growth was detected in 24 hours or less in 32 mg/L vancomycin, it was 

then considered highly resistant to vancomycin. If no growth was detected at 32 mg/L vancomycin 

test but growth was detected in the 4 mg/L vancomycin test, then the isolate was classified as low 

resistant. If growth was detected in the 0 mg/L vancomycin control, but not in either 4 mg/L or 32 

mg/L vancomycin, then the isolate was classified as non-resistant. The isolate cultures used for 

inoculation had an average of 49 cfu in 50 μL of the 107 dilution. This means that 1 mL undiluted 

culture spiked into the TECTA tests contained 9.8x109 cfu. The comparison of microdilution 

results and growth curves are displayed below for each isolate (figures 29-34). 

 

 

Figure 29: Blue box labelled on the 96-well microplate highlights the growth of Enterococcus 

spp. strain B4 in 4 mg/L and 32 mg/L tests 
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Figure 30: Enterococcus strain B4 growth in the TECTA system. 

Figure 29 and figure 30 show the microdilution and TECTA results for strain B4.  In both 

cases, growth at all vancomycin concentrations was detected, indicating that both methods 

classified strain B4 as high resistance. 

 

Figure 31: Blue box labelled on the 96-well microplate highlights the growth of Enterococcus 

spp. strain B11 in 4 mg/L and 32 mg/L tests 



 49 

 

Figure 32: Enterococcus strain B11 growth in the TECTA system. 

Enterococcus strain B11 demonstrated its non-resistance to vancomycin in the 

microdilution assay and the TECTA test further proved that in the ratio plot.  Note that signal 

increase is observed in the tests with vancomycin, but the total increase is well below 50% of the 

control test signal increase, so normal cell growth is not detected.  
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Figure 33: Blue box labelled on the 96-well microplate highlights the growth of Enterococcus 

spp. strain B12 in 4 mg/L and 32 mg/L tests 

 

Figure 34: Enterococcus strain B12 growth in the TECTA system. 
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Shown in figures 33 and 34, natural Enterococcus strain B12 grew as non-resistant to 

vancomycin in both 96-microplate during microdilution assay as well as in the TECTA.  

 
A total of 38 isolates were tested by both the microdilution assay and the TECTA system, 

including the reference isolates EF29212 and EF27270.  Two modes of comparison were assessed.  

The “high” vs “not high” comparison considers the methods in agreement if they both classified 

an isolate as high resistance or if they both did not, but not in agreement if one classified the isolate 

as high while the other classified it as low or non-resistant. The “non” vs “low or high” comparison 

considers the methods in agreement if they both classified an isolate as non resistant or if they both 

classified it as low or high resistance, but not in agreement if one classified the isolate as non-

resistant while the other classified it as low or high.  Results are summarized in Table 3.   

 

Table 3: Comparison of microdilution assay results with the TECTA results.  Individual results 

are shown in Table C2. 

 "high" vs "not high" "non" vs "low or high" 

Total isolates 38 38 

Tests in agreement 29 33 

Percent agreement 76.3% 86.8% 

 

The TECTA detection method has proven its efficiency in detecting Enterococcus spp. 

isolates vancomycin resistance showing any resistance with an 86.8% agreement with the 

microdilution assay when low and high resistance detection are grouped together, in comparison 
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to the agreement of 76.3%, from separating low and high detections and designating resistance at 

the 32 mg/L level.  

More TECTA tests growth curves and microplates are shown in Appendices A and B. 
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5.0 Conclusion 
 
 

After comparing and testing the resistance level of the natural Enterococcus isolates 

alongside lab strain EF29212, there was an agreement of 86.8% between the microdilution assay 

using 96-well microplates and the VRE test using the new TECTA method. Cell density inoculated 

in both test methods was at an average of 3.90x107 cfu/mL for the TECTA in a 1 mL spike and a 

slightly lower 8.2x106 cfu/mL in a 20 uL culture spike in the microdilution assay.  

Rapid and cost-effective methods are needed for routine detection and monitoring of 

ARB/G in water. This project uses vancomycin-resistant Enterococcus (VRE) to develop an ARB 

monitoring method using the automated bacteria detection system from TECTA-PDS. Developing 

a routine system for rapid detection of ARB is of great importance as current conventional methods 

that test for antibiotic resistant bacteria are labor intensive, require sufficient amount of time, 

require experts and laboratory settings, therefore cannot be operated on-site and do not qualify for 

rapid testing. TECTA on the other hand, once the method was developed, proved to be an effective 

approach as it required minimal sample preparation with just the need for broth media to be in the 

test cartridge for the bacteria to grow. The anthracene-β-D-glucopyranoside substrate suspension 

prepared for the tests can be used for up to a month and THB media for up to three months when 

stored in a fridge. Additionally, the TECTA B124 system can analyze 16 samples at once and 

results are achieved in less than 24 hours, therefore can be used for projects with low or high 

quantity samples by utilizing one or more B124 systems at once. TECTA systems can be operated 

on site or in a laboratory setting with no microbiological training required to operate. The 

aforementioned advantages of the TECTA make it a great device and tool to use for on-site 

monitoring and studying different water systems as part of quality control at a cost-effective rate. 
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6.0 Future Work 
 
 

This research project has helped establish a model for vancomycin resistant Enterococcus 

(VRE) testing using the TECTA method. Similar approach should be implemented using multiple 

antibiotics to develop a multidrug resistant bacteria testing method using the TECTA system while 

comparing results with conventional methods.  

 

For the future, the greater the number of isolates, the better determination of TECTA 

accuracy agreement with the conventional methods used. Additionally, isolates with unexplained 

resistance difference among the methods can be compared with results using PCR for genetic VRE 

characterization. Furthermore, testing TECTA accuracy with samples from ground water and lake 

water in correlation with the microdilution assay, Kirby-Bauer disc diffusion method and PCR will 

further confirm the capability of TECTA to detect vancomycin resistant Enterococcus.  

 

In this work, the TECTA system was used to characterize isolates after conventional 

culture assay was done first.  It may be possible to develop a variation on the test that can be done 

directly in the TECTA with a sample, though antibiotic levels would need to be optimized and a 

quantitation method for mixed consortia of bacteria would need to be developed.  

 

In the long term, the TECTA system can be used to characterize ARB in different water 

environments, such as lake water, and ground water samples. Furthermore, soil and sediment 

samples are applicable once derived into a water sample.  
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Appendix A (Microdilution Assay results on 96 well microplates) 
 

   
Row A-H Strain A34, A42, A49, A52, A55, A33, A16, A31 Row A-H Strains B1, B2, B3, B4, B5, B6, B7, B8, respectively 
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C Strain IDs are labelled on the right of the plate 
 

  
 

    
EF29212 is on row G. (low resistance) 
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Row A Strain B1 – Row H Strain B8      Row A Strain B9 – Row H Strain B15 

 
 

  
Row A-H Strains B17, B18, B19, B20, B21, B22, B23, B24.  Row A-G Strains B25, B26, B27, B28, B29, B30, B31. 
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Row A-H: Strain A34, A42, A49, A52, A55, A33, A16, A31  Row A-H: Strain A22, A21, A13, A12, A11, A73, A68, A87 
 

  
Row A-H: Strain A42, A49, A55, A21, A68, A87, A10, EF29212  Row A EF27270, Row B EF29212 
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Row A-H Strains B9, B10, B11, B12, B13, B14, B15, B16, respectively 
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Appendix B (TECTA growth detection curves) 
 

  

Enterococcus strain C1 growth detection using TECTA B124, ENA mode  

Enterococcus strain C4 growth detection using TECTA B124, ENA mode  
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Enterococcus strain C3 growth detection using TECTA B124, ENA mode  

Enterococcus strain C9 growth detection using TECTA B124, ENA mode  
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Enterococcus strain C16 growth detection using TECTA B124, ENA mode  

Enterococcus strain B13 growth in the TECTA system. 
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 Enterococcus strain B14 growth in the TECTA system 

 Enterococcus strain B17 growth in the TECTA system. 
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 Enterococcus strain B23 growth in the TECTA system. 

 Enterococcus strain B28 growth in the TECTA system. 
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 Enterococcus strain B29 growth in the TECTA system.

 Enterococcus strain C5 growth in the TECTA system 
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Appendix C (tables explaining the TECTA test cartridge components and results comparison 
between TECTA and microdilution assay)   
 

Table C1: TECTA™ test cartridge components 

0 mg/L vancomycin test 4 mg/L vancomycin test 32 mg/L vancomycin test 
• 20 mL THB 
• 200 uL ant-gluc 

suspension 
• 1 mL Enterococcus isolate 

from overnight culture 

• 20 mL THB 
• 200 uL ant-gluc 

suspension 
• 1 mL Enterococcus isolate 

from overnight culture 
• 50 uL of the 1.6 mg/mL 

van. stock 

• 20 mL THB 
• 200 uL ant-gluc 

suspension 
• 1 mL Enterococcus isolate 

from overnight culture 
• 50 uL of the 12.8 mg/mL 

van. stock 
  

 
Table C2: TECTA resistance detection in comparison to the microdilution assay results  

Strain # Microdilution 
Assay results 

TECTA 
result 

B1 Low High 

B4 High High 

B6 High Low 

B7 High Low 

B8 High Non 

B10 Low Low 

B11 Non Non 

B12 Non Non 



 76 

B13 Non Non 

B14 Low Low 

B15 Non Low 

B17 Non Non 

B19 High Non 

B22 High High 

B23 Non Non 

B26 Low Low 

B27 Non Non 

B28 Non Non 

B29 High High 

B30 High Non 

C1 High High 

C2 Non Non 

C3 High High 

C4 High High 

C5 High High 

C6 High Non 

C7 Non Non 

C8 Non Non 

C9 Low High 

C10 High Low 

C11 Non Non 

C12 Non Non 

C13 Non Non 

C14 Non Non 

C15 Non Non 

C16 High High 
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Appendix D (TECTA instrument screen displays) 
 

 Test Entry Screen        

 Test Result Screen - Quantitative Mod 


