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KURZFASSUNG 

 

Der Konsum von fäkal verunreinigtem Wasser kann zu einer Vielzahl an Infektionskrankheiten 

führen. Dieses Problem ist nicht nur in Entwicklungsländern weitverbreitet, sondern stellt ein 

weltweites Gesundheitsrisiko dar. Daher werden standardisierte analytische Methoden 

angewendet, um die mikrobiologische Qualität von Trinkwasser und Badegewässern zu 

beurteilen. Während in den vergangenen Jahrzehnten hauptsächlich kultivierungsbasierte 

Techniken zum Einsatz kamen, gewinnen molekulare Methoden wie die 

Polymerasekettenreaktion (PCR) immer mehr an Bedeutung. Obwohl mit DNA-basierten 

Nachweisverfahren die Analysezeit auf ein paar Stunden reduziert wird, müssen diese jedoch 

von ausgebildetem Personal mithilfe spezieller Gerätschaften durchgeführt werden. Weiters 

sind zeitaufwändige Probenvorbereitungsschritte (z.B. DNA-Extraktion) notwendig, wodurch 

diese Methoden ohne entsprechende Laboreinrichtungen ungeeignet sind. Daher besteht ein 

großer Bedarf an neuartigen und feldtauglichen Schnellmethoden, die unter derartigen 

Gegebenheiten in Entwicklungsländern beziehungsweise direkt am Ort der Probennahme 

eingesetzt werden können. 

Das Ziel dieser Arbeit war, diese Problemstellungen aufzugreifen und ein alternatives 

molekulardiagnostisches Analyseverfahren zu realisieren, das zu einer schnellen 

Erstbegutachtung der mikrobiologischen Qualität von Wasser dient. Die Grundvoraussetzung 

dafür war, dass die dabei verwendeten Methoden in Gegenden ohne molekularbiologische 

Laborinfrastruktur durchführbar sind. Zu diesem Zweck sollten neue Strategien zur 

Probenvorbereitung und für die Analyse genetischer Marker entwickelt und mit ausgewählten 

Referenzmethoden verglichen werden. 

Im ersten Schritt wurde die Extraktion der genomischen DNA aus Bakterien thematisiert. In 

den vergangenen Jahren konnte gezeigt werden, dass ionische Flüssigkeiten (ILs) imstande 

sind, tierische und pflanzliche Zellen als auch Gram-negative Bakterien erfolgreich zu lysieren. 

Daher wurde eine Auswahl an hydrophilen ILs synthetisiert und in Kombination mit 

verschiedenen wässrigen Puffersystemen hinsichtlich ihrer inhibitorischen Effekte auf 

quantitative PCR (qPCR) überprüft. In einem nachfolgenden Zelllyseexperiment mit 

Enterococcus faecalis als Modellorganismus wurden die zwei besten Kandidaten ausgewählt 

und hinsichtlich IL-Konzentration, Inkubationszeit und Temperatur optimiert. Die 

Exktraktionseffizienzen der jeweiligen Kombinationen wurden mithilfe eines qPCR-Assays 

ermittelt, der das 23S rRNA Gen in Enterococcus-Spezies detektiert. Die besten Ergebnisse 
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wurden mit 50% IL1 beziehungsweise 90% IL2 in Tris-Puffer und einer Inkubationszeit von 

fünf Minuten bei 65 °C erreicht. Im Anschluss wurde dieses Extraktionsprotokoll an sieben 

weiteren Gram-positiven und -negativen Bakterienstämmen getestet und die Ergebnisse mit 

einer weitverbreiteten enzymatischen Extraktionsmethode sowie zwei kommerziellen Kits 

verglichen. Zusammengefasst zeigten die IL-basierten Verfahren für die meisten 

Referenzstämme bessere Effizienzen als die Kits und waren allen Methoden hinsichtlich Dauer 

und Kosten deutlich überlegen. 

Um von den speziellen Gerätschaften für qPCR-Reaktionen unabhängig zu werden, haben sich 

in den vergangenen zwei Jahrzehnten isothermale DNA-Amplifikationsmethoden etabliert. 

Diese können bei konstanter Temperatur und dadurch auf einem herkömmlichen Heizblock 

durchgeführt werden. Zu diesem Zweck wurde in dieser Arbeit die Methode der Loop-mediated 

Isothermal Amplification (LAMP) für den Nachweis von Enterococcus-spezifischen 

genetischen Markern adaptiert. Die Primer wurden in Anlehnung an einen qPCR-Assay 

konzipiert, der von der US-amerikanischen Umweltschutzbehörde implementiert wurde und in 

dieser Arbeit als Referenzmethode diente. Die wichtigsten Parameter wurden anhand von 15 

Enterococcus-Reinstämmen und 15 verwandten Spezies evaluiert. Weiters wurden aus 

österreichischen Gewässern isolierte Enterococcus-Spezies und ein Set aus 

Umweltgewässerproben analysiert. Alle Ergebnisse wurden statistisch ausgewertet und zeigten 

keine signifikanten Unterschiede zur Referenzmethode. Der LAMP-Assay bietet 

schlussendlich den Vorteil, dass er in 45 Minuten bei konstanten 64 °C durchgeführt werden 

kann. Eine anschließende Färbereaktion ermöglicht zudem die schnelle Visualisierung der 

Amplifikationsprodukte mit freiem Auge. 

Zusammenfassend stellen die entwickelten Methoden wichtige Eckpfeiler für ein 

molekulardiagnostisches Analyseverfahren dar, das von Laien mithilfe kostengünstiger 

Ausrüstung angewendet werden kann. Dieses Verfahren soll es Forschern und Behörden 

ermöglichen, eine schnelle Erstbegutachtung von Wasserproben direkt vor Ort durchzuführen. 

Weiters kann es in Regionen ohne entsprechende Laborinfrastruktur angewendet werden, um 

die mikrobiologische Wasserqualität zu bestimmen. Obwohl die neuartige Extraktionsmethode 

und der Enterokokken-LAMP-Assay wichtige Startpunkte darstellen, um DNA-basierte 

Analyse feldtauglich zu gestalten, muss der künftige Fokus darauf liegen, das Verfahren zur 

Gänze auf ein tragbares und einfach anzuwendendes (mikrofluidisches) Format zu übertragen. 

Um derartige vor-Ort-Anwendungen nicht nur auf dem Gebiet der Wasserqualitätsanalyse 

weiter zu forcieren, wird es daher notwendig sein, gebrauchsfertige Reagenzien herzustellen, 

die mit einem energieautarken, handlichen Analyseinstrument kombiniert werden können. 
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ABSTRACT 

 

The consumption of water contaminated with faeces might lead to numerous infectious 

diseases. This problem is prevalent not only in developing countries but poses a severe global 

health burden. Therefore, standardized analytical methods are applied to assess the 

microbiological quality of water that is used for drinking or recreational purposes. While 

cultivation-based techniques have been primarily deployed over the last decades, molecular 

tools such as polymerase chain reaction (PCR) are becoming increasingly important. Using 

DNA-based detection methods, the analysis time can be reduced to a few hours, but they require 

sophisticated instrumentation and trained personnel. Furthermore, time-consuming sample 

preparation steps such as DNA extraction are needed, all of which renders these methods 

unsuitable for regions without appropriate facilities – e.g., developing countries. Hence, there 

is a strong need for novel methods that can be applied in low-resource settings or directly in the 

field.  

To tackle these challenges, we aimed for the implementation of an alternative molecular 

diagnostic workflow serving as a screening tool for the rapid assessment of microbiological 

water quality. Most importantly, the involved methods should be feasible for applications in 

areas lacking molecular biological laboratory infrastructure. For this purpose, novel strategies 

for sample preparation and genetic marker analysis should be developed and compared to 

selected reference methods. 

As a first step, we addressed the issue of extracting the genomic DNA from bacteria. In recent 

years, ionic liquids (ILs) with biopolymer-dissolving properties have been shown to 

successfully lyse animal, plant, and also Gram-negative bacterial cells. We selected and 

synthesized a set of hydrophilic ILs and tested them in combination with different aqueous 

buffer systems for their inhibitory effects on quantitative PCR (qPCR). In a subsequent cell 

lysis experiment with Enterococcus faecalis as model organism, the two most suitable 

candidates were chosen and further optimized with regard to IL concentration, incubation time, 

and applied temperature. The extraction efficiencies of the individual combinations were 

measured by a reference qPCR assay targeting the 23S rRNA gene in Enterococcus species. 

The best results were obtained with Tris buffer containing 50% IL1 and 90% IL2, respectively, 

and an incubation for five minutes at 65 °C. We then applied this protocol to seven more Gram-

positive and -negative bacterial type strains and compared the results to a common enzymatic 

extraction procedure and two commercial kits. In summary, the IL-based methods showed 
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better efficiencies than the kits for most of the reference strains, while generally outcompeting 

all methods regarding duration and costs per sample. 

To become independent from sophisticated instrumentation that is required for (quantitative) 

PCR reactions, isothermal DNA amplification methods have emerged over the last two decades. 

These methods work at a constant temperature and can therefore be applied on a standard 

heating block. To this end, we adapted the loop-mediated isothermal amplification (LAMP) 

technique for the detection of genetic markers that are specific for enterococci. We designed 

the primers based on a qPCR assay implemented by the U.S. Environmental Protection Agency, 

which we selected as our reference method to compare the results. The key parameters of the 

assay were evaluated using 15 Enterococcus type strains as well as 15 closely and distantly 

related bacterial species that might be present in a water sample. Furthermore, we analysed 

Enterococcus species isolated from Austrian water bodies and a set of environmental water 

samples with a varying extent of faecal pollution. All results were statistically evaluated and 

showed no significant differences to the reference method. Advantageously, the LAMP assay 

can be performed in 45 minutes at a constant temperature of 64 °C, and a subsequent staining 

procedure enables the rapid visualization of the amplification products by eye. 

In conclusion, the developed methods represent essential cornerstones for a molecular 

diagnostics workflow that is suitable to be applied by non-experts using inexpensive equipment. 

It is intended to become a screening tool that can be used by researchers and public authorities 

for rapid on-site measurements. In addition, it can be applied in regions without a proper 

laboratory infrastructure to assess the microbiological quality of water. While the novel 

extraction method and the Enterococcus LAMP assay are important starting points for moving 

DNA-based analytics out into the field, future effort must be put at implementing the entire 

analysis pipeline in a portable easy-to-use format such as a microfluidic device. Providing 

prefabricated cartridges that can be combined with an energy-self-sufficient handheld device 

will be a vital step to further endorse point-of-care applications not only in the area of water 

quality analysis. 
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INTRODUCTION 

 

In the 2030 Agenda of the Sustainable Development Goals, the United Nations postulate that 

one major goal is to “ensure availability and sustainable management of water and sanitation 

for all” (1). According to the associated report, 29 percent of the global population lacked safe 

water supplies in 2015, while almost 900 million people still practised open defecation (2). As 

a result, contaminated water sources are often used for drinking and recreational purposes, 

potentially harbouring numerous waterborne pathogens that elicit diseases such as cholera, 

hepatitis, or cryptosporidiosis. In this context, the most widespread health-burden is attributed 

to diarrhoea, which is estimated to be responsible for more than two million annual deaths and 

countless hospitalizations worldwide (3). While this issue is most prevalent in developing 

countries, there are regular outbreaks of water-associated infectious diseases also in Europe and 

other developed parts of the world (4, 5). 

For this reason, it is particularly important to have analytical tools, which should help prevent 

the use of contaminated water supplies by flagging them unfit for consumption. To avoid the 

detection of each single pathogen that might be present in a sample, standard faecal indicator 

bacteria (SFIB) such as Escherichia coli and intestinal Enterococcus species are targeted (6-8). 

Accordingly, the selective cultivation of SFIB has been the methodological basis ever since the 

introduction of appropriate guidelines (9, 10). However, a major limitation of this approach is 

the duration of at least 18 hours until results can be obtained, which makes it difficult to 

adequately react to unforeseen or undesired outcomes. 

As a more rapid alternative, molecular detection methods based on quantitative polymerase 

chain reaction (qPCR) have been developed to assess the microbiological quality of water. 

These methods have the advantage of providing results in approximately two hours, while 

detecting the targeted genetic marker with high sensitivity and specificity. In recent years, 

several (q)PCR assays for the detection of SFIB in environmental waters have been tested and 

compared to said cultivation-based techniques (11, 12). In 2012, the United States 

Environmental Protection Agency (USEPA) officially implemented a qPCR method, which 

they have been using to monitor the water quality of recreational beaches (13). The workflow 

for such a molecular analysis typically consists of four steps (see Figure 1): similar to 

cultivation-based techniques, an initial filtration step is required in order to concentrate the 

SFIB on a membrane. After isolating the DNA from the bacterial cells, the gene fragment of 

interest is amplified (i.e., multiplied) by (q)PCR. The results are either monitored in real-time 
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using sophisticated thermal cyclers, or subsequent visualization methods such as agarose gel 

electrophoresis are employed. In any case, the results have to be interpreted by qualified 

personnel. 

 

Figure 1: Schematic illustration of a workflow for the molecular detection of SFIB in water. The analysis typically 

consists of four consecutive steps: filtration, DNA extraction, DNA amplification, and visualization/interpretation 

of the results. 

 

Consequently, a certain laboratory infrastructure with costly molecular biological equipment is 

demanded. Especially for the purpose of DNA extraction, protocols or commercial kits are used 

that involve toxic chemicals and time-consuming incubation steps with cell wall- or protein-

degrading enzymes (14). To circumvent these disadvantages, ionic liquids with biopolymer-

dissolving properties have recently been investigated for the lysis of plant and animal cells (15, 

16) as well as viruses and Gram-negative bacteria (17, 18). These novel approaches enable the 

lysis of the respective cells within a few minutes while being independent from expensive 

laboratory instrumentation. Furthermore, the DNA that is released during this process can be 

readily used for analytical downstream applications such as (q)PCR. However, the cell wall of 

Gram-positive bacteria remained unaffected by the treatment of hydrophobic ionic liquids 

combined with temperatures of more than 100 °C (18). Therefore, the extraction of DNA from 

SFIB such as enterococci still relies on conventional methods performed in a suitable laboratory 

environment. 

With regard to simplifying the targeted amplification of molecular markers, isothermal DNA 

amplification methods have been introduced. Unlike PCR, they can be carried out at a constant 

temperature throughout the entire reaction (compare Figure 2). In most cases, this is enabled by 

a special primer design combined with specific polymerases and – depending on the method – 

additional enzymes. Over the last two decades, various methods have been published that 

follow this approach – e.g., loop-mediated isothermal amplification (19), helicase-dependent 

amplification (HDA) (20), rolling circle amplification (RCA) (21), cross-priming amplification 

(CPA) (22), recombinase polymerase amplification (RPA) (23), and many more. 

 

FILTRATION 

5  –  15  MIN 

DNA EXTRACTION  

20  –  180 MIN 

AMPLIFICATION 

45  –  120 MIN 

DATA ANALYSIS 

10  –  15  MIN 
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Figure 2: Temperature profiles of a common qPCR reaction (e.g., USEPA Method 1611) and a typical isothermal 

DNA amplification method (e.g., LAMP), respectively.  

 

Owing to their characteristics, isothermal methods can be conducted using a standard heating 

block or water bath. As a result, operators become independent from specialized laboratory 

instrumentation such as thermal cyclers, which opens up new perspectives for implementing 

DNA-based methods in low-resource settings or directly in the field. Hence, countless 

isothermal assays with a broad range of target analytes and fields of application have been 

published thus far. These include point-of-care diagnostics of infectious diseases in developing 

countries (24, 25), rapid detection of human and animal pathogens in food and feed (26, 27), or 

high throughput screening of antimicrobial resistance genes in clinical specimens (28, 29). 

Although LAMP assays for the detection of Escherichia coli or Enterococcus faecalis have 

been published previously (30, 31), none of these methods were developed based on an official 

reference method nor were they evaluated with real environmental water samples. 

Besides agarose gel electrophoresis, different strategies to visualize the amplification products 

are available that must be adapted to the respective isothermal method. For instance, the LAMP 

reaction generates 10 – 20 µg DNA in a 25 µl setup within 30 to 60 minutes (32). This can be 

exploited either for detecting the turbidity derived from magnesium pyrophosphate formation, 

or a multitude of DNA staining procedures using fluorescence dyes, calcein, hydroxynaphthol 

blue, or berberine are applied (33). Since this approach is not suitable for other isothermal 

methods, alternative detection formats have been developed – e.g., nucleic acid lateral flow 

immunostrip tests combined with HDA (34) or RPA reactions (35). 
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AIM OF THE WORK 

 

The overall aim of this thesis was to move the standard molecular diagnostics workflow for the 

detection of SFIB in water towards a procedure that no longer depends on sophisticated 

laboratory facilities. Instead, the combination of novel approaches for genomic DNA 

extraction, DNA amplification, and product detection should make the rapid analysis of water 

samples available to operators who only have access to basic laboratory equipment. In this 

thesis, a detailed overview on the challenges and perspectives for these point-of-care 

methodologies in food and water analysis is provided in Chapter 1. 

The first crucial step was to tackle the issue of extracting the genomic DNA from bacteria 

(Chapter 2). The aim of this work was to develop a DNA extraction method that can be 

performed in a few minutes on a standard heating block and only employs environmentally 

benign reagents. To this end, we investigated a set of specifically selected and synthesized ionic 

liquids on their potential to lyse Gram-positive bacterial cells. The reaction conditions were 

optimized using Enterococcus faecalis as model organism and subsequently evaluated with 

seven additional bacterial type strains. The corresponding extraction efficiencies were to be 

determined by quantitative PCR and compared to a common enzymatic method and two 

commercial kits. 

To become even more independent from specialized instrumentation, we aimed to develop an 

isothermal DNA amplification assay for the detection of intestinal Enterococcus species 

combined with a suitable approach to visualize the results (Chapter 3). For this purpose, we 

selected U.S. EPA Method 1611 as our reference method and designed primers for a LAMP 

reaction. These were to be evaluated regarding specificity and sensitivity using 30 bacterial 

type strains and compared to the reference method. In addition, the assay should be 

characterized with respect to its limit of detection and performance in analysing Enterococcus 

species isolated from Austrian waterbodies and a set of environmental samples derived from 

spring/karstic-, surface-, and wastewaters. 
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CONCLUSIONS & OUTLOOK 

 

A major advantage of the newly developed genomic DNA extraction protocol using ILs lies in 

its practicability regarding handling and incubation time as well as price per sample. While it 

eliminates the need for benchtop equipment such as cell homogenizers or centrifuges, this 

method showed extraction efficiencies that are comparable or even superior to common 

enzymatic methods or commercial kits. However, this has thus far only been demonstrated on 

cell suspensions of pure cultures grown in the laboratory. Therefore, the next step would be to 

examine how the IL-based protocol can be applied to bacteria that are present on a filter 

membrane obtained from the preceding sampling of environmental samples. As an alternative 

to co-extracting the filter, it has been shown that it can be backflushed in order to resuspend the 

retained cells in a smaller volume of water or buffer (36). Furthermore, the necessary dilution 

step, which aims to deplete any inhibitory effects caused by the ILs, indirectly affects the 

detection limit of successive analytical methods such as qPCR. In this case, an additional 

purification step using magnetic particles or silica-based columns might be considered (37). 

As for the developed LAMP assay, a statistical evaluation of the results demonstrated an equal 

performance regarding sensitivity and specificity when compared to the reference qPCR (38). 

Advantageously, the isothermal method is faster with a reaction time of 45 minutes and can be 

performed on a standard heating block without a preceding template denaturation step. 

Furthermore, we showed that the amplification products can be easily stained within one minute 

by adding a DNA-intercalating fluorescence dye. Since this technique solely yields qualitative 

results (yes-or-no answer), future effort must be put at developing alternative quantitative 

detection strategies. These could be realised by conducting a multitude of parallelized LAMP 

reactions on a microfluidic chip, which could subsequently be evaluated by applying an 

approach similar to the most probable number (MPN) format used for microbiological analyses. 

As an alternative, it would be feasible to build a battery-powered hand-held device containing 

an optical detection system, which could eventually be connected to a smartphone for 

monitoring the amplification reaction in real-time. In further consequence, such devices could 

also be combined with solar technology in order to become energy-self-sufficient, which would 

serve their purpose to be used directly at the point of interest.  

In summary, the studies described in this thesis represent important cornerstones to implement 

a field-applicable molecular diagnostics workflow for the detection of health-relevant bacteria 

in water. This novel approach is intended to be used as a first screening tool to assess the 
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microbiological water quality in low-resource settings such as developing countries, or directly 

in the field. Compared to the common analysis pipeline depicted in Figure 1, the developed 

methods are greatly reduced in duration as well as costs for the necessary instrumentation 

(Figure 3).  

 

Figure 3: Schematic illustration of the novel workflow for the rapid detection of SFIB in water. The highlighted 

steps were addressed in this thesis and could be considerably improved with respect to duration and demanded 

equipment. 

 

While we focussed on detecting health-relevant bacteria in water, these novel approaches can 

be adapted for numerous diagnostic applications, such as the detection of pathogens in food and 

feed, genetically modified crops in various food commodities, or multiple drug resistance genes 

in clinical specimens. 

  

FILTRATION 

5  –  15  MIN 

DNA EXTRACTION  

5  MIN 

AMPLIFICATION 

30  –  60  MIN 

VISUALIZATION  

5  MIN 
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Abstract 

Molecular diagnostic tools in the field of food and water quality analysis are becoming increasingly 

widespread. Usually, based on DNA amplification techniques such as polymerase chain reaction, these 

methods are highly sensitive and versatile but require well-equipped laboratories and trained personnel. 

To reduce analysis time and avoid expensive equipment, isothermal DNA amplification methods for 

detecting various target organisms have been developed. However, to make molecular diagnostics 

suitable for low-resource settings and in-field applications, it is crucial to continuously adapt the 

working steps associated with DNA amplification, namely, sample preparation, DNA extraction, and 

visualization of the results. Many novel approaches have been evaluated in recent years to tackle these 

challenges, e.g., the use of ionic liquids for the rapid isolation of nucleic acids from organisms relevant 

for food and water analysis, integration of entire analytical workflows on microfluidic chips or 

development of analysis devices independent from external power sources. In the rapidly developing 

field of isothermal amplification methods, the wide variety of published assays makes it difficult to 

choose the best option for the task at hand. This issue could be mitigated by establishing a common 

database containing published isothermal DNA amplification assays and their main performance 

specifications. The future of applications in the field of isothermal amplification will probably lie in 

ready-to-use cartridges combined with affordable handheld devices for on-site analysis. However, many 

potential users and even scientists are still unaware of this technology and its potential for moving 

molecular diagnostics from the laboratory to the field.

http://www.waterandhealth.at/
mailto:georg.reischer@tuwien.ac.at
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Introduction 

In this trend article, the state-of-the-art and 

recent advances of isothermal DNA 

amplification methods for food and water 

analysis are presented by providing a broad 

overview on promising new developments 

and existing challenges. Rather than 

reviewing this field in its completeness, or 

listing assays and their performance 

characteristics, our aim is to point the reader 

towards some of the most recent 

developments and papers on the respective 

topics. In doing so, we not only focus on the 

latest scientific research but also give an 

insight into what has been made 

commercially available thus far. These 

aspects are illustrated by a case study on the 

implementation of an isothermal 

amplification method for microbiological 

water quality analysis. Finally, future 

improvements are proposed that are needed 

to realize the vision of cost-effective 

molecular diagnostic tools for field 

applications. 

 

Importance and state-of-the-art of 

molecular diagnostics for food and water 

safety 

Although the term molecular diagnostics is 

primarily associated with clinical 

diagnostics, we explicitly consider 

molecular methods to analyse food, feed and 

water quality as part of this field. Molecular 

diagnostics include various methods for 

detecting nucleic acids (RNA and DNA) and 

proteins, but this article focuses solely on 

methods for detecting DNA. Thus far, the 

most commonly used technique for DNA 

detection is (quantitative) polymerase chain 

reaction (qPCR), which is an in vitro 

amplification method that produces up to a 

billion-fold copies of a particular target 

DNA sequence through an enzymatic 

reaction. With PCR, it is possible to detect 

any living organism that has left traces of its 

genetic information in a sample (see Figure 

1 for a schematic representation of a typical 

analysis workflow). To increase the 

experimental transparency of such 

molecular diagnostic tests, the Minimum 

Information for Publication of Quantitative 

Real-Time PCR Experiments (MIQE) 

guidelines were defined in 2009 [1]. These 

guidelines aim to ensure the reliability of the 

results by describing the minimum 

information required to evaluate newly 

developed qPCR assays, thereby promoting 

consistency among different laboratories. 

For these reasons, (q)PCR has become an 

essential tool to detect genetic modifications 

in commodities intended for trade or to 

check for the presence of allergenic plants or 

human pathogens in food [2, 3]. 

Antimicrobial resistance, which is of great 

public health importance in the present and 

future, can also be traced by screening 
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methods based on (q)PCR [4]. Furthermore, 

DNA-based methods can be used to verify 

the authenticity of meat or perform routine 

quality controls in the water supply chain. 

To this end, various regulations have been 

introduced worldwide to set certain 

standards—e.g., Regulation (EC) No 

1830/2003 concerning the traceability and 

labelling of genetically modified organisms 

in the European Union [5].

 

 

Figure 1 Schematic representation of a molecular diagnostic analysis pipeline. The time required depends 

on the target analyte, spanning 90 to 360 minutes for the entire workflow. Steps 2-4 typically require a 

sophisticated laboratory infrastructure (e.g., cell homogenizer and thermal cycler). 

 

Future demands on molecular diagnostics 

In an ideal conception, future molecular 

diagnostic methods are performed using 

inexpensive and robust equipment that can 

be easily taken out into the field to the 

desired analysis site (often denoted as 

“point-of-care” in clinical diagnostics). To 

allow a broad application even in resource-

limited settings (e.g., developing countries), 

reagents or disposables should also be highly 

affordable and require no special disposal 

procedures. In terms of analysis time, these 

methods should provide a result at least 

within 30 minutes to allow a quick response 

to potentially unforeseen or undesirable 

outcomes. Finally, the methods should also 

be readily applicable by non-molecular 

biology trained personnel, indicating that the 

number of pipetting steps is minimized, and 

handling is kept intuitive to avoid sources of 

error. These requirements were, for the first 

time, officially summarized by the World 

Health Organization (WHO) in their 

ASSURED guidelines for point-of-care 

testing (Affordable, Sensitive, Specific, 

User-friendly, Robust and rapid, 

Equipment-free, Deliverable to those who 

need them) [6]. Although the criteria have 

been developed for molecular diagnostics of 

diseases, we believe that they should also be 

used as a future benchmark for the analysis 

of food and water in point-of-care settings.  

 

Advent of isothermal DNA amplification 

methods 

One of the steps to meet these demanding 

requirements has been the development of 

isothermal DNA amplification (IsoAmp) 

methods over the last two decades. In 2000, 

Notomi et al. developed the loop-mediated 

1. Sampling 
 

15 – 45 min 

2. DNA extraction 
 

20 – 180 min 

3. (q)PCR 
 

45 – 120 min 

4. Data analysis 
 

10 – 15 min 
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isothermal amplification (LAMP) technique 

[7], which, today, is the most widely studied 

and applied isothermal DNA amplification 

method. Various other methods, all with 

their own advantages and limitations, 

followed—e.g., helicase-dependent 

amplification (HDA), recombinase 

polymerase amplification (RPA), rolling 

circle amplification (RPA), and cross-

priming amplification (CPA), among many 

others [8]. Although they are based on 

different reaction principles, all methods 

have in common that the amplification of the 

targeted gene occurs at a constant 

temperature, thus eliminating the need for 

sophisticated laboratory equipment such as 

thermal cyclers. Instead, a heating block or 

water bath is sufficient to provide the 

necessary conditions to conducting the 

analysis. Due to the lack of heating and 

cooling steps, many of the isothermal 

methods are faster than (q)PCR methods, 

depending on the target and particular assay. 

These properties open completely new 

application areas—e.g., in basic laboratories 

that are not equipped for DNA-based 

analyses. Moreover, isothermal DNA 

amplification methods can be implemented 

in resource-limited settings, potentially 

moving molecular diagnostics from 

centralized laboratories directly into the field 

to the sampling site. 

 

Using these techniques, many assays have 

been published since the first isothermal 

methods were introduced. The potential 

applications cover almost every field of 

research, from clinical to environmental to 

food and feed diagnostics, spanning the 

detection of plant and animal species to 

pathogenic microorganisms. A database 

search for isothermal amplification methods 

focussing on the analysis of food and water 

showed that 78% and 69%, respectively, are 

based on LAMP (Figure 1). LAMP is 

characterized by a high degree of robustness, 

high specificity and sensitivity, and has been 

shown to be very insensitive to various 

inhibitory substances. This is attributed to 

the polymerase used for LAMP reactions 

(BstI), which proved to be very robust to 

inhibitory substances and remained sensitive 

and specific even in the presence of difficult 

specimens such as urine or stool [9]. This 

robustness is becoming increasingly 

important in the analysis of complex 

matrices found in many types of foods, feeds 

or polluted water samples. 
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 Figure 2 Number of publications (January 2014 to September 30, 2018) describing assays based on the 

most prominent isothermal amplification methods in food and water analysis (Web of Science Core 

Collection, September 30, 2018). 

 

Although the first isothermal DNA 

amplification methods were developed 

almost two decades ago and hundreds of 

assays are published each year, few 

authorities, companies and even scientists 

are aware of their existence. The current 

article will strive to kindle the interest of 

potential users who are still unfamiliar with 

this technology.   

 

Case study: Towards implementing a 

field-applicable workflow to detect 

health-relevant bacteria in water 

To illustrate the challenges of implementing 

isothermal assays for in-field monitoring, we 

selected a case study addressing the 

molecular detection of health-relevant 

bacteria in water. Briefly, when water 

resources are contaminated with faecal 

material, potentially co-excreted pathogenic 

microorganisms pose a hazard to public 

health. Thus, it is necessary to routinely 

assess the microbiological quality of water 

that will be eventually used for drinking, 

bathing or other purposes. For decades, 

microbiological water quality has been 

investigated by cultivating standard faecal 

indicator bacteria (SFIB) such as 

Escherichia coli or Enterococcus species. 

Recently, molecular methods based on the 

detection of genetic markers for SFIB by 

quantitative polymerase chain reaction 

(qPCR) have been developed and 

implemented in the US [10]. As mentioned 

above, four major steps are necessary when 

conducting such an analysis—target 
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enrichment, sample preparation, target 

quantification, and visualization/data 

analysis. Following these steps, we will 

compare the current molecular diagnostic 

methodology with a visionary, field-

applicable workflow based on isothermal 

DNA amplification. On the one hand, we 

will tackle the specific challenges involved 

in implementing a new isothermal method 

for water quality monitoring. However, in 

doing so, we will also examine the 

challenges that still accompany this new 

technology in food-related applications. 

 

 

Figure 3 Envisioned workflow based on novel developments for rapid molecular diagnostics in resource-

limited or on-site environments. With this approach, an analysis can be performed within approximately 45 

to 80 minutes. 

 

Step 1: Sampling – Target enrichment 

Because SFIB might be present in the 

sample in very low numbers, it is necessary 

to enrich the bacteria. This is achieved by 

filtering a certain volume of water 

(millilitres to several litres) to concentrate 

the bacteria on a membrane filter. In the 

laboratory, this can be performed using a 

vacuum pump and a convenient filtration 

apparatus; however, when considering low-

resource settings or applications directly in 

the field, this method immediately 

constitutes a challenge. One possible 

solution is to use disposable syringes with 

specially designed attachments containing 

membranes that can be exchanged after each 

filtration. Jiang et al. demonstrated that the 

filter can be subsequently backflushed to 

recover the cells in a smaller volume 

(approximately 200 µl) of water or buffer 

[11]. Another solution is the commercially 

available Aguaguard sytem, a portable 

device that is designed to concentrate 

microorganisms from a water sample on-site 

and to recover them in a minimum of 1 ml of 

elution buffer. Although this method might 

not be economically feasible for developing 

countries, it is still interesting for 

applications in remote areas without access 

to a laboratory infrastructure. However, to 

our knowledge, there are no studies that 

directly compare the performance of 

molecular water quality analyses using 

different filtration approaches. In any case, 

existing sampling and sample preparation 

guidelines such as those for GMO analysis 

1. Sampling 
 

5 – 10 min 

2. DNA extraction 
 

5 min 

3. IsoAmp 
 

30 – 60 min 

4. Visualisation 
 

5 min 
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[12], or the ISO standards for water 

sampling for microbiological analysis [13], 

should be strictly adhered to. They help 

avoid sampling errors and make sample 

collection reproducible and standardized, 

independent of the subsequently applied 

molecular diagnostic tools.  

 

Step 2: Sample preparation – nucleic acid 

extraction 

In general, the extraction of nucleic acids 

(DNA or RNA) is a crucial step in the 

molecular diagnostic analysis of food and 

water, owing to the diverse and complex 

matrices containing the analyte of interest. 

Conventionally, DNA extraction is achieved 

by mechanical, enzymatical or chemical 

lysis of the cells containing the analyte, 

followed by chemical extraction using 

phenol and chloroform and the subsequent 

purification of the nucleic acids—e.g., by 

precipitation. Commercial extraction kits for 

DNA and RNA use similar principles, 

although the use of toxic chemicals is mostly 

avoided. Both standard procedures and 

commercial kits are highly dependent on 

laboratory infrastructure (e.g., fume hood, 

cell homogenizer, centrifuges, vacuum 

pumps, and disposal facilities for toxic 

waste). In any case, the extraction usually 

takes several hours per sample and requires 

trained personnel. This finding is in direct 

contrast to the idea of rapid molecular 

methods that can be applied at the point of 

interest, rendering these approaches 

impractical in low-resource settings. This 

also applies to the case study in which the 

genetic material from bacterial cells 

enriched from the filtrated water sample 

must be isolated and purified prior to the 

analysis. In addition to sampling itself, 

sample preparation is the most crucial 

bottleneck in molecular diagnostics, still 

hindering the application of subsequent 

isothermal DNA amplification methods to 

be applied in the field or in resource-limited 

settings. This is also true for food-related 

analyses, especially when extracting nucleic 

acids from processed foods or complex 

matrices (e.g., foods with a high fat content). 

Researchers also attempted to completely 

avoid nucleic acid isolation and instead 

apply the sample directly into the isothermal 

amplification mix. This has been 

demonstrated for plants using the example of 

papaya [14] and for the faecal indicator 

bacteria E. coli and E. faecalis [15]. The 

authors concluded that the elevated 

temperature of 63 °C could lead to increased 

cell permeability, allowing direct 

amplification of the target DNA. Depending 

on the intended application, it might be 

feasible for qualitative measures when 

sample size is not an issue. However, this 

approach remains questionable when the 

target analyte is only present in trace 
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amounts—e.g., in environmental samples or 

contaminated food commodities. 

To tackle this challenge, novel procedures 

have been proposed in recent years that use 

ionic liquids (ILs) for the rapid extraction of 

DNA from foods and Gram-negative 

bacteria [16, 17]. Using this approach, the 

samples are incubated with the ILs for 

several minutes at a given temperature and 

can be subsequently used for (isothermal) 

amplification reactions. For example, our 

group has recently developed an IL-based 

method to extract DNA from various types 

of meat [18]. Biodegradable choline 

hexanoate in sodium phosphate buffer was 

used for sample lysis, resulting in a high 

DNA yield. Stabilization of the extracted 

DNA by ILs even allowed storing the 

extracted DNA at room temperature for up 

to 20 days without significant losses. Only 

recently, we discovered two hydrophilic ILs 

capable of lysing Gram-positive and -

negative bacteria that are important for the 

assessment of food or water quality 

(unpublished data). While ionic liquids will 

have to be specifically selected and 

evaluated for each desired target organism 

and sample matrix, we believe that they 

represent some of the most promising 

approaches for rapid and simple DNA 

extraction to be used in field-applicable 

diagnostics.  

 

Step 3: DNA amplification 

After isolating the nucleic acids from the 

sample, the desired target sequence is 

amplified (i.e., multiplied) using RNA or 

DNA amplification methods such as reverse 

transcription (RT)-(q)PCR. In the case of 

water quality analysis using faecal indicator 

bacteria, the USEPA recommends using a 

probe-based qPCR assay targeting a 

diagnostic fragment of the 23S rRNA gene 

specific for the relevant indicator—i.e., 

Enterococcus species [10]. However, this 

analysis requires a qPCR thermal cycler 

capable of monitoring the amplification 

procedure in real-time. To avoid the 

necessity of complex equipment, our group 

developed a LAMP [19] and an HDA assay 

[20] that target the same DNA sequence and 

were shown to have comparable specificity 

and sensitivity as the USEPA assay. While 

both new methods can be performed entirely 

on a heating block, the LAMP assay is faster 

with a reaction time of only 45 minutes, 

whereas the HDA assay has a significantly 

lower detection limit. Several other 

isothermal amplification assays have been 

reported that target health-relevant 

microorganisms in water (e.g., Escherichia 

coli or various pathogenic bacteria). The 

same applies to a vast number of LAMP 

assays to detect food pathogens and fungal 

contaminants [21] or for the quality 

assessment of meat [22]. Among the four 



 
  26 
 

steps covered in this section, this is where 

most of the work has been done in recent 

years. Moreover, many isothermal DNA 

amplification methods targeting important 

pathogens have already been diligently 

studied or evaluated, such as LAMP assays 

to detect Salmonella in food and feed by the 

Food and Drug Administration of the United 

States [23]. Although the above-mentioned 

MIQE guidelines have been defined 

primarily for qPCR experiments, it will be of 

utmost importance to extend them to 

isothermal DNA amplification assays to 

establish certain quality standards in the 

future. 

 

Compared with (q)PCR, isothermal 

amplification assays are often more complex 

and challenging in their design due to 

specific properties of the methods—e.g., the 

use of six or more primers in LAMP, specific 

melting temperature of HDA products, or 

low amplification temperature of 37-42 °C 

for RPA reactions. Although these 

characteristics of isothermal amplification 

methods make it challenging, it has been 

demonstrated that multiplexing allows 

simultaneous detection of different target 

sequences in a single tube reaction [24].   

 

Step 4: Visualization and data analysis 

In the conventional DNA-based detection of 

SFIB, amplification of the target DNA is 

detected either by visualization of the 

reaction product (PCR amplicon) by agarose 

gel electrophoresis or by real-time 

monitoring during amplification in a qPCR 

cycler. The products of LAMP assays are 

often visualized by the addition of a 

chemical dye after completion of the 

reaction. In this procedure, the reaction 

chamber must be opened to add the chemical 

dye, severely increasing the risk of carry-

over contamination and potentially leading 

to false-positive results. Work-arounds 

include introducing restriction endonuclease 

recognition sites in the primer sequences, 

allowing the degradation of the DNA after 

the analysis [25], or the use of wax-

encapsulated fluorescent dyes in the reaction 

mixture that are melted upon completion of 

the reaction, setting free their content [26]. 

Alternatively, LAMP can be modified to 

produce large quantities of white magnesium 

pyrophosphate precipitate during the 

reaction. Eiken Chemical Co., Ltd. (Tokyo, 

Japan) designed the simple Loopamp 

Realtime Turbidimeter that can monitor the 

formation of this turbidity. Another 

detection strategy is based on low-cost, easy-

to-use lateral flow assays that are suitable for 

endpoint analysis of amplification products 

in low-resource settings [27]. 

To quantify the DNA concentration in the 

sample using qPCR, plasmid standards 

containing the DNA sequence of interest are 
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measured alongside the samples. However, 

this requires the use of a thermal cycler that 

allows monitoring of the amplification in 

real time. Considering our very simple, low-

resource case example, it will not be possible 

to quantify the target analyte when the 

amplification reaction is conducted on a 

heating block without any connected optical 

monitoring device. The addition of chemical 

dyes after the reaction only allows a 

qualitative statement regarding whether the 

targeted DNA was present in the sample. 

Without access to expensive laboratory 

equipment, a most probable number (MPN) 

format or a microchip device with highly 

replicated/parallelized reaction chambers 

might be used to quantify the target analyte 

[15]. As a promising alternative, a standard 

smartphone with its camera could be used as 

a detector for the fluorescence of 

intercalating dyes that bind to the new DNA 

formed during an (isothermal) amplification 

reaction in real time and allows a 

quantification of the target DNA [28]. 

 

Conclusion on the novel workflow to detect 

health-relevant bacteria in water 

Based on the recent developments described 

in the previous sections, we envision a 

completely on-site applicable workflow to 

detect SFIB in water (Figure 3). After taking 

the water samples directly by employing a 

disposable syringe, the cells are collected on 

an exchangeable syringe filter. The cells are 

then backflushed in a much smaller volume 

of buffer. Subsequently, ionic liquids would 

be added to the eluted water sample for cell 

lysis and extraction of the bacterial DNA. 

This DNA extract can be used directly for 

the successive LAMP assay, which allows 

amplification of the target DNA sequence 

found in gastrointestinal Enterococcus 

species. The amplification products can be 

visualized by monitoring product formation 

in real time using a smartphone camera. If a 

qualitative statement on the presence of 

SFIB is sufficient, it would also be 

conceivable to add a fluorescence dye after 

the reaction has finished. 

 

After elucidating these four steps, it becomes 

clear that isothermal DNA amplification 

methods per se are well established and 

versatile, but the associated preceding and 

subsequent steps still need to be adopted for 

simple and rapid molecular diagnostics. 

Similar to the case study, our laboratory has 

proposed another on-site applicable 

workflow to detect genetically modified 

(GM) maize in food and feed. It combines an 

IL-based rapid DNA extraction protocol 

with a newly developed HDA assay [29]. 

This procedure might be even further 

advanced by applying a DNA lateral flow 

test after the amplification reaction, which 

would allow the detection of the products by 
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eye in five to ten minutes without additional 

equipment [30]. By combining these 

techniques to an entire workflow, the 

necessary time for the analysis of GM maize 

is shortened from approximately six hours to 

less than two hours. Advantageously, it may 

be performed using only a pipette and a 

simple portable heating block rather than 

requiring a fully equipped molecular 

biological laboratory. 

 

Perspectives and novel approaches 

In recent years, much work has been 

conducted to integrate isothermal DNA 

amplification methods in microfluidic 

devices [31, 32]. This should help avoid 

most of the fluid handling steps, with the 

potential to integrate DNA extraction, 

amplification, and detection on a single chip 

the size of a microscopy slide [31]. 

Microfluidic chips also allow a significant 

reduction in the reagent and sample volume, 

allowing multiplexed parallel reactions 

while being easy to use even for non-experts 

[33]. More recently, isothermal assays have 

also been implemented in paper microfluidic 

chips with wax-printed channels and 

reaction compartments [34]. 

During the manufacturing process of such 

microdevices, all the required reagents may 

be introduced in a lyophilized form. This 

allows the storage of the reagents without 

cooling for at least 100 days [11]. The 

extracted sample can simply be injected into 

a loading channel that rehydrates the dried 

components. This offers the advantage of 

increasing the investigated sample volume, 

thereby positively affecting the detection 

limit of the assay [35]. Thereafter, the 

reaction can be started by placing the 

microchip into a portable platform, which 

would need to be a pocket-sized device that 

provides the necessary reaction temperature 

and that includes a simple detection system 

without external power sources. 

A major step towards making isothermal 

DNA amplification field applicable would 

be to simplify the analysis platforms—e.g., 

by avoiding the need for electric components 

that provide the thermal energy required for 

isothermal heating. In 2016, Liao et al. 

reported the development of a smartphone-

sized cup containing a phase-change 

material that maintains a constant 

temperature between 60 °C and 65 °C for the 

desired duration. An exothermic reaction, 

which is triggered by the contact of water 

with an Mg-Fe alloy, provides the thermal 

energy in the process. Also known as 

flameless ration heaters, these alloys were 

originally developed to heat ready-to-eat 

meals and are therefore commercially 

available at low cost while ensuring high 

efficiency and safety [36]. Such systems 

would greatly benefit field testing in low-

resource settings by eliminating the need for 
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battery-powered devices. For this purpose, 

inexpensive reaction chambers with self-

heating disposable materials could be 

provided along with the test kit. In 2014, 

Jiang et al. investigated the use of solar 

heating integrated into microfluidics, 

enabling the energy requirements for 

amplification reactions to be served by a 

smartphone battery for 70 hours [37]. 

 

Commercialized isothermal methods for 

food and water analysis 

Various commercial products combining 

isothermal DNA amplification assays with 

portable platforms have become available in 

recent years. While most of them detect 

causative agents in clinical specimens, some 

platforms also employ ready-to-use test kits 

for applications in food and environmental 

analysis [23]. This includes the Loopamp 

Realtime Turbidimeter, an instrument for 

measuring the turbidity generated by the 

LAMP reaction in real time in combination 

with reagent kits to detect pathogens in foods 

and water (e.g., Salmonella, Listeria, 

Legionella, and Cryptosporidium). Another 

prominent example is the Genie® III system, 

which comes with various LAMP kits to 

detect key food-borne pathogens or specify 

food ingredients, such as meat of a large 

range of animals, or important crops in 

processed foods [38]. Additionally, the 

3M™ Molecular Detection System provides 

a portable solution with ready-to-use LAMP 

kits to detect the most important food-borne 

pathogens. In a research article from 2015, 

their Salmonella LAMP kit was evaluated 

based on various food samples from 

Singapore [39]. 

 

In general, however, very few commercial 

applications of isothermal amplification 

methods in this area can be found compared 

with products based on (q)PCR or 

immunoassays. Not surprisingly, no food- or 

water-related applications have been tested 

by official authorities thus far with respect to 

low-resource settings. In this regard, clinical 

research is one step ahead, as exemplified by 

the LAMP assay for the detection of 

tuberculosis (TB-LAMP) for African 

markets. In 2013, this TB-LAMP was 

evaluated by an international expert panel on 

behalf of WHO, aiming to replace 

microscopy to improve the accuracy of TB 

detection in regions without proper 

laboratory infrastructure [40]. Only recently 

was this method tested in rural Uganda, 

where the authors even demonstrated 

improved performance in detecting TB in 

the sputum of patients with an HIV co-

infection [41]. The effort of public 

authorities to implement isothermal methods 

as alternative diagnostic tools in developing 

countries shows that this technology could 
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also be used to analyse food and water 

directly in the field.  

 

Future requirements to further endorse 

isothermal DNA amplification methods 

With more than 200 annual publications in 

food-related isothermal amplification 

methods alone, one quickly loses track of the 

vast number of available assays. In some 

cases, there are even multiple different 

approaches to detect the very same target. 

Particularly, when public authorities or 

companies might become interested in using 

this technology commercially, immediate 

questions might be raised about which test 

should be used and for which application. 

Although many reviews summarize and 

discuss all isothermal DNA amplification 

assays considering a particular topic, these 

might already be outdated several months 

after their publication. Furthermore, much 

research cannot even be perceived by all 

interested parties, depending on their 

licences for the respective publishers or 

journals. For these reasons, it would be 

highly beneficial to set up an open access 

database comprising a broad collection of 

isothermal DNA amplification assays from 

the areas of food, environmental, and 

clinical diagnostics. This database should 

also contain the specifications of the 

respective assays, such as the target analyte 

and corresponding matrix, oligonucleotide 

sequences, reaction setup, and reaction 

conditions. Moreover, the most important 

performance characteristics should be 

included—i.e., sensitivity, specificity, limit 

of detection, observed matrix effects, and the 

results of the analysis of real samples that 

have been used to further evaluate the assay. 

 

Another issue we want to re-emphasize here 

is the importance of isothermal DNA 

amplification methods for applications in 

disaster areas and developing countries. 

Particularly, drinking water resources and 

basic foods must be monitored regularly also 

in resource-limited settings to avoid the 

ingestion of pathogenic microorganisms. 

Especially for SFIB in water, there are 

different thresholds that define the quality 

standards for drinking or bathing water, 

respectively. Therefore, it is particularly 

important for such applications that a 

(semi)quantitative method is available that 

can provide information about the degree of 

contamination of the sample. Although 

several test systems are available for the on-

site detection of the most important analytes 

in these areas, all are based on cultivating the 

targeted microorganisms, often taking at 

least 18 hours until reliable results are 

obtained. This testifies to the strong need for 

a pocket-sized device serving as a platform 

for interchangeable isothermal DNA 

amplification assays. Such a platform would 
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require only a heating element and a sensor 

combined with a simple signal read-out to 

detect and quantify product formation. This 

simple setup would result in a very low 

price, making the platform affordable for 

regions without any laboratory 

infrastructure. The consumables would 

come in the form of prefabricated reaction 

tubes, microfluidic cartridges or even paper 

strips containing all necessary reagents for 

DNA extraction and subsequent 

amplification, adapted to the analyte of 

interest. These target-specific components 

could be simply inserted into the device after 

the sample is applied with a disposable 

pipette or syringe, and the results would be 

available within 30 to 60 minutes. While 

most efforts still concentrate on expensive 

and inconvenient benchtop devices, the 

future focus must be on combining all 

technical and methodological advancements 

towards realizing such platforms for 

resource-limited settings and point-of-care 

applications [42]. 
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Abstract 

The extraction of nucleic acids from microorganisms for subsequent molecular diagnostic applications 

is still a tedious and time-consuming procedure. In this study, we developed a novel method for the rapid 

extraction of genomic DNA from Gram-positive bacteria based on hydrophilic ionic liquids. First, we 

tested eight ionic liquids in different aqueous buffer systems on their inhibitory effects on quantitative 

PCR. To investigate their cell lysis potential, the best combinations of IL and buffer system were applied 

to Enterococcus faecalis as a model organism for Gram-positive bacteria. We compared the two best-

performing ionic liquids choline hexanoate and 1-ethyl-3-methylimidazolium acetate with two 

commercial DNA extraction kits and a standard enzymatic extraction method. All methods were 

evaluated on four Gram-positive and four Gram-negative bacterial species that are highly relevant for 

environmental, food, or clinical diagnostics. In comparison to the best-performing reference method, we 

could demonstrate that the results yielded by the IL-based procedure were within approximately one 

order of magnitude for most of the strains. The final protocol for DNA extraction using the two ionic 

liquids is very low-cost, avoids the use of hazardous chemicals and can be performed in five minutes 

requiring only a simple heating block. This makes the method ideal for high sample throughput in the 

laboratory and offers the opportunity for DNA extraction from bacteria under resource-limited 

conditions or even in the field.   

http://www.waterandhealth.at/
mailto:georg.reischer@tuwien.ac.at
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1. Introduction  

The field of microbial molecular diagnostics 

comprises various methods for the specific 

detection of nucleic acids (NAs) from 

different microorganisms (1, 2) – e.g., 

human pathogens in clinical and 

environmental samples (3-5), faecal 

indicator bacteria in water (6, 7), or harmful 

microbial agents in food and feed (8, 9). 

However, to detect the desired sequence of a 

certain NA (DNA or RNA), preceding steps 

are necessary to isolate the genetic material 

from the respective cells. These steps 

typically involve the lysis of the cells, the 

purification of the NAs to remove other cell 

components, inhibitory substances or 

degrading enzymes, and the subsequent 

recovery of the desired NAs. Common 

methods for cell lysis involve thermal, 

chemical, enzymatic, or mechanical 

treatment of the cells or a combination of 

those (1). The purification of the NAs is, in 

most cases, achieved either by precipitation 

followed by washing steps, or by column-

based purification protocols. State-of-the-art 

extraction procedures for microorganisms 

traditionally use incubation steps with 

enzymes such as lysozyme and proteinase K 

to digest cell wall components and 

interfering proteins, respectively. Hazardous 

chemicals such as phenol and chloroform 

(10), or commercial kits are then used for 

NA purification, depending on the area of 

application and the matrix in which the cells 

are investigated. These methods are well 

established and result in high quality DNA 

or RNA, but they are often very laborious, 

time-consuming and cost-intensive, or suffer 

from insufficient and inconsistent yields of 

NAs. These disadvantages are even more 

significant when considering applications of 

molecular diagnostics in low-resource 

settings (e.g., developing countries), since 

such sample preparation procedures strongly 

hinder the implementation of molecular 

diagnostics in many regions of the world. 

Hence, a more efficient and user-friendly 

DNA extraction method could also promote 

the progress of molecular point-of-care 

detection methods, which are still dependent 

on sophisticated laboratory infrastructure. In 

recent years, novel approaches for the 

extraction of DNA from biological samples 

have been using ionic liquids (ILs), which 

are organic salts that are liquid at 

temperatures below 100 °C or even at room 

temperature. Their properties allow for the 

dissolution of a variety of biopolymers such 

as (ligno-)cellulose or chitin, which is 

already exploited in the chemical industry 

(11). In addition, it has been shown that ILs 

are able to efficiently lyse different types of 

cells or separate them from various 

biological materials. In this way, the DNA 

from organisms such as maize, meat, 

viruses, or Gram-negative bacteria can be 
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extracted within minutes (12-15). However, 

the cell wall of Gram-positive bacteria is 

protected by a hardy peptidoglycan layer 

(14), which remained unaffected by the 

treatment with hydrophobic ILs and high 

temperatures (14). For this purpose, 

enzymes such as proteinase K are still 

required to break up these cell walls, making 

extraction protocols tedious and time 

consuming. Therefore, a rapid extraction 

method that consistently generates high 

DNA yields and that can be applied to both 

Gram-positive and Gram-negative bacteria 

without additional enzymatic treatment 

would be of great benefit to save time, 

money and allow higher sample throughput. 

 

The aim of this study was the development 

of a novel IL-based method for the rapid 

extraction of genomic DNA from Gram-

positive bacteria that can be carried out with 

minimal laboratory equipment. To this end, 

we selected Enterococcus faecalis as a 

model organism and tested a selection of 

hydrophilic ionic liquids on their cell lysis 

potential. After optimizing the reaction 

conditions regarding buffer system, IL 

concentration, temperature and incubation 

time, the novel DNA extraction method was 

compared to state-of-the-art protocols and 

commercial DNA extraction kits with 

different bacterial targets. 

 

2. Results and Discussion 

2.1. Selection of candidate ionic liquids 

A set of eight ionic liquids with a choline or 

1,3-dialkylimidazolium core structure and 

variable anions was chosen for this study 

(Table 2). The selection is based on our 

previous experience in the direct extraction 

of DNA, as choline-based ionic liquids were 

particularly suitable for the extraction of 

DNA from meat samples (13). Moreover, 

choline-based ionic liquids with carboxylate 

cations are typically considered as 

environmentally benign and bio-derived 

ionic liquids with low toxicity (16, 17). As 

our studies showed a strong influence of the 

anion on the extraction performance, but 

also on DNA amplification in the qPCR 

reaction, we included three carboxylate 

anions with variable chain lengths as well as 

a phosphate-based anion in the selection. 

This pool was complemented by four 

imidazolium-based ionic liquids with either 

halide, acetate or phosphate anions due to 

their outstanding and well-known ability for 

the dissolution of biopolymers such as 

cellulose (18).  

 

2.1. Influence of ionic liquids and buffer 

systems on qPCR 

In a first step, we investigated the inhibitory 

effects of the selected ILs on the successive 

molecular diagnostic methods. We decided 

to use quantitative PCR because it allows to 
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easily observe reductions in amplification 

efficiency. Strong inhibition of the 

amplification reaction would make the 

respective ILs unsuitable for our extraction 

method. We determined the tolerable 

concentration of the ILs by adding them to 

the qPCR reactions in different 

concentrations. We tested three different 

buffer systems that were previously reported 

for similar applications to dissolve and dilute 

the ILs, namely 

tris(hydroxymethyl)aminomethane (Tris, 10 

mM, pH 8.0); 2-(N-

morpholino)ethanesulfonic acid (MES, 50 

mM, pH 6.0); and sodium phosphate (50 

mM, pH 8.5) (13). Subsequently, we spiked 

qPCR reactions containing 104 copies of 

Enterococcus spp. 23S rRNA gene fragment 

on DNA plasmid with four different 

concentrations of the ILs (230 mM; 762 

mM; 1250 mM; 2300 mM). The 23S rRNA 

gene copy numbers were then determined by 

the Enterococcus-specific qPCR assay 

Method 1611 of the USEPA (ENT-qPCR; 

Figure 1). No qPCR inhibition was observed 

with 230 mM final concentration of ILs 

solved in the Tris and MES buffers. At 

concentrations of 762 mM, [Cho]Hex and 

[Cho]DBP already completely inhibited the 

amplification, and [C6mim]Cl substantially 

interfered with the reaction. In contrast, the 

sodium phosphate buffer system interfered 

with the qPCR reactions already without ILs 

and partially or completely inhibited the 

amplification reaction at IL concentrations 

of 230 mM and 762 mM (Figure 1, C). Ionic 

liquid concentrations of 1250 mM and 2300 

mM completely inhibited the amplification 

in all three buffer systems. Based on these 

results, we excluded the phosphate buffer 

system from further experiments and 

continued the method development with the 

ionic liquids diluted in Tris and MES 

buffers, respectively. 
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Figure 1. Results of the qPCR analysis of eight ionic liquids in different concentrations spiked with a DNA 

plasmid standard (104 DNA target copies in each reaction). The ILs were solved in (A) Tris buffer, (B) MES 

buffer, and (C) sodium phosphate buffer. The whiskers indicate the standard deviations of the qPCR 

triplicates. 



 
  40 
 

 

2.2. Cell lysis experiments 

In a next step, we tested the effect of the ILs 

on the lysis of Gram-positive bacterial cells. 

For this purpose, we used Enterococcus 

faecalis type strain NCTC 775 as model 

organism for Gram-positive bacteria. 

Enterococcus species are very commonly 

occurring in nature and hold important 

relevance in clinical, food, and 

environmental diagnostics. Furthermore, the 

ENT-qPCR assay represents a reliable 

method that is recommended by the U.S. 

EPA for the routine monitoring of bathing 

water quality in marine systems. First, we 

cultivated the Enterococcus cells in liquid 

media and counted the cells using 

fluorescence microscopy at different time 

points to determine the optical cell density at 

670 nm (OD670) and the corresponding cell 

number (data not shown). For the cell lysis 

experiments, we harvested the cells after five 

hours at OD670=0.2, corresponding to 

approximately 108 cells per ml. This 

approach ensured a reproducible condition 

of an early growth phase where most of the 

cells were dividing and the percentage of 

dead cells was at a low level. 

To remove free DNA as well as nutrient 

medium from the liquid culture, the cells 

were pelleted, washed, and resuspended in 

the same buffer system that we subsequently 

used for the cell lysis experiments (Tris and 

MES). For a first screening, we incubated 

the resuspended cells with each IL at a 

concentration of 90% w/v for 30 minutes at 

95 °C. To alleviate PCR inhibition caused by 

high IL concentrations, we diluted the crude 

extracts with the corresponding buffer in a 

1:20 ratio and applied the ENT-qPCR assay 

to quantify the released DNA target 

molecules (Figure 2). We detected 

approximately log 6.49 ± 0.11 and log 6.48 

± 0.02 23S rRNA gene copies in 2.5 µl of the 

DNA extracts that resulted from the two best 

performing ionic liquids, [Cho]Hex and 

[C2mim]OAc. The DNA yields obtained 

with these ILs in MES buffer were slightly 

lower, which is why we decided to continue 

the method development only with 

[Cho]Hex and [C2mim]OAc in the Tris 

buffer system.  
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Figure 2. Enterococcus 23S rRNA gene copy number (log10-transformed) measured by qPCR in triplicates after 

cell lysis experiments with eight different ILs (90% w/v) diluted with Tris or MES buffer. 

 

To investigate the influence of varying IL 

concentrations on the cell lysis efficiency, 

we applied the selected ILs at concentrations 

ranging from 90% to 10% to the same 

extraction procedure as described above. As 

a reference, we tested the extraction 

efficiency of the same cell suspension in 

pure double-distilled water and Tris buffer, 

respectively (Figure 3). The efficiency of 

[C2mim]OAc almost steadily decreased with 

its respective concentration, while the 

performance of [Cho]Hex slightly improved 

towards a concentration of 50%, only 

decreasing with lower concentrations of 

30% and 10%. As expected, heating the cell 

suspension with double-distilled water or 

Tris buffer resulted in a significantly lower 

yield of extracted DNA. Due to the high 

yields obtained with the respective IL 

concentrations, we selected 90% 

[C2mim]OAc and 50% [Cho]Hex as the 

candidates for all subsequent experiments. 
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Figure 3. Enterococcus 23S rRNA gene copy number (log10-transformed) measured by qPCR after cell lysis 

experiments with varying concentrations of [C2mim]OAc and [Cho]Hex. The extraction experiments were 

carried out in five replicate extractions for each condition. 

 

Finally, we replicated the extraction 

procedures ten times for both ionic liquids to 

learn about the variability of the respective 

DNA yields. The results were compared to a 

ten-fold replication of the extraction with 

double-distilled water (data not shown). The 

extraction with 90% [C2mim]OAc yielded 

log 6.69 ± 0.13 target DNA molecules in a 

measured volume of 2.5 µl crude extract, 

whereas 50% [Cho]Hex yielded log 6.67 ± 

0.08 target DNA molecules in the same 

volume. 

2.3. Optimization of the extraction 

conditions for the selected ILs 

To further optimize the extraction 

procedure, we incubated the E. faecalis cells 

with the selected ILs at 95 °C and 65 °C for 

three different incubation times in five 

replicates each. Figure 4 shows that no 

significant differences between the 

variations occurred, therefore an incubation 

time and temperature of 5 min at 65 °C was 

selected.  
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Figure 4. Enterococcus 23S rRNA gene copy number (log10-transformed) measured by qPCR after a five-

fold replication of the cell lysis experiments submitted to varying temperatures and incubation periods.  

 

 2.4. Comparison of the selected ionic 

liquids with three conventional methods 

based on eight bacterial reference strains 

Finally, we assessed the performance of the 

IL-based DNA extraction methods in 

comparison with three reference procedures. 

To represent Gram-positive bacteria, we 

selected Clostridium perfringens, Bacillus 

subtilis, and Staphylococcus aureus in 

addition to Enterococcus faecalis. 

Furthermore, we tested the ILs also on 

Gram-negative species for which we 

selected Escherichia coli, Legionella 

pneumophila, Pseudomonas aeruginosa, 

and Vibrio cholerae as model organisms. 

Some of these strains are commonly used as 

indicator bacteria, whereas others represent 

widespread human pathogens that are 

clinically relevant or are attributed to food 

spoilage, respectively. In addition to the 

established IL-based method, we extracted 

the selected strains with the QIAamp DNA 

Mini Kit from Qiagen and the Wizard 

Genomic DNA Purification Kit from 

Promega, as well as with an enzymatic 

method with subsequent DNA purification 

using phenol and chloroform (19). All three 

reference methods for cell lysis are based on 

the incubation with lysozyme and proteinase 

K, followed either by precipitation or 

column-based purification of the isolated 

DNA. Including hands-on time, these steps 

took between approximately 20 minutes and 

three hours per sample, depending on the 

method and the nature of the cells (compare 

Table 1). 
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Following DNA isolation, the samples were 

analysed by qPCR to quantify the number of 

extracted cells (Figure 5). To avoid the use 

of eight different species-specific qPCR 

assays while ensuring the comparability of 

the results, we analysed all DNA extracts 

with a qPCR assay targeting a 16S rRNA 

gene fragment that is universal to all bacteria 

(denoted as 16S-qPCR in this study). 

Although the used bacteria differ in their 16S 

rRNA operon copy number, the results 

obtained from the employed methods can be 

compared in a relative manner for each 

individual species.

 

 

Figure 5. 16S rRNA gene copies in the DNA extracts obtained from five extraction methods applied to (A) 

four Gram-positive, and (B) four Gram-negative bacterial reference strains. All strains were extracted three 

times with each individual method. The subsequent qPCR reactions were carried out in duplicate for each 

extraction, resulting in six independent measurements per strain and method. 
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For the evaluation of the results, we set the 

enzymatic extraction as our reference to 

which the other methods were compared in a 

relative manner. As can be seen from the 

results, the enzymatic extraction was 

superior to the other methods for all Gram-

positive strains tested. However, in case of 

L. pneumophila and V. cholerae, the Qiagen 

extraction kit performed equally. 

Unexpectedly, the Promega kit yielded 

approximately two orders of magnitude 

lower DNA concentration than the 

enzymatic extraction for all eight strains. 

Regarding the ionic liquids, [Cho]Hex was 

superior to [C2mim]OAc in the lysis of 

Gram-positive strains, whereas the results 

were balanced in view of the Gram-negative 

strains. In comparison to the reference 

method, choline hexanoate showed a slightly 

better performance for S. aureus and similar 

results for C. perfringens and all Gram-

negative strains within one order of 

magnitude. Both E. faecalis and B. subtilis 

could not be lysed as efficiently by the ionic 

liquids as with the enzymatic extraction 

method. Nevertheless, [Cho]Hex 

outcompeted the Promega extraction kit 

regarding all strains tested.  

 

Taken all together, the extraction of genomic 

DNA from bacteria with ionic liquids has 

several advantages over common enzymatic 

methods or commercial kits. First, the 

developed method solely depends on a 

single incubation step of five minutes, 

compared to the numerous incubation and 

centrifugation steps which amount to two to 

three hours for the extraction with most 

traditional methods. Consequently, the 

handling of the procedure using ILs is much 

simpler in view of parallel extraction runs, 

thus allowing a high sample throughput. 

Furthermore, there is no need for a fume 

hood or even centrifuges, but the reaction 

can be carried out on a simple heating block 

or in a water bath. To additionally provide an 

economic perspective, we calculated the 

prices for the extraction of a single sample 

with each individual method (Table 1). 

Including consumables such as pipette tips 

and reaction tubes, the extractions with 

[Cho]Hex or [C2mim]OAc are cheapest at an 

approximate price of 0.73€ or 1.14€ per 

reaction, respectively. In this regard, it 

should be noted the given prices for ionic 

liquids were taken from small sample sizes 

for laboratory scale applications; it can be 

expected that prices will be considerably 

lower when produced in larger scale (20). In 

comparison, the commercial kit from Qiagen 

is the most expensive of the five methods 

used, with a price of 3.10€ for the extraction 

of a single sample. 
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Extraction method Price per sample Duration per sample 

[Cho]Hex 0.73€1 5 min (Gram+ and -) 

[C2mim]OAc 1.14€2 5 min (Gram+ and -) 

Phe/Chl 1.46€ 
180 min (Gram+) 

120 min (Gram-) 

Promega 2.31€3 
134-214 min (Gram+) 

102-152 min (Gram-) 

Qiagen 3.10€4 
87 min (Gram+) 

22 min (Gram-) 

 

Table 1. Overview on approximate prices and durations per sample, calculated for the five extraction 

methods that were used in this study. The prices also include the costs for pipette tips and reaction tubes but 

neglect the personnel costs that arise from the working hours. The durations reflect the sum of all incubation 

and centrifugation steps, but do not include buffer preparation and general handling, such as pipetting, 

centrifuge (un)loading, or reaction tube labelling. 

 

In times of massive environmental pollution 

from toxins and plastic waste, one must also 

consider the use of volatile organic solvents 

in traditional enzymatic methods, as well as 

the excessive packaging of consumables that 

comes with some commercial kits. In 

contrast, the extraction with ionic liquids is 

carried out in a single tube and thereby offers 

a low environmental footprint, especially in 

combination with the use of biodegradable 

molecules such as choline hexanoate. 

 

A major disadvantage of the IL extraction 

arises from the dilution step necessary for 

subsequent downstream applications, which 

                                                             
1 Custom synthesis by Iolitec (Heilbronn, Germany), based on the minimum amount of 50 g (offer from 

February 6, 2018) 
2 Article 689483 from Sigma-Aldrich/Merck, based on the 50 g packaging size (calculated with the price from 

September 14, 2018) 
3 Article A1125 from Promega (September 14, 2018) 
4 Article 51306 from Qiagen (September 14, 2018) 

indirectly influences the detection limit of 

analytical methods such as qPCR. Although 

this might not make a significant impact on 

the analysis of bacteria that are cultivated 

prior to DNA extraction, it becomes relevant 

when samples are analysed that contain a 

multitude of different microorganisms. In 

this case, there are many bacterial species 

that cannot be enriched by cultivation, which 

might result in false-negative signals if the 

targeted DNA is diluted below the detection 

limit of the respective analysis method. 

However, to overcome this drawback, it 

might be feasible to employ DNA-binding 

columns or silica coated magnetic beads to 
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purify the nucleic acids from the crude 

extract. Moreover, the group of Anderson 

demonstrated the rapid extraction of DNA 

from aqueous solutions by applying 

magnetic ionic liquids (21), for which they 

proposed sample preparation techniques for 

the subsequent downstream analysis with 

PCR (22, 23). 

 

In conclusion, this work describes the 

development of an alternative method based 

on hydrophilic ionic liquids for the 

extraction of genomic DNA from Gram-

positive and Gram-negative bacterial cells. 

Compared to the often tedious and time-

consuming protocols that are necessary for 

commercial kits or common enzymatic 

methods, the time, cost, and equipment for 

extracting DNA from bacteria is 

significantly reduced. We demonstrated that 

the DNA extracts can be readily used for 

(quantitative) PCR, and it can be speculated 

that they are also applicable to other 

molecular diagnostic methods such as DNA 

hybridization reactions, or DNA sequencing 

applications. Hence, the novel method is not 

limited to specialised diagnostics facilities, 

but it can be also applied in basic 

laboratories without molecular biological 

equipment. Furthermore, it would be 

conceivable to implement the method even 

in resource-limited settings and to combine 

it with tools for point-of-care diagnostics, 

e.g., isothermal DNA amplification 

methods.  

 

3. Materials and Methods 

3.1. Ionic liquids used in this study 

In total, eight ionic liquids were used for 

inhibition studies on qPCR as well as cell 

lysis experiments with Enterococcus 

faecalis as model organism (Table 2).

 

Compound Abbreviation Structure 

1-Ethyl-3-methylimidazolium acetate [C2mim]OAc 

 

1-Ethyl-3-methylimidazolium 

dimethylphosphate 
[C2mim]Me2PO4 

 

1-Ethyl-3-methylimidazolium chloride [C2mim]Cl 
 

1-Hexyl-3-methylimidazolium chloride [C6mim]Cl 

 

Choline formate [Cho]Fmt 

 

Choline lactate [Cho]Lac 
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Choline hexanoate [Cho]Hex 

 

Choline dibutylphosphate [Cho]DBP 
 

 

Table 2. Ionic liquids and their abbreviations as used in this study. 

 

Commercially available reagents and 

solvents for the synthesis of ionic liquids 

were used as received from Sigma-Aldrich 

(St. Louis, Missouri) unless otherwise 

specified. 1-Ethyl-3-methylimidazolium 

acetate, ([C2mim]OAc), 1-ethyl-3-

methylimidazolium chloride ([C2mim]Cl), 

and choline dibutyl phosphate ([Cho]DBP) 

were purchased from Iolitec (Heilbronn, 

Germany) and used as received. 

Imidazolium-based ionic liquids 1-hexyl-3-

methylimidazolium chloride ([C6mim]Cl) 

and 1-ethyl-3-methylimidazolium 

dimethylphosphate ([C2mim]Me2PO4) were 

synthesized according to known procedures 

and analytical data was in accordance with 

literature data (12, 24).  

Choline based ionic liquids [Cho]Fmt, 

[Cho]Lac and [Cho]Hex, were prepared 

according to literature procedures, relying 

on the neutralization of freshly titrated 

commercially available choline bicarbonate 

solution with the corresponding acid in a 

ratio 1:0.95 to avoid the presence of any 

excess acid as exemplified on the synthesis 

of choline hexanoate: 

A freshly titrated solution of choline 

bicarbonate (19.55 g, 90.80 mmol) was 

charged into a 3-necked round bottom flask 

and it was diluted with distilled water. 

Hexanoic acid (10.02 g, 86.26 mmol) was 

added dropwise to the reaction mixture. The 

reaction mixture was stirred at room 

temperature and concentrated in vacuo. 

Remaining solvent traces were removed 

under vacuum (0.2 mbar) with stirring for 20 

hours at 40 °C. The product was obtained as 

light yellowish gel (20.94 g, >99% yield; see 

ESM for NMR data). 

 

3.2. Bacterial strains used in this study 

Pure cultures of a total of eight bacterial type 

strains were used for the DNA extraction 

experiments. Of these eight strains, four 

belong to the group of Gram-positive 

bacteria (Enterococcus faecalis NCTC 775, 

Clostridium perfringens NCTC 8237, 

Bacillus subtilis ATCC 6633, 

Staphylococcus aureus NCTC 6571) and 

four to the group of Gram-negative bacteria 

(Escherichia coli NCTC 9001, Legionella 

pneumophila NCTC 12821, Pseudomonas 
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aeruginosa NCTC 10662, Vibrio cholerae 

ATCC 51352). For the screening 

experiments with the ionic liquids, 

Enterococcus faecalis NCTC 775 was 

cultivated for five hours at 37 °C in tryptic 

soy broth with yeast extract. The harvested 

liquid cultures were stored in 25% glycerol 

on –80 °C until further use. For the 

comparison of the five extraction methods, 

the cells of all eight strains were grown 

overnight on agar plates containing 

trypticase soy broth and yeast extract. They 

were subsequently suspended in Ringer’s 

solution for the cell count and extraction 

experiments. After the addition of glycerol 

to a final concentration of 25%, the cell 

suspensions were stored on -80 °C until 

further use. 

 

3.3. Total cell count by fluorescence 

microscopy 

Dilutions of the bacterial cell suspensions 

were fixed with paraformaldehyde, filtered 

on polycarbonate filters, and stained with 

SYBR Gold for a subsequent total cell count 

under a Nikon Eclipse 80i fluorescence 

microscope. 

 

3.4. Preparation of bacterial suspensions 

for the subsequent extraction experiments 

Aliquots of the liquid cultures or the 

suspensions were centrifuged for 5 min at 

10,000 rpm, and the resulting cell pellets 

were washed twice and resuspended in the 

respective buffer that was used for the ionic 

liquid dilutions. Ten µl of the respective cell 

suspensions was used for each extraction 

procedure. 

 

3.5. DNA extraction procedures 

Optimized extraction procedure using 

IL/aqueous buffer systems 

Ten µl of the pelleted and resuspended cells 

were mixed with 90 µl of the respective 

IL/buffer system (90% [C2mim]OAc or 50% 

[Cho]Hex in Tris pH 8 buffer) and incubated 

at 65 °C for 5 min. To overcome inhibitory 

effects caused by the ILs or cell components, 

the extract was diluted 1:20 with 10 mM Tris 

pH 8.0 before subsequent qPCR analyses. 

 

Extraction procedures using 

lysozyme/proteinase K with 

phenol/chloroform purification and 

commercial kits 

Enzymatic DNA extraction with 

phenol/chloroform is a standard procedure in 

our laboratory (19). Briefly, 10 µl of cell 

suspension of the respective strain in TE 

buffer was incubated twice for one hour at 

37 °C after the additions of lysozyme and 

proteinase K, respectively. Following 

another 10 min incubation at 37°C after 

adding sodium chloride and CTAB, the 

released DNA was separated from other cell 

components by the treatment with a 
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combination of phenol and 

chloroform:isoamylalcohol in a 24:1 ratio. 

Finally, the DNA was precipitated using 

isopropanol, followed by a washing step 

with ethanol and the addition of 10 mM Tris 

pH 8.0 for resuspending the DNA pellet. 

For the comparison of the extraction 

efficiencies with commercial kits, we used 

the QIAamp DNA Mini Kit from Qiagen and 

the Wizard Genomic DNA Purification Kit 

from Promega. The extraction procedures 

were carried out according to the 

manufacturers’ instructions for Gram-

positive or Gram-negative bacteria, 

respectively. 

 

3.6. Quantification of bacterial DNA using 

quantitative PCR 

Enterococcus-specific qPCR assay 

To quantify the DNA in the inhibition and 

cell lysis experiments using Enterococcus 

faecalis as model organism, we applied a 

qPCR assay that specifically targets a region 

in the Enterococcus 23S rRNA gene (ENT-

qPCR) (25, 26). The qPCR reactions were 

carried out in a total reaction volume of 15 

µl containing 1 µM of each primer (MWG-

Biotech AG, Ebersberg, Germany), 80 nmol 

L-1 of the probe (all oligonucleotide 

sequences are listed in Table 3), KAPATM 

Probe® Fast qPCR Master Mix 2X (Peqlab, 

Erlangen, Germany), and 2.5 µl DNA 

extract. The reactions were performed on a 

7500 Fast Real-Time PCR System (Applied 

Biosystems, New York, USA) according to 

the following protocol: 5 min at 95 °C, 

followed by 45 cycles of 15 s at 95 °C and 1 

min at 60 °C. Unless noted otherwise, qPCR 

reactions were carried out in triplicates. The 

calibration curve was generated using a 

dilution series of DNA plasmid solution 

containing the 23S rRNA gene fragment that 

is targeted by the assay. 

 

Bacteria-specific qPCR assay 

To quantify the DNA in the extraction 

experiment using eight different bacterial 

strains, we applied a qPCR assay that targets 

the V1-V2 region of the 16S rRNA gene 

with primer binding sites that are universal 

to all bacteria (16S-qPCR) (27). The qPCR 

reactions were carried out in a total reaction 

volume of 15 µl containing 200 nM of each 

primer (MWG-Biotech AG, Ebersberg, 

Germany; oligonucleotide sequences are 

listed in Table 3), 12.5 µl KAPA™ SYBR® 

Fast qPCR Master Mix 2X (Peqlab, 

Erlangen, Germany), 0.4 µg/µl BSA 

(Sigma-Aldrich, Vienna, Austria) and 2.5 µl 

DNA extract dilution. The reactions were 

performed on a 7500 Fast Real-Time PCR 

System (Applied Biosystems, New York, 

USA) according to the following protocol: 3 

min at 95 °C, followed by 40 cycles of 30 s 

at 95 °C, 30 s at 57 °C, 1 min at 72 °C, and a 

final elongation step for 2 min at 72 °C. 
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Unless noted otherwise, qPCR reactions 

were carried out in duplicate. The calibration 

curve was generated using a dilution series 

of DNA plasmid solution containing the 16S 

rRNA gene fragment that is targeted by the 

assay. 

 

Assay Oligonucleotide Sequence (5‘  3‘) References 

ENT-qPCR 

Forward GAG AAA TTC CAA ACG AAC TTG (21) 
USEPA (25), 

Ludwig and Schleifer (26) 
Reverse CAG TGC TCT ACC TCC ATC ATT (21) 

Probe TGG TTC TCT CCG AAA TAG CTT TAG GGC TA (29) 

16S-qPCR 
8F AGA GTT TGA TCC TGG CTC AG (20) Frank et al. (28) 

338 CAT GCT GCC TCC CGT AGG AGT (21) Fierer et al. (29) 

 

Table 3. Oligonucleotides used in the qPCR reactions for quantifying the genomic DNA of the bacterial 

reference strains. 

 

QPCR quality control 

To test for inhibitory effects, we additionally 

analysed 1:4 dilutions of all extracts and 

plotted the results for each individual 

method against the results from the 

corresponding undiluted extracts. In case of 

the ILs, the 1:20 dilutions were further 

diluted to obtain a final 1:80 dilution. No 

inhibitory effects were evident in the 

undiluted extracts obtained with the Phe/Chl 

extraction and the commercial kits. We 

observed no difference in the 1:20 and 1:80 

dilutions for most IL extracts, whereas some 

samples yielded slightly better results with 

the higher dilution, indicating weak 

inhibition. All qPCR runs showed an 

efficiency between 90 and 105%.  
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Choline hexanoate NMR data 

1H NMR (400 MHz, CDCl3) δ = 3.94 (s, 2H, CH2-OH), 3.57 (t, J = 4.42 Hz, 2H, CH2-CH2-OH), 3.25 (s, 

9H, 3 x CH3), 2.00 (t, J = 6.76 Hz, 2H, CH2-COO), 1.46 (quin., J = 8.05 Hz, 2H, CH2-CH2-COO), 1.18 

(m, 4H, CH2-(CH2)2-COO, CH2-(CH2)3-COO), 0.77 (t, J = 6.76 Hz, 3H, CH3-(CH2)4-COO). 13C NMR (100 

MHz, D2O) δ = 183.95 (1C, COO), 67.35 (1C, CH2-OH), 55.52 (1C, CH2-CH2-OH), 53.92 (3C, 3 x CH3), 

37.58 (1C, CH2-COO), 30.99 (1C, CH2-CH2-COO), 25.55 (1C, CH2-(CH2)2-COO), 21.76 (1C, CH2-

(CH2)3-COO), 13.29 (1C, CH3-(CH2)4-COO).  
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detection of Enterococcus spp. in water 
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Table S1: Limit of Detection 

Dilution series of E. faecalis DSM-20478 genomic 

DNA 

Average copy number 

per reaction 
LAMP qPCR 

210 20 / 20 NA 

100 20 / 20 NA 

46 16 / 20 NA 

21 11 / 20 20 / 20 

10 7 / 20 20 / 20 

4.6 2 / 20 18 / 20 

2.1 4 / 20 14 / 20 

1 2 / 20 12 / 20 

0.46 0 / 20 8 / 20 

0.21 NA 4 / 20 

0.1 NA 0 / 20 

 

Table S1: Results of the analysis of the Enterococcus faecalis DSM-20478 genomic DNA with LAMP 

and qPCR. The dilution series ranges from 210 to 0.46 target copies per reaction for LAMP, and from 

21 to 0.1 target copies per reaction for qPCR. The individual dilutions were analysed in 20 replicates 

each (NA=not analysed). 

 

Figure S1: Optimisation – dNTP concentration 

Figure S1: Amplification curves derived from the LAMP analysis of Enterococcus faecalis DSM-

20478 genomic DNA (0.1 pg per reaction) with different dNTP concentrations in the reaction mix (data 

not shown for 0.1 mM and 0.2 mM due to no amplification). A concentration of 0.7 mM of each dNTP 

led to the earliest positive signal after a mean of 30 minutes and showed the least standard deviation 

within the triplicate. 
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Figure S2: Optimisation – Betaine concentration 

Figure S2: Amplification curves derived from the LAMP analysis of Enterococcus faecalis DSM-

20478 genomic DNA (0.1 pg per reaction) with different betaine concentrations in the reaction mix. A 

concentration of 0.6 M betaine led to the earliest positive signal after a mean of 33 minutes and showed 

the least standard deviation within the triplicate. 

 

Figure S3: Specificity – Target and non-target strains 

Figure S3: Exemplary amplification curves derived from the LAMP analysis of the genomic DNA (0.1 

pg per reaction) of target and non-target bacterial reference strains (red=NTC; green=Enterococcus 

faecalis; blue=Enterococcus faecium; purple=Melissococcus plutonius). 
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Figure S4: Specificity – Non-target strains 

Figure S4: Exemplary amplification curves derived from the LAMP analysis of the genomic DNA (1 

ng per reaction) of non-target bacterial reference strains (red=NTC; green=Escherichia coli; 

blue=Pseudomonas aeruginosa; purple=Serratia marcescens). 

 

Table S2: Enterococcus isolates 

Season 
Sampling 

location 
Species LAMP qPCR   Season 

 

Sampling 

location 

 

Species LAMP qPCR 

Spring 

1 E. faecium 3/3 3/3   

Fall 

1 E. faecalis 3/3 3/3 

1 E. faecium 3/3 3/3   1 E. faecalis 3/3 3/3 

1 E. faecium 3/3 3/3   1 E. faecalis 3/3 3/3 

2 E. gallinarum 3/3 3/3   2 E. casseliflavus 3/3 3/3 

2 E. gallinarum 3/3 3/3   2 E. casseliflavus 3/3 3/3 

2 E. gallinarum 3/3 3/3   2 E. casseliflavus 3/3 3/3 

3 E. mundtii 3/3 3/3   3 E. hirae 3/3 3/3 

3 E. mundtii 3/3 3/3   3 E. hirae 3/3 3/3 

3 E. mundtii 3/3 3/3   3 E. hirae 3/3 3/3 

4 E. faecalis 3/3 3/3   4 E. faecalis 3/3 3/3 

4 E. faecalis 3/3 3/3   4 E. mundtii 3/3 3/3 

4 E. faecalis 3/3 3/3   4 E. faecalis 3/3 3/3 

Summer 

1 E. mundtii 3/3 3/3   

Winter 

1 E. hirae 3/3 3/3 

1 E. mundtii 3/3 3/3   1 E. faecium 3/3 3/3 

1 E. mundtii 3/3 3/3   1 E. faecium 3/3 3/3 

2 E. hirae 3/3 3/3   2 E. faecium 3/3 3/3 

2 E. hirae 3/3 3/3   2 E. faecium 3/3 3/3 

2 E. hirae 3/3 3/3   2 E. faecium 3/3 3/3 

3 E. casseliflavus 3/3 3/3   3 E. casseliflavus 3/3 3/3 

3 E. mundtii 3/3 3/3   3 E. gallinarum 3/3 3/3 

3 E. casseliflavus 3/3 3/3   3 E. gallinarum 3/3 3/3 

4 E. faecium 3/3 3/3   4 E. faecium 3/3 3/3 

4 E. faecium 3/3 3/3   4 E. faecium 3/3 3/3 

4 E. faecium 3/3 3/3   4 E. faecium 3/3 3/3 
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Table S2: Results from the LAMP and qPCR analysis of the genomic DNA of 48 environmental 

Enterococcus isolates. 

Figure S5: Enterococcus isolates 

Figure S5: Exemplary amplification curves derived from the LAMP analysis of the genomic DNA of 

environmental Enterococcus isolates (red=NTC; dark blue=Enterococcus faecalis; light 

blue=Enterococcus faecium; light green=Enterococcus mundtii; pink=Enterococcus gallinarum; 

purple=Enterococcus casseliflavus; dark green=Enterococcus hirae). 

  

Figure S6: Environmental samples 

Figure S6: Exemplary amplification curves derived from the LAMP analysis of the genomic DNA of 

environmental samples (red=NTC; yellow=ground water sample; dark blue=surface water sample; light 

blue=surface water sample; green=waste water sample). 
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Figure S7 

Figure S7: (A) Agarose gel showing a 1.5 kb DNA ladder (L), the ladder-like pattern of LAMP products 

after successful amplification (1-3: Enterococcus faecalis; 4-6: Enterococcus faecium; 7-9: 

Enterococcus durans), and the absence of DNA bands in case of no amplification (10-12: Lactococcus 

garvieae; 13-15: Streptococcus bovis; 16-18: NTC); (B) Corresponding samples stained with the nucleic 

acid fluorescence dye SYBR Green I, with an observed color change from orange to green in positive 

samples (1-9), and no color change in negative samples (10-18). 
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