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ABSTRACT 

Ultraviolet (UV) disinfection of drinking water is now a widely-accepted practice and 

in particular, is one of the most effective water treatment processes for inactivating 

the waterborne pathogen Cryptosporidium. Because UV disinfection is a physical, 

rather than chemical, disinfection method (i.e. there is no disinfectant residual), the 

measurement and monitoring of operational UV disinfection performance relies on 

indirect measures, such as UV intensity, taken by sensors. These indirect 

measurements are linked via previously validated algorithms, determined by the UV 

disinfection system supplier, to the level of disinfection of a target pathogen being 

provided at any given time. The objective of this research was to test and optimise a 

molecular technique of detecting UV dose-dependent changes in the DNA of the 

pool of microorganisms indigenous to pre-disinfection water.  Such a method could 

be used by water utilities for verifying the ultraviolet (UV) disinfection dose that is 

applied to drinking water by operational UV systems.   The method would be a 

direct, sample-based measure, without the need to spike any test microorganisms or 

chemicals into the water or take the UV disinfection system offline. Initially, this work 

focused on an approach based on culturing bacteria to attempt to identify 

heterotrophic organisms indigenous to water treatment processes.   Water samples 

from a UK water treatment works were collected and exposed to 40 mJ/cm2 of 

monochromatic (254 nm) UV light using a collimated beam device.    Survivors were 

grown on low nutrient agar, and representative example of survivors were identified 

by 16s rRNA partial gene sequencing.   The UV dose-response profiles of two of the 

thus isolated organisms, Flavobacterium succinicans and Sphingopyxis chilensis, 

were determined for the first time.   Sphingopyxis chilensis has a UV dose-response 
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profile which suggests it has the potential for use as an indigenous surrogate for the 

inactivation of Cryptosporidium, a commonly chosen target pathogen for UV 

disinfection, up to 2.3-log inactivation.   Furthermore, the ubiquity and intrinsic 

antibiotic resistance profile of the Sphingomonadaceae, of which Sphingopyxis 

chilensis is a member, suggest that this group may warrant further development as 

an indigenous surrogate measurement of UV disinfection in low UV dose (up to 7 

mJ/cm2 ) applications.   However, this work also suggested that numbers of single 

species are unlikely to be sufficient at the relevant locations in the water treatment 

processes for routine direct measurement using such an organism to be viable.  

 

In order to address problems related to selecting and enumerating a particular 

species from the complex mixture of organisms present in water samples, a more 

generic method was sought.    This research considered the total extractable 

genomic DNA of the indigenous microorganisms in the water passing through a UV 

reactor could be a generic indigenous UV dose indicator.   An enzyme-linked 

immunosorbent assay (ELISA) was applied to the total extractable genomic DNA 

from water samples collected from drinking water treatment plants and exposed to 

collimated beam UV doses.  This approach, once optimised, resulted in linear 

relationships between the assay response and UV dose. As such, ELISA-based 

enumeration of thymine dimers in total extractable genomic DNA from a mixed 

species population has the potential to provide a direct, relatively quick, sampling-

based means of monitoring the UV dose being delivered by operating UV 

disinfection systems in drinking water treatment plants, without the need to spike a 

biodosimeter or actinometer into the treatment process, or take systems out of 

service.  
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1 INTRODUCTION 

All drinking water must be supplied with minimum risk of causing ill-health. 

Disinfection processes provide the means to render harmless the biological content, 

(prokaryotic, eukaryotic, and viral) in drinking water prior to distribution (DEFRA, 

2016).   The performance requirements of disinfection processes are normally based 

on risk assessment of the raw water quality.  

 

Following the 1993 outbreak of Cryptosporidium in Milwaukee and publication of the 

guidance documents by a number of regulators (including the United States, Austria 

and Germany), ultraviolet disinfection has become a well-established disinfection 

process and is now used widely around the world to control risk from 

Cryptosporidium and other microbial pathogens in potable water (MacKenzie et al., 

1994, ÖNORM, 2001, ÖNORM, 2003, USEPA, 2006, DVGW, 2006, Craik et al., 2001, 

Clancy et al., 1998, Bukhari et al., 2004).   Ultraviolet disinfection is often used in 

combination with chlorination to provide disinfection as a multi-barrier approach 

(Lawryshyn and Cairns, 2003).   

 

UV radiation is a physical rather than chemical disinfection method.   The sensitivity 

or resistance of microorganisms to UV light can be determined by a functional test in 

a batch reactor in which a quasi-parallel ‘collimated beam’ of UV light is delivered 

to the surface of a constantly stirred volume of water containing a suspension of 

microorganisms under test (Bolton and Linden, 2003).    The log reduction (log 

inactivation) of the microorganism is determined over a range of UV doses.   The 

collimated beam procedure, and determination of UV dose is based on the 

collimated beam system operating as an ideal batch-type reactor, in which physical 
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measurements, rather than proxies for UV dose, are used to link log inactivation 

directly to UV dose (Bolton and Linden, 2003).   Dose-response profiles of a selection 

of microorganisms, determined using a collimated beam apparatus, are shown in 

Table 1-1.   A number of studies have determined the dose-response of a wide 

selection of microorganisms (Malayeri et al., 2016, Chevrefils et al., 2006, Coohill and 

Sagripanti, 2008, Hijnen et al., 2006).   In terms of UV dose-response, it is generally 

found that bacteria and protozoan (oo)cysts are most sensitive to UV radiation, 

while viruses and bacterial spores are more resistant (Malayeri et al., 2016).   

However, there are examples of microorganisms that do not fit with this generality.    

T7 virus is relatively sensitive to UV with a UV sensitivity of 4.33 mJ/cm2/Log 

inactivation, while the bacterium Deinococcus radiodurans is very resistant to UV 

radiation with a UV sensitivity of 30.4mJ/cm2/Log inactivation .   If measured under 

constant conditions, the sensitivity of microorganisms is a function of the 

microorganism itself, and therefore inactivation of organisms can be used as a 

measure of UV dose (Sommer et al., 1999).  Using organisms in this way is referred to 

as biodosimetry, and the microorganisms themselves as biodosimeters or challenge 

microorganisms (Qualls and Johnson, 1983, Cabaj et al., 1996b, USEPA, 2006). 

 

1.1 UV disinfection systems as flow-through reactors 

UV systems used in treatment works are not ideal batch reactors, but rather operate 

as flow-through systems in which a static UV lamp or lamps are surrounded by a 

volume of flowing water.  Since UV intensity at any point in the volume is proportional 

to the inverse square of the distance of that point from the UV source, there is a field 

of variable UV intensity through which the individual microorganisms pass  
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Table 1-1 – Low-pressure, collimated beam, UV dose-responses of selected 

microorganisms. 

Organism 

 

Organism 

Type 

UV Dose mJ/cm2  for 

Log Inactivation 

Indicated 

mJ/cm2/ 

Log 

Inactivation Reference 

1-

log 

2-

log 

3-

log 

4-

log 

E.coli Prokaryote 3 4.8 6.7 8.4 1.81 (USEPA, 2006) 

T7 Virus (Phage) 3.6 7.5 11.8 16.6 4.33 (USEPA, 2006) 

Cryptosporidium Eukaryote 2.5 5.8 13 22 5.53 (USEPA, 2006) 

Giardia Eukaryote 2.1 5.2 11 22 5.58 (USEPA, 2006) 

Hepatitis A Virus 5.1 13.7 22 29.6 8.18 (Wilson et al., 

1992) 

Bacillus subtilus Prokaryote 

(spores) 

28 39 50 62 11.30 (Sommer et 

al., 1998) 

MS-2 Virus(Phage) 16 34 52 71 18.30 (Wilson et al., 

1992) 

Adenovirus Virus 58 100 143 186 42.07 (USEPA, 2006) 

Bacillus Pumilus Prokaryote 

(spores) 

149 276   127 (Rochelle et 

al., 2010) 
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(Wright and Reddy, 2003).    Microorganisms act as particles as they traverse the 

reactor volume (Chiu et al., 1999), each particle taking a unique path through the 

system and, therefore, receiving a unique cumulative UV dose.   The highest dose 

path being one closest to the lamps, and the lowest dose path one furthest from 

them.   The majority of organisms take a path intermediate between these upper 

and lower bounds.    The stochastic multiplicity of paths means that flow-through 

systems deliver a range, or distribution, of UV doses to microorganisms that pass 

through them. (Wright and Lawrynshyn, 2000, Cabaj et al., 1996b).    

 

1.2 UV System Validation 

All municipal flow-through systems have at least one static UV sensor that measures 

the internal UV intensity at a single point.   However, the delivery of a dose 

distribution by such systems means there is no direct correlation between the single-

point UV intensity measured by the onboard UV sensor and the dose delivered to 

microorganisms passing through the system.   This, and the lack of a measurable 

chemical residual means all flow-through systems must be dose-validated.   All 

guidance on the implementation and testing of ultraviolet disinfection systems 

includes detailed information on ensuring systems provide the required ultraviolet 

dose; a process referred to as validation (USEPA, 2006, ÖNORM, 2001, ÖNORM, 2003, 

DVGW, 2006, DWI, 2010).   In the absence of a measurable chemical residual, and in 

order to address the complexities introduced by dose-distributions, and provide 

robust validation of UV dose, functional tests using live biodosimeters have been 

developed for UV system validation (Lawryshyn and Cairns, 2003, Cabaj et al., 

1996b, Wright and Lawrynshyn, 2000). 
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1.2.1 Biodosimetry – Using microorganisms for validating and verifying UV dose 

delivery in flow-through UV systems. 

UV disinfection standards and guidance recognise the importance of the influence 

of dose distributions in assessing the performance of UV disinfection systems and 

have all adopted a three-step approach to standardising UV disinfection system 

assessment and operation based on biodosimetry (Sommer et al., 2008).    Figure 1-1 

summarises the three-step process described below. 

1. developing UV dose-responses of water relevant pathogens. All guidance 

recognises the use of a standardised collimated beam as an appropriate 

method to link microorganism inactivation kinetics to UV doses derived from 

physical measurement in a way that is independent of the effects of a dose 

distribution.   Challenges microorganisms are those organisms that are used in 

biodosimetry-based validation protocols to test the dose delivery in flow-

through systems.  

2. descriptions and protocols for determining UV disinfection system performance 

(validation), this step refers to the arrangements and procedures for testing the 

inactivation of challenge microorganisms by flow-throughsystems and can 

include, the physical arrangement of the reactor in the testing site, the 

hydraulics of the test stand, the growth and preparation of the challenge 

microorganism, arrangements for ensuring fully mixed spiking of test 

microorganisms and methods for determining, adjusting and recording other 

test conditions such as flow rate and UVT,  how sampling upstream and 

downstream of the reactors is carried out, the storage of samples, methods for 

enumerating the challenge microorganisms, and the analysis protocol used to 

determine the design dose.  
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Figure 1-1 – Schematic diagram illustrating how collimated beam calibration curves 

are used to determine a reduced equivalent dose during reactor validation by 

biodosimetry with challenge microorganisms. 
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3. development of methods to standardise operational monitoring of disinfection 

systems (dose verification) (Sommer et al., 2008).   These methods are required 

to demonstrate that reactors are operating within the conditions used during 

dose validation and allows the recording of dose delivery in service.   The dose 

is calculated based on the dose monitoring algorithm implemented in the 

control system, the variable parameters of which were determined during the 

dose validation procedure. 

 

The three-step approach defined above links the inactivation achieved by a real 

system delivering a dose-distribution to a physically determined UV dose from a 

collimated beam procedure, and in so doing removes the requirement to measure 

the physical variables in the reactor, but it introduces biases due to differences in the 

UV sensitivity of the target and challenge organisms (USEPA, 2006).   More sensitive 

organisms under-report the higher doses in the distribution, and therefore the doses 

determined by organisms of differing sensitivities are not equivalent and neither is 

equal to the mean dose of the distribution (Wright and Lawrynshyn, 2000, Cabaj et 

al., 1996b) .   The impact of the biases are reduced if the target and challenge 

organisms have similar dose-response profiles. 

 

Developments in biodosimetry have primarily focused on finding challenge 

microorganisms with dose-responses that are similar to pathogenic targets.  This work 

has identified a large range of viruses, bacteria and spores that might be useful for 

validation of reactors for treatment of a range of pathogens (Malayeri et al., 2016).   

However, since, biodosimetry requires the injection of microorganisms into the water 
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flowing through the reactor, biodosimetry cannot be used in operational UV dose 

verification (Rochelle et al., 2010, Mamane-Gravetz and Linden, 2004).  

 

1.2.2 Direct measurement or estimation of dose distributions 

An actinometer is a chemical that changes from one form to another in a 

predictable UV dependent manner.   By measuring the concentration of the two 

different forms of actinometer, the UV dose delivered to the solution of actinometer 

can be determined directly from a physical constant (Bolton and Cotton, 2008).    

The use of a solution of an actinometer in a flow-through system would determine 

the mean volume-averaged UV dose delivered by the system but would neglect 

any influence of the particulate nature of microorganisms as they flow through the 

system.   Investigators recognised that if the dose distribution of real systems could 

be determined directly, then live biodosimeters would not be required (Blatchley et 

al., 2008, Shen et al., 2016).    Lagrangian actinometry using dyed microspheres 

involves the binding of UV actinometers to spheres of similar size and density to 

microorganisms. These are injected upstream of the reactor and pass through the 

reactor as particles accumulating UV dose in a similar way to microorganisms.   The 

bead-bound actinometers fluoresce in proportion to their UV exposure, and 

therefore each bead represents a point in the dose distribution of the system under 

test.   Many thousands of such points define the dose distribution of the reactor 

(Shen et al., 2016).    

 

Numerical modelling of reactor performance by computational fluid dynamics 

(CFD) coupled with inactivation characteristics of microorganisms has been used as 

a design tool during UV system development (Dzurny et al., 2003).   However, alone, 
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CFD is not sufficient, from a regulatory perspective to adequately validate system 

performance; and it is only recently that specific guidance on the use of dyed 

microspheres has been produced to aid practitioners in its use for system validation 

(Shen et al., 2016).   While the use of DMS can remove the biases associated with live 

biodosimeters, the technique involves the introduction of dyed microspheres into the 

treatment flow, and therefore it has yet to find use during in-service verification of UV 

dose (Rochelle et al., 2010). 

 

1.2.3 UV System Validation/Verification -  A summary of current methods 

As well as validation, UV disinfection guidance documents also describe how the 

data from validation should be used to develop system-specific relationships 

between dose and operational conditions to allow later in-service dose verification.    

The following summarises some of the considerations and implications of the current 

methods used for dose validation and verification of UV disinfection systems. 

 

1. In reactor validation the role of the challenge microorganisms (biodosimeter) 

is not that of an indicator organism, that is to say, it does not need to be a 

reliable indicator of the presence of the pathogen.    

2. The role of the challenge microorganism is to be representative of the target 

pathogen in terms of its UV dose-response.   However, differences in sensitivity 

can introduce bias caused by the existence of dose distributions.  However, a 

range of microbial biodosimeters with differing sensitivities to ultraviolet light 

have been identified and protocols for their use, including the consideration 

of bias, in determining the ultraviolet dose and expected log inactivation of 

target pathogens have been defined (USEPA, 2006). 
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3. In reactor validation actinometric methods can be used if actinometers are 

bound to microspheres.    The role of dyed microspheres is to represent a 

microorganism physically and measure the UV dose distribution in flow-

through systems directly.  Knowledge of the dose distribution allows the 

inactivation of pathogens by the reactor in its various operating conditions to 

be determined.    

4. All current methods of validation require the injection of either live 

biodosimeters or dyed microspheres upstream of the reactor and therefore 

have not been able to be used in dose verification of operational systems. 

5. Telemetry-based verification of dose delivery in operational systems provides 

a robust method of linking operational conditions to delivered UV doses.  

However, such telemetry-based procedures and protocols rely on the 

condition of the reactor and particularly the state of its sensors in order to be 

accurate.  All guidance on UV disinfection is explicit in ensuring the telemetry 

of the system is specified and maintained appropriately. 

 

There is currently no guidance for methods able to determine UV dose of 

operational UV systems that are independent of the condition of the reactor.  Such 

a method may find application in independent testing of in-service reactors, and 

evaluation of reactors for emerging or alternative/additional targets or the retrofit of 

new technology (e.g. lamps) to existing reactors. 

 

1.3 Methods with potential for application in a sampling-based protocol. 

Objections based on the injection of exogenous materials upstream of a UV system, 

imply any measurand should be indigenous to the water flowing through the UV 
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treatment system at the point in the treatment works such systems are normally 

installed.    

 

1.3.1 Indigenous Microorganisms as Biodosimeters 

UV systems are normally installed just prior to chlorine-based disinfection processes.   

Therefore, there is the possibility that microorganism in the pre-disinfection water, 

might be available in sufficient numbers to act as indigenous biodosimeters.    By 

using a 40mJ/cm2 UV screening dose to remove the most sensitive organisms, 

Rochelle et al. (2010) identified spores of the aerobic spore-forming bacterium 

Bacillus pumilus, from the raw water intake of surface water treatment works. 

However, even though these spores are available in the raw water of the treatment 

process, permission could not be granted to introduce these microorganisms 

cultivated to high titres upstream of an operational UV system.     This work did not 

consider the microbial population of pre-disinfection water.      The most common 

targets of UV disinfection, when implemented in a multi-barrier approach, are 

protozoan parasites that have a low resistance to UV disinfection.   Since 

heterotrophic bacteria are both numerous and generally sensitive to UV disinfection 

(Stetler et al., 1992, Chauret et al., 1999), a UV screening methodology similar to that 

used by Rochelle et al. (2010) but applied to pre-disinfection water, might isolate 

heterotrophic organisms available in sufficient numbers, with UV dose-response 

profiles sufficiently similar to (but slightly more resistant than) Cryptosporidium.  If such 

an organism could be identified, it might act as an indigenous biodosimeter for UV 

dose delivery. 
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1.3.2 Molecular Measurands of UV Dose 

The biological basis of ultraviolet disinfection is based on the absorbance of 

ultraviolet light by nucleic acids (DNA and RNA). DNA and RNA absorb UV light over 

a broad range of wavelengths, with the principal useful germicidal range occurring 

between 220nm-300nm where water’s own UV absorbance is at a minimum.   

Nucleic acids have a peak UV absorbance at 260nm (Bolton and Cotton, 2008)    

DNA is a polymer of purine (adenine and guanine) and pyrimidine (cytosine and 

thymine) nucleotide bases.  In RNA thymine is replaced by uracil.   Ultraviolet light 

primarily causes dimerisation of adjacent pyrimidine nucleotide bases and 

particularly adjacent thymine bases (uracil in RNA) (Setlow et al., 1963).    

Dipyrimidines cause cell inactivation by preventing DNA/RNA polymerases from 

replicating DNA/RNA during cell division (Setlow et al., 1963).    

The foregoing understanding of the molecular changes that occur in DNA upon 

exposure to UV light suggested that detection of dimers themselves could form the 

basis of a technique to determine dose delivery to samples in operational UV 

systems.   The dimers formed in DNA as a consequence of absorbing UV photons 

can be detected directly by a number of molecular methods.   These methods 

including those based on; 

 

1. Using an endonuclease enzyme to cut DNA at dimer sites and detecting a 

reduction in quantity of uncut DNA following gel electrophoresis. (Eischeid 

and Linden, 2007). 

2. leveraging the depressed replication of UV treated DNA using the 

polymerase chain reaction (PCR) (Eischeid et al., 2009). 
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3. digestion of DNA to nucleotides and separation by high-pressure liquid 

chromatography and identification by tandem mass spectrometry, (HPLC-

MSMS) (Douki et al., 2000). 

4. the detection and quantification of the binding of antibodies to dimers 

formed in UV treated DNA – immunological methods.(Kraft et al., 2011, Roza 

et al., 1988). 

 

Some of the complications in biodosimetry, particular bias, are caused by the 

logarithmic fall in signal in response to increasing UV dose.   Therefore, a signal based 

on an increase in response to increasing UV dose may have benefit in addressing 

bias.   PCR detection of dimers relies on a negative response to increasing UV dose, 

and this may introduce bias and limit its application to lower UV doses.  HPLC-MSMS 

is highly sensitive and discriminatory but relies on very costly equipment.   Of the 

methods above, the binding of antibodies to DNA extracted from water samples 

offers the potential to develop an economical, sampling-based methodology that 

provides a positive signal in response to increasing UV dose.   Such a method should 

be scalable, and the format of immunological assay most applicable to high-

throughput application is the Enzyme-Linked Immunosorbent Assay (ELISA) (Roza et 

al., 1988). 

 

1.4 Aims and Objectives 

The overall aim of this study is to investigate if a biological measurand exists in 

treatment waters upstream of UV systems that could form the basis of a method for 

determining UV dose delivery in online (i.e. operational) UV systems without the need 

to either spike reagents or relying on system based sensors. 
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In order to achieve the aim this work has the following specific objectives; 

• to identify representative UV-resistant heterotrophs at the water treatment 

stages where UV disinfection systems would typically be installed; and 

determine the UV dose-response of the isolated organisms, 

 

• and assess the suitability for operational UV disinfection system performance 

monitoring considering Cryptosporidium as the target pathogen. 

 

• To test and optimise an enzyme-linked immunosorbent assay (ELISA) to detect 

thymine dimers in genomic DNA from UV treated E. coli cell suspensions at UV 

doses relevant to UV disinfection and to determine a UV dose-response.  

 

• to test the ELISA on total genomic DNA from the mixed population of bacteria 

present at typical UV system installation points in operating water treatment 

works. 

 

Any identified measurands will be further assessed against the following 

desirable characteristics of a UV dose surrogate in this application; 

 

• Non-pathogenic 

• Growth to high concentrations (ubiquity and abundance). 

• Easily enumerated 

• Similar UV inactivation kinetics to target pathogen. 

• Minimal shoulder or tail in UV dose-response profile. 

• Stable during preparation and use 
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1.5 Description of Chapters 

• Chapter 2 provides a review of the literature regarding ultraviolet disinfection. 

It is focused on the following areas, the risks to public health from 

Cryptosporidium, a review of treatment options for Cryptosporidium and a 

review of legislation and guidance issued by a number of regulatory 

authorities in Europe and in the United States.  The reader is introduced to UV 

systems as devices for delivering UV light to flowing water  and the state of 

knowledge regarding the requirements of validation of dose delivery, the 

reasons for requiring ultraviolet systems to be validated and the methods 

currently used to verify dose delivery by such systems. The chapter also 

describes the biological basis of ultraviolet disinfection.   This chapter provides 

the background to understand the motivations for the research presented in 

the context of the scientific and engineering background of ultraviolet 

disinfection. 

 

• Chapter 3 provides the Experimental Design flowcharts and Materials and 

Method used in carrying out the experimental work described in Chapters 4 

and 5. 

 

• Chapter 4 presents results from a screen for heterotrophic bacteria, with 

similar UV sensitivity to Cryptosporidium, indigenous to water samples taken 

from a drinking water treatment process.   This study used a UV dose to 

inactivate very sensitive organisms in order to select for organism pre-

disposed to UV resistance.  Previous work had used a similar screen to identify 

high UV resistance organisms Rochelle et al. (2010).   Other work had focused 
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on identifying aerobic spores as indigenous to raw water at treatment works 

(Mamane-Gravetz and Linden, 2004).    No work had looked at the 

microbiology available at the point a UV reactor might be installed.   Due to 

their general sensitivity to UV, the heterotrophic bacterial community had 

received little attention as potential indigenous surrogates for UV dose 

delivery. 

 

• Chapter 5 describes the testing and optimisation of an enzyme-linked 

immunosorbent assay to enumerate thymine dimers in the total extractable 

genomic DNA from the microbial population of water samples taken from 

two water treatment processes.   This study tests the hypothesis that genomic 

DNA from a mixed population of microorganisms could be considered as an 

indigenous dosimeter for verification of UV dose.   The method and data was 

the subject of an Imperial Innovations provisional patent application, UK 

Patent Application No. 1216155.0 in September 2012.    This data has been 

presented as a talk and conference paper at the WEF Disinfection 

conference, Indianapolis, 2013.     

 

• Chapter 6 provides a discussion of the wider implications of the research 

findings to the water industry, and suggestions for further research are 

proposed. 

 

• Chapter 7 provides a brief summary of the key findings of the research. 
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2 LITERATURE REVIEW 

2.1 Introduction 

In legislation in England and Wales, disinfection for water treatment is the process of 

adequately treating water to ensure its biological content does not pose a threat to 

human health (DWI, 2010).   Treatment with chlorine, or the chlorine-based 

disinfectants, (chloramine or chlorine dioxide) is most common.     Chlorine efficacy 

is monitored by the contact time approach, in which the product of concentration 

and time of contact is determined (Hass, 1999).   Chlorine concentration is easily 

verified by direct quantification (APHA, 2005).   However, while chlorine is a highly 

effective disinfectant, there is variability in its efficacy against biological targets 

(Hass, 1999).   At chlorine levels used in municipal drinking water treatment, most 

viruses and bacteria are very sensitive, whereas  the oocysts of Cryptosporidium, a 

protozoan parasite, are highly resistant to inactivation (Korich et al., 1990).   

Cryptosporidium oocysts are the environmentally resistant infective agent that can 

be present in raw water collected for treatment.  

 

The development of UV as a disinfection method for drinking water is intrinsically 

linked to outbreaks of diarrheal disease caused by release of Cryptosporidium 

oocytes into drinking water systems.    The following sections provide background 

information on the impact such outbreaks or releases have on customers and water 

utilities in the UK, and the impact of the 1993 Milwaukee outbreak (MacKenzie et al., 

1994, MacKenzie et al., 1995) that was instrumental in catalysing the development of 

UV systems for Cryptosporidium oocyte disinfection.   Finally, this section provides a 

brief timeline of UK legislation that highlights the impact of specific choice of 
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wording within legislation and the impact this had on adoption, or not, of UV 

technology. 

 

2.1.1 Prevalence and risk of Cryptosporidium in Water Supplies 

Disinfection is critical in most water treatment schemes to reduce the risk to the 

population presented by pathogens in source waters.   One method of assessing 

these risks is to investigate the incidence of waterborne infectious intestinal disease 

outbreaks.    Studies in England and Wales have indicated that between 1992-2003, 

89 reported outbreaks of waterborne infectious intestinal diseases occurred.   These 

outbreaks affected 4321 people.    The outbreaks were implicated with public water 

supplies (24/89, 27%), private water supplies (25/89, 28%), swimming pools (35/89, 

39%) with 5 from other sources (5/89, 6%).   Aetiologically, outbreaks were implicated 

with Cryptosporidium (70%), Campylobacter sp. (14%), Giardia (2%), E.coli O157 

(3%), Astrovirus (1%) and Norovirus (1%) (Smith et al., 2006). A similar study of Nordic 

countries found 175 outbreaks (123 with known aetiology) affecting 85,995 people 

between 1998 and 2012 (Guzman-Herrador et al., 2015).   In this study, Caliciviridae 

viruses and Campylobacter were implicated in 51/123 (41%) and 36/123 (29%) of 

outbreaks respectively.   Cryptosporidium and Giardia were implicated in 4/123 and 

5/123 outbreaks respectively (each ~3%).   However, outbreaks involving parasites 

accounted for 53,083/85,995(62%) of individuals reporting disease, with 

Cryptosporidiosis involving 47,028 individuals.  These studies indicate even in 

countries with developed sanitation and water treatment systems, risks to public 

health occur from bacterial, viral and protozoan sources that exist in environmentally 

derived water sources.   As such, water treatment processes must provide adequate 

disinfection to prevent outbreaks occurring.  
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Cryptosporidium is a eukaryotic protozoan parasite of the gastrointestinal tract of 

humans and other animals (Alcantara Warren and Guerrant, 2008).   The organism 

has a complicated lifecycle (Figure 2-1) with a distributive phase in the environment 

as a robust and resistance oocyst frequently found in surface waters (Rose, 1997, 

Rose et al., 2002, Smith and Rose, 1990) .   Oocysts are highly infectious agents, with 

new infection occurring from exposure to as little as 10 oocysts (Okhuysen et al., 

1999).   A study commissioned by the Drinking Water Quality Regulator (Scotland) 

(DWQR) showed low numbers of oocysts were present in most raw and treated 

waters in Scotland (Smith, 2009).   Risk of oocysts occurring in raw water sources at 

high levels is more sporadic and seasonal, and likely related, in part, to land use and 

the distribution and intensity of rainfall in the catchment (Atherholt et al., 1998, 

Charron et al., 2004, Curriero et al., 2001, Lake et al., 2005, Lake et al., 2008, Cummins 

et al., 2010).   Land-use, particular the husbandry of domestic animals, in a 

catchment increases the number of oocyst in receiving surface waters (Lake et al., 

2008).   Studies have shown increased risk from waterborne pathogens, including 

oocysts, in surface waters during spring and autumn (Lake et al., 2008, Lane, 1991, 

Curriero et al., 2001) and following significant rainfall events associated with an 

increase of turbidity in source waters (Atherholt et al., 1998, Curriero et al., 2001).   

Therefore, risks from Cryptosporidium to public health can be explained using the 

standard source-receptor-pathway (SRP) paradigm for environmental risk (Jones et 

al., 2018).   In this framework, the environmental source of farmed animals 

(particularly cattle and carves) represents a reservoir of at-risk hosts, and faecal-oral 

transmission via contamination of their grazing by their feaces, that maintains a 

source of oocysts in the environment.   Risks in the pathway element include 

significant rainfall in the catchment washing oocysts into surface watercourses, 
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Figure 2-1 – Life cycle of Cryptosporidium sp.  Sporulated oocysts, containing 4 

sporozoites, are excreted by the infected host through faeces and possibly other 

routes such as respiratory secretions. . Following ingestion (and possibly inhalation) 

by a suitable host , excystation  occurs. The sporozoites are released and 

parasitize epithelial cells ( , ) of the gastrointestinal tract or other tissues such as 

the respiratory tract. In these cells, the parasites undergo asexual multiplication 

(schizogony or merogony) ( , , ) and then sexual multiplication (gametogony) 

producing microgamonts (male)  and macrogamonts (female) . Upon 

fertilization of the macrogamonts by the microgametes ( ), oocysts ( , ) develop 

that sporulate in the infected host. Two different types of oocysts are produced, the 

thick-walled, which is commonly excreted from the host , and the thin-walled 

oocyst , which is primarily involved in autoinfection. Oocysts are infective upon 

excretion, thus permitting direct and immediate faecal-oral transmission. CDC 

(2002). 
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which become raw water sources for irrigation and potable water supply.   Potable 

water treatment works also form part of the pathway from source to receptor, and 

these treatment processes represent the final barrier between the source and 

receptor (humans and domesticated animals).  

 

Oocysts are resistant to chlorine and chlorine-based disinfectants at typical doses 

used in water treatment processes (Korich et al., 1990).   Where possible, strategies to 

control Cryptosporidium involve control of activities in the catchment to reduce 

Cryptosporidium load in raw waters, these can include excluding farm animals from 

direct access to watercourses and their banks (Rose et al., 2002).   Current treatment 

commonly relies on the coagulation/flocculation/clarification/ filtration involved in 

conventional filtration treatment systems (Betancourt and Rose, 2004) and such 

systems can achieve up to 3 log removal of oocysts (Dugan et al., 2001).   Pilot-scale 

granular activated carbon filters have been reported to achieve up to 2.7 log 

removal of oocysts (Hijnen et al., 2010).   However, many Cryptosporidium episodes 

in distribution systems are caused when oocysts breakthrough conventional filters 

(Bouchier, 1998).    

 

If sporozoites from oocysts infect receptors (animals and humans), the intestinal 

disease Cryptosporidiosis results.  Symptoms of infection include, amongst other 

signs, profuse production of a watery diarrhea, lasting for 5-9 days (Nichols, 2008).   

No efficient treatment nor prophylaxis exist, and resolution of the disease occurs 

following an effective immune response (Stockdale et al., 2008).   In the 

immunocompetent Cryptosporidiosis is self-limiting and usually not fatal (Alcantara 

Warren and Guerrant, 2008).   However, aggressive immuno-supportive therapy is 
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required in individuals with compromised immune systems to effect disease 

resolution (Stockdale et al., 2008). 

 

2.1.2 Selected significant incidents involving Cryptosporidium in water supplies 

The last significant release of Cryptosporidium oocytes into a UK distribution system 

occurred in Lancashire when a boil water notice was issued by United Utilities on 6th 

August 2015  to a population of approximately 300,000 people after testing at the 

Franklaw Water Treatment Works indicated Cryptosporidium oocytes had entered 

the distribution system (United Utilities, 2015a, United Utilities, 2015d).   The boil water 

notices started to be lifted on 27th August 2015 with the last notices lifted on 6th 

September 2015 (United Utilities, 2015a, United Utilities, 2015c, United Utilities, 2015b).   

Prior to lifting notices, UV disinfection systems, sourced at short notice from the UK 

and Europe, were installed at strategic points in the distribution network to inactive 

oocytes in the supply system (United Utilities, 2015e). 

 

In 2015, SEMBCORP pleaded guilty to supplying water unfit for human consumption 

after a 2013 outbreak of Cryptosporidiosis in Bournemouth was strongly linked to the 

water supply (DWI, 2015).   In rectifying the treatment works a UV disinfection system 

was retrofitted to provide an additional disinfection barrier (DWI, 2015).  

 

In 2010, a large Cryptosporidium outbreak occurred in Östersund, Sweden, when a 

wastewater system from a residential building was connected to a stormwater 

drainage system (WQRA, 2010).   The stormwater system discharges into Lake 

Storsjön, the source water for Östersund’s single municipal drinking water treatment 

works.    Fifty-three thousand people of Östersund’s 58,000 population receive 
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drinking water from the works.    The lake water receives alkalinisation, ozonation, 

filtration and disinfection (presumably chlorine based) before entering supply.     

During the outbreak, 12,700 reports (24.0% of the supplied population) of illness were 

received.    Remediation involved a 12-week boil water notice. Meanwhile, a UV 

disinfection system was installed, tested and commission and the distribution system 

cleaned and flushed (WQRA, 2011).    The Östersund case is interesting, as the 

treatment process includes two disinfection processes (ozonation and chlorination).   

Ozonation is effective as a treatment process for Cryptosporidium, however, it is 

costly (Camm et al., 2007, USEPA, 2005) and efficacy is dependent on temperature, 

and temperatures in Östersund at that time of year are usually below 0°C (WQRA, 

2010, Rennecker et al., 1999). 

 

In 2007 a rabbit gained access to, and died in, a wash water tank at Anglian 

Waters’ Pitsford Treatment works.   There were 22 confirmed cases related to the 

Cryptosporidium genotype found in the rabbit, and 258,000 consumers were issued 

with boil water notices lasting 10 days (DWI, 2008, Chalmers et al., 2009).   The 

incident required a large-scale response involving cleaning and flushing of 

significant sections of the distribution system, a mitigation scheme and community 

support responses including goodwill payments with a total cost to Anglian Water of 

£5.5million (Pittman, 2008). 

 

To date, the largest outbreak occurred in 1993 in Milwaukee (MacKenzie et al., 

1994).   In a population of 1.61 million, 403,000 people were estimated to have 

become infected with Cryptosporidium.   One hundred people died as a result, and 

the estimated cost of illness from the outbreak was $90 million (Corso et al., 2003).  
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2.1.3 Development of UV as a treatment option for Cryptosporidium 

Outbreaks invariably happen following treatment failure in combination with high 

oocyst loads in source waters (the Pitsford case is unusual).   In most cases filters 

become overloaded, and oocyst breakthrough occurs (Bouchier, 1998).   In works 

without UV disinfection systems, chlorine disinfection does not inactivate oocysts 

that, subsequently,  enter supply (Betancourt and Rose, 2004, Korich et al., 1990).    

 

Following the Milwaukee outbreak and the realisation that chlorine alone was not an 

effective barrier against Cryptosporidium, research effort was focused on finding an 

effective disinfection process capable of protecting water supplies from active 

oocysts.     UV disinfection was discovered as an effective process for 

Cryptosporidium control and one scalable to municipal use (Bukhari et al., 1999, 

Clancy et al., 1998, Craik et al., 2001).     Importantly, in determining infectious 

potential, the measurement of in-vivo infectivity, rather than vital dye staining, or 

excystation, was required in order to demonstrate efficacy (Bukhari et al., 1999, 

Clancy et al., 1998, Craik et al., 2001).    Since that time, UV disinfection has become 

the treatment process of choice for mitigating risks associated with Cryptosporidium.    

Of note are some large North American schemes for New York City and Vancouver 

using UV reactors for general disinfection and Cryptosporidium inactivation (Kroll et 

al., 2011, Singh and Ferguson, 2011). 

 

The UK Water Industry has been slower to adopt UV technology for Cryptosporidium 

control, mostly due to regulatory restrictions.    However, a change in UK regulatory 

approach toward risk-based catchment management and associated regulatory 

amendment has allowed UV disinfection for Cryptosporidium control to become a 
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viable treatment option for UK waters, and indeed UV reactors are often installed in 

UK water treatment works that have been linked to outbreaks (United Utilities, 

2015e). 

 

2.1.4 Water Safety Plans - Assessing and managing risk from Cryptosporidium  

Risk is a product of hazard and likelihood.   Hazard is a potential to do harm and 

likelihood is the probability that the hazard will realise that harm.   Considering 

hazard on the basis of infectivity, since oocysts are considered very infective when 

viable, hazard from oocyst tends toward a binary switch; i.e. if oocysts are present 

they pose a hazard.  Therefore, the principal method of reducing risk to a population 

from oocysts is to reduce the likelihood of viable oocyst appearing at the customer 

tap.   Such a reduction in likelihood is achieved by interventions in both catchments 

and in treatment processes that function to reduce the number of viable oocysts.    

The occurrence of outbreaks in developed water treatment systems indicates 

hazards (oocysts) in source water can, and do, increase the risks to public health, 

therefore, mitigation measures are required when a Cryptosporidium risk is identified.    

Water Safety Plans are assessments that consider the hazards to public health 

present in catchments and source waters.  Each risk is quantified, and prioritised and 

an appropriate risk reduction strategy assigned to reduced the risk to acceptable 

levels.    Strategies can be based in the catchment or based in the treatment 

process/distribution or the overarching management system.    Due to their 

prevalence, resistances and high infectivity, oocysts present a significant problem for 

water treatment processes in at-risk catchments.   The World Health Organisation 

(WHO) provides guidance on preparing Water Safety Plans, and on the process of  

Quantitative Microbial Risk Assessment (QMRA).     The WHO (2016) guidance 
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indicates a continuum of types of assessment from simple on-site visual inspections 

suitable for small systems (perhaps private supplies) through risk matrices that 

provide qualitative and semi-quantitative risk analysis to full Quantitative Risk 

Assessment appropriate to the supply of water in large municipal systems.   QMRA is 

a structured process that involves five distinct steps; problem formulation, hazard 

identification, exposure assessment, risk characterisation and risk management.   

Suez have used QMRA to evaluate risk from Cryptosporidium in more than 1700 

treatment plants in France (Medema et al., 2009).  Table 2-1 indicates the key parts 

and considerations Suez used in a quantitative microbial risk assessment for 

Cryptosporidium(Medema et al., 2009), it also maps the QMRA model element to 

the source-pathway-receptor paradigm discussed previously. 

 

2.1.5 Treatment options for Cryptosporidium 

This section describes the types of treatment process options available for 

disinfection of Cryptosporidium oocysts at municipal scale, including the 

advantages and disadvantages of each approach and highlights factors 

influencing process choice and implementation.    Treatment options at the 

municipal scale for water at risk of Cryptosporidium contamination include 

membrane filtration, chemical oxidation and UV disinfection (USEPA, 2005, Camm et 

al., 2007). 

 

2.1.5.1 Membrane filtration 

Membranes provide a barrier on the basis of size exclusion.    Oocysts are ovoid and 

sizes vary depending on the species/genotype of Cryptosporidium, but fall in the  
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Table 2-1 – Key considerations of risk in development of Cryptosporidiosis in human 

consumers of treated potable water (Medema et al., 2009). 

Model 

Element 

Characteristic Outcome 

Problem 

formulation 

The scope of the assessment and its purpose 

must be defined. 

The requirements of the Suez Assessment in 

France were: 

• Demonstrate compliance with EU Drinking 

Water Directive 

• Determine if any system was at risk from 

Cryptosporidium 

• Prioritise investment in risk management 

interventions  

Specific risk of Cryptosporidium at each 

plant. 

Hazard 

Identification 

SOURCE 

The Hazard identified in this assessment was 

the reference pathogen Cryptosporidium.    

The reasons for this were: 

• Its resistance to chemical disinfection 

• Its risk to the immunocompromised in the 

absence of a therapeutic treatment 

option. 

A questionnaire was used to gather 

information regarding source water type and 

environment (rural, urban presence of cattle 

etc.), volume of water produced, general 

water quality of the source (parameters 

including coliforms, turbidity, ammonium, 

nitrates) 

Information about the treatment process. 

Returns for facilities treating water 

supplying 9 million people. 

Exposure 

Assessment 

PATHWAY 

Information was previously available on the 

concentration of oocyst in surface water and 

groundwater.   This data was used to estimate 

oocyst concentration in the following types of 

source water: 

• Groundwater, (GW) 

• Groundwater systems under the influence 

of surface water, (GWI) 

• Surface water systems, (SW) 

• Water that was blended from the above 

types of sources. 

Oocyst concentration oocysts/100L 

• GW - <1 

• Blend GW/GWI 1 

• GWI 10 

• Blend GW/SW 100 

• Blend GWI/SW 1000 

• SW 10000 

 

Based on previous work a log reduction of 

Cryptosporidium for each treatment 

process as determined based on the unit 

processes. 

 

• Chlorine based disinfection = 0 

• Pre-ozonation = 0.5 

• Settling floatation = 1 

• Ozonation = 1.5 

• Fe/Mn removal Filtration = 2 

• Direct Filtration/UV = 3 

• Slow Sand Filtration = 4 

• Ultrafiltration = >6 

Risk 

Characterisation 

RECEPTOR 

In risk characterisation the load from the 

source water is assessed against the possible 

removal achieved by the current process in 

order to determine a possible concentration of 

oocysts sent into supply. 

Risk Levels: 

Low risk 0.003 oocysts/100lL 

Medium risk 0.3 oocysts/100L 

High risk 30 oocysts/100L 

 

Risk 

Management 

RECEPTOR 

PROTECTION 

The desk-based risk assessment was followed 

up by monitoring to confirm the Risk 

Characterisation outcomes.    

High-risk sites showed highest frequency of 

Cryptosporidium occurrence 

Medium risk sites showed intermediate 

frequency of Cryptosporidium occurrence 

Low-Risk sites did not have occurrences of 

Cryptosporidium. 
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range (3.68-6.2μm – 3.68-8.5μm) (Fayer, 2008).  As such oocysts can be effectively 

removed using micro/ultra filtration membranes used for bacterial and virus 

removal(Hirata and Hashimoto, 1998).    Log removal rates are high and of the order 

of 4.2->8 log reviewed in (USEPA, 2005).   Total removal benefits from not requiring 

information regarding viability of oocysts.  However, membrane plants are expensive 

to operate (see cost analysis section 2.1.6)(USEPA, 2005, Camm et al., 2007).   In 

2004, there were a significant number of membrane plants operating at UK 

treatment sites; most of these would be capable of removing Cryptosporidium 

(Parsons and Jefferson, 2006). 

 

2.1.5.1.1 Advantages and Disadvantages (USEPA, 2005) 

1) Membrane filtration provides a complete barrier by exclusion.  If pore-size is 

chosen correctly, membrane filtration can be used for general disinfection.   If 

pore-size is matched to a particular target, operation can be optimised based on 

risk assessment.    

2) Disinfects by removal rather than inactivation.   Therefore, no information on 

viability of pathogens is required when verifying performance.  Can provide total 

disinfection.    However, since absence of pathogens in filtrates does not indicate 

definitively that disinfection has occurred, testing must include upstream and 

downstream samples and/or integrity pressure-testing of membranes to verify 

disinfection performance. 

 

3) Sophisticated quality control requirements are needed in membrane production 

and batch testing. 

4) Membrane filtration is an active process requiring pumping in order to drive water 

through the membrane.  The active process is energetically expensive and places 
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a maintenance expense on the pumps.   The operational costs of membrane 

plants are relatively high at high flow rates. 

5) Membranes become fouled.   Fouling causes reduction in pumping efficiency.   

Fouling rate increases with degradation in water quality with respect to 

components of the potential retentate.  However, fouling is fail-safe, and a fouled 

membrane would not result in a decrease in water quality, only in water quantity. 

6) A single membrane process can achieve both disinfection and improvements in 

the chemical quality of water.   This is particularly useful in small systems. 

7) RO systems can produce pure water, but the filtrate requires remineralisation prior 

to supply. 

8) No undesirable chemical side reactions that generate disinfection by-products. 

 

2.1.5.2 Chemical Oxidation by Chlorine Dioxide and/or Ozone 

Chlorine and chloramine are both ineffective for Cryptosporidium inactivation 

(Korich et al., 1990).   The gaseous disinfectants chlorine dioxide and ozone are both 

strong oxidizing agents and capable of achieving log inactivations of 

Cryptosporidium at concentrations that make them viable at the municipal scale (Li 

et al., 2001).   Chlorine dioxide and ozone can both achieve a 2-log inactivation of 

Cryptosporidium, but chlorine dioxide requires CT values of 58-1830 mg/min/L 

compared to ozone CT values of 3.2-10 mg/min/L, both are highly dependent on 

temperature but effective down to 1°C (Finch and Li, 1999).   USEPA (2005) defined 

the following relationships between log inactivation, temperature and CT for 

Cryptosporidium disinfection by chlorine dioxide and ozone. 

 

𝐶𝑙𝑂2𝐿𝑜𝑔 (𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛) 𝑐𝑟𝑒𝑑𝑖𝑡 = (0.001506 × (1.09116)𝑡𝑒𝑚𝑝 × 𝐶𝑇  2-1 
 

𝑂3 𝐿𝑜𝑔 (𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛) 𝑐𝑟𝑒𝑑𝑖𝑡 = (0.0397) × (1.09757)𝑡𝑒𝑚𝑝 × 𝐶𝑇   2-2 



 

48 

 

where, 

  temp = temperature (ºC) 

  CT = contact time 

  ClO2 = chlorine dioxide 

  O3 = ozone 

 

Evidence exists that sequential use of chlorine dioxide and ozone together have 

synergistic effects on oocyst inactivation (Liyanage et al., 1997).    However, use of 

strong non-specific oxidants produces unwanted side reactions with any organic 

content in the water, and results in undesirable disinfection by-product (DBP) 

formation (Rice and Gomez-Taylor, 1986).   In pH ranges typical of normal water 

treatment (pH6-9) chlorine dioxide reacts with natural organic matter (NOM) to form 

chlorinated, brominated and poly-substituted organic by-products, TOX (total 

organic halides)and chlorite (USEPA, 2005) .   Chlorine dioxide, if prepared chlorine 

free, can achieve low levels (10.4μg/ml) of total trihalomethanes (TTHMs) in natural 

waters (Long et al., 1997).   Also, pre-oxidation of water with chlorine dioxide has 

been shown to reduce THM and total organic halides (TOX) levels, as compared to 

use of chlorine as a pre-oxidant (Werdehoff and Singer, 1987). 

 

Ozone is a gaseous oxidising disinfectant commonly used in water treatment.   Its 

oxidative power means it is unstable, so it is usually generated on site by oxidation of 

pure oxygen or oxygen in air, and pumped into a contactor, through diffusers.    

Typically, ozone enters contactors at the bottom of a column in which water flows 

downwards towards the diffusers.   Ozone bubbles from the diffusers and rises 

through the downward flowing water and thereby dissolves in the water in the 

contactor.   Once dissolved, ozone is able to inactivate microorganisms and oxidise 

the chemical content of the water matrix.    While it is effective at inactivating 

Cryptosporidium at economic CT values, as a non-specific oxidant its use generates 

DBPs, most notably bromate (van Gunten, 2003).   Bromate production is of 
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particular significance to human health and classed as a World Health Organisation 

Group 2B possible human carcinogen.   Bromate is regulated at 0.01mg/l in treated 

water (DEFRA, 2010).   Ozonation does not leave a measurable long-lived residual, 

therefore, disinfection performance is based on approved reactor design, and 

empirical testing. 

 

2.1.5.2.1 Advantages and Disadvantages (USEPA, 2005) 

1) Gaseous oxidants are not as easy and cheap to use as disinfectants that 

dissolve readily in water. 

2) Disinfection efficacy for chlorine-based disinfectants can be verified by 

measuring a disinfectant concentration upstream, and a residual 

downstream of the disinfection step and maintaining an appropriate contact 

time in the contact zone. 

3) Both chlorine dioxide and ozone are generated in gaseous form on-site.   

There are health and safety implications related to the potential release of 

gaseous oxidants, that require constant monitoring, and management 

procedures in the event of a release.   In the case of chlorine dioxide the 

precursors either chlorine or sodium chlorite also have health and safety 

implications.   USEPA (2005) did not calculate capital or operation and 

maintenance costs for flow rates below 0.344 ML/d due to the specialist 

requirements associated with the production and handling of gaseous 

disinfectants.  They considered plants with flow rates below 0.344ML/d likely to 

be community-based or private supplies unsuitable for the installation of such 

processes due to onerous safety management required. 
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4) There are energetic costs associated with the generation of gaseous 

disinfectants on-site by electrochemical methods. 

5) The non-specific nature of the oxidant leads to formation of disinfection by-

products in complex and undesirable side reactions with organic material 

and halogens.   Disinfection by-products are, in some cases toxic, and 

therefore, concentration of DBPs are tightly regulated in finished drinking 

water (Richardson et al., 2007). 

 

2.1.5.3 UV Disinfection 

UV disinfection is effected by UV reactors.    UV light is emitted from mercury lamps 

housed within the reactor.    Lamps may be either low- or medium-pressure, low-

pressure (LP) lamps emit quasi-monochromatic light centred at 253.7nm, while 

medium-pressure lamps emit a stronger polychromatic UV.   In common with other 

chemical-based disinfection systems, UV disinfection efficacy is related to delivered 

dose.   Dose delivery in these systems is a product of UV light intensity and time of 

contact (Sommer et al., 1998).   Unlike chemical disinfection, and in common with 

membrane treatment, UV treatment has a low DBP formation potential reviewed 

briefly in USEPA (2005).   In 1998, and since, Clancy et al. have demonstrated UV 

treatment is highly effective for inactivation of Cryptosporidium oocysts (Clancy et 

al., 1999, Clancy et al., 1998, Clancy et al., 2004). 

 

2.1.5.3.1 Advantages and Disadvantages (USEPA, 2005) 

1) No evidence of undesirable DBP formation during disinfection. 

2) There is an energetic cost to the operation of UV lamps during disinfection 

3) Lamp-breakage can be a potential problem 
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4) Not effective against all pathogens equally, but at a typical 40mJ/cm2 dose, 

can be used as general disinfection unless virus disinfection is required. 

5) Systems must be validated to provide an envelope of operational conditions 

and the dose verification algorithm. 

6) Verification of performance is possible by indirect means only, and is 

dependant on onboard sensors and the dose verification algorithm of the 

reactor.   Simple setpoint algorithms can lead to systematic overdosing (See 

section 2.5.2). 

7) Systems must be operated within the envelope of conditions tested during 

reactor validation that, under USEPA guidance, requires knowledge of the UV 

dose-response profile of both challenge and target organisms. 

8) Changes in water quality upstream of the reactor that increase turbidity or 

decrease UVT reduce reactor performance and increase treatment cost.   

Failures due to changes in turbidity or UVT are not fail-safe. 

 

2.1.6 Cost/Benefit Considerations 

Section 2.1.2 indicates the financial implications of allowing infective oocysts into 

supply can be significant, with the final related costs often measured in £millions.   In 

2007, United Kingdom Water Industry Research (UKWIR) published a report 

comparing the capital and operational costs of treatment options for 

Cryptosporidium (Camm et al., 2007).     The report drew heavily on the USEPA 

Technologies and Costs Document for Final Long Term 2 Enhanced Surface Water 

Treatment Rule and Final Stage 2 Disinfectants and Disinfection By-Products Rule 

(USEPA, 2005).   This USEPA document is an extensive study of technologies capable 
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of delivering process improvements relevant to both disinfection performance and 

DBP formation and setting those benefits against cost models for implementation.    

 

Figure 2-2 shows the USEPA cost models for capital cost of UV, Ozone,  

microfiltration/ultrafiltration (MF/UF) and chlorine dioxide disinfection treatment 

processes at the indicated design flow rates.    Figure 2-3 shows the USEPA cost 

models for operational and maintenance (O&M) costs of the same four treatment 

processes over the same range of flow rates.    In capital cost terms MF/UF > Ozone > 

UV > Chlorine Dioxide over the full design flow range.    It should be noted the 

models do not include costs for the use of chlorine dioxide or ozone at flow rates 

below 0.344Ml/d due to the specialist requirements for handling these oxidants on 

site making them unsuitable for very small treatment systems.     During the operation 

phase, UV is the most cost-effective process over the entire design flow range.   

Below 3.785ML/d Ozone > MF/UF > Chlorine Dioxide > UV.   However above 

3.785Ml/d MF/UF > Ozone > Chlorine Dioxide > UV.    In terms of Cryptosporidium 

inactivation performance, the costed UV process achieves 4-log inactivation, the 

ozone process achieves 2-log inactivation, the MF/UF process is assumed to be a 

total barrier.   The Chlorine Dioxide process achieves a concentration of 1.25mg/L, 

but the cost of providing an enhanced contact time is not included.    Therefore, the 

cost models presented by USEPA indicated UV disinfection is an effective, low-cost, 

high-performance barrier for Cryptosporidium control with low disinfection by-

product (DBP) formation potential. 

 

The 2007 UKWIR report also concluded that in terms of cost and efficacy UV 

treatment was viable for Cryptosporidium inactivation in the UK.   At the time UK 
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Figure 2-2 – Capital Cost versus Design Flow rate for UV (4-log), Chlorine Dioxode, 

Ozone (2-log) and micro/ultrafiltration (>6-log) for Cryptosporidium 

inactivation.(USEPA, 2005) 
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Figure 2-3 – Operation and Maintenance Cost versus Design Flow rate for UV (4-log), 

Chlorine Dioxode, Ozone (2-log) and micro/ultrafiltration (>6-log) for 

Cryptosporidium inactivation.(USEPA, 2005) 
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Drinking Water Regulations did not allow the implementation of UV disinfection for 

Cryptosporidium control, however, UV disinfection systems were being used at 

numerous sites for general disinfection (Camm et al., 2007) and many of these have 

not been dose-validated for Cryptosporidium control. 

 

Currently, there are no published and peer-reviewed comparative Life Cycle 

Assessments (LCAs) of UV disinfection with ozone and/or membrane filtration for 

municipal drinking water treatment.   LCA methodologies have been used to assess 

the impact of chlorine and UV disinfection used in small drinking water systems 

(Jones et al., 2018).   This report concluded that for small works, in general, it was not 

preferred to replace chlorine disinfection with UV disinfection for general disinfection 

purposes, unless there was a risk of disinfection by-product formation or a risk from 

protozoan parasites and a high-pressure filtration system could also be removed 

(perhaps because pre-treatment for turbidity was not required).   Such water sources 

exist and they are classed as unfiltered sources (New York, Seattle, Vancouver) 

(Jones et al., 2018).    The authors of this study highlight that the weighting given to 

the 10 Tool for the Reduction and Assessment of Chemical and Other Environmental 

Impacts (TRACI) assessment categories (ozone depletion, global warming, 

carcinogenics, non-carcinogenics, respiratory effects, smog, ecotoxicity, 

acidification, fossil fuel depletion, and eutrophication) was equal, and that there are 

other parameters not included in their assessment that impact on decision making, 

including, costs, maintenance, public health protection and the legal/financial 

impact of treatment failures, for example, the payment of compensation, mitigation 

and cleaning works.    They suggest future research on assessment frameworks that 

integrate these drinking water decision metrics is needed (Jones et al., 2018). 
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The USEPA published a study that compared the contribution of disinfection towards 

whole life cycle costs of drinking water treatment (Cashman et al., 2014).  This study, 

however, concentrated on conventional UV, and specialist LED UV and plasma-

bead UV in comparison to chlorine disinfection.     They concluded that gaseous 

chlorine contributed zero to five percent of the total life-cycle impacts of drinking 

water treatment, electricity usage was the primary contributor to impact of the 

treatment process when gaseous chlorine was used for disinfection.   Impact was 

defined using 12 categories (global warming, energy demand, fossil fuel depletion, 

acidification, eutrophication, blue water use, smog, metal depletion, human health 

cancer, human health non-cancer, and human health criteria).   Conventional UV 

increased the impact from electricity consumption, but reduced impact by 

reducing disinfection by-products formation and reducing risk from handling 

gaseous chlorine.   LED UV reduced the impact of the additional electrical demand, 

but the authors note that LED UV systems are not currently used at municipal scales.   

These authors also highlight the partial nature of their assessment, and that it could 

contribute to decision-making with other wider considerations. 

 

Formal Life Cycle Assessment of potential disinfection technologies for 

Cryptosporidium removal is currently poorly understood in the peer-reviewed 

literature.  However, operators of processes may have some inherent anecdotal 

knowledge of impact not available publicly, and this would be particularly so if they 

have made modifications to plants in the recent past. 
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2.1.7  Choosing disinfection processes 

The choice of disinfection process for any particular works is not clear cut, and final 

disinfection schemes are integrated in treatment processes in ways to achieve the 

overall treatment aims.    The increasing need to consider life-cycle assessment, 

economic cost, disinfection performance and increasingly stringent water quality 

requirements requires disinfection processes to be considered holistically with the rest 

of the treatment process, source water risk assessments and treatment aims. 

 

In general, if a Cryptosporidium risk is identified, the following might apply in 

disinfection process selection.    Plants treating small volumes in physically restricted 

spaces would generally find membrane plants a viable treatment options.    As flow 

increases above 3.7MLD, membrane plant operation becomes expensive 

compared to either ozone or UV disinfection.    Higher flow rate works, especially 

treating surface waters, increasingly require a multi-barrier disinfection process to 

provide adequate treatment.   In the face of a Cryptosporidium risk, ozone and UV 

are viable, but the cost of operation and the health and safety implications of using 

ozone, favour UV.    In general, chlorine disinfection is particularly effective against 

viral and bacterial targets, but not effective against protozoan parasites such as 

Giardia and Cryptosporidium.   However, UV is particularly effective in the treatment 

of these parasites, and bacterial inactivation in general, but much less effective for 

inactivation of some human viruses (e.g. adenovirus see Table 1-1).   As such, 

minimum economic DBP risk for high-flow surface water treatment plants commonly 

indicates UV disinfection for control of specific risk from protozoan parasites followed 

by chlorine or chloramine for general disinfection and the provision of a disinfection 
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residual for supply.   Such a scheme allows minimum chlorine addition, thereby 

reducing DBP formation potential while controlling risk from pathogens. 

 

2.2 Regulation and Guidance 

2.2.1 Development of the Water Quality Regulations for Disinfection in England 

The following is a brief history of the development of the Water Quality (Water 

Supply) Regulations in England as they apply to requirements for disinfection. 

 

2.2.1.1 Water Quality (Water Supply) Regulations 1989 (DoE, 1989) 

This was the initial publication of the regulations in which disinfection is defined as  

 

“a process which removes or renders inactive pathogenic microorganisms so as to 

satisfy the requirements of Part II of these Regulations in respect of the parameters 

listed in Table C”.  

 

Table C set limits for the total coliforms, faecal coliforms, faecal streptococci, 

sulphite-reducing clostridia and total colony counts at 22°C and 37°C (heterotrophic 

plate counts – HPC’s).   This regulation also required “further treatment” to ensure 

compliance with the 1998 European Council Directive 98/83/EC on the quality of 

water intended for human consumption.   This directive sets addition regulatory 

levels for Clostridium perfringens and its spores and dictated the monitoring 

requirement of Escherichia coli, Pseudomonas aeruginosa, total colony count at 

22°C and 37°C and coliform bacteria.   Clostridium perfringens was monitored and 

its detection used as a trigger for investigation of contamination by Cryptosporidium 

spp.  
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2.2.1.2 Water Quality (Water Supply) Amendment Regulations 1999 (DETR, 1999) 

This amendment, to the 1989 WQSW Regulations post Milwaukee and the research 

that followed, recognised Cryptosporidium as a serious waterborne risk to public 

health and implemented measures to ensure the protection of public health from 

Cryptosporidium in UK waters.   The regulatory approach was highly prescriptive.   

Firstly, risk assessments for Cryptosporidium oocysts occurring in raw water were 

required.   At-risk catchments were required to implement treatment processes to 

remove Cryptosporidium oocysts.   Finally, monitoring and reporting of oocyst counts 

in treated water were required.  The regulated level being 1 oocyst in 10 litres of 

treated water.    Transparency and audit also required regulatory publication of 

oocyst counts.   The 1999 Bouchier report indicated water treatment processes that 

included microfiltration better protected public health from oocysts (Bouchier, 1998).   

The definition of disinfection required “inactivation or removal”.   As such, many 

micro- and ultrafiltration plants were installed in water treatment plants to comply 

with oocyst removal requirements. 

 

2.2.1.3 Water Quality (Water Supply) Amendment Regulations 2001(DEFRA, 2001) 

The 2001 amendment to the 2000 regulations (DEFRA, 2000) made it an offence to 

supply water at significant risk of containing Cryptosporidium oocysts.  Where there 

was a significant risk, a treatment process upgrade plan to achieve compliance 

must have been developed. 

 

2.2.1.4 Water Quality (Water Supply) Amendment Regulations 2007 (DEFRA, 2007) 

This amendment represented a substantial shift away from the prescriptive 

approach of the 1999 regulations.    UV had been demonstrated as an effective 



 

60 

 

treatment for Cryptosporidium oocysts, and the UKWIR and USEPA studies of 

cost/benefit had demonstrated UV treatment was an economic treatment choice 

(Camm et al., 2007, Clancy et al., 1998, Craik et al., 2001, USEPA, 2006).   The 

amendment recognised that both the definition of disinfection and the prescriptive 

methods for demonstrating regulatory compliance narrowed treatment choices 

available to process designers.   Specifically, UV treatment was incompatible with 

the requirement to remove oocysts and render them inactive, since UV treated 

oocyst remain metabolically active but cannot replicate.     Under the 2007 

amendment disinfection was redefined as, 

 

“…a process of water treatment to remove, or render harmless to human 

health, every pathogenic micro-organism and pathogenic parasite that 

would otherwise be present in the water..” 

 

This definition links disinfection performance directly to public health, avoiding 

prescriptive mechanistic requirements.   Other changes removed the requirement to 

monitor and report oocyst counts in treated water and replaced the 

Cryptosporidium risk assessment with general risk assessments for all water quality 

parameters. 

 

2.2.1.5 Water Quality (Water Supply) Regulations 2010 (DEFRA, 2010) 

This amendment made additional requirements related to disinfection.   These being 

the verification of disinfection performance and the operation of disinfection 

processes to minimize disinfection by-product formation.   This latest requirement 



 

61 

 

requires an integrated approach to disinfection in combination with other water 

quality parameters.  

 

2.2.1.6 Water Quality (Water Supply) Regulations 2016 (DEFRA, 2016) 

This amendment was a major revision, but in disinfection terms made few changes, 

and these are principally related to clarifying the requirements and purposes of 

audit and check monitoring in relation to private water supplies.   Check monitoring 

is one of two types of compliance monitoring, the other type being audit monitoring.   

Check monitoring checks a subset of water quality parameters including coliform 

bacteria, colony counts and E.coli.  The purpose of check monitoring is to establish 

the effectiveness of the treatment process including disinfection.   Audit monitoring 

checks the full range of water quality parameters, which microbiologically includes 

E.coli and Enterococci, colony counts, coliform bacteria and Clostridium perfringens 

together with disinfection by-products.  The purpose of audit monitoring is to confirm 

that water quality is meeting the full quality requirements.   Check monitoring is 

carried out more frequently than audit monitoring with frequency dependent on the 

scale of the works. 

 

2.2.1.7 Summary of regulatory development in England 

The WSWQ regulations have been regularly updated since their publication in 1989 

to reflect emergent concern regarding Cryptosporidium as a threat to public health 

in drinking water.   However, regulatory style has also changed over that time.   Initial 

prescriptive requirements and mechanistic definitions of disinfection have had 

distortionary effects on choice of treatment process and prevented the uptake of 

UV disinfection as an economic and effective treatment choice for 
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Cryptosporidium.   Abolishing oocyst counts and changes to regulatory approach 

towards catchment based risk assessments, together with subsequent treatment 

design based on specific risks with performance verification, have given process 

designers greater flexibility in process choice and rendered UV disinfection as an 

allowable treatment option. 

 

2.3 UV Disinfection 

Section 2.1 provided a background to the risks posed by oocysts to public health in 

developed countries.   It highlighted the prevalence of Cryptosporidium oocysts in 

the environment, and the occurrence of Cryptosporidiosis as a waterborne disease 

in countries with developed sanitation systems.  It examined the principal treatment 

options for Cryptosporidium available to municipal operators.   Section 2.2 charted 

development in UK regulation since the introduction of the Water Quality (Water 

Supply) Regulations and highlighted the importance of semantic consideration in 

drafting regulations.  This proceeding sections examines UV disinfection as a 

treatment process and will explain how UV is delivered to potable water; what 

factors influence that delivery and the considerations required to ensure a specific 

dose is delivered. It starts, however, with an examination of the inactivation of 

microorganisms by UV light and how the standard collimated beam apparatus is 

used to determine reproducible UV inactivation data.  

 

2.3.1 Determining inactivation of organisms by low-pressure UV light. 

The inactivation performance of a UV reactor is typically considered using first-order 

inactivation kinetics in which inactivation of the challenge microorganism is given by 

Equation 2-3 . 
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𝑁0

𝑁
= 𝑒𝑘𝐷𝑒𝑞𝑣        2-3 

In log-linear form this becomes, 

log (
𝑁0

𝑁
) = 𝑘 × 𝐷𝑒𝑞𝑣       2-4 

where, 

  

N = number of organisms after treatment 

N0 = number of organisms before treatment 

k = first order inactivation constant 

Deqv = UV dose. 

 

 

Equation 2-4 is of linear form when log inactivation is plotted against UV dose.   The 

gradient of the line is a constant, k, that indicates the log inactivation of the 

challenge microorganism achieved by 1mJ/cm2 unit UV dose.  k-1 is a useful value, 

referred to a UV sensitivity, and is the UV dose required to achieve 1-log inactivation 

of the challenge microorganism.   UV sensitive organisms have higher inactivation 

constants (lower sensitivity) than more resistant organisms.   Log inactivation curves 

can exhibit three distinct regions, a shoulder, the log-linear region and a tail (Figure 

2-4).   Shoulders occur at low UV doses where DNA damage occurs at a lower rate 

and have been attributed to operation of DNA repair mechanisms, that at lower UV 

doses are able to adequately repair damaged nucleic acids and maintain the 

viability of the microorganism (Sommer et al., 1998).    Repair mechanisms have 

been described that are dependent and independent of light (referred to as light 

and dark repair respectively) (Knudson, 1985, Morton and Haynes, 1969, Kelner, 

1950).    Tails occur at higher UV doses above those in the log-linear region and are 

generally indicative of a protected population of organisms.  Protection can be as a 

result of clumping (Howarth, 1965) or particle enmeshment (Templeton et al., 2005).  

 

Table 1-1 showed the UV dose-response of a number of pathogens and other 

indicator organisms used during testing of UV reactors.   Data of the type shown in 
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Figure 2-4 – Types of UV dose-responses in microorganisms. 
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Table 1-1 is typically generated using a standardised method referred to as a 

collimated beam procedure (Bolton and Linden, 2003).   The principle of this method 

is to irradiate microorganisms in an as near ideal batch dose delivery system as 

possible such that average UV intensity can be determined using physical methods 

of measurement and calculation and incorporating corrections for factors that 

influence UV intensity in the near-ideal system.    The near-ideal system is important 

since in such systems all parts of the irradiated sample receive the calculated dose 

which is as close to the true arithmetic mean dose as possible. A collimated beam 

apparatus is drawn diagrammatically in Figure 2-5 and its use is described in Section 

2.3.1.1.   The International Ultraviolet Association, (IUVA), in an effort to provide a 

source of secondarily peer reviewed (by UV disinfection specialist practitioners) log 

inactivation data of use to the UV disinfection community, has published, updated 

and now curates as a living document, a list of spores, viruses and phage, bacteria, 

algae and other microorganisms, whose log inactivation has been determined in 

general accordance with the standard collimated beam method (Chevrefils et al., 

2006, Malayeri et al., 2016).  The full list in this publication is too long (500+) entries to 

reproduce in full here, therefore, Table 2-2 provides a selection of entries from the 

2016 list.  

 

Figure 2-6 is a chart created using the log inactivation data presented in the 2016 

IUVA list and represents the dose required for 1-log inactivation of waterborne 

pathogen or challenge microorganisms, split into four groups, the protozoan 

(oo)cysts, bacteria, viruses and bacterial spores.    This representation illustrates the 

generally understood principle that UV is typically well suited to the inactivation of 

protozoa and vegetative bacteria, but that viruses and spores tend to be more 
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Figure 2-5 – Schematic diagram of a 

collimated beam apparatus used to determine 

log inactivation of microorganisms.  (Bolton 

and Linden, 2003) 
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Table 2-2 – UV sensitivity of Viruses, (Oo)cysts, Spores and Bacteria derived from 

dose-response information presented in Malayeri et al. (2016).   

 

VIRUSES mJ/cm2/Log 

Hepatitis A 6.94 

Coxsackievirus 7.44 

Echovirus 7.73 

Poliovirus 8.17 

Rotavirus 12.11 

MS-2 21.34 

Adenovirus 42.70 

(OO)CYSTS  

Cryptosporidium parvum 6.57 

Giardia lamblia 6.55 

SPORES  

Clostridium pasteurianum 1.64 

Bacillus subtilus 11.3 

Bacillus anthracis 12 

Bacillus cereus 44 

Bacillus pumilus 67.8 

Bacillus pumilus 127 

BACTERIA  

Vibrio cholerae 0.72 

Shigella dysenteriae 0.79 

Pseudomonas aeruginosa 0.97 

Helicobacter pylori 1.01 

Campylobacter jejuni 1.21 

Salmonella typhimurium 1.33 

Legionella pneumophilia 1.51 

Legionella longbeachae 1.64 

Shigella sonnei 1.66 

Escherichia coli 1.81 

Klebsiella pneumoniae 2.40 

Mycobacterium avium 2.49 

Klebsiella terrigena 2.84 

Mycobacterium intracellulare 3.27 

Enterococcus faecalis 5.15 

Faecal coliforms 5.20 

Mycobacterium terrae 6.15 

Faecal streptococci 7.10 

Salmonella typhimurium 15.10 

Deinococcus radiodurans 30.40 

 

Table 2-3 – t-Test P-Values matrix for Viruses, (Oo)cysts, Spores and Bacteria derived 

from dose-response information presented in Malayeri et al. (2016) 

 
  VIRUS (OO)CYSTS SPORES BACTERIA 

VIRUS 1.000 0.133 0.205 0.081 

(OO)CYSTS 0.133 1.000 0.112 0.230 

SPORES 0.205 0.112 1.000 0.099 

BACTERIA 0.081 0.230 0.099 1.000 

Where more than one entry 

occurs in the IUVA list, a 

mean value based on 

Genus and species has 

been determined. 
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Figure 2-6 – Box and Whisper plots of UV sensitivities of Virus, (Oo)cysts, Spores and 

Bacteria derived from dose-response information presented in Malayeri et al. (2016).   
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resistant to monochromatic UV treatment.  The list of organisms and their UV 

sensitivity values are shown in Table 2-2 with a matrix of t-Test P-values shown in table 

Table 2-3.    The P-values indicate that Bacteria are more similar in sensitivity to 

(oo)cysts (0.230), than to either viruses (0.081) or spores (0.099).  The P-values also 

indicate that viruses are more similar to spores (0.205) than to (oo)cysts (0.133).    This 

type of analysis does not indicate the existence of shoulders, the effect of which, 

when large, is to shift the absolute values required for 1-log inactivation by the value 

of the shoulder offset. 

 

As well as being used to define microorganism UV sensitivities, the collimated beam 

apparatus has been used to investigate a number of parameters and 

characteristics of UV as a disinfection process, and this body of work has defined the 

physical, chemical and biological factors that influence dosing and dose-responses 

of microorganisms in aqueous systems.    

 

2.3.1.1 Physiochemical factors influencing dosing in idealised batch UV systems – 

Collimated Beam Systems 

Bolton and Linden (2003) described how a collimated beam apparatus, such as that 

shown in Figure 2-5 should be used to delivery quantified volume averaged UV 

doses.   They provided guidance on the use of a calibrated radiometer for 

measurement of UV intensity on two orthogonal axis, at a 5mm spacing, across the 

surface of the liquid sample (one axis must be parallel to the lamp axis).   This 

intensity data is integrated over the irradiated area of the sample surface to give an 

average UV intensity on the surface of the well-mixed liquid sample.   The procedure 

involves collecting sufficient data about the physical characteristic of the specific 
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system and sample that the following correction factors can be determined in order 

to either correct for physiochemical processes that attenuate UV intensity within the 

volume of the sample or provide useful factors for simple calculations. 

 

A Petri Factor (Pf) defined in Equation 2-5 is a unitless value calculated as a ratio of 

the averaged UV intensity on the surface of the sample to the irradiance in the 

centre of the sample (the maximum value). 

 

𝑃𝑓 =  
𝐼𝑎𝑣𝑔,𝑠𝑢𝑟𝑓

𝐼𝑚𝑎𝑥,𝑠𝑢𝑟𝑓
        2-5 

where,  

I avg,surf = mean intensity of UV over the surface of the sample 

I max,surf = maximum intensity of UV in the centre of the plate 

 

This factor provides a useful adjustment of the peak value of intensity to the area-

averaged value.     

 

A reflection factor defined in Equation 2-6 is a unitless value used to account for the 

small amount of light reflected from the surface of the sample as the light passes 

across the air-water interface, a value of 2.5% reflectance is used for low-pressure UV 

emissions giving a reflection factor of (1 - 0.025) = 0.975 (unitless).  

 

𝑅𝑓 =  (1 − 𝑅)        2-6 

where 

R = reflectance from the sample surface as a proportion of the incident 

 

The Divergence Factor (Df) defined in Equation 2-8 accounts for the loss of intensity 

in UV light at increasing distances from the UV source that results from the imperfect 
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collimation of the beam.  This loss of intensity follows an inverse-square law of the 

form shown in Equation 2-7, 

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 ∝
𝐿2

(𝐿+𝑑)2
       2-7 

where, 

L = distance of top of the sample from the centre of the lamp (m) 

d = depth of sample (m) 

 

For sample depths less than 5cm, the Divergence Factor as a linear approximation 

of the average intensity over the sample depth is taken as 

 

𝐷𝑓 =
𝐿

𝐿+𝑑
        2-8 

 

Finally, to account for any UV absorbance by the water sample itself a Water Factor 

(Wf) , defined in Equation 2-9, based on integrating the Beer-Lambert Law over the 

depth of the water sample and applies only to completely mixed samples. 

 

𝑊𝑓 =  
1−10𝑎𝜆𝑑

𝑎𝜆𝑑 ln(10)
        2-9 

where 

aλ = absorbance coefficient at wavelength λ 

d = depth of sample in (cm) 

 

The average intensity (Iavg.vol) in the sample volume is then given by Equation 2-10,

  𝑰𝒂𝒗𝒈,𝒗𝒐𝒍 = 𝑰𝒎𝒂𝒙,𝒔𝒖𝒓𝒇 × 𝑷𝒇 × 𝑹𝒇 × 𝑫𝒇 × 𝑾𝒇     2-10 

where 

I avg,vol = average intensity of UV in volume of water sample  

I max,surf = maximum intensity of UV incident on the centre of the plate 

Pf = Petri Factor 

Rf = Reflection factor 

Df = Divergence factor 

Wf = Water Factor. 
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Dose in UV systems is a product of UV intensity and time of exposure according to 

Equation 2-11 

𝐷𝑜𝑠𝑒 (𝑚𝐽 𝑐𝑚2⁄ ) = 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑚𝐽 𝑐𝑚2⁄

𝑠
) × 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 (𝑠)   2-11 

This relationship indicates there are an infinite set of intensities and times of exposure 

that can give the same dose.   If inactivation of microorganisms is dependent only 

on dose, and independent of either the time of exposure or intensity, then the 

disinfection agent exhibits complete dose reciprocity.   Sommer et al. (1998) 

demonstrated, using collimated beam apparatus that UV disinfection exhibits dose 

reciprocity, except at very low intensities were repair mechanism kinetics are such 

that, if they exist, they influence UV dose-response levels of repair competent 

microorganisms.  

 

The factors listed above are sufficient to provide a robust calculation of delivered UV 

dose in a batch system for filtered drinking water processes.    It is notable that only a 

single water quality parameter, UVT, is required in order to provide for adequate 

dose correction in drinking water applications.    UVT is the percent transmission of 

UV light by the sample and is typically reported for a 1cm pathlength.  UVT is related 

to absorbance by Equation 2-12. 

 

%𝑈𝑉𝑇 = 100 × 10−𝐴       2-12 

where 

UVT = UV transmittance at a specified wavelength (e.g. 254nm) and pathlength 

A = UV absorbance at a specified wavelength and pathlength (unitless) 

 

 

UVT is a bulk property of the sample and occurs as the result of UV interaction with 

UV absorbing compounds or particles.    For low-pressure systems the UVT at 254nm is 

measured as this is the principal germicidal wavelength.   At this wavelength organic 
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material, containing aromatic structures, absorb strongly; as do the following 

common water treatment chemicals; aqueous ozone, ferric ion, permanganate, 

thiosulphate, hypochlorite, hydrogen peroxide, ferrous iron, sulphite, zinc (USEPA, 

2006). 

 

For drinking water treatment, turbidity and consideration of free particles, and the 

effects of free particles, is generally considered insignificant at the target NTU values 

required prior to disinfection.   US regulations limit the NTU of final water at output to 

0.3 NTU for 95% of samples.  UK/European water quality regulations require a final 

NTU of 4 at customer taps, but also that the NTU of water presented for disinfection 

must be <1 NTU (DEFRA, 2016).   The potential effects of particles in the UV 

disinfection process include scattering and reflection of UV light, absorptions of UV 

energy, and attachment and enmeshment of microorganisms (Templeton et al., 

2005).  Passantino et al. (2004) demonstrated that in unfiltered waters seeded with 

MS2 phage that their UV inactivation was not significantly reduced by the presence 

of montmorillonite clay particles upto a NTU of 8.  This was attributed to particles 

scattering and reflecting UV light rather than absorbed it, and therefore, the total 

volumetric intensity of UV was not reduced.   However, the experimental methods 

were unable to address the influence of particle association with the phage since 

seeded phage were not particle associated and no effort to force phage to 

associate with particles was made.  Linden et al. (2002) showed that turbidity within 

regulatory limits did not significantly reduce the inactivation of microorganisms 

spiked into filtered water samples.    Therefore, evidence suggests that particles that 

scatter or reflect UV light do not materially influence UV intensity and therefore dose 
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delivery in UV systems, and this is particularly so at NTU values targeted by drinking 

water treatment processes.   

 

Numerous studies have investigated the effects of particle association with 

microorganisms, and in general, when microorganisms become physically 

associated with particles, that association is able to protect microorganisms from 

inactivation by UV light (Templeton et al., 2006, Templeton et al., 2005, Templeton et 

al., 2007).   It is important to remember that the effect of particle association is not to 

reduce the fundamental UV inactivation constant of the organisms involved.   The 

effect is one of preventing UV light from accessing the microorganisms, either by 

absorbing UV energy, reflecting it away from microorganisms or by physical 

occlusion(Mamane, 2008).    Under these circumstances an apparently higher dose 

of UV is required to provide the same level of inactivation as compared to freely 

dispersed microorganisms.   The clumping of microorganisms is really a special case 

of particle association in which organism adhere to each other (Mamane-Gravetz 

and Linden, 2005).  

The above discussion of the potential effects of particles on UV disinfection 

performance highlight why, in drinking water UV disinfection applications, particle 

effects are not normally considered in UV collimated beam dose-response studies.  

Firstly, at the treatment process target NTU values, the effects of scattering and 

reflection are insignificant.   Secondly, if particles have a capacity to absorb UV, at 

the NTU target values, that reduction in transmissivity is captured in UVT values 

obtained during the collimated beam procedure.    Thirdly, while the association of 

particles with microorganisms does influence UV inactivation, the physical 

association of the particle with the organism creates a sub-population with a 
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modified UV dose-response.  If particle association is a significant issue in the specific 

application, then the UV dose required to inactivate this sub-population is required 

to be determined and would be during the collimated beam procedure.   Finally, 

during the process of dose validating systems, challenge microorganisms are 

produced in a way that they are not particle associated or clumped. 

 

Accordingly, there is an important distinction to be made between factors that 

influence the intensity of UV that reaches a microorganism and those factors that 

influence the response of the microorganism to the UV light incident upon it.    In the 

context of an NTU level that meets regulatory requirements, the previously described 

Petri, Reflection, Divergence and Water Factors are sufficient to define the intensity 

of UV incident on a microorganism in an idealised batch UV system, and as such the 

UV dose-response of microorganisms is generally independent of UV intensity and UV 

absorbance in the system. 

 

One of the key uses of the collimated beam in the practice of UV disinfection is to 

provide a method of controlling for, or reducing, the impact of multiple uncertainties 

and complexities in flow-through systems.  It does this by providing a means of linking 

an inactivation of microorganisms back to a UV dose determined by physical 

measurement.  Importantly, it is able to help control for factors introduced by both 

the variable quality of water samples and hydrodynamics of flow-through systems. 

 

2.3.1.2 Proximal factors influencing dose-response to UV radiation 

The title of the section highlights that the factors that influence the sensitivity or 

resistance of microorganisms to UV radiation are intrinsic to the microorganism.     In 
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order to understand the factors that influence the dose-response of organisms to UV, 

it is necessary to understand the biological basis of UV disinfection.    

 

2.3.1.2.1 UV induced damage to nucleic acids 

In organisms, the principle UV responsive target causing inactivation of the organism 

are nucleic acids.    Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are 

polymers of purine (R) [adenine (A) and guanine (G)] and pyrimidine (Y) [thymine (T) 

(uracil (U) in RNA) and cytosine (C)] nucleotide bases, and function as the heritable 

instructions for metabolism, cellular organisation and control.   DNA and RNA absorb 

ultraviolet light in the wavelength range 200-300nm, with a peak absorbance at 

around 260nm (Bolton and Cotton, 2008).   When DNA absorbs UV light, one 

outcome is permanent covalent bonding between two adjacent pyrimidine bases 

(Setlow and Carrier, 1966).    The most easily formed dimer pair in DNA is the thymine-

thymine (TT) dimer, but cytosine-thymine (CT or TC)  and cytosine-cytosine (CC) also 

occur (Setlow and Carrier, 1966).   The resultant cyclobutane pyrimidine dimer, if not 

repaired, causes DNA replication to stall and prevents genome replication which is 

required for cell replication (Setlow et al., 1963). Dimer formation has been shown to 

be proportional to both UV dose and DNA AT% content (Schuch et al., 2009, Moeller 

et al., 2010, Roza et al., 1988, Douki and Cadet, 2001).    

 

Evidence exists that AT% and number of TT, CT, TC or CC sites do not completely 

explain UV dose-responses.   An ultraviolet footprinting study by Becker and Wang 

(1989) showed additional UV sensitive sites comprising purine bases flanked by two 

pyrimidines (YYR) allow a YR dimer to form.    Potential dimer formation sites, either YY 

or YR, are additionally influenced by sequences surrounding the potential dimer site.   
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This influence has been termed hyperchromicity.   Increasing hyperchromicity is 

positively related to the number of pyrimidine bases in the sequences surrounding 

potential YR dimer sites.    Becker and Wang (1989) suggest that increased 

hyperchromicity increases YR dimer formation potential.    Since hyperchromicity is a 

product of multiple pyrimidine bases adjacent to one another it is unclear what if 

any effect on dimerisation potential is contributed by nested pyrimidine dimers.   

(Becker and Wang, 1989)also suggested thermal excitation and flexibility in the DNA 

was a positive influencing factor in YY dimer formation, but negative in YR dimer 

formation.   The proposed mechanism of this physical influence is based on the idea 

that conformational changes are required for dimers to form.   Increased thermal 

excitation increases the flexibility of the DNA strand and promotes dimer formation.  

Similarly, single-stranded DNA, i.e. DNA not constrained in a helix, shows increased 

dimer formation potential (Becker and Wang, 1989).    However, in YR dimer 

formation hyperchromicity plays a significant role in dimer formation.   The 

hyperchromicity effect requires resonance energy transfer that is possible only in a 

constrained helical conformation (Becker and Wang, 1989). 

 

A recent mathematical model for the prediction of UV dose-responses directly from 

genome sequences includes consideration of pyrimidine dimers, YR dimers, and 

hyperchromicity and accounts for 85% of UV dose-response in its predicted values 

(Kowalski, 2011).  The ability to model UV dose-responses of DNA in this way opens 

the possibility of engineering DNA sequences with specific UV dose-responses.   

Although DNA damage is a primary cause of inactivation of organisms, proteins also 

absorb in the UV range and damage, other than genomic, may play a role in 

disinfection (Kalisvaart, 2001, Eischeid and Linden, 2011). 
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2.3.1.2.2 Repair of UV induced damage to DNA 

Nucleic acids are the stable replicable, and heritable genetic material of life.    Early 

life evolved in an environment in which UV irradiation was stronger than it is today.    

The existence of life in a UV irradiated environment, provided the selective pressure 

to drive the evolution of mechanisms to repair UV damaged DNA.   There are two 

such mechanisms, referred to a light and dark repair systems.  

 

Light repair of DNA is mediated by the photoactivatable photolyase enzyme 

(Knudson, 1985).    This enzyme specifically, and reversibly, binds to DNA in which 

pyrimidine, TT, CT, CC dimers have formed following UV light absorption (Husain et 

al., 1987).   Rather than being driven by sequence determinants, the specificity of 

the binding is driven by conformational change in the UV damaged DNA (Husain et 

al., 1987).  This change in shape is caused by the introduction of covalent bonds 

between adjacent pyrimidines that causes a kink in the double helix backbone 

(Husain et al., 1987).    The photolyase enzyme uses the energy from photon 

absorption in the wavelength 300-500nm range to break the covalent bonds formed 

during the dimerisation process (Husain et al., 1987).    

 

Dark repair refers to mechanisms by which DNA is repaired by enzyme systems that 

are not dependent on activation by light (Kisker et al., 2013).   Unlike light repair, 

dark repair mechanisms involve the excision of a section of DNA and the insertion of 

a newly replicated replacement nucleotide sequence that uses the complementary 

base sequence in the unexcised strand as a replication template (Setlow and 

Carrier, 1964).     
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In terms of UV disinfection, repair mechanism work in opposition to the UV driven 

inactivation of microorganisms.   The UVDGM suggests photo-repair of UV irradiated 

microorganisms is prevented by keeping organisms in the dark for at least two hours 

after treatment.   The work of Oguma et al. (2001) is supportive of this guidance in 

that they showed that keeping E.coli in the dark following UV treatment was able to 

prevent photoreactivation in response to fluorescent light.   In addition, Martin and 

Gehr (2007) have shown that in wastewaters, delay of photoreactivation by 3 hours 

prevented photoreactivation of faecal coliforms and the early work by Kelner (1949) 

indicates a 3-hour window in which photoreactivation must occur.    Typically, UV 

treated water is delivered into a dark distribution system and usually spends some 

time in storage prior to supply, so it is not difficult to achieve these sorts of delays 

prior to customer taps.   In terms of dark repair, the collimated beam procedure 

makes no attempt to control dark repair mechanisms, therefore, the data from such 

studies incorporates the effects of dark repair and therefore doses derived from 

using collimated beam systems are those required to overcome its influence.    

Oguma et al. (2001) investigated the influence of light and dark repair in 

Cryptosporidium.   They quantified dimers using an enzymatic assay and correlated 

with repair against infectivity.    They demonstrated that Cryptosporidium was able 

to repair dimers using both light and dark repair processes, but that such repair was 

not able to restore infectivity. 

 

2.3.1.2.3 Viable but not culturable (VBNC) 

It has been known for many years that there is a disconnect between the number of 

cells visible in samples and the colony forming units countable on plates when those 

samples are cultured under even the most favourable conditions (Staley and 
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Konopka, 1985, Amann et al., 1995).    It is suggested that perhaps only a small 

fraction of cells in samples are culturable under standard laboratory conditions.    

Some fraction of these visible cells are dead, but staining techniques such as 

BacLight indicate a vast majority to be living, but in a quiescent state induced by 

stress factors in the environment; the so-called Viable But Not Culturable state 

(Oliver, 2005).   From a public health perspective, the VBNC state represents a 

potential health risk, as cells in this state are not enumerated using standard 

methods but may be able to recover and cause disease.   A recent study by Chen 

et al. (2018) has suggested E.coli can enter a VBNC state following exposure to 

chlorine or chloramine at concentrations representative of those used in potable 

water disinfection.   In this study the investigators consider viability using a number of 

techniques, BacLight assay, electron microscopy for cell integrity, incorporation of 

“heavy water” in cellular condensation reactions, and gene expression, they also 

reported recovery of E.coli from the VBNC state induced by chlorine but not from 

chloramine.     At chlorine concentrations of 0.5, 1.0, 2.0, 3.0. 4.0mg/L E.coli 

culturable cell counts fell within 2 hours (and much more quickly at the higher 

concentrations) from approximately 106 CFU/ml to 0 CFU/ml while viable cell counts 

stabilised at approximately, 104.75, 104.75,104.75,103.5
,103.5 cells/mL respectively.    It is 

unknown what the significance of this level of potential cell viability means.   There is 

no comparative data for other species, and no testing in real chlorine-based 

processes has been undertaken.   Chlorine-based disinfection is generally very 

protective of public health, so if this level of cell viability were to be found following 

real processes it would seem that organisms in the VNBC state may have reduced 

virulence, or that pathogens are indeed adequately inactivated in real systems.  

Furthermore, recovery was assessed in a nutrient media and it is unclear whether 
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recovery could occur in the oligotrophic environment of a potable water system or 

once ingested. 

 

Zhang et al. (2015) carried out work to investigate the induction of the VBNC state in 

E.coli following UV treatment.   In the work they claim UV can induce the VBNC state 

in both these organisms.   However, leading practitioners (Linden et al., 2015, Gehr, 

2015) have robustly critiqued the methods used including the correct use of the 

collimated beam apparatus; it is suggested that what the authors considered 

recovery from a VBNC state is an artefact of dispersing clumps of bacteria during 

serial dilution.   The initial clumping having been introduced by the growth of cells to 

in excess of 109 CFU/ml.   Both Gehr and Linden suggest there are decades of history 

of the use of UV in disinfection, accounting for many thousands of systems, and no 

reports of UV disinfection being linked to any major waterborne public health 

incidents.    The fundamental reason this should be the case is evident when 

considering the target of UV disinfection.    Damaged nucleic acids place a 

fundamental block on cell replication that can only be lifted by the types of DNA 

repair considered earlier.   Therefore, if light repair is controlled and the influence of 

dark repair is accounted for in UV dose-responses, UV should be a robust disinfection 

method.    Added to this, the multi-barrier sequence use of UV and oxidants should 

provide overall robust disinfection treatment.     

 

2.4 Delivering UV light to microorganisms during water treatment 

Exposure of water to UV light in municipal treatment trains occurs in a UV disinfection 

system, and the purpose of such a system is to ensure that all water passing through 

it receives at least the minimum required dose of UV in order to achieve its required 



 

82 

 

levels of inactivation of target microorganisms in the inflow stream.   Figure 2-7 is a 

schematic diagram of the key components of a UV disinfection system and the inset 

highlights the key factors that influence the delivery of UV light to the DNA of target 

microorganisms.    UV light is emitted from mercury lamps housed within the UV 

system.    Lamps may be either low- or medium-pressure and are usually tubes.    

Low- pressure (LP) lamps emit quasi-monochromatic light centred at 253.7nm.    

Medium- pressure (MP) lamp emission is more intense than low-pressure emission and 

is also polychromatic with several emission bands over the 200-300nm range 

including 253.7nm.      Lamps are separated from water flow by UV transmissive 

sleeves (generally quartz).   The figure shows a simple annular system in which a 

single UV lamp is located parallel to the long axis of a cylindrical outer wall.  More 

complex arrangements of lamps are also possible some systems have multiple 

lamps, others orient the lamps perpendicular to the water flow, in others lamps are 

inclined obliquely to the flow.   

 

In the flow-through system illustrated in Figure 2-7 water flows into the system at one 

end of the cylinder perpendicular to the long axis and out at the other end of the 

system, again at an outlet perpendicular to the long axis.   The system is controlled 

by a system controller that receives information from sensors that measure, UV 

intensity at the outer wall, the flow rate through the system, and the UV transmissivity 

of the water matrix.   Some systems may also measure turbidity but not as a 

dosecontrol parameter.   The system controller integrates this data with the dose 

algorithms determined during system validation see Section 2.5.2 to display a single 

delivered validated UV dose (assuming the reactor is operating on a calculated 

dose monitoring approach, see section 2.5.2).   The reporting by the system of a  
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single dose belies the complex dose delivery environment within the system. The 

complexity results from two principle considerations, first, that while UV sensors 

generally measure UV intensity at a single, or limited number of locations within the 

system, the intensity of UV in the system decreases according to the square of the 

distance from the lamp.   Therefore, radially about the axis of a lamp there is a 

continually variable field of UV intensity.    This is illustrated diagrammatically by the 

colour gradient about the lamps in Figure 2-7.   In addition to a variable UV field, 

microorganisms behave as particles, and therefore traverse the system in a 

stochastic manner along discrete particle tracks.  The overlaying of unique discrete 

tracks of microorganisms with a continuously variable UV intensity field gives rise to a 

population of microorganisms each of which has been exposed to a different UV 

dose.    For this reason, flow-through systems deliver a distribution of UV doses to 

microorganisms as they traverse a reactor.    Dose distributions occur in even the 

best designs of flow-through UV system, irrespective of the number of lamps or their 

orientation.    Dose distributions are dependent on hydraulic properties of the 

reactor, lamp intensities, flow rates and UV transmittance (UVT) (Sommer et al., 1997, 

Ducoste et al., 2009).    The existence of dose distributions means the built-in UV 

intensity sensors and knowledge of flow rate through the system are not enough on 

their own to report directly on the dose delivery of the system and the associated 

inactivation of target pathogens. 

 

Cabaj et al. (1996a) and Wright and Lawrynshyn (2000) used model calculations to 

investigate the implications of the existence of dose distributions and variable 

sensitivity to UV disinfection of challenge organisms.     Both reports derive a 
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relationship for RED in terms of the probability density function for dose in the system 

and the UV inactivation constant k of the challenge microorganism, the basis of their 

derivations is shown below; 

 

The inactivation on a microorganism achieved by a reactor that delivers a constant 

dose to all microorganisms (e.g. a collimated beam) is given in Equation 2-13 

 

𝑵𝟎

𝑵
= 𝒆𝒌𝑫𝑹𝑬𝑫        2-13 

 

where, 

N0/N = inactivation of challenge microorganism in the system 

k = inactivation constant 

DRED = reduced equivalent dose. 

 

For those systems that deliver a dose distribution it is given by Equation 2-14 

𝑵𝟎

𝑵
= ∑ 𝒇𝒊

∞
𝒊=𝟏 𝒆𝒌𝑫𝒊       2-14 

where, 

N0/N = inactivation of challenge microorganism in the system 

k = inactivation constant 

fi = fraction of population receiving dose Di such that ∑ 𝑓𝑖
∞
1 =1 

Di = distinct dose in dose distribution 

 

In using a calibration curve generated using a collimated beam apparatus that 

conforms to Equation 2-13 to equate the inactivation achieved using a flow-through 

system conforming to Equation 2-14 the following holds 

 

𝒆𝒌𝑫𝑹𝑬𝑫 = ∑ 𝒇𝒊
∞
𝒊=𝟏 𝒆𝒌𝑫𝒊         2-15 

solving for DRED gives 

𝑫𝑹𝑬𝑫 =
𝟏

𝒌
𝐥𝐧(∑ 𝒇𝒊

∞
𝒊=𝟏 𝒆𝒌𝑫𝒊)      2-16 
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which is expressed as an integral as 

𝑫𝑹𝑬𝑫 =
𝟏

𝒌
𝐥𝐧(∫ 𝒇(𝑫)

∞

𝟎
𝒆𝒌𝑫𝒅𝑫)      2-17 

where, 

f(D) = probability density function for a mean dose D. 

 

Equation 2-17, clearly indicates that using a biodosimeter with an exponential 

inactivation curve to calibrate a flow-through system, results in DRED (RED) that is 

dependant on both the dose distribution in the flow-through system and the 

inactivation constant of the challenge microorganism.   As k tends towards 0, i.e. 

towards a linear log inactivation curve, DRED tends towards D (the mean of the dose 

distribution).   For k>0, the lower doses are weighted more highly than the higher 

doses and DRED becomes less than the mean value D.  

 

While in principle, biodosimetry is a simple concept, in the context of a dose 

distribution, the differences in sensitivity between biodosimeters and pathogenic 

targets must be considered, as the differences introduce uncertainties in 

determining reactor performance using biodosimetry caused by a bias in reporting 

the mean arithmetic dose delivered by the systems dose distribution (Wright and 

Lawrynshyn, 2000).    Very resistant biodosimeters tend towards reporting the true 

mean dose of the system’s distribution, whereas sensitive biodosimeters under-report 

the higher doses in the distribution and therefore report dose delivery lower than the 

true mean (Cabaj et al., 1996a).   Wright and Lawrynshyn (2000) suggested the 

following logical rules that govern RED determination during biodosimetry; 

 

1) When a reactor is challenged with a microbe whose inactivation kinetic constant is k 

and the measured inactivation is n logs, then all microbes whose inactivation 

constants are greater than k (i.e. more UV-sensitive organisms) will experience a log 

reduction greater than or equal to n and all microbes whose inactivation constants 
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are less than k (i.e. more UV resistant organisms) will experience a log reduction less 

than or equal to n. 

2) When the dose equivalent for the reactor and challenge microbe of Law #1 is 

calculated by Equation (1), to give a value Deqv, the dose equivalent for all more 

sensitive microbes with an inactivation constant greater than k will be equal to or less 

than Deqv, and all more resistant microbes with an inactivation constant less than k will 

be equal to or greater than Deqv. 

   Reproduced from (Wright and Lawrynshyn, 2000) 

 

The logical certainties that follow from the consideration of these rules are based on 

what log inactivation, and therefore dose, can be guaranteed when particular 

combinations of target and challenge microorganisms are used in determining dose 

equivalents during biodosimetry.   Wright and Lawrynshyn (2000) explained the 

logical certainties by the consideration of the hypothetical situation described 

below. 

“As an example, assume that a reactor was designed specifically for 4 logs inactivation of 

rotavirus. Since rotavirus requires a dose of 10 mJ/cm2 for one log of inactivation (k rotavirus = 

0.230 cm2/mJ), the reactor should be able to deliver an equivalent dose of 40 mJ/cm2 based 

on the inactivation constant for rotavirus. If, on the one hand, the reactor is challenged with a 

more resistant organism, the only guarantee that the reactor will achieve 4 logs inactivation of 

rotavirus is if the reactor can also achieve 4 logs inactivation of the more resistant challenge 

microbe. Even if the challenge microbe is significantly more resistant than rotavirus but only a 3 

log inactivation is measured, Law #1 implies that a 3 log inactivation is guaranteed but no 

guarantee is warranted for 4 logs. Thus, if the reactor were challenged with MS2, which requires 

a dose of approximately 20 mJ/cm2 for one log of inactivation, and the MS2 equivalent dose 

was 40 mJ/cm2, there is no guarantee that the reactor is delivering a rotavirus equivalent dose 

of 40 mJ/cm2, or conversely, 4 log inactivation of rotavirus. It can only be concluded that 2 

logs inactivation of rotavirus can be achieved.   On the other hand, if the reactor is challenged 

with a less resistant organism and the dose equivalent achieved by the challenge is equal to 40 

mJ/cm2 then by Law #2, it can be concluded that the reactor will deliver a rotavirus 

equivalent dose of at least 40 mJ/cm2, or conversely, at least a 4 log inactivation of rotavirus. 

The optimal challenge organism would be the one whose inactivation kinetics follow closely 

that of the most resistant target organism.” 

 Reproduced from (Wright and Lawrynshyn, 2000) 
 

It is important to remember it is the existence of a dose distribution in real systems 

that necessitates the consideration of these logical rules to account for bias 

introduced by the differences in ultraviolet sensitivities of challenge and target 

organisms.   Following these rules provides a framework for only considering the 

lowest dose equivalents the reactor could be delivering but does so by making the 

most conservative assumptions.    
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2.5 Regulatory Aspects of UV System Dose Validation and Dose Verification 

In an effort to reduce the effect of these very conservative assumptions, the US 

Ultraviolet Disinfection Guidance Manual (UVDGM) (USEPA, 2006) details the use of a 

bias factor, determined by modelling inactivation of challenge micro-organisms by 

realistic worst-case reactors to provide a set of bias factor values that are used to 

reduce reactor REDs based on the difference in sensitivity of challenge and target 

microorganisms according Equation 2-18; 

 

𝑽𝒂𝒍𝒊𝒅𝒂𝒕𝒆𝒅 𝑫𝒐𝒔𝒆 =
𝑹𝑬𝑫

𝑽𝑭
=

𝑹𝑬𝑫

(𝟏+
𝑼𝒗𝒂𝒍

𝟏𝟎𝟎
) ×𝑩𝑹𝑬𝑫

     2-18 

where, 

 

Validated Dose = UV dose the system is validated to deliver 

VF = Validation Factor 

RED = the UV dose the system delivers when comparing log inactivation against that 

determined by collimated beam with the same challenge microorganism. 

BRED = RED Bias Factor. 

Uval = Uncertainty of validation. 

 

 

‘Validated/Design dose’ is the dose delivered in the UV disinfection system during 

operation.    Under German guidance, design dose is the same as the RED, and 

under Austrian standards, a 15% safety factor is included (by reducing validated 

flows) to account for error in UV sensors (ÖNORM, 2001, ÖNORM, 2003, Sommer et 

al., 2008).    Both the German and Austrian standards require UV disinfection systems 

to deliver a reduced equivalent dose of 40mJ/cm2.   The US approach is more 

complicated and requires a target pathogen be defined, but allows doses lower 

than 40mJ/cm2 to be delivered.   

The UVDGM approach to validation, in common with European standards, also 

defines a RED based on a challenge organism, but then applies a series of 

correction factors to account for uncertainty or bias introduced during the 
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validation procedure.   Uncertainty arises from errors in measurement during 

validation procedure, differences in UV sensitivity between biodosimeters and target 

pathogen (RED bias) or from differences between medium-pressure and low-

pressure output (polychromatic bias factor).   RED bias is inversely proportional to the 

UV sensitivity of the challenge microorganism, increasing UV transmittance (UVT), 

required log inactivation of target organism and sensitivity of the target organism.    

RED bias for Cryptosporidium, Giardia, and viruses are tabulated in the UVDGM 

based on CFD modelling of a number of reactor dose distributions similar to work 

carried out by  Wright and Lawryshyn (2000).   For 3-log inactivation of 

Cryptosporidium in drinking water treatment (UVT≥80%) the RED bias based on 

reactors validated with MS-2 (UV sensitivity 22-24mJ/cm2/log Inactivation) would be 

2.45.   Under the same conditions but with validation using a challenge organism 

with a sensitivity closer to that of Cryptosporidium (4.0mJ/cm2) of say (4-6mJ/cm2), 

the RED bias would be 1.19 (USEPA, 2006). 

 

Austrian and German (ÖNORM, 2001, DVGW, 2006) guidance on UV system design 

and testing do not deal with bias specifically as they require a minimum RED value 

of 40mJ/cm2 be achieved using Bacillus subtilis spores.    Systems designed in 

accordance with the UVDGM are done so on an ability to provide a particular log 

inactivation of a target and therefore there is not a minimum mandated RED.   

Sommer et al. (2008) compared the differences in the approaches between 

international jurisdictions in terms of UV regulation and guidance.  They noted that 

differences between Austrian and German standards as compared to the UVDGM 

occur as a consequence of historic development and disinfection strategies.   They 

suggest that Austrian and German standards were developed to validate system 

used for general disinfection where the system is often the only disinfection process 
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in use.   Whereas, the UVDGM approach developed as an approach to validate 

systems for the inactivation of particular targets (Sommer et al., 2008). 

 

In 2010, the UK Drinking Water Inspectorate (DWI) published its own guidance on the 

use of ultraviolet irradiation for disinfection (DWI, 2010).   Broadly this guidance 

follows the concepts of the other national standards and requires validation of 

reactors.   Under DWI guidance, reactors can either be validated by US, Austrian or 

German methods.    The DWI guidance recommends biodosimetry (defined in 

section  1.2.1) as a method of validation but, in common with current UK regulatory 

approaches, is not prescriptive in how UV disinfection systems are designed, 

installed, operated or validated.  However, the operational characteristics must not 

be a worst case than the validation conditions. Dose validation and verification are, 

therefore, separate and distinct regulatory requirements. 

 

2.5.1 Practical Aspects of Using Biodosimetry for Dose Validation 

Dose validation by biodosimetry was developed as a method to determine bulk 

inactivation performance of UV reactors (Sommer et al., 1999, Qualls and Johnson, 

1983).  

 

Section 2.4 explained the impact of dose distributions delivered by flow-through 

systems and Section 1.2.1 and  Figure 1-1 described and illustrated schematically the 

principal components of the  3-stage biodosimetry protocol used for dose validation 

and subsequent dose verification.   System validation can occur either on-site (i.e. at 

the treatment site) or off-site (at a certified test facility) and may take many weeks 

to complete.    Biodosimetry requires UV disinfection systems to be assessed using a 
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Table 2-4 – Summary of similarities and differences between US, German and Austrian UV guidance for low-pressure systems 

(based on  Sommer et al. (2008). 

 
 USEPA DVGW ONORM 

Biodosimeter,  

Challenge microorganism (dose 

measuring range, (mJ/cm2) 

MS2 (0-70) 

Φx174 (0-11) 

T7 (0-2) 

B. subtilis spores (20-60) 

B. subtilis (20-60) B. subtilis (20-60) 

UV-253.7 calibration of the 

biodosimeter under defined and 

controlled laboratory conditions 

Prescriptive and exactly defined, by 

collimated beam procedure. 

Prescriptive and exactly defined by 

collimated beam procedure. 

Prescriptive and exactly defined by 

collimated beam procedure. 

Quality control of microbiological 

analyses of biodosimeter during 

validation 

At least 3 samples of influent and 

effluent 

5 samples each of influent and effluent 

(standard deviation ≤0.2l log) 

5 samples each of influent and effluent 

(standard deviation ≤0.2l log) 

Quality control of the UV-253.7nm 

resistance of the biodosimeter 

Confirmation of the calibration by re-

testing the biodosimeter in a sample of 

the influent of high and low UVT for each 

day of testing. 

UV calibration of the biodosimeter 10 

days before or after the validation of the 

UV system. 

Confirmation of the calibration by re-

testing the biodosimeter in a sample of 

the influent of high and low UVT for 

each day of testing. 

UV absorbing substances allowed for 

adjusting UVT during validation 

Coffee, lignin sulphonic acid, humic 

acid. 

Lignin sulphonic acid orf other 

substances 

Sodium thiosulphate 

Dose verification methods 1) UV intensity setpoint approach 

2) Calculated dose approach 

3) UV irradiance setpoint approach 

4) UV irradiance operating range  

5) UV irradiance setpoint approach 

6) UV irradiance operating range 

Analysis of experimental data Validation and bias factors included e.g. 

RED bias and MP bias) 

The RED data are used as measured ≥15% safety factor for the measuring 

uncertainty on the system sensor is 

taken into account by reducing the 

approved water flow. 

Minimum dose delivery 

(mJ/cm2) 

Based on target organism log reduction 

target. 

40 40 
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challenge organism, commonly the coliphage MS-2 or spores of Bacillus subtilis, of 

known UV dose-response (as measured by standardised laboratory scale UV 

collimation tests to produce a dose-response curve) (Mamane-Gravetz et al., 2005, 

Sommer et al., 1999, Bolton and Linden, 2003).   Assessment involves spiking 

challenge organisms into the feed upstream of the reactor and assessing log 

inactivation across the reactor to determine the reduced equivalent dose (RED) 

using the bench-scale dose-response relationship generated using a standardised 

collimated beam procedure.   These log inactivation tests of the UV system are 

carried out under a number of operating conditions (including variable UV 

transmittance, flow rate, number of operating lamps/UV intensities) to define the 

envelope of conditions within which the UV disinfection system is validated to 

provide the required RED during operation.   UV disinfection guidance documents 

have requirements governing the state of lamps and their sleeves, UV sensor 

calibration and window fouling and inlet/outlet pipe configurations during validation 

and operation.   For treated water to be classed as UV disinfected, UV disinfection 

systems must be operated within the conditions determined in the validation. 

 

2.5.2 Practical Aspects of Dose Verification  

Dose verification is the monitoring of dose delivered by the reactor in operation i.e. 

while it is “on-line” treating drinking water.  This is a process that relies on the UV 

intensity, flow rate and UVT sensors in the system to determine the operating 

conditions and from those the delivered dose is determine according to the dose 

delivery algorithm in the system control unit, the variables of the dose delivery 

algorithm having been determining during the validation procedure.  UV dose 

verification by dose verification algorithms relies on the condition of the reactor, i.e. 
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that sensors are calibrated, sensors windows are clean, the sleeves are uniformly 

clean and unfouled, and the reactor is operated within its validated operating 

conditions.    The dose readout based on the sensor input to the system control 

algorithm is in real-time.    

 

There are two general types of dose-monitoring approach used to verify UV dose 

delivery, these being; the UV Intensity Set-Point and Calculated Dose approaches.   

In both approaches UV systems rely on a number of sensors to monitor conditions 

within the system during treatment, i.e. while systems are operational.   The UVDGM is 

the principal reference for describing such methods and their application for use in 

real systems.  The proceeding discussion of dose-monitoring is referenced from this 

source (USEPA, 2006)  

 

In the UV intensity setpoint approach sensors measure flow rate, lamp status and UV 

intensity.   During reactor validation, UV intensity measured in the reactor is related 

to RED, flow rate and lamp-status and a UV “setpoint” determined.  If the reactor is 

operated within the validated conditions for flow rate and lamp-status, and the UV 

intensity measured in the reactor is above the setpoint, the dose delivery is verified.   

If during operation, lamps fail or foul, or flow rate exceeds the validated range, then 

the reactor would be operating outside its validated range of conditions and the 

dose delivery would not be verifiable.   This type of dose monitoring can be 

configured as a single setpoint in which one UV intensity setpoint is used for all flow 

rates.   Under the single-setpoint scheme flow rate measurements function as a 

check of operating conditions and do not feature in setpoint determination.   Such 

an arrangement has the advantage of being the easiest to operate, control and 
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validate, but results in systematic over-dosing at low flow rates.    An alternative to a 

single-setpoint is a variable-setpoint, in which RED is related to both flow rate and UV 

intensity.   In variable-setpoint schemes, UV setpoints are either banded by flow rate, 

or determined according to an equation, itself determined during system validation, 

that relates RED, UV intensity and flow rate.    In variable-setpoint schemes, flow-rate 

measurements become part of the reactor control system with lamp-status required 

as a check of operating conditions.    Since flow-rate becomes part of the reactor 

control arrangements, lamp intensity can be reduced at low flow rates to increase 

energy efficiency of the system.   It is notable that setpoint approaches do not 

specifically measure UV transmittance (UVT) of the matrix.    The effect of changes in 

UVT is incorporated in the measurements from the UV intensity sensors.    These 

methods are also noted for not calculating a dose, the dose is verified implicitly from 

UV intensity. 

 

In calculated-dose monitoring approaches, in addition to UV intensity, flow rate and 

lamp-status, a UVT sensor is incorporated in the system.   Systems that use 

calculated-dose monitoring report a “calculated dose” based on an empirically 

determined dose-monitoring equation defined by regression analysis from validation 

test data.   The general form of the dose-monitoring equation is shown in Equation  

2-19; 

 𝑅𝐸𝐷 = 10𝑎 × 𝐴254
𝑏 × (

𝑆

𝑆0
)

𝑐
× (

1

𝑄
)

𝑑
× 𝐵𝑒     2-19 

In log-linear form this becomes 

log(𝑅𝐸𝐷) = 𝑎 + 𝑏 × log(𝐴254) + 𝑐 × log (
𝑆

𝑆0
) + 𝑑 × log (

1

𝑄
) + 𝑒 × 𝐵  2-20 

where 

RED = The RED calculated with the dose-monitoring equation. The calculated dose. 

A254 = UV absorbance at 254nm 

S = Measured UV sensor value 
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S0 = UV intensity at 100% lamp power 

Q = flow rate 

B = no. of operating banks of lamps within the reactor. 

a,b,c,d,e = model coefficients obtained by multivariate linear regression. 

 

In calculated dose approaches the system collects data on operational conditions 

and calculates the RED according to the dose-monitoring equation defined during 

system validation.   The RED is then divided by the validation factor (see Equation 2-

18) to arrive at the validated dose.   This is then compared to the required target 

dose and log inactivation of the specific target organism to determine if the reactor 

is achieving the desired performance.  The calculated-dose approach allows for 

greater flexibility in reactor operation, which improves efficiency by allowing 

reductions in lamp power or numbers of operating banks of lamps, or whole systems.  

While it allows for increased efficiency, the calculated-dose approach further 

increases the complexity of validation procedures and the telemetry requirements of 

the system.   It does, however, output an intuitive dose rather than a UV intensity 

which can be beneficial for operators.   In an extension to the calculated-dose 

approach, the dose-monitoring algorithm can be linked to system control in order to 

adjust system operation to tune dose delivery based on operational conditions.  This 

arrangement is referred to as “dose-pacing” and is the most efficient way of 

operating a UV system as it avoids systematic overdosing.   However, it adds 

significantly to the complexity of the control system and the validation requirements.      

 

The foregoing discussion on dose-monitoring places an imperative on ensuring the 

calibration and adequate functioning of multiple sensors integral to the system in 

order to adequately monitor dose delivery.   Therefore, while robust, the setpoint 

and calculated dose approaches are reliant on the operational condition of the 

reactor.   
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2.6 Developments in Dose Validation Methods 

Developments in validation methodologies have been in two principal areas, the 

identification of new challenge organisms for the validation of specific targets and 

methods to make direct measurements of the dose distribution of flow-through 

systems.  

 

2.6.1 New Challenge Organisms 

MS-2 coliphage and Bacillus subtilus are commonly used biodosimeters as they are 

well characterised, non-pathogenic, and easily grown to high titres and with 

sufficient resistance to be measurable after UV disinfection systems operating at 

disinfection-relevant UV doses (Fallon et al., 2007, Mackey et al., 2002).      Due to the 

specific requirements of the UVDGM, other challenge organisms have been sought 

and used in validation.    These new organisms have fallen into two categories; those 

that are more sensitive than MS-2, e.g. T1 bacteriophages and those that are more 

resistant e.g. Bacillus pumilus spores and Deinococcus aquaticus (Rochelle et al., 

2010).   The more sensitive organisms find application in reducing design doses due 

to the application of a RED bias factor (see Section 2.5) for cases where relatively 

UV-sensitive pathogens are being targeted (e.g. Cryptosporidium) and have been 

applied to full-scale validations (Ferran and Yang, 2011).  The more resistant 

organisms are intended to find application in validating UV reactors for virus 

inactivation and have been compared with dyed microspheres in test validations of 

LP and MP disinfection systems (Rochelle et al., 2010).   Virus inactivation by UV 

reactors is based on the dose-response for adenovirus which requires 186mJ/cm2 for 

4-log inactivation and thus challenge microorganisms more resistant than 

adenovirus are required in validation schemes (Rochelle et al., 2010, USEPA, 2006). 
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In addition to sensitivity, Rochelle et al. (2010) suggested other desirable 

characteristics of challenge microorganisms for use in UV system validation testing.   

Table 2-5 provides a list of desirable characteristics. 

 

2.6.2 Dose Validation Methods - Chemical actinometry and dyed microspheres 

In these methods, a chemical actinometer (e.g. persulphate, potassium iodide, 

ferrioxalate) with a defined quantum yield is injected upstream of a reactor.   

Samples, immediately upstream and downstream of the system, can be taken and 

the appearance of the photo-dependant reaction product can be followed.   In 

low-pressure systems the volume-average dose delivered to a sample can be 

determined directly from the quantum yield at 254nm;, a fundamental property of 

the actinometer.  The reaction is dependent on the concentration of the 

actinometer and the temperature of the reaction vessel.   Therefore, in order to 

correctly determine dose delivered, photo-product concentration, the initial 

concentration of actinometer and the average reaction temperature must be 

known.  Chemical actinometers are not particulate, and therefore the volume- 

averaged UV dose they report is not a result of the Lagrangian behaviour of 

particulate microorganisms.    These methods, therefore, provide a measure of the 

fluid volume-averaged dose delivery of a system as opposed to the arithmetic 

volume-averaged mean dose experienced by a population of particulate 

microorganisms.  For this reason, chemical actinometers are not routinely used for 

system validation.   They can, however, be used to calibrate collimated beam 

apparatus.     In terms of dose verification of online systems, since the use of 

chemical actinometers involves introducing chemicals into the treatment process, 
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they are unsuitable for use in online system.  In addition, some chemical 

actinometers are expensive. 

 

A significant technical advancement in chemical actinometry came when a 

chemical actinometer, a fluorescent nucleoside analogue, was coupled to 

polystyrene beads to generate dyed microspheres (DMS). When irradiated with UV 

the beads fluoresce with an intensity proportional to the cumulative UV dose 

received in the UV disinfection system.   Each DMS represents a unique path through 

the reactor and hence a data point in its dose distribution.   By evaluating the 

fluoresce intensity of many DMS a measure of the dose distribution is generated 

(Blatchley et al., 2008, Shen et al., 2011, Shen et al., 2009).  In this method, the bead-

bound actinometers are used to directly measure the dose distribution of UV 

disinfection systems (Shen et al., 2009, Blatchley et al., 2008, Shen et al., 2011).     

Dyed microspheres have been used to directly measure UV dose distributions during 

validation (Blatchley et al., 2008, Shen et al., 2011, Shen et al., 2009).As with current 

protocols for biodosimetry, DMS-based actinometry involves spiking reagents 

upstream of the UV disinfection system (Shen et al., 2016).  In 2016 the Water 

Research Foundation published guidance for validating UV systems using dyed 

microspheres.  It is hoped the standardised protocol will make it possible for the 

method to be used outside the small group of current practitioners and thereby 

increase both the current understanding, experience and acceptance of the use of 

DMS for reactor validation (Shen et al., 2016). 

 

 

 



 

99 

 

 

 

 

 

 

 

 

 

Table 2-5 – Summary of desirable characteristics of UV challenge microorganisms 

Characteristics Comments 

Non-pathogenic Of importance if the challenge microorganism is to be spiked into treatment 

flows or grown to high concentrations in preparation for testing 

Growth to high concentrations Sufficient numbers of organisms must be available to measure several logs of 

inactivation at the required dose 

Easily enumerated in a growth 

or infectivity assay 

A practical consideration, 

Similar UV inactivation kinetics Ideally should be slightly more resistant than the target microorganism 

Minimal shoulder or tailing of 

dose-response curves 

This characteristic maximises the usefulness of the challenge microorganism 

as it increases the range of dose over which the surrogate can be used. 

Stable during preparation and 

use with minimal die off. 

Must respond to UV inactivation only, and not be sensitive to prolonged 

storage, or how the test is conducted 
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2.7 Summary and Research Needs 

The literature review highlights that current guidance on UV disinfection system 

guidance has provided robust methodologies for supporting the three-step 

approach to reactor design, validation and dose-monitoring.  However, the current 

methods exhibit a number of short-comings.  

 

1) The spiking of a challenge organism or reagents means the reactors cannot 

be online during validation. Even organisms identified in raw water intake to 

treatment plants have proved difficult to obtain approval for injection 

upstream of reactors on site.  However, a public health assessment of dyed 

microspheres suggests they might have little to no influence on public health 

if injected into working reactors (Rochelle et al., 2010). 

2) Biodosimetric protocols are unsuitable to routinely check reactor 

performance as organisms can take many days to obtain in sufficient 

quantities for testing, and several days to obtain inactivation data. 

3) New lamps and sensor technologies are being developed but significant 

changes to a reactor trigger a requirement to re-validate.   The reactor must 

either by re-validated in-situ (but offline) or be removed to an off-site 

validation facility. 

4) In the UK, verification of UV disinfection performance is required, currently, this 

involves maintaining logs of reactor operating conditions.  As such, 

verification is dependent on the physical condition of the UV disinfection 

system (e.g. sensor calibration status, UV lamp age, sleeve fouling status).   

There is currently no direct sample-based method to determine dose delivery 

in a UV system on-line (in-service).  
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3 MATERIALS AND METHODS 

3.1 Microbial Surrogate Screen 

3.1.1 Experimental Design 

The microbial surrogate screen was designed to isolate heterotrophs with an 

increased likelihood of demonstrating higher UV resistance at a 40mJ/cm2 UV dose 

than the background population.    Figure 3-1 provides a flowchart for the 

experimental design. 

 

Samples were obtained from a water treatment works in the UK.   The treatment 

plant has a predominantly rural catchment of approximately 2750km2, and a low 

population density.  The main land use within the catchment is intensive agriculture 

with some light industry and point source discharges from industrial plants and 500 

sewage treatment works.  Its treatment capacity is 360mL day-1.     The treatment 

process is illustrated in Figure 3-2. The during sampling for this work the process was 

running with specification and water from the plant was “in supply”, this means NTU 

levels were below 1NTU prior to disinfection.    Four sampling points along the 

treatment process were selected:  raw, post pre-ozone (PPO), post rapid gravity 

filters (PRGF) and post granular activated carbon (PGAC).   Water samples were 

collected in 2 L autoclaved borosilicate bottles and transported the same day in 

chilled cool bags to the laboratory. Staff collecting samples were asked to follow the 

works standard sampling procedure.    Upon arrival in the laboratory, samples were 

stored at 4°C until processed, with a maximum time to processing of 56 hours. 
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Figure 3-1 – Flow chart for microbial surrogate screen data presented in Chapter 4. 
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Figure 3-2 – Schematic of the treatment processes of UK works providing samples.
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For pre-screening samples with UV, 40 mL samples from the water treatment works 

were placed in 90 mm Petri dishes with a sterile 13 mm x 3 mm PTFE coated stir bar 

and exposed to a 40 mJ/cm2   UV dose, a commonly recommended design UV dose 

in drinking water treatment following the standard collimated beam procedure (see 

Section 3.1.3) (DVGW, 2006, ÖNORM, 2001, ÖNORM, 2003). 

 

Immediately after the collimated UV beam treatments, samples were placed in a 

cooled dark box until ten-fold serially diluted in 0.1% peptone water.  0.5 mL of each 

dilution was spread plated in triplicate on R2A agar.   Spread plating was carried out  

in a class II microbiological cabinet and involved pipetting 0.5mL of the serial 

dilutions onto R2A agar plates.   The sample was spread using a cooled alcohol 

flamed glass spreader.   After drying, the plates were incubated in the dark and 

counted at days 3, 5, 7.   All samples were plated on the day of their treatment, 

together with untreated controls.   Plates were counted on a Gallenkamp Colony 

Counter.   Reported values at days 7 represent the mean of the plated triplicates 

unless noted otherwise. 

 

Isolates for further testing were selected on the basis of those that were 

representative of organisms that survived the UV screening procedure based on 

colony morphology.   The characteristics of colonies on the method control plates 

were used to avoid selection of colonies that might have been introduced by the 

experimental method.   Selected isolates from the UV screening procedure were re-

streaked and maintained on solid media, and liquid cultures of the isolates were 

grown under the conditions in Table 4-4.   Isolates were identified by 16S rRNA 

sequencing according to Section 3.1.4). 
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In order to determine the UV dose-response profile of the isolates.   Liquid cultures 

were centrifuged at 8000g for 5 min at 20°C (Sorvall RC-6 Plus Superspeed centrifuge 

in an SS-34 rotor) and pellets were washed twice in BW.   During washes, the pellets 

were re-suspended by vortexing and, if required, repeated aspiration through a 

sterile pipette tip. After the final wash, the cells were re-suspended in 50-100 mL of 

BW prior to standardisation of UV absorbance, whereby the stock solution of cells 

was further diluted to an OD254 of 0.064-0.131 (OD254 was used as a standardising 

parameter as UVT it is a control parameter in the collimated beam procedure, it is 

not intended to be a calibrated measure of total viable cells but it might be 

expected that the values would approximate to a 106 CFU/mL cell count).   20 mL 

samples of this standardised test solution of cells were then irradiated using a 

collimated beam over a range of UV doses.   Irradiated samples were then chilled in 

the dark after exposure prior to being 10-fold serially diluted in BW and dilutions 

plated in triplicate; reported values are the mean of triplicates for each UV dose.  

The inactivation data points at each UV dose were analysed using GLnAFit 

(Geeraerd et al., 2005) and model fits compared to determine the best fits.   The 

best fit overall model for the dose-response data from the isolates in this study was a 

biphasic plus shoulder model (Geeraerd et al., 2005).   The Cryptosporidium dose-

response curve was taken from the United States Environmental Protection Agency 

Ultraviolet Disinfection Guidance Manual (USEPA, 2006) and fitted to a Double 

Weibull model, as the GLnAFit software indicated that the data was unlikely to have 

a shoulder. 
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3.1.2 Media Preparation 

R2A agar (Oxoid), peptone water (Lab M), tryptone soy agar (Oxoid), tryptone soy 

broth (Oxoid), and phosphate buffered saline (Oxoid tablets) were prepared 

according to supplier instructions.   Buffered water (BW) was prepared as per 

Standard Methods 9050 C (APHA, 2005).   All media (except minimal salt media) and 

diluents were autoclaved at 121°C for 15 min.   Liquid L9 minimal media was 

prepared as previously described (Yim et al., 2010) but without MnCl2∙2H2O (Leung, 

2011).   All components were mixed together and filter sterilized using a sterile 

0.22μm vacuum filter unit (Nalgene).   Solid L9 media was made by mixing equal 

volumes of a sterile 2X concentrate of L9 minimal media liquid with autoclaved 3.0% 

bacteriological agar No.1 (Oxoid).   All solid media was prepared according to 

Standard Methods for spread plating (Method 9215-C).   If stored at 4°C the media 

was warmed to room temperature before plating.    

 

3.1.3 Collimated Beam 

The collimated UV beam experiments followed the protocol presented in Bolton and 

Linden (2003).   Briefly, a collimated beam apparatus was used to expose samples 

and cultures to UV doses as indicated.   A 230V low-pressure high output (LPHO) 

mercury lamp (Trojan Technologies) powered by a ballast from a UVMax C reactor 

was collimated using a dark coloured 140 mm internal diameter PVC tube to 

generate a quasi-parallel monochromatic UV beam.   Prior to performing collimated 

beam experiments the UV lamp was turned on and allowed to stabilise for a 

minimum of 20 min.    A magnetic stirrer was centred within the UV beam and the UV 

irradiance across two horizontal orthogonal axis of the beam was measured at 5mm 

intervals using an IL1700 radiometer with a SED240 sensor.   The time required to 
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deliver the indicated UV doses was calculated using spreadsheets that 

accompanied the publication of the Bolton and Linden (2003) paper and is 

available from the authors or the International Ultraviolet Association website with a 

membership subscription and example spreadsheet is included in Appendix D.   

Bolton Photosciences and accounted for the UV absorbance of the matrix 

(measured using a UV-VIS spectrophotometer at 254 nm (Perkin Elmer Lambda 3)), 

reflection from the matrix surface, divergence of the collimated beam, and 

variation of irradiance over the surface of the matrix).   All exposure samples were 

contained in 90 mm diameter polystyrene Petri dishes and a sterile PTFE-coated 13 

mm x 3 mm stir bar was set to mix the samples during exposure.   The stirring speed 

was adjusted to avoid the formation of a vortex.   Once the stirring speed had been 

set, the sample was exposed for the required time to achieve the desired UV dose. 

 

3.1.4 Isolate Identification 

Isolates were identified by sequencing part of the 16S rRNA gene.   Genomic DNA 

from isolates grown on their respective maintenance media was prepared by 

resuspending cells in 1 mL lysis buffer from a PowerWater DNA Isolation Kit (MoBio 

Inc. CA, USA) and lysing cells in the bead beating tubes provided for 5 minutes on a 

vortexer.   The remainder of the extraction was performed as per the supplier 

instructions except that elution was in 30 μl Milli-Q water.   DNA concentration was 

determined spectrophotometrically using a Thermo Scientific NanoDrop 1000 by 

absorbance at 260 nm.    An approximately 1.47 kilobase fragment of the 16S rRNA 

gene sequence was amplified by polymerase chain reaction (PCR) between the 

27F and 1492R degenerate primers.   Lyophilised primers (MWG Eurofins) were 

resuspended in Milli-Q water to a concentration of 100 ng/μl and each pair 
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(27FC/27F-A; 1492RC/1492F-A) mixed in equal volumes to give a degenerate primer 

mix for the forward primer 27F and reverse primer 1492R.    Primer sequences were 

27F-C 5'-AGAGTTTGATCCTGGCTCAG-3, 27F-A 5'-AGAGTTTGATCATGGCTCAG-3', 

1492R-C 5'-TACGGCTACCTTGTTACGACTT-3', 1492R-T 5'-

TACGGTTACCTTGTTACGACTT-3' (Lane, 1991).    PCRs were carried out using a G-

STORM GS482 PCR machine, in 25 μL using a Hi-Fidelity DNA polymerase master mix 

(Accuzyme, Bioline, UK).   12.5 μL of PCR mix was mixed with 10 μL of template (1 

ng/μl) and 1 μL of each degenerate primer mix, and 0.5 μL of Milli-Q water.   The PCR 

reaction programme was 94°C 5 min, 30 cycles of 94°C 1 min, 55°C 1min, 68°C 2.5 

min, followed by final extension at 68°C for 5 min.   1 μL of PCR reactions were 

checked on a 1% agarose gel (Bioline) and DNA was stained for visualization with 

GelRed (2μL in 40mL), and visualized under UV light on a BioRad Gel documentation 

station.   The remaining PCR reaction, to be used for sequencing was run out by 

electrophoresis on a 1% agarose gel and the PCR fragment purified by gel 

extraction where DNA was stained with SYBER-SAFE (4μL in 40mL) and visualized 

under non-UV light using a Visi-Blue UV Transilluminator (UVP).   Finally, PCR fragments 

were sequenced from the degenerate primers by dye terminator sequencing 

(MWGEurofins). To determine the isolate identities 16S rRNA gene sequences were 

imported into MEGA5 (Jogler et al., 2011).  Sequences were trimmed according to 

recommendations from the sequencing reports.   Each pair of sequences from the 

PCR products was aligned using ClustalW and base pair mismatches confirmed 

using the primary sequence trace data.  The identification of phylogenetic 

neighbours was initially carried out by the BLAST (Altschul et al., 1997) and 

megaBLAST (Zhang et al., 2000) programs against the database of type strains with 

validly published prokaryotic names (Kim et al., 2012).  The top thirty sequences with 
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the highest scores were then selected for the calculation of pairwise sequence 

similarity using a global alignment algorithm, which was implemented at the 

EzTaxon-e server http://eztaxon-e.ezbiocloud.net/; (Kim et al., 2012). The threshold 

for identity in the 16S rRNA gene comparison for identification to species level was 

97% identity to type strains (Stackebrandt and Goebel, 1994).    

 

3.2 Thymine Dimer Detection 

Chapter 5 describes the development and testing of an Enzyme-Linked 

Immunosorbent Assay (ELISA) to detect thymine dimers in the DNA of UV irradiated 

microorganisms in partially treated water flows from a treatment works. When 

investigating dose-responses in cultured cell DNA was treated in vivo in order to 

ensure it was subject to normal repair mechanisms. 

 

3.2.1 ELISA Optimisation Experimental Design 

Figure 3-3 provides a flowchart of the experimental design used for optimising the 

ELISA protocol. All optimisation work for antibody dilutions and substrate 

concentrations was carried out using UV treated or untreated naked E.coli gDNA as 

a means of ensuring maximum DNA response to UV light, optimisation experiments 

used highly irradiated 500mJ/cm2 naked DNA.    For optimising antibody 

concentration and substrate concentrations 50ng of E.coli gDNA, either UV treated 

or untreated (see Section 3.2.4), was bound in triplicate to wells on 96-well plates, a 

no DNA control was always included.    The ELISA protocol was carried out as per 

Section 3.2.3).   Primary (H3Ab) and secondary antibodies were used at the 

indicated dilutions.   UV dose-response tests on E.coli gDNA were carried out on DNA  
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Figure 3-3 – Flow chart for antibody optimisation data presented in Figures 5-1, Figure 

5-2, Figure 5-3, Figure 5-5. 
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extracted from cell suspensions prepared for and exposed to UV following the 

protocol in Section 3.2.5. 

 

3.2.2 ELISA for Treatment Process Samples - Experimental Design 

Figure 3-4 provides a flow chart of the experimental design for testing in vivo DNA 

from either cell cultures or water samples.   Samples were taken from post Granular 

Activated Carbon (PGAC) in the water treatment works.   The samples were 

collected in autoclaved bottles as a single approximately 2L sample and 

transported back to the lab chilled and stored at 4 oC until processed (Max 48hrs).   

Staff collecting samples were asked to follow the works standard sampling 

procedures.     The 2L sample was mixed by shaking and aliquoted into Petri dishes 

for the collimated beam tests see section 3.1.3. 

 

Following UV treatment by collimated beam.  DNA from the samples was extracted 

using the POWERwater DNA extraction kit methodology supplied with the kit, see 

Section 3.2.6.   DNA concentration in these samples was below the detection limit of 

the Nano-Drop spectrophotometer, so a highly sensitive PicoGreen assay was used 

in place of spectrophotometric detection see Section 3.2.7.   50% of the DNA 

samples were used for DNA quantification and 50% for thymine dimer response 

determination by ELISA, see section 3.2.3. 

 

3.2.3 ELISA 

Each sample was measured in triplicate.  The ELISA technique was similar to that 

previously described by Roza et al, (1988).  96-well polystyrene plates were coated 

with poly-L-lysine (PLL) for 30mins at room temperature.   Coated wells were washed  
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Figure 3-4 – Flow chart for dose-response data presented in Figures 5-4, Figure 5-6, 5-

7, 5-9, and Figure 5-10. 
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3 times with Tris-Buffered-Saline (TBS) and 50µL of extracted DNA was incubated in 

coated wells for 16-20hrs at 37°C.     DNA was aspirated and wells washed 3 times 

with 0.05% TWEEN 20 in phosphate buffered saline (PBST).   As a primary antibody, a 

mouse anti-thymine dimer monoclonal antibody (H3 clone, Sigma) was diluted 

1:1000 in 0.05% PBST containing 1% heat-inactivated fetal bovine serum (PBST-FCS).    

100µL of primary antibody (H3Ab) dilution was incubated in wells for 45mins at 37°C.  

Wells were washed three times with PBST-FCS and incubated for 1hr at room 

temperature with 100µL of a 1:1000 dilution in PBST-FCS of a polyclonal goat anti-

mouse secondary antibody conjugated to horseradish peroxidase (HRP) (Sigma).    

Following aspiration of the secondary antibody, wells were washed 3 times with PBST-

FCS (this wash step was included after initial optimisation of the primary antibody 

concentration suggested a high non-specific background binding occurred) and 

then 3 times with citrate buffer pH 5.0.  After the third wash 25µl of citrate buffer was 

added to each well.   A two times stock of development buffer was made in citrate 

buffer pH 5.0 and contained 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid 

(ABTS) at 4.8mg/ml and hydrogen peroxide at 180µg/ml.   25µL of development 

buffer was added to each well and optical density was measured using a multi-well 

plate reader set at 405nm every 2 minutes until one of the wells exceeded the 

measurement range of the instrument.   Mixing was by orbital shaking in the plate 

reader at 500rpm for 1min prior to the first measurement. 

 

3.2.4 E.coli naked gDNA preparation and UV treatment of naked DNA 

A single colony of Escherichia coli cells maintained on tryptone soy agar plates 

stored at 4°C was transferred using a sterile bacteriological loop to 10mL sterile 

tryptone soy broth media and incubated unshaken at 37°C in an incubator for 36hrs.   
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Escherichia coli gDNA was obtained by extraction of DNA directly from the 36-hour 

liquid culture by filtering the cell suspension using 22µm filters . DNA extraction 

proceeded according to the POWERwater DNA extraction kit methodology supplied 

with the kit, see section 3.2.6.  The DNA was quantified using a nano-

spectrophotometer (Thermo Scientific NanoDrop 1000).  Its concentration was 

adjusted to 1µg/mL.  Where naked DNA was exposed to UV, 5mL of the 1µg/mL 

stock it was exposed under a collimated beam apparatus using the same protocol 

as cell suspensions and water samples (see Section 3.1.3).   The UV treated naked 

DNA was exposed to a UV dose of 500mJ/cm2. 

 

3.2.5 Preparation of in-vivo UV treated E.coli gDNA preparation and UV treatment 

A single colony of Escherichia coli cells maintained on tryptone soy agar plates 

stored at 4°C was transferred using a sterile bacteriological loop to 10mL sterile 

tryptone soy broth media and incubated unshaken at 37°C in an incubator for 18hrs.   

2 x 1.5mL was transferred to 2 x1.5mL sterile Eppendorf tubes and cultures were 

pelleted in a benchtop centrifuge (Eppendorf) for 1min at 13,000 rpm.    The media 

was aspirated, and the cell pellets were resuspended in 200mL of sterile PBS, and the 

OD254 was determined using a UV-VIS spectrophotometer.  20mL samples from this 

stock were exposed to UV doses 0,10, 20, 40, 80 mJ/cm2 using the collimated beam 

procedure in Section 3.1.3.   The in-vivo treated E.coli gDNA was obtained by filtering 

the cell suspensions using 22µm filters. DNA extraction proceeded according to the 

POWERwater DNA extraction kit methodology supplied with the kit, see section 3.2.6.   

The DNA was quantified using a nano-spectrophotometer (Thermo Scientific 

NanoDrop 1000.).  The concentrations of the in-vivo UV treated E.coli gDNA was 

adjusted to a stock concentration of 1ng/µL in Buffer A. 
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3.2.6 PowerWater DNA extraction 

Treated or untreated samples (either from treatment works or cell suspensions) were 

filtered onto nitrocellulose filters and DNA was extracted using a PowerWater® DNA 

isolation kit (MoBio) according to the manufacturer's instructions.   The kit uses a 

standard DNA extraction technique in which cells are lysed in a lysis buffer and 

proteins and lipids are precipitated by low pH salt precipitation (pH approx. 5.0).   

DNA at low pH is bound to a resin column and washed with ethanol prior to elution 

from the column in neutral pH elution buffer, either water or Tris based in 100µL 

volumes. 

 

3.2.7 DNA quantification of indigenous gDNA 

The concentration of DNA was determined using PicoGreen® (Invitrogen) with 

fluorescence response determined using a BMG Labtech POLARstar Omega Plate 

Reader fitted with a 485nm 10nm bandpass excitation filter and 520nm and 10nm 

bandpass emission filter.   Determinations were done in triplicate for each sample. 

Mixing was by orbital shaking in the plate reader at 500rpm for 1min prior to the first 

measurement.  The DNA standard used was an E.coli gDNA preparation prepared in 

the same way as the samples, whose concentration was determined using a 

Nanodrop 1000 micro-spectrophotometer. Required standard concentrations were 

made by serial dilutions in Tris-EDTA diluent. 

 

3.2.8 Data Analysis 

Both endpoint and initial reaction rates were used to analyse dose-response curves 

for the data.   For the endpoint analysis, the absorbance at 405nm of the coloured 

ABTS end product was measured at the time point immediately prior to instrument 
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saturation.  Data were normalised to a unit mass of DNA.  Data is reported as either 

OD405nm per unit mass of DNA or a ratio of OD405nm at specific doses per unit 

mass of DNA to OD405nm for the positive control per unit mass of DNA wherein 

“OD405nm” is the Optical Density (absorbance) at 405nm. Where replicates were 

used, data from the replicates of each dose on each plate were averaged. Error 

bars are shown as 1.96x standard error of the replicates (assuming a normal 

distribution).  

 

For the initial rate analysis, the rate of ABTS conversion during the initial stages of the 

reaction was determined for each well (expressed as change in OD per unit time) 

and the rates averaged to provide a mean rate value for each dose.  Data were 

normalised to a unit mass of DNA loaded per well (expressed as change in OD per 

unit time per unit mass of DNA).    Data were reported as either initial rate of ABTS 

conversion per unit mass of DNA at specific doses or as a ratio of ABTS conversion at 

specific doses per unit mass of DNA to the rate of ABTS conversion of the positive 

control per unit mass of DNA. Error bars represent 1.96x standard error of the 

replicates (assuming a normal distribution). 

 

3.2.9 Statistical Tests 

Linear regression analysis was undertaken in Microsoft Excel.   The significance level 

for P-values was set at 95%.    95% confidence intervals of the regression determined 

from the Excel regression analysis.   Significant testing of count data was by t-Tests at 

the 95% significance level.  In situations where the same plate was counted on 

consecutive days a paired, 1-tail t-Test was used.   All other t-Tests were 2-tail tests.  

Coefficient of variance was calculated as the standard deviation/mean. 
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3.2.10 Quality Control/Quality Assurance –  

3.2.10.1 Surrogate Screen 

All UV intensity measurements were taken using a calibrated IL1700 radiometer with 

an SED240 sensor.    Prior to using the collimated beam apparatus, the lamp was 

allowed to warm up for at least 20min.    During the screening procedure, controls 

were included in each plating as follows: negative controls for contaminated 

diluent, negative controls for airborne contamination of the plates during drying, 

negative controls for plate contamination, i.e. plates not spread with a sample or 

exposed to air.   A method blank of sterile RO water was included in which no 

sample was added, but this control was processed in the same way as samples, with 

the exception of dilution.   This method blank provided confidence that the total 

procedure did not introduce significant numbers of heterotrophs.   These controls in 

total provide confidence that while numbers of survivors on UV treated plates were 

low, they were unlikely to have arisen from the experimental method.   To gauge 

whether the act of either opening the incubator or count plates influence repair of 

UV damage DNA in Experiment 2 an additional set of controls was included in which 

UV treated sample for the four treatment points and sterile water were incubated in 

the dark in the incubator, either in a black bag so light could not influence them 

when the door was opened, or on the shelf (not in a black bag, but not taken out of 

the incubator to count.    These were counted after 10 days incubation.  This 

experiment demonstrated P-values from t-tests on the triplicate plates indicated 

anecdotally that in that experiment there was no indication of DNA repair 

mechanisms being activated by the act of counting.   Two of the isolates were 

picked from plates in this experiment (39-1 Flavobacterium succinicans and 37-1 

Rheinheimera chironomi) following the same isolate picking procedure informed by 
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colony morphology on method colony plates).  Data from this control is included in 

Appendix B. 

 

3.2.10.2 PCR sequencing 

All PCR experiments included control reactions as follows: negative controls in which 

both primers were omitted from the reaction.   The procedure also included a 

method blank in which the template DNA was omitted from a reaction.    In these 

cases, water was added to ensure component concentrations were maintained.   

All reactions were run out with size markers to assess fragment length.    These 

controls ensure PCR fragments are the result of a specific annealing between 

primers and template DNA and not the result of contamination or non-specific 

events. 

 

3.2.10.3 UV Dose-response Determination of Isolates 

During UV dose-response determination, the following controls and method blanks 

were used:    During growth in the orbital water bath, all experiments included media 

not inoculated with isolates. As dense opaque cultures where required following 

incubation, this control was assessed visually at the end of incubation.    No 

experiment continued if the media blank was not clear.    All plating procedures 

included method blanks for the phosphate buffered water used during the washing 

steps (termed PBW) and uninoculated media (termed media). 

 

3.2.10.4 ELISA controls 

All 96-well plate enumerations included negative controls as follows:  reactions 

omitting either the primary antibody or the secondary antibody, these controls 
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demonstrate the specificity of the response to the antibody pair and that the 

individual antibodies do not bind non-specifically to DNA.   In addition, a negative 

control omitting DNA was also used to demonstrate antibodies do not bind non-

specifically to the wall of the well.    All ELISA protocols included known positive 

controls of naked UV-irradiated DNA.     A negative control of unirradiated sample 

was included in all experiments these samples were otherwise treated the same as 

irradiated samples.  
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4 POTENTIAL FOR A LOW-DOSE INDIGENOUS BACTERIAL LOW-

PRESSURE ULTRAVIOLET DOSE SURROGATE IN DRINKING 

WATER TREATMENT  

4.1 Introduction, Aims, and Objectives 

The identification of an indigenous organism that is present in high enough numbers 

at the stage in a treatment process at which  UV disinfection would typically be 

installed might form the basis of a simple sample measurement parameter for direct 

UV reactor performance verification without the need for spiking exogenous 

organisms.   An ideal surrogate organism would be ubiquitous, easily enumerated 

and slightly more resistant to UV light than Cryptosporidium.     

 

It was decided to screen aerobic heterotrophs for the following reasons:  

(i) previous studies suggested that they were the most abundant bacterial 

population in wastewater effluent (Chauret et al., 1999) and they have 

been cultured in significant numbers in post-filtration samples from drinking 

water treatment processes (Stetler et al., 1992),  

(ii) as a group, heterotrophic bacteria have similar UV sensitivity to 

Cryptosporidium, as collated in Malayeri et al. (2016),  

(iii) they can be grown and enumerated using simple culture-based methods.    

 

Although having similar UV sensitivity to Cryptosporidium, it was expected that the 

majority of heterotrophs present would be more sensitive to UV light than 

Cryptosporidium and therefore not useful as a surrogate (Malayeri et al., 2016, 

Chevrefils et al., 2006) and Figure 2-6.   The same successful UV screening method 

that was used by Rochelle et al (2010) was adopted to select those heterotrophs 
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that are most resistant to UV treatment.   In the present study, samples were 

obtained from a UK water treatment works that uses a treatment process involving 

pre-screening, pre-ozonation, coagulation, flocculation, clarification, rapid gravity 

filtration, post-ozonation, adsorption on a granular activated carbon bed and final 

disinfection with chlorine before sending into supply. 

 

The specific objectives of this work were to:  

(i) identify some of the representative UV-resistant heterotrophs at the water 

treatment stages where UV disinfection systems would typically be 

installed,  

(ii) determine the UV dose-response of the isolated organisms, and  

(iii) assess their suitability for operational UV disinfection system performance 

monitoring considering Cryptosporidium as the target pathogen. 

 

4.2 Results 

Samples were obtained from a water treatment works in the UK implementing a 

treatment process illustrated in Figure 3-2. The treatment process overall is typical of 

many advanced surface water treatment processes and involves a pre-coagulation 

ozone treatment of raw water to aid subsequent removal of organic matter and 

organic compounds, including pesticides, and to improve clarification.   A ferric 

sulfate based coagulation and flocculation process with associated pH adjustment.   

Following clarification, water is filtered through rapid gravity filters prior to post-

ozonation and adsorption by Granular Activated Carbon adsorbers.  Finally, 

disinfection is by the addition of chlorine prior to discharge to the distribution system. 
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Four sampling points along the treatment process were selected:  raw, post pre-

ozone (PPO), post rapid gravity filters (PRGF) and post granular activated carbon 

(PGAC) indicated in Figure 3-2.    In this treatment process a UV reactor, if added, 

would likely be immediately prior to final chlorination.  In less advanced treatment 

processes that do not require post-ozonation and carbon-contacting UV reactors 

may be added immediately after rapid gravity filtration.   In this work, the PRGF and 

PGAC samples are considered representative of the sort of partially treated water 

that might commonly pass through UV reactors in service.  Other samples were 

included in this screen as a means of determining if organisms with increased UV 

resistance occur at other treatment points and as controls for UV effectiveness. 

 

A UV screening process similar to that used by Rochelle et al. (2010) was used to 

determine if organisms with increased UV resistances are present in the samples 

tested.   The screen involved treating samples with a screening dose of UV at 

40mJ/cm2 and plating UV-treated and untreated controls on non-selective low 

nutrient growth media.   Investigation of culture conditions on R2A agar indicated 

that generally incubation at 22°C for at least 5 days resulted in significantly (P<0.05) 

more CFU/mL counts than at 30°C or 26°C (Table 4-1).  In some experiments P-values 

indicate there was no advantage in extending incubation to 5 or 7 days.  However, 

most indicate a statistically significant (P<0.05) increase in CFU/mL counts at these 

longer incubations times, and there was no disadvantage to extending incubation 

to 7 days. All the HPC counts in Table 4-2 are for incubation at 22°C at 7 days. 
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Table 4-1 – Effect of incubation temperature and time of incubation on CFU counts from three separate samples from the same 

water treatment works, 

 

A 16.06.2010 

Incubation temperature (°C) 22 22 22 26 26 26 30 30 30 

Incubation time (days) 3 5 7 3 5 7 3 5 7 

mean (cfu/ml) 49400 52600 55000 45133 49400 51800 33667 36400 39600 

sd 6931 6762 5903 8723 9355 11259 5619 5909 7000 

p(independent t-test) 22°-26°/30° - - - 0.273 0.329 0.346 0.020 0.018 0.023 

p(paired t-test) 3d-5d/7d - 0.001 0.006 - 0.004 0.023 - 0.025 0.024 

p(paired t-test) 5d-7d 0.001 - 0.021 0.004 - 0.082 0.025 - 0.026 

 

B) 14.07.2010 
Incubation temperature (°C) 22 22 22 26 26 26 30 30 30 

Incubation time (days) 3 5 7 3 5 7 3 5 7 

mean (cfu/ml) 9400 12467 12933 4867 5187 5367 4860 5067 5160 

sd 2088 4086 4347 571 622 630 476 653 572 

p(independent t-test) 22°-26°/30° - - - 0.028 0.044 0.046 0.029 0.043 0.044 

p(paired t-test) 3d-5d/7d - 0.059 0.057 - 0.004 0.003 - 0.055 0.035 

p(paired t-test) 5d-7d 0.059 - 0.059 0.004 - 0.014 0.055 - 0.030 

 

C 29.07.2010 

Incubation temperature (°C) 22 22 22 26 26 26 30 30 30 

Incubation time (days) 3 5 7 3 5 7 3 5 7 

mean (cfu/ml) 108667 134000 142667 104667 116000 122000 74000 80000 80667 

sd 25007 28000 33724 29143 30265 33045 13856 10583 9866 

p(independent t-test) 22°-26°/30° - - - 0.433 0.246 0.245 0.028 0.018 0.022 

p(paired t-test) 3d-5d/7d - 0.002 0.017 - 0.012 0.009 - 0.014 0.021 

p(paired t-test) 5d-7d 0.002 - 0.134 0.012 - 0.094 0.014 - 0.042 
1-tail Independent t-tests are used to compare significance between temperatures . 1-tail paired t-tests are used to compare the repeated measures at 3,5 and 7 days.     

ATTRIBUTION NOTE: The primary (raw) count data was generated during an MSc dissertation laboratory project and the MSc student presented their analysis of this data in Court (2010).   The raw count data is 

available in the appendix of this thesis.  The author of this work carried out an independent analysis of the raw data according to the analysis procedures described in the Material and Methods section of this 

thesis. 
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Table 4-2 – Mean CFU/mL of total heterotrophs from each sampling point. 

Expt. Incubation 

Time (days) 

Total Heterotrophs  CFU/mL 

RAW Post Pre-Ozone Post Rapid 

Gravity Filter 

Post Granular 

Activated 

Carbon 

Sterile RO Water Media 

Only 

Air Diluent 

 

-UV +UV -UV +UV -UV +UV -UV +UV -UV +UV -UV -UV -UV 

1 7 102000 449 38267 205 6980 14 947 0.0 1.3 0.7 0.0 2.0 0.7 
  (28000) (157) (12166) (97) (2064) (11) (220) - (2.3) (1.15) - (3.46) (1.15) 

2 7 5113 155 2947 55 2800 30 1120 40.7 0.0 0.7 0.7 1.3 0.0 
  (791) (44) (1508) (3) (498) (20) (80) (65.3) - (1.15) (1.15) (2.3) - 

3 7 20800 391 3753 13 4367 3 628 5.3 0.7 2.0 0.0 2.7 0.0 
  (1510) (100) (959) (4) (682) (3) (16) (4.6) (1.15) (2.0) - (3.78) - 

4 7 64267 227 39467 309 2880 5 515 2.7 0.0 1.3 0.0 1.3 0.7 
  (6227) (33) (1747) (65) (242) (4) (65) (2.3) - (1.15) - (1.15) (1.15) 

Mean @ 7 day 48045 305 21108 146 4257 13 802 12.4 0.5 1.2 0.2 1.8 0.4 

±SD ±43817 ±137 ±20514 ±137 ±1953 ±12 ±280 ±19 ±0.6 ±0.6 ±0.4 ±0.7 ±0.4 
Values in italics include counts from plates with fewer than 30 CFU.  +UV indicates a UV dose of 40mJ/cm2. Experiment 1 sample date 16.06.10, Experiment 2 sample date 30.06.10, Experiment 3 sample date, 

14.07.10, Experiment 4 sample date 29.07.10). 

ATTRIBUTION NOTE: The primary (raw) count data was generated during an MSc dissertation laboratory project and the MSc student presented their analysis of their data in Court (2010). The raw count data 

used is available in the Appendix of this thesis.  The author of this work carried out an independent analysis of the raw data according to the analysis procedures described in the Material and Methods 

section of this thesis.  Differences between this analysis and the original presentation in Court (2010) are as a result of correction of errors in analysis and calculation. 

 

Table 4-3 – Mean cumulative log inactivation of total heterotrophs collected from each sampling point. 

Expt. (-UV) 
Incubation 

Time (days) 

Log Removal/Inactivation 

RAW Post Pre-Ozone Post Rapid 

Gravity Filter 

Post Granular 

Activated 

Carbon 

-UV +UV -UV +UV -UV +UV -UV +UV 

1 7 0.00 2.36 0.43 2.27 1.16 2.70 2.03 3.50 

2 7 0.00 1.52 0.24 1.73 0.26 1.97 0.66 1.44 

3 7 0.00 1.73 0.74 2.46 0.68 3.16 1.52 2.07 

4 7 0.00 2.45 0.21 2.11 1.35 2.76 2.10 2.28 

Mean @ 7 day 0.00 2.01 0.41 2.14 0.86 2.65 1.58 2.32 

±SD 0.00 0.46 0.24 0.31 0.49 0.50 0.66 0.86 
Values in italics derived from plates with fewer than 30 CFU.  +UV indicates the log inactivation achieved at each sample point by a UV dose of 40mJ/cm2.   

ATTRIBUTION NOTE: Data in this table was generated by the author from data in Table 4-2, see the table attribution note to Table 4-2 for further information on data origin and analysis. 
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The individual CFU/mL counts, with and without a 40 mJ/cm2  UV treatment, after the 

incubation time indicated, for the four treatment plant sample points are shown in 

Table 4-2   Since CFU counts per plate were below 30 in the post-rapid gravity filter  

 (PRGF) and post-granular activated carbon (PGAC) samples. The method controls 

were important in establishing a baseline for the numbers of colonies that arise from 

the experimental method, the mean background numbers arising from the method 

are low and colony morphology of those colonies found on the method controls 

was used during isolate picking to inform isolate selection and avoid colony types 

that might be contaminants. Table 4-3 shows data related to the effectiveness of the 

treatment process in reducing HPC levels cumulatively along the treatment process.   

In addition, it shows the log inactivation of HPCs achievable at each treatment 

stage by a 40mJ/cm2 UV dose.  The treatment process achieved a cumulative 

mean log reduction in HPCs of 0.86-log reduction after rapid gravity filtration and 

1.58-log prior to chlorine disinfection.   The mean CFU/mL counts at these sampling 

points were 4257 and 802, respectively.   In general, the effectiveness of a 40 

mJ/cm2   UV treatment increased for samples collected further downstream in the 

overall treatment process, with mean log inactivation values of 2.01, 2.14, 2.65, 2.32 

for raw, post-pre-ozonation (PPO), PRGF, and PGAC samples, respectively. The PRGF 

and PGAC sample locations represent the typical points in the treatment process to 

install a UV reactor.   Isolates were selected from PRGF plates treated with UV light at 

40 mJ/cm2   and initially streaked on R2A and TSA agar plates and grown at 30°C.   

Isolates 9-1 and 56-1 failed to grow on TSA agar and were subsequently re-streaked 

on R2A agar for maintenance. Isolate 39-1 showed no growth at 30°C and was 

streaked and grown successfully on R2A and TSA agar incubated at 22-25°C.   Table 

4-4 shows the media used for culture and maintenance of the isolates together with  
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images of the colonies selected.   Isolates 9-1 and 56-1 shared the following colony 

characteristics: shiny bright yellow, circular, pulvinate colonies with an entire margin.   

Isolates 55-2 and 37-1 were both off-white to dark cream, circular, convex colonies 

with entire to irregular margins.   These isolates, when grown on TSA agar, produced 

a brown pigment that stained the colonies and media after 5-7 days at 30°C.  On 

R2A agar pigment was less noticeable.   Isolate 39-1 produced yellow, round, 

spreading umbonate colonies with entire edges.   Colonies from either R2A or TSA 

agar were identified by 16S ribosomal subunit partial DNA sequencing.   The raw 

sequences are included in Appendix A.   The genus level identity of the isolates is 

shown in Table 4-4 and was determined by sequence comparison of the partial 16S 

rRNA DNA sequences against the EzTaxon-e database (Kim et al., 2012).   

Significantly, isolates with similar colony characteristics isolated from independent 

experiments returned sequences giving the same identification and similar 

percentage identity to type species.  

 

To determine if these isolates had potential as indigenous surrogates for the 

inactivation of Cryptosporidium by UV disinfection, UV dose-response profiles for the 

isolates were generated by using the collimated beam to deliver a range of 

measured UV doses to suspensions of isolate cells grown in pure liquid cultures 

(Figure 4-1 and Figure 4-2) 

 

UVT was used as a standardisation parameter, and a UVT above 70% was desirable 

as the UVDGM suggests the typical range of UVT considered in reactor validation 

are in the range 70-90%.  All but one of the liquid cultures used for UV dose  
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Table 4-4 – The isolates from water samples collected post-rapid gravity filtration (PRGF) and treated with a UV dose of 40 mJ/cm2. 

Strain 

ID 

Sample 

Date 

Sample 

Point 

Identity by partial 16sRNA DNA 

sequence, (% identity to type strain 

sequence) 

Liquid Media, Temp 

(°C), Time (days) 

Solid Media, Temp 

(°C), Time (days) 

55-2 16/6/2010 PRGF Rheinheimera chironomi (99.7) TSB, 30, 2 R2A/TSA, 30, 2 

37-1 30/6/2010 PRGF Rheinheimera chironomi (99.4) TSB, 30, 2 R2A/TSA, 30, 2 

9-1 30/6/2010 PRGF Sphingopyxis chilensis (99.4) L9, 30, 3 R2A, 30, 3 

56-1 16/6/2010 PRGF Sphingopyxis chilensis (99.6) L9, 30, 3 R2A, 30, 3 

39-1 30/6/2010 PRGF Flavobacterium succinicans (97.8) TSB, 22, 2 R2A/TSA, 22-25, 2 

 

BLAST sequence comparison of the two Sphingopyxis chilensis isolates indicates 917/920 sequence identity (99.7%) over the shortest 

sequence length of the two isolates, the Rheinheimera chronomi isolates share 795/796 sequence identity (99.8%) over the shortest 

sequence length of the two isolates. 

 

   9-1            56-1       39-1   37-1       55-2 

 

 

  

 

 

 

 

 

   Sphingopyxis chilensis          Rheinheimera chironomi 

     Flavobacterium succinicans 

Scale bar = 5mm 

 
ATTRIBUTION NOTE:  The data presented in the table was generated by the author of this work.  The raw photographs of the isolates were taken during an MSc dissertation laboratory project and the MSc 

student presented their analysis in Court (2010). The author of this work prepared the above plates from the raw photographs in order to include a scale bar. 
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(a)  

 

 

 

 

 

 

(b)  

 

 

 

 

 

(c)  

 

 

 

 

 

 

 

 

 

Figure 4-1 – UV dose-responses of the two Sphingopyxis chilensis isolates in this study. 

(a) Sphingopyxis chilensis isolate 9-1,* indicates the mean is calculated from two sets of triplicate 

values (b) Sphingopyxis chilensis isolate 56-1, one of the three values for 0mJ/cm2  is a mean of 

duplicate plates (c) Dose-response curve from pooled data for the Sphingopyxis chilensis 

isolates. The USEPA UV Disinfection Guidance Manual (2006) Cryptosporidium UV dose-response 

is shown as a thick dashed curve.   Thin dotted lines are the 95% confidence interval. 
 
ATTRIBUTION NOTE: For attribution note see note with Figure 4-2. 

 

Parameters Parameter 

values 

Standard 

Error 

f 0.9999 0.00021 

kmax1 0.91 0.22 

kmax2 0.00 0.12 

LOG10(N0) -0.06 0.12 

Sl (shoulder length) 2.63 0.86 

 

Measures of Goodness of Fit  

Mean Sum of Squared Error 0.0560 

Root Mean Sum of Squared Error 0.2367 

R-Square 0.9794 

R-Square adjusted 0.9725 

 

Parameters Parameter 

values 

Standard 

Error 

f 0.9998 0.00038 

kmax1 0.91 0.29 

kmax2 0.00 0.12 

LOG10(N0) -0.01 0.20 

Sl (shoulder length) 1.46 1.33 

 

Measures of Goodness of Fit  

Mean Sum of Squared Error 0.1191 

Root Mean Sum of Squared Error 0.3451 

R-Square 0.9616 

R-Square adjusted 0.9462 

 

Parameters Parameter 

values 

Standard 

Error 

f 0.9998 0.00131 

kmax1 0.91 0.18 

kmax2 0.00 0.44 

LOG10(N0) -0.02 0.11 

Sl (shoulder length) 2.06 0.77 

 

Measures of Goodness of Fit  

Mean Sum of Squared Error 0.0918 

Root Mean Sum of Squared Error 0.3029 

R-Square 0.9621 

R-Square adjusted 0.9564 
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Figure 4-2 – UV dose-responses of the Flavobacterium succinicans isolate 39-1 

isolates in this study. 

The USEPA UV Disinfection Guidance Manual (2006) Cryptosporidium UV dose-

response is shown as a thick dashed curve.   Thin dotted lines are the 95% 

confidence Interval. 

 
ATTRIBUTION NOTE: The primary (raw) count data for Figure 4-1 and Figure 4-2 was generated during an MSc dissertation laboratory 

project and the MSc student presented their analysis of their data in Luce (2011). The raw count data is available in the appendix of 

this thesis.  The author of this work carried out an independent analysis of the raw data according to the analysis procedures 

described in the Material and Methods section of this thesis.  Differences between the data presented in Luce (2011) and this work 

arise from application of data quality control described in the Materials and Methods, and correction of analysis and calculation 

errors in the original MSc dissertation presentation. 

 

 

Parameters Parameter 

values 

Standard 

Error 

f 0.9992 7.48930 

kmax1 2.75 3328.32 

kmax2 0.00 0.07 

LOG10(N0) 0.00 3.29 

Sl (shoulder length) 1.67 1612.07 

 

Measures of Goodness of Fit  

Mean Sum of Squared Error 0.1968 

Root Mean Sum of Squared Error 0.4437 

R-Square 0.9132 

R-Square adjusted 0.8901 
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profile determination had a UV transmittance (UVT) in the range 74.0-78.3% and one 

culture for isolate 9-1 had a UVT of 86.3%. Figure 4-1 shows the UV dose-response 

curves for the two Sphingopyxis chilensis isolates, and Figure 4-2 the UV dose-

response curve for Flavobacterium succinicans.  The UV dose-responses for 

Rheinheimera chironomi grown in TSB were undertaken.  However, the isolate 

demonstrated reductions in viability over time when stored on TSA media.   Dose-

response experiments for Rheinheimera chironomi grown in TSB and plated on TSA 

showed considerable variation between experiments and this, taken together with 

the reductions in viability during storage on TSA, made these results unreliable to 

report.  

 

All the isolates indicated some degree of tailing at higher UV doses (Figure 4-1 and  

Figure 4-2).   The two isolates of S. chilensis demonstrated similar UV dose-response 

relationships and exhibited a biphasic response ( Figure 4-1a and Figure 4-1b).   

Sequence comparison of the 16s RNA fragments of the two Sphingopyxis chilensis 

isolates indicates greater than 97% sequence similarity (99.7%) and suggests these 

isolates are the same species.  Similarly, sequence comparison of the 16s rRNA 

fragments of the Rheinheimera chronomi isolates indicated 99.8% sequence identity 

indicating these isolates are the same species.   It is noted there is a phenotypic 

difference between the two colonies on the plates.  The reason for this is not clear. 

Therefore, the UV dose-response data was pooled and a combined UV dose-

response was calculated.   Figure 4-1c indicates the differences between the 

separate dose-response profiles were statistically insignificant (the 95% confidence 

intervals of the two isolates clearly overlap significantly).    The combined data 

indicates that between 2 and 7 mJ/cm2  these isolates are more resistant to 253.7 nm  

https://www.google.co.uk/search?hl=en&sa=X&ei=P4qFT8f8NYz78QOU--nHBw&ved=0CCQQvwUoAA&q=Rheinheimera&spell=1
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UV light than the indicated 95th-percentile Cryptosporidium UV dose-response.    The 

95% confidence interval indicates that this difference is statistically significant at the 

P<0.05 level.    Therefore, this species might be suitable as a surrogate for UV dose 

verification for Cryptosporidium inactivation in this UV dose range.  These values 

correspond to a maximum Cryptosporidium inactivation of 2.2-log inactivation of 

Cryptosporidium (USEPA, 2006).   Above 7 mJ/cm2   the S. chilensis isolates were more 

sensitive to UV than Cryptosporidium and therefore not suitable for dose verification 

in that dose range both because of the increased sensitivity relative to 

Cryptosporidium and the existence of a tailed UV dose profile. 

 

The F. succinicans isolate was more sensitive to UV than Cryptosporidium between 2-

12 mJ/cm2   (Figure 4-2).  The tail region for F. succinicans runs from 4 mJ/cm2 making 

it unsuitable as a UV dose verification measure above this dose. 

 

4.3 Discussion 

This part of the study has sought to address the current inability to directly verify, by 

biodosimetry, the dose delivery of operational UV disinfection reactors in drinking 

water treatment.    Previously, Rochelle et al. (2010) had used a 40mJ/cm2 low-

pressure monochromatic collimated beam to irradiate samples of the influent to a 

Metropolitan Water District (Southern California) water treatment plant.  They 

reported the native population of HPCs in the influent was generally very sensitive to 

UV and demonstrated a 3-log inactivation when treated with a 9.3mJ/cm2 LP-UV 

dose.   Their aim was, therefore, to use a 40mJ/cm2 LP-UV dose as a screening 

method to identify non-pathogenic heterotrophic bacteria with increased 

resistance to UV that might be suitable for use a UV dose surrogates, particularly for 
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virus inactivation.   Their premise was that if a non-pathogenic surrogate was present 

in the influent to a treatment works, it might be possible to obtain permission to inject 

it upstream of an online system for the purposes of dose validating UV systems in-situ 

and possibly on-line.    The study did identify non-pathogenic heterotrophs with some 

desirable characteristics for UV surrogates. Specifically, two isolates of Bacillus 

megaterium demonstrated a similar 3-log inactivation at a mean 67mJ/cm2 LP-UV 

dose, a Deinococcus aquaticus isolate a 3-log inactivation at 107mJ/cm2.   Neither 

of these isolates was sufficiently resistant to UV to be used as a viral surrogate, but 

they would be suitable for use as a Cryptosporidium surrogate. In order to isolate 

more resistant organisms, higher UV doses were used and spore-forming organisms 

were selected by pasteurisation of post UV treated samples.  The spores of Bacillus 

pumilus survived a 320mJ/cm2 screening dose and demonstrated a 3-log 

inactivation at a 246mJ/cm2 LP-UV dose. In the study, dose-responses were 

measured in phosphate buffered water, (a common matrix for such determinations), 

and the authors specifically addressed the question of whether phosphate buffered 

water affected dose-responses in comparison with dose-responses measured in 

treatment plant effluent.  They concluded there was no difference between dose-

responses measured in either medium. 

 

The study also considered dyed microspheres and looked specifically at the human 

health consequences of injecting dyed microspheres into a treatment process.    

While the study isolated non-pathogenic species and concluded that DMS did not 

pose a risk to public health, water undertakers involved in the study would not allow 

injection of either into the operating treatment system (although the non-toxicity of 

DMS was not known at the time that spiking of DMS was discussed). 
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The Rochelle et al. (2010) study did not try to isolate surrogates from within the 

treatment process.   If surrogates can be identified as native of the treatment 

process and in sufficient numbers, there would be no need to spike organisms into a 

treatment flow, and a measure of dose could be obtained from a sampling 

methodology while the UV system is operational (i.e. on-line).  The UV screening 

method, used by Rochelle et al (2010), was used here to identify heterotrophic 

organisms in samples of water from within a treatment process that might exhibit 

higher UV resistance than the general population of heterotrophs.  Using this 

approach two independent isolates of Sphingopyxis chilensis and an isolate of 

Flavobacterium succinicans were isolated and identified and their UV dose-response 

profiles determined.   It is noted that although method controls indicate that the 

number of colonies arising from the experimental method are low and colony 

morphology of the potential contaminants on the method control plants was used 

to guide colony selection when picking isolates, without sequencing colonies from 

the method controls it cannot be proven with certainty that the experimental 

method did not introduce microorganisms included in the counts or selected as an 

isolate. 

 

The Sphingomonadaceae are a family of diverse microorganisms, many members of 

which exhibit metabolic plasticity and are used in bioremediation, particularly of 

aromatic hydrocarbons (Lal et al., 2010, Shi et al., 2001, Fujii et al., 2001, Godoy et al., 

2003).   The Sphingomonadaceae are common in the environment and have been 

isolated from marine, soil, aquifer and freshwater samples as well as from sewage 

and water treatment plants and associated distribution systems (Joux et al., 1999, 

Vaz-Moreira et al., 2011, Srinivasan et al., 2011, Fujii et al., 2001, Shi et al., 2001, Gich 
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et al., 2005, Glockner et al., 2000, Zwart et al., 2002).  Sphingopyxis chilensis and other 

members of this genus have been isolated from environments with high UV exposure 

and/or been found to have higher UV tolerance than other heterotrophs (Joux et 

al., 1999, Baraniecki et al., 2002, Santos et al., 2013).   Sphingopyxis alaskensis, a 

marine ultramicrobacterium demonstrated significant cyclobutane pyrimidine dimer 

(CPD) repair compared to other marine bacteria (Joux et al., 1999).   This study 

demonstrates a shoulder in the UV dose-response of both S. chilensis isolates.   The 

shoulder of S. chilensis appears greater than that of F. succinicans and may be 

indicative of a higher CPD repair rate, similar to that reported for S. alaskensis (Joux 

et al., 1999). 

 

Flavobacterium sp. are common in both soil and freshwater (Bernardet and 

Bowman, 2006).  The genus Flavobacterium has a number of members that cause 

pathologies in fish.   Flavobacterium succinicans has been associated with lesions in 

salmon (Bernardet et al., 1996).   Flavobacterium columnare is the causative agent 

of columnaris, a serious disease of freshwater fish (Groff and Lapatra, 2000, 

Bernardet et al., 1996).   The UV dose-response of Flavobacterium succinicans has 

not previously been reported.     Hendrick et al (2000) reported high UV resistance of 

Flavobacterium psychrophilum with a 42 mJ/cm2   dose achieving 0.23-log 

inactivation.   However, no information is given regarding the growth or processing 

of cultures prior to treatment.   Specifically of importance is the removal of, or 

accounting for, highly absorbing growth media prior to irradiation.  The data from 

the present study suggest that UV disinfection might be a highly effective treatment 

for this group of fish pathogens. 
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Rheinheimera sp. are not well understood, but they have been isolated from both 

marine and freshwater environments as well as soil and in association with Diptera 

egg masses (Brettar et al., 2002, Romanenko et al., 2003, Brettar et al., 2006, Halpern 

et al., 2007, Yoon et al., 2007, Merchant et al., 2007, Zhang et al., 2008, Ryu et al., 

2008).   While a UV dose-response for it is not reported, its survival of the UV selection 

process in two independent isolations suggests it may have some intrinsic UV-

protective mechanism.   Some members of the genus produce pigments with 

absorbance in the UVC range (Grossart et al., 2009). 

 

The usefulness of these organisms as UV biodosimeters must be assessed against the 

desirable characteristics of a surrogate, these are summarised in Table 4-5.   Overall, 

when compared against the desirable characteristics of indigenous challenge 

microorganisms for verification testing, none of the isolates from this study are 

suitable for use as indigenous UV surrogates for UV system dose verification.  

 

Dose-response profiles of the isolates have been compared to the UV dose profile of 

Cryptosporidium as a common target pathogen for UV disinfection in drinking water 

treatment.  Flavobacterium succinicans is more sensitive to UV than Cryptosporidium 

throughout the relevant UV doses applied in this study and therefore cannot be 

considered a useful indigenous biodosimeter for Cryptosporidium inactivation.   

However, it may find a use in protocols that utilise two biodosimeters with UV 

sensitivities above and below that of Cryptosporidium as suggested in USEPA 

(2006)and Wright and Lawrynshyn (2000).   
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Table 4-5 – Summary of isolates suitability as indigenous biodosimeters 

Characteristics 

Equivalent characteristic 

for endogenous 

surrogates 

S. Chilensis F. succinicans 

Non-pathogenic  yes yes 

Growth to high 

concentrations 

Available in treatment 

processes at high 

concentrations 

no no 

Easily enumerated 

in a growth or 

infectivity assay 

 No 

Selection an issue 

No 

Selection an issue 

Similar UV 

inactivation 

kinetics to the 

target 

 Similar to 

Cryptosporidium but 

overall too sensitive 

no 

Minimal shoulder 

or tailing of dose-

response curves 

 Both exist limiting 

useability 

Both exist limiting 

useability 

Stable during 

preparation and 

use with minimal 

die off. 

Usually controlled by 

procedures in the test 

protocol. 

Dose-response curve 

possible to generate 

Dose-response curve 

possible to generate 
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S. chilensis was more UV-resistant than F. succinicans, and generally more similar to 

the dose-response of Cryptosporidium.    Significantly, between doses of 2 and 7 

mJ/cm2  , S. chilensis was more resistant than Cryptosporidium and therefore may be 

useful up to UV doses of 7 mJ/cm2  .  As such it may be of use for dose-verifying UV 

disinfection systems that aim to provide at most 2.2 to 2.5-log inactivation of 

Cryptosporidium. 

 

The data presented here represent the UV dose-response of laboratory-prepared 

cultures of isolates derived from UV-treated samples collected from a treatment 

works.   There is evidence that the growth history, conditions in cultures, particle 

association and DNA repair mechanisms affect the UV dose-response of organisms 

(Hijnen et al., 2006, Oguma et al., 2001, Sommer and Cabaj, 1993, Nicholson and 

Law, 1999).   Rochelle et al. (2010) isolated an aerobic spore-forming organism, 

Bacillus pumilus, whose dose-response could be manipulated by addition of 

manganese to the spore propagation medium.  Growth state and cell cycle stage 

are also known to influence the UV dose-response in E. coli (Bucheli-Witschel et al., 

2010), and environmental spores demonstrate increased UV resistance as compared 

to laboratory strains (Mamane-Gravetz and Linden, 2004).   It could also be 

expected that the selective pressure used in the UV screening method employed 

might lead to the isolation of individual cells with higher than normal UV resistance 

for the species under question.    Considering the data in this context it is possible 

that natural environmentally derived isolates that are not cultured prior to UV 

exposure might exhibit UV dose-response profiles with resistance that differ from 

those shown here.     
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An ideal indigenous biodosimeter should also be ubiquitous and available in 

numbers exceeding 6 x 104 CFU/mL.   At these numbers, a 3-log inactivation of the 

surrogate could be determined from a 0.5 mL sample.   Practically, numbers in 

excess of 105 CFU/mL would likely be a minimum to avoid the need for extrapolation.    

Both F. succinicans and S. chilensis and their wider related genera are abundant 

and widely distributed in the aquatic environment.  The Sphingomonadaceae family 

has recently been investigated for its abundance and diversity in various drinking 

water sources (Vaz-Moreira et al., 2011).   The study showed Sphingomonadaceae 

genera (Sphingomonas, Sphingobium, Novosphingobium, Sphingopyxis and 

Blastomonas spp.) were ubiquitously present in (i) water treatment plant (WTP) raw 

intake and final treated waters of both groundwater and surface waters, (ii) in 

biofilm samples from a demineralization filter, (iii) in tap water and (iv) in filler cups 

from dental chairs.   The abundance in the raw intake to the WTP of cultivatable 

Sphingomonadaceae was 100 CFU/mL and 101 CFU/mL after treatment.   Later in the 

distribution system, at taps and in filler cups, densities were 101 to 103 CFU/mL.   This 

data suggests the slow-growing, oligotrophic Sphingomonadaceae are able to 

grow in the treatment process and further into the distribution system.    Since they 

are common members of biofilm populations, the large surface areas of filter 

substrates in the treatment process and extensive biofilms built up within distribution 

infrastructure provide biofilm habitats in which they can grow and compete 

effectively in the low nutrient conditions of partially and fully treated water.   Vaz-

Moreira et al. (2011) did not sample pre-chlorination water at the WTP, so the likely 

densities available prior to chlorination, where UV reactors would typically be 

installed, can only be estimated. There is evidence that the Sphingomonadaceae 

family exhibit a range of resistances to chlorination with CT values from (0.03 to 32 
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mg min L-1) for a 4-log reduction (Furuhata et al., 2007).   The lower value is similar to 

the value for a 2-log reduction of E. coli at 5°C and pH 6-7 (Clark and Regli, 1993).   

Combining this data with that from Vaz-Moreira et al.  (2011), a process that 

provides 2-log reduction in E.coli may have at most 105 CFU/mL of 

Sphingomonadaceae.   Thus, it is unlikely that a sufficient density of S. chilensis, a 

single species within the group, would be present at the pre-chlorination step of the 

process for routine UV reactor performance monitoring.     

 

Enumeration of the Sphingomonadaceae is complicated by their slow growth rate 

relative to other heterotrophs.   The specific growth rate of Sphingopyxis alaskensis of 

0.2h-1, even under optimum growth conditions (Fegatella et al., 1998, Fegatella and 

Cavicchioli, 2000, Cavicchioli et al., 2003), is significantly lower than other 

heterotrophs.   As such, in the absence of a means of selection, the slower growing 

Sphingomonadaceae would be outcompeted by faster-growing heterotrophs.   

Indeed, Vaz-Moreira et al. (2011) suggest a possible reason for higher densities of 

Sphingomonadaceae in water further down the treatment process, and into supply, 

is the reduction in competition caused by the inactivation/removal of other species.   

Slow growth rates combined with a low abundance of potential indigenous 

surrogates could complicate counting in mixed cultures.   If concentration on filters is 

required to obtain sufficient numbers of organisms for counting, faster-growing 

members of the population would effectively out-compete the biodosimeters, 

preventing effective enumeration. As such, competition is likely a confounding issue 

when enumerating Sphingomonadaceae in natural mixed populations. 

 



 

140 

 

Flavobacterium spp. are common in water distribution systems and biofilms 

(LeChevallier et al., 1980) and growth rates for the Cytophaga-Flavobacterium 

phylum have been shown, by molecular techniques, to be similar to the 

Sphingomonadaceae in natural situations (Fuchs et al., 2000).  As such, 

Flavobacterium spp. may also be challenging to enumerate from natural 

populations.    Low growth rates are also a concern from a practical standpoint and 

may limit the usefulness of these species for gaining timely information. 

 

To address concerns regarding competition affecting CFU counts, a desirable 

feature of a potential surrogate would be an inherent selective opportunity to 

enable growth and counting to be undertaken easily and enable the concentration 

of surrogates in waters with low abundance.   Yim et al. (2010) have published a 

selective media and PCR identification method for Sphingomonas sp.   The media is 

a selective media based on a previously published minimal salts medium, with the 

addition of streptomycin and piperacillin antibiotics.   A subsequent investigation by 

Vaz-Moriera et al (2011) focused on identifying diversity and antibiotic resistant 

patterns of the Sphingomonadaceae in water distribution systems confirmed that 

the group as a whole has a widespread tolerance to piperacillin, streptomycin, and 

colistin.   A fundamental problem in the use of potential selective agents to isolate a 

sub-group of a population is the mutagenic effect of UV on the gene(s) conferring a 

selective advantage.   It would be impossible to deconvolute specific effects on 

such genes from general disinfection activity across the wider genome. 

 

Increasingly, culture independent methods are being used by practitioners to 

investigate microbial community structures in the environment.   Such methods are 
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usually based on identifying molecular determinants.  Genomic methods involve 

sequencing DNA, transcriptomic methods involve sequencing and understanding 

mRNA and proteomic methods involve identifying proteins.   When these techniques 

are applied to whole communities of microorganisms they are referred to as  meta-

genomic, meta-transcriptomic and meta-proteomic methods.    The vast databases 

of DNA sequences available make metagenomic methods in high-throughput 

formats particularly powerful.   Many techniques involve next-generation 

sequencing techniques that determine the sequences of 16sRNA ribosomal subunits 

as DNA polymerase replicates the templates.   Pinto et al. (2012) applied a 

metagenomics technique, by pyrosequencing of the 16sRNA subunit from water 

samples throughout a treatment process and distribution system, to investigate the 

structure of microbial communities present in source water, during treatment and 

into the distribution of a drinking water treatment process.    Their analysis is a 

powerful demonstration of what such techniques can achieve when the data is 

combined with an understanding of microbial ecology.   It indicated the treatment 

process itself effectively uncouples the community of the source water from the 

community found in the distribution system, and further indicated the filtration step 

was the point in the process that controlled this uncoupling.    Communities 

upstream of the filters were more dynamic than either those of the filter or post-

filtration samples, with the filter community being the most stable and also 

appearing to exert a stabilising effect on the community dynamics downstream of 

the filters.   Interestingly, they showed that the relative abundance of species that 

pass straight through the works is relatively small, c.f. ~4% of those incident on the 

process.   The authors conclude the community on the filters seeds and stabilises the 

communities downstream.  It is interesting also that the treatment process upstream 
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of the filters appears to increase the relative abundance of the group of 

microorganisms they describe as leaky colonisers (those that are found throughout 

the system including in the filters).   This type of analysis indicates that with 

knowledge of the community structure on filters and in filter effluent, together with 

empirical UV dose-response data or the use of genomic models of UV dose-response 

(Kowalski, 2011), that it would be possible to pre-select/predict useful candidates as 

UV dose surrogates.  

 

4.4 Summary and Conclusions 

In summary, this work has identified Sphingopyxis chilensis as a UV dose delivery 

surrogate for Cryptosporidium inactivation up to 2.2-log inactivation.   While 

promising for verification of low UV doses, total HPC in this study and those estimated 

from the literature suggest numbers of this single species are unlikely to be sufficient 

for routine use as an indigenous surrogate.   However, the Sphingomonadaceae as 

a family may have some desirable properties such as intrinsic antibiotic resistance 

that may warrant further investigation of the group as a whole as UV dose 

surrogates.   The intrinsic antibiotic resistance of the Sphingomonadaceae might 

allow media to be defined that can effectively isolate this group from the general 

HPC and allow its enumeration as a sub-group.   However, the ability of UV to 

damage the genes conferring antibiotic resistance could render this approach 

difficult to interpret. 
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5 EVALUATION OF IMMUNOLOGICAL DETECTION OF THYMINE 

DIMERS IN INDIGENOUS GENOMIC DNA IN WATER SAMPLES 

AS A UV DOSIMETER 

5.1 Introduction, Aims, and Objectives 

As discussed in chapter 4 abundance is one of the properties that frustrates the use 

of indigenous bacterial surrogates as UV biodosimeters in operational UV disinfection 

systems.      Overall, total HPC counts were not large enough to use even the total 

HPC count as a bulk measure of UV dose delivery.     The number of individuals of 

different species of microorganism will be fewer than those values counted in 

Chapter 4.    However, cell count might be as much as twenty times these counts if 

viable but not culturable microbial content is considered (Staley and Konopka, 1985, 

Amann et al., 1995).   

 

DNA is the ubiquitous heritable material of bacteria.    Section 2.3.1.2 discussed 

pyrimidine dimers in DNA as the principal site of UV induced damage when 

microorganisms are irradiated with UV light.    It is reasonable to suppose that DNA in 

cells in the VBNC state will also absorb UV light and form pyrimidine dimers as a 

result.     Cells in the VBNC state cannot be enumerated by culture-based methods, 

but there are methods available that can detect dimer formation in their DNA.   

These methods broadly fall into four principal types;  those based on enzymatic 

degradation, DNA replication, chromatographic separation and immunological 

detection. 

 

The enzymatic degradation type assay can create a dose-response based on 

cyclobutane-dimer formation by using the T4 endonuclease to cleave UV-irradiated 
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DNA at dimer locations (Sutherland and Shih, 1983).   The T4 endonuclease is able to 

recognise dimerised sites in DNA and cut the DNA strand at that point (Sutherland 

and Shih, 1983).  In the assay DNA samples in UV treated and untreated conditions 

are separated by electrophoresis in agarose gels.   This technique separates DNA 

based on molecular weight.   Without UV treatment genomic DNA runs as a single 

high molecular weight band.   DNA treated with the T4 endonuclease becomes 

fragmented post digestion and runs as smear of DNA with a wide range of 

molecular weights. As UV dose increases so the average intensity of the smeared 

band on the agarose gel decreases.   In this assay numerical quantification is based 

on band densitometry and theoretical calculation of the number of endonuclease 

sensitive sites (ESS) per kilobase of DNA.    

 

DNA replication assays are based on the polymerase chain reaction (PCR) and 

make use of the replicative blockade of DNA polymerase by pyrimidine dimers.    

PCR is a molecular biology technique used to amplify sections of DNA to high copy 

numbers using a thermostable DNA polymerase to catalyse replication of DNA 

between specific primer sequences.   In a thermally cycled reaction, DNA 

polymerase binds to the 3’ end of the specific primers and using an added pool of 

free nucleotides replicates a complementary DNA strand including the downstream 

primer site.   Elevation of temperature dissociates the reaction components, 

releasing free nascent DNA strands to act as templates in the next cycle.   As such, 

the amount of PCR product increases exponentially during the reaction.    Variants 

of the basic process include quantitative PCR in which a fluorescent signal can be 

measured during the reaction.    If dimers have been formed in the initial template 

DNA, then PCR product formation is depressed.   The depression occurs as a result of 
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the inability of DNA polymerase to read-through a pyrimidine dimer (Setlow et al., 

1963).   In such cases, any DNA produced does not have the downstream primer site 

and cannot function as a template during future PCR cycles. Depressed DNA 

synthesis has formed the basis of methods used to measure dimer formation 

following UV irradiation (Eischeid et al., 2009, Setlow et al., 1963). 

 

High-Pressure Liquid Chromatography coupled with electrospray Ionisation and 

tandem Mass Spectrometry (HPLC-MSMS) is a chromatographic method that 

involves hydrolysing extracted DNA to release free-bases.    The monomerised 

sample is passed through a HPLC column that separates the free nucleotides on the 

basis of polarity/charge differences.    The eluate from the HPLC column is then 

ionised and separated by mass spectrometry, and then fragmented into daughter 

ions prior to a further separation of the ion fragments by a second round of mass 

spectroscopy.  The high-resolution separation is able to both identify and quantify 

the dimer products formed in DNA following exposure to UV.   HPLC-MSMS has 

demonstrated DNA-based UV dose-response relationships with thymine dimers in 

monocultures or naked DNA (Al-Adhami et al., 2007, Douki and Cadet, 2001, Douki 

et al., 2000, Schuch et al., 2009, Moeller et al., 2010).    

 

Immunological assays make use of antibodies, typically of the immunoglobulin G 

(IgG) type, that have been raised to specific antigens.   Antibodies of the IgG type 

are “Y” shaped molecules with two variable antigen binding sites (one each on the 

arms of the Y).  Each antigen binding site binds to the same antigen.  At the base of 

the Y there is a “constant” region.    In order to detect the presence of an antibody 

bound to its target a secondary antibody is used.    The secondary antibody has a 
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binding site specific to the constant region of the primary antibody.   Each primary 

antibody can bind a minimum of two secondary antibodies, therefore 

immunological methods are able to amplify signal detection.    The secondary 

antibody carries a reporter, these are typically fluorophores or enzymes that catalyse 

a reaction whose product can be measured.    Typically, immunological methods 

require a fixed phase (i.e. the binding of a target to a substrate).   Once bound the 

un-occupied binding sites around the immobilised target are blocked to prevent 

non-specific background binding of the antibodies in further steps.  Once blocked 

the samples are incubated with the primary antibody, followed by a washing step, 

followed by incubation with a secondary antibody, followed by further washing 

steps then development of the detection reaction.      

 

There are a number of potential formats for immunological detection of thymine 

dimers in DNA.  Antibodies to dimers can be used for immunofluorescence 

microscopy in which they are used to staining whole cells in order to visualise the 

location of thymine dimers in-vivo. Antibodies to UV-damaged DNA have been used 

to show UV-induced DNA damage in Cryptosporidium sporozoites within oocysts (Al-

Adhami et al., 2007, Rochelle et al., 2004).   Alternatively, cell extracts of DNA can be 

prepared and the DNA fixed to substrates upon which the development process 

can be applied.   In the immunoblot format a DNA sample is spotted or transfer 

electrophoretically onto nitrocellulose paper developed with a secondary antibody 

carrying a reporter enzyme that catalysts a chemiluminescent reaction that is 

detected using photographic film or a documentation reader (Schuch et al., 2009, 

Rochelle et al., 2010).    Immunoassays using antibodies to cyclobutane dimers and 

the (6-4) photoproduct have demonstrated dimer formation in response to sunlight 
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and low-pressure UV lamp output from environmental samples (creekwater, 

groundwater and clarified wastewater)(Kraft et al., 2011).     Immunoblotting 

techniques rely on densitometry (the determination of signal density per unit area) in 

order to achieve a numerical output.    Finally, in the Enzyme-Linked Immunosorbent 

Assay (ELISA) format DNA samples can be bound into multi-well plates and 

developed with a secondary antibody carrying a reporter that catalyses a 

colourimetric reaction that can be followed in a spectrophotometric plate reader 

(Roza et al., 1988).     

 

Reagents and methods therefore exist that enable the investigation of DNA as a 

molecular surrogate for UV dose.  Table 5-1 summaries the advantages and 

disadvantages of these methods for the detection and measurement of dimer 

formation in DNA. 

 

Table 5-1 indicates immunological methods are inexpensive, but specific, ways to 

detect and enumerate thymine dimers in DNA in a way that provides an 

accumulative signal.   An accumulative signal was desirable to avoid the potential 

for bias introduced by high UV doses not giving an output in the assay as might 

happen with a PCR based approach.   Further, of the two immunological method 

considered – immunoblotting and ELISA – ELISA has advantages in not requiring 

densitometry in order to quantify the assay signal.    This chapter therefore explores 

the use of a monoclonal antibody to thymine-dimers in an ELISA (Enzyme-Linked 

Immunosorbent Assays) (Roza et al., 1988) to establish if UV dose-response curves 

can be generated from the extractable genomic DNA of a post-filtration mixed 

indigenous bacterial population. 
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Table 5-1 – Summary of potential molecular techniques for dimer detection and their 

advantages and disadvantages. 

 
Method Advantages Disadvantages 

Endonuclease 

digestion 

• Based on a well-understood 

technology. 

• Inexpensive equipment and 

reagents (£1,000) 

• Relatively quick (hours). 

• Scalable 

• Sensitive 

• Quantitation relies on densitometry 

• A large quantity of sample is required 

compared to other techniques. 

Polymerase Chain 

Reaction (qPCR) 

• Based on a well-understood 

technology. 

• Relatively inexpensive 

equipment and reagents 

(£10,000) 

• Scalable 

• Relatively quick (hours). 

• Sensitive 

• Quantitative determination 

possible in the quantitative set-

up that can read fluorescence 

from the PCR tubes directly. 

• Based on a decaying signalling that 

saturates to zero, meaning high doses 

could be underrepresented. 

• If gels are used to visualise and 

quantify DNA replicated the process 

of band densitometry required to 

quantify the DNA introduces 

subjective quasi-quantitative element 

to the process. 

• Based on a small sequence of DNA 

often about 800-1000 bases. 

• A relative measure not an absolute 

measure. 

High-Pressure 

Liquid 

Chromatography-

Tandem Mass 

Spectroscopy 

(HPLC-MSMS) 

• Based on a well-understood 

technology. 

• Scalable 

• Relatively quick (hours). 

• Highly specific and 

discriminating able to detect 

and quantify numerous UV 

induced photoproducts. 

• Quantitative and sensitive. 

• An absolute measure. 

• Based on a positive signal 

• Very expensive equipment. 

(£100,000s) 

• Digestion of DNA introduces a 

processing step that could reduce 

sample amounts. 

 

Immuno-blotting • Based on well-understood 

technology. 

• Relatively inexpensive 

equipment and reagents 

(£10,000) 

• Relatively quick (hours). 

• Highly specific for the target of 

the primary antibody. 

• Relatively quick (hours). 

• Based on a positive signal. 

• Not scalable 

• Use of radioactive reporters 

• Densitometry required to develop 

quantitative measurement introduces 

a subjective semi-quantitative 

element to the process. 

• Requires determination of DNA 

amount deposited in the dot. 

• Relative measure. 

 

Enzyme-linked 

immunosorbent 

assay (ELISA) 

• Based on well-understood 

technology. 

• Relatively inexpensive 

equipment and reagents 

(£10,000s) 

• Relatively quick (hours). 

• Highly specific for the target of 

the primary antibody. 

• Based on a positive signal. 

• Highly scalable. 

• Quantitation not dependant on 

densitometry. 

• Requires determination of DNA 

amount deposited in the dot. 

• Relative measure. 
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5.2 Results 

5.2.1 Confirmation of optimised primary antibody working concentration 

ELISA type protocols are highly sensitive, specific, scalable and commonly used in 

biomedical applications for detection of measurands in clinical samples (Voller et 

al., 1978, Lequin, 2005).   Roza et al (1988) raised and characterised a mouse 

monoclonal antibody specific for thymine dimers and developed an ELISA and 

immunofluorescence protocol for its use.   Figure 5-1 shows the optimisation of the 

mouse monoclonal anti-thymine dimer H3 clone primary antibody (H3Ab) for 

detection of dimers in naked Escherichia coli genomic DNA (gDNA) irradiated with 

500mJ/cm2 from a low-pressure UV lamp collimated beam.    

 

In Figure 5-2 50ng of double-stranded DNA (dsDNA) was bound to each well of a 96 

well plate, except the no DNA control in which Buffer A without DNA was used 

during binding.    All signal appears to be specific to the enzyme-linked reporter on 

the 2nd antibody, as very low signal levels are seen in its absence (no 2nd).    

Furthermore, a UV-specific signal is generated by the H3Ab as controls where no 

H3Ab were used give the same signal levels for UV and non-UV irradiated DNA.   In 

wells with DNA irradiated by UV, signal strength is higher than unirradiated samples, 

and signal-to-noise ratio increases with increasing H3Ab concentration up to a 

concentration of 1:1000 H3Ab.     At 1:100 H3Ab UV specific signal increases but 

background also increases giving a poor signal-to-noise ratio.   The no DNA, no 

primary and no secondary antibody controls used H3Ab concentrations as used with 

the 1:100 H3Ab condition.   The high level of the signal seen in the no DNA case 

appears to be a non-specific interaction between the H3Ab, the secondary 

antibody and the well as the level is similar to the non-UV irradiated 1:100 condition.       
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Figure 5-1 – Primary antibody (H3Ab) dilution optimisation.   Error bars are 

1.96xStandard Error.   Secondary antibody used at 1:500 dilution. 

 

 
1:100 1:200 1:400 1:800 1:1000 no 1st no  2nd no DNA 

S/N 1.226 3.262 3.859 6.007 6.168 0.963 0.915 - 

 

Figure 5-2 – Further optimisation of H3Ab concentration.   Table shows signal to noise 

ratio (S/N) for each condition.   Secondary antibody used at 1:500 dilution.   Error 

bars are 1.96xStandard Error.  
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These data suggested a further optimisation of H3Ab concentration between 1:100 

and 1:1000 may improve the signal to noise ratio.    The relatively high signal from the 

non-specific binding of the secondary antibody was also a concern and an 

additional wash step was included in all further experiments.   In the second 

optimisation experiment (Figure 5-2) UV-specific signal was generated by the H3Ab. 

In this experiment, the no DNA control uses the H3Ab at a dilution of 1:1000.    Non-

specific binding in the no DNA control was reduced to background levels further 

supporting the data from Figure 5-1 suggesting high signal levels with no DNA in that 

experiment was a result of non-specific interactions between primary and 

secondary antibodies and the well wall caused by using the H3Ab at a 1:100 

dilution.    Finally, increasing H3Ab concentration above 1:1000 did not improve the 

signal-to-noise ratio.  Therefore, optimum H3Ab concentration for 50 ng dsDNA was 

1:1000.  This agreed with Rosa et al, (1988). 

 

5.2.2 Optimisation of secondary antibody working concentration 

The ELISA protocol utilised a goat anti-mouse secondary antibody with a horseradish 

peroxidase (HRP) conjugated reporter enzyme.   Figure 5-3 shows the results of the 

optimisation of working concentration of this secondary antibody.   Figure 5-3 shows 

the optimal secondary antibody concentration was 1:1000.  In the no DNA control 

secondary antibody concentration was 1:500.    Again, controls for no primary, no 

secondary and no DNA all show background levels.   All further ELISA experiments 

used the secondary goat anti-mouse HRP conjugated secondary antibody at 

1:1000. 
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Figure 5-3 – Optimisation of secondary antibody dilution and table showing signal to 

noise ratio S/N.  H3 clone primary antibody used at 1:1000 dilution. Error bars are 

1.96xStandard Error 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-4 – In vivo UV dose-response of E. coli gDNA.  Error bars are 1.96xStandard 

Error. 

 1:500 1:750 1:1000 1:2500 1:5000 no 1st 

no  

2nd 

no 

DNA 

S/N 6.986 14.582 16.286 12.526 14.690 0.775 0.746 - 
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5.2.3 Generating a UV dose-response profile from in vivo UV treated gDNA from 

Escherichia coli 

Having optimised detection conditions an in vivo dose-response experiment was 

conducted to determine if the assay could detect a UV dose-response by dimer 

detection.    Figure 5-4 shows data for E. coli gDNA extracted from filtered cell 

suspensions treated with UV using a collimated beam. These data suggest the assay 

can detect linear UV dose-responses between 0 and 20mJ/cm2 applied to E. coli 

gDNA in vivo.   However, the response in this experiment tailed above 20mJ/cm2.    

While this may have reflected saturation of dimer sites in E. coli DNA, it was also 

possible the assay conditions were causing substrate limitation in the enzymatic 

detection reaction.   

 

5.2.4 Optimising assay conditions for reporting in vivo UV dose-response 

To investigate the possibility of the assay being limited by substrate, rather than 

dimer saturation, a series of assays with 500mJ/cm2 irradiated naked E. coli gDNA 

were designed and followed over a timecourse after development buffer addition.  

Figure 5-5 shows the timecourse of colourimetric product development for varying 

ABTS and H2O2 concentration in the assay development buffer.   In both A and B of 

Figure 5-5 the thick line indicates conditions used during antibody testing (shown in 

Figure 5-1 to Figure 5-3) and in the generation of the dose-response curve in Figure 

5-4.     Development time for experiments prior to this timecourse was 50 minutes and 

at this time product development reached a plateaux.   Increasing ABTS 

concentration from 0.4mg/ml to 2.4mg/ml meant that over the time of the assay the 

reaction rate on DNA with high dimer content was linear over the first 20-30mins of  
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A 

 

B 

 

Figure 5-5 – A- Optimisation of ABTS concentration in development buffer (values are 

mg/ml), B- Optimisation of hydrogen peroxide concentration in development buffer 

(values in ug/ml). Error bars are 1.96xStandard Error 
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the assay.  At that point, the colour development exceeded the maximum range of 

the plate reader.   Initial conditions for hydrogen peroxide appeared to be optimal 

(Figure 5-5B).  Increased hydrogen peroxide concentration decreased signal, while 

decreased concentrations slightly decrease signal over the 0-25min range identified 

as optimal for coloured product development in Figure 5-5A.   Therefore, the tailing 

at higher doses in the dose-response of Figure 5-4 was likely due to substrate 

limitation with respect to ABTS concentration and not saturation of the dimer sites.   

To confirm this, dose-response experiments were conducted in E. coli. Figure 5-6 is 

data from three separate dose-response determinations for the same in vivo treated 

E. coli gDNA preparations using the optimised assay conditions.    Good linearity in 

response is obtained by endpoint OD determinations of the development reaction; 

as determined by the coefficient of determination R2 values of 0.998, 0.941, 0.985.  P-

values indicate the slope is significant at or beyond the 98.5% level in all three 

determinations and the intercept do not differ significantly from zero in two out of 

the three data sets.    The data sets that show an intercept indistinguishable from 

zero at the 95% confidence level are the two data set with the larger upper and 

lower 95% confidence intervals of the regression.    In the endpoint data, a non-zero 

intercept represents the background activity in the development reaction.   The 

inset tables in Figure 5-6 of coefficient of variation (CoV) indicate a range of values 

from 1.63% to 65.6%, but typically a CoV of 10% is achieved. Figure 5-7 is data 

obtained from pooling the data from the three replicate experiments in Figure 5-6.   

To standardised between tests, the OD of the 500mJ/cm2 gDNA positive control was 

used.    The aggregated test data was analysed both by endpoint and by initial rate 

of the development reaction, as a ratio of the initial rate of the 500mJ/cm2 

positivecontrol development reaction.   The test aggregate data indicate a linear  
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Figure 5-6 – E. coli gDNA Optimised UV Dose response based on endpoint OD405nm 

data.  Error bars are 1.96xStandard Error. Error bars are 95% confidence interval of the 

data points based on a t-distribution.   Open shapes (□,○,Δ) data points from replicates 

in Figure 5-6.  Solib bar (▬) mean value.  Dotted line represents the 95% confidence 

interval of the linear regression. 

 

Regression Statistics y=mx+c 

Multiple R 0.9926 Intercept (c)  0.1408 

R Square 0.9852 Gradient (m) 0.0233 

Adjusted R 

Square 0.9802 p-value (c)  0.1299 

Standard Error 0.1042 p-value (m) 0.0008 

Observations 5.0000   

    

Residuals 

Observation Predicted 

OD405 

Residuals Standard 

Residuals 

0 0.1408 -0.0710 -0.7871 

10 0.3735 -0.0554 -0.6135 

20 0.6062 0.0854 0.9461 

40 1.0716 0.1109 1.2287 

80 2.0024 -0.0699 -0.7742 

 

Regression Statistics y=mx+c 

Multiple R 0.9987 Intercept (c)  0.0864 

R Square 0.9975 Gradient (m) 0.0142 

Adjusted R 

Square 0.9966 p-value (c)  0.01479 

Standard Error 0.0261 p-value (m) 0.0001 

Observations 5.0000   

    

Residuals 

Observation Predicted 

OD405 

Residuals Standard 

Residuals 

0 0.0864 0.0088 0.3903 

10 0.2279 -0.0117 -0.5169 

20 0.3694 0.0240 1.0633 

40 0.6525 -0.0332 -1.4711 

80 1.2186 0.0121 0.5343 

 

Regression Statistics y=mx+c 

Multiple R 0.9699 Intercept (c)  0.2107 

R Square 0.9407 Gradient (m) 0.0162 

Adjusted R 

Square 
0.9210 

p-value (c)  0.1179 

Standard Error 0.1486 p-value (m) 0.0062 

Observations 5.0000   

    

Residuals 

Observation Predicted 

OD405 

Residuals Standard 

Residuals 

0 0.2107 -0.0561 -0.4357 

10 0.3728 -0.1098 -0.8535 

20 0.5349 0.0781 0.6067 

40 0.8591 0.1872 1.4550 

80 1.5075 -0.0994 -0.7725 

 

UV Dose 

(mJ/cm2) 

Coefficient 

of Variation 

0 16.8 

10 11.1 

20 4.8 

40 6.9 

80 18.1 

 

UV Dose 

(mJ/cm2) 

Coefficient 

of Variation 

0 65.6% 

10 6.9% 

20 9.3% 

40 1.6% 

80 3.2% 

 

UV Dose 

(mJ/cm2) 

Coefficient 

of Variation 

0 7.2% 

10 41.9% 

20 4.9% 

40 5.5% 

80 4.5% 
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Figure 5-7 – E. coli gDNA Optimised UV Dose-response based on mean endpoint 

OD405nm data for three replicate experiments. (A) OD405 Endpoint data. (B) Ratio of 

OD405 Endpoint to OD405 of internal plate standard consisting of 500mJ/cm-2 treated 

naked DNA. Error bars are 95% confidence interval of the data points based on a t-

distribution.   Open shapes (□,○,Δ) data points from replicate experiments in Figure 5-

6.  Closed circle (●) mean value.  Light dotted line represents the 95% confidence 

interval of the linear regression.  
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Regression Statistics y=mx+c 

Multiple R 0.9276 Intercept (c)  0.1460 

R Square 0.8604 Gradient (m) 0.0179 

Adjusted R 

Square 0.8571 p-value (c)  2.4E-03 

Standard Error 0.2084 p-value (m) 5.4E-20 

Observations 45   

    

Residuals 

No. Obs SD of 

residuals 

Range of 

Residuals 

Standard 

Residuals 

45 0.206 Min -0.564 No.>2 = 2 

  Max 0.479  

  Mean 6.9E-17  

    

    

 

Regression Statistics y=mx+c 

Multiple R 0.9384 Intercept (c)  0.0490 

R Square 0.8805 Gradient (m) 0.0060 

Adjusted R 

Square 0.8777 p-value (c)  9.3E-04 

Standard Error 0.0635 p-value (m) 1.9E-21 

Observations 45   

    

Residuals 

No. Obs SD of 

residuals 

Range of 

Residuals 

Standard 

Residuals 

45 0.063 Min -0.181 No.>2 = 2 

  Max 0.134  

  Mean -1.7E-17  
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response with coefficient of determination values of 0.860 for the endpoint data, 

and 0.881 for the initial rate based analysis.   The gradient of the linear responses is 

highly significant (P<0.001) as is the non-zero intercept for both response variables 

(P<0.001).   Taken together these data indicate, that despite localised high 

coefficient of variation in some data, the assay can generate statistically significant 

linear responses between UV dose and the assays dependent variable. 

 

5.2.5 Generating a UV dose-response profile from water treatment samples 

As a test of dimer detection on more complex samples, a sample from the PRGF 

treatment point was irradiated at 10, 20, 40 and 80mJ/cm2 using the collimated 

beam and included on a 96-well plate used in one of the replicate experiments of E. 

coli gDNA.    The assay detected a dimer response in all samples, but correction for 

DNA concentration was not possible as the DNA concentration was below the 

detection limit of the Nanodrop 1000 micro-spectrophotometer used to measure the 

higher concentration E. coli gDNA preparations.     

 

Picogreen is a sensitive fluorescent reagent used to detect DNA down to 

picogram/ml levels (Singer et al., 1997).   Fresh samples from PRGF and PGAC in the 

treatment works were irradiated with UV using a collimated beam and gDNA 

recovered from the treated samples.     

 

Figure 5-8 shows DNA concentration as determined by PicoGreen in the treated 

PRGF and PGAC samples.    While CFU counts for this sample were not determined, 

PGAC samples usually gave fewer CFU/ml counts than PRGF samples but appear to  
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Figure 5-8 – Picogreen DNA concentration determination from PRGF and PGAC 

samples.  

Linear regression of DNA standards at concentrations of 0, 0.391, 0.781, 1.563, 3.125, 

6.250, 12.500 pg/µl shown as (X).   Sample concentration calculated by 

(OD520/Gradient of standard curve) / dilution of sample relative to standards in 

Picogreen assay (0.1667).  95% confidence interval of the regression shown dotted. 

Error bars are 1.96xStandard Error 
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UV Dose 
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PRGF 

diamonds  
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triangles  

0 3148 36.06 

10 4376 50.12 

20 1893 21.69 

40 2080 23.83 

80 1198 13.31 

Regression Statistics y=mx+c 

Multiple R 0.9944 Intercept (c)  135.045 

R Square 0.9888 Gradient (m) 523.812 

Adjusted R 

Square 0.9865 p-value (c)  0.366 

Standard Error 275.235 p-value (m) 4.535E-6 

Observations 7   

    

Residuals 

Observation Predicted 

OD405 

Residuals Standard 

Residuals 

0.0000 135 -135 -0.537 

0.3906 340 -260 -1.033 

0.7813 544 -125 -0.496 

1.5625 954 1 519 2.065 

3.1250 1772 51 0.204 

6.2500 3409 22 0.087 

12.5000 6683 -73 -0.289 
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have 3.05 times as much DNA on average.   It is noted that high UV doses gave the 

lowest DNA recovery in both cases, but UV dose did not seem to affect DNA 

recovery in a predictable fashion.   The dimer detection ELISA for these samples was 

conducted and dimer levels corrected for the quantity of DNA loaded into each 

well.   Due to some variability in the initial OD405 nm at the start of the test, initial 

rates were used to determine dimer levels.  Figure 5-9 shows the dimer dosimetry UV 

dose-response curve for PGAC and PRGF samples from a water treatment works.  

Figure 5-9A is data from a PGAC sample and Figure 5-9B is data from a PRGF sample 

from the same works that provided samples for the work presented in Chapter 4.   

Figure 5.10 is a post PGAC sample from a different works with a similar treatment 

process.Figure 5-9 and Figure 5-10 indicate linear UV dose-responses can be 

obtained using the optimised ELISA assay with an initial rate based dependent 

variable, (rather than OD405 endpoints) on DNA extracted from PGAC pre-

disinfection samples from real treatment processes.   Coefficient of determination R2 

values for the two PGAC samples were 0.947 and 0.967 and the P-value of the 

gradients were 0.001 and 0.003, in one case the non-zero intercept was significantly 

different from zero (0.057=P>0.05) while in the second PGAC the non-zero intercept 

was not significantly different from zero (P=0.586).  The coefficient of determination 

R2 value for the PRGF sample is 0.903 and the P-value of the gradient and intercept 

are 0.014 and 0.364 indicating the gradient is statistically significant but the non-zero 

intercept is not.   It is noted from these data, that the absolute value of the response 

variable varies over two orders of magnitude between tests.    The reason for this 

variation is not clear, but could be due to slight differences in the internal conditions 

of the plate reader between tests, or perhaps differences introduced by slight 

degradation of activity in the reporter enzyme or substrate between tests. 
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Figure 5-9 – Dose-response curve for DNA indigenous to water from the same 

treatment process. A – PGAC Sample, B – PRGF Sample  

Error bars are 1.96xStandard Error.  Dotted lines are 95% confidence interval of the 

regression. 
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Regression Statistics y=mx+c 

Multiple R 0.9835 Intercept (c)  7.64E-07 

R Square 0.9671 Gradient (m) 5.78E-08 

Adjusted R 

Square 0.9563 p-value (c)  0.057 

Standard Error 3.89E-07 p-value (m) 0.0025 

Observations 5   

    

Residuals 

Observation Predicted 

OD520 

Residuals Standard 

Residuals 

0 7.64E-07 -9.34E-08 -0.277 

10 1.34E-06 -4.02E-07 -1.192 

20 1.92E-06 3.93E-07 1.166 

40 3.08E-06 3.01E-07 0.892 

80 5.39E-06 -1.98E-07 -0.589 
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Regression Statistics y=mx+c 

Multiple R 0.9503 Intercept (c)  1.24E-06 

R Square 0.9031 Gradient (m) 1.49E-07 

Adjusted R 

Square 0.8708 p-value (c)  0.364 

Standard Error 1.79E-06 p-value (m) 0.0139 

Observations 5   

    

Residuals 

Observation Predicted 

OD405 

Residuals Standard 

Residuals 

0 1.24E-06 4.07E-07 0.263 

10 2.74E-06 1.31E-06 0.844 

20 4.23E-06 -4.14E-07 -0.267 

40 7.22E-06 -2.48E-06 -1.602 

80 1.32E-05 1.18E-06 0.762 
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Figure 5-10 - Dose-response curve for DNA Indigenous to water from treatment 

processes  - Post GAC Sample. A – Based on Endpoint Data, B – Based on Initial Rate 

Data. 

Error bars are 1.96xStandard Error.  Dotted lines are 95% confidence interval of the 

regression. 
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Regression Statistics y=mx+c 

Multiple R 0.5303 Intercept (c)  0.0015 

R Square 0.2812 Gradient (m) 2.11E-05 

Adjusted R 

Square 0.1015 p-value (c)  0.236 

Standard Error 0.0018 p-value (m) 0.279 

Observations 6   

    

Residuals 

Observation Predicted 

OD405 

Residuals Standard 

Residuals 

0 0.00145 -0.00086 -0.552 

10 0.00167 -0.00020 -0.128 

20 0.00188 0.00128 0.819 

40 0.00230 -0.00127 -0.812 

80 0.00314 0.00249 1.586 

120 0.00399 -0.00143 -0.913 
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Regression Statistics y=mx+c 

Multiple R 0.9730 Intercept (c)  1.25E-05 

R Square 0.9468 Gradient (m) 2.87E-06 

Adjusted R 

Square 0.9334 p-value (c)  0.586 

Standard Error 3.53E-05 p-value (m) 0.0011 

Observations 6   

    

Residuals 

Observation Predicted 

OD405 

Residuals Standard 

Residuals 

0 1.25E-05 -6.05E-06 -0.191 

10 4.12E-05 -4.07E-06 -0.129 

20 6.99E-05 -5.14E-06 -0.163 

40 1.27E-04 4.59E-05 1.451 

80 2.42E-04 -4.95E-05 -1.567 

120 3.57E-04 1.89E-05 0.599 
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While acknowledging these data are from similar treatment process, and limited in 

number, these data show it is possible to detect a statistically significant linear UV 

dose-response using thymine dimers in DNA extracted from a mixed population of 

indigenous microorganisms in water typical of that that UV systems might treat.   

Individual variability is low within the test but may be increased at higher doses or 

lower DNA concentration.   The limited number of samples from real treatment works 

considered during this study (3 no.) are unable to unequivocally demonstrate the 

robustness of the method, but they do demonstrate its potential. 

 

5.3 Discussion 

The work presented in section 5.2 sought to investigate whether an ELISA-based 

method using existing reagents could be used to generate a dose dependent 

response to UV irradiation of water typical of locations in water treatment trains 

where UV reactors might be installed as part of a multi-barrier disinfection strategy.   

These data have shown a dose dependent response can be measured using the 

pool of multi-species DNA extractable from water samples taken prior to disinfection 

from water treatment works.   Linear relationships with R2 values greater than 0.90 

were demonstrated with statistically significant linear gradients.    These data are the 

first demonstration that measuring thymine dimers in indigenous multi-species DNA 

from a water treatment process could form the basis of a dose verification method 

for operational UV reactors that is independent of reactor condition and does not 

rely on spiking dosimeters into a treatment process.  

 

The initial idea driving the development of this proof of concept was the realisation 

that the viable but not culturable population of bacteria was potentially large 
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(Amann et al., 1995, Staley and Konopka, 1985), and each carried with it an internal 

UV responsive element; its genomic DNA.   Sequence characteristics of species of 

bacteria differ and therefore, each species genomic DNA reacts differently, in a 

sequence dependent manner, to UV irradiation (Kowalski, 2011, Moeller et al., 2010).   

The primary sequence determinant is the number of pyrimidine-pyrimidine doublets 

that occurs in the sequence (Kowalski, 2011, Moeller et al., 2010).   Each doublet 

represents a potential dimer location following UV irradiation.   In a mixed population 

of bacteria at any particular time, the total pool of DNA can, as long as a 

collimated beam procedure is used to create a standard UV dose-response profile, 

be considered a single UV dosimeter capable of responding to UV light in a linear 

dose-dependent manner. 

 

5.3.1 Significance of linearity in a dosimeter 

Cabaj et al. (1996b) graphically illustrated how first-order inactivation kinetics 

introduce bias during reactor validation, and in doing so compared first-order 

inactivation kinetics to a ‘fictive linear survival curve’.   In this study, the dimer 

response to UV dose is described by linear relationships between UV dose and the 

dimer dependant assay response variable.   This being the case and following an 

analogous analytical procedure to Wright and Lawrynshyn (2000) described earlier 

in Chapter 2 the following can be considered.   Using dimer responses to UV dose, 

the RED derived by collimated beam testing is given by, 

 

𝑇𝑇 = 𝑘𝑅𝐸𝐷𝑇𝑇 + 𝐶        5-1 
 

where, 

 

TT= dimer response variable value 

k = zero order rate constant of TT response to UV dose. 

REDTT = reduced equivalent dose based on dimer response variable. 
C = constant introduced by ELISA assay with value of TT at zero UV dose. 
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The dose distribution of a real reactor could be described as follows.  

𝑇𝑇 = ∑ 𝑓𝑖𝑘𝐷𝑖∞
𝑖=0 + 𝐶        5-2 

where, 

 

TT= dimer response variable value 

k = zero order rate constant of TT response to UV dose. 

Di = ith dose 
fi= fraction of flow receiving dose Di. 

C = constant introduced by ELISA assay with value of TT response at zero UV dose. 

 

By combining Equation 5-1 and Equation 5-2 a relationship for RED can be 

developed in terms of D and k. 

 

𝑘𝑅𝐸𝐷𝑇𝑇 + 𝐶 = ∑ 𝑓𝑖𝑘𝐷𝑖∞
𝑖=0 + 𝐶       5-3 

Giving, 

𝒌𝑹𝑬𝑫𝑻𝑻 = ∑ 𝒇𝒊𝒌𝑫𝒊∞
𝒊=𝟎         5-4 

Equation.5-4 reduces to 

𝑹𝑬𝑫𝑻𝑻 = ∑ 𝒇𝒊𝑫𝒊∞
𝒊=𝟎         5-5 

The relationship in Equation 5-5 shows REDTT measured by a zero order dosimeter is 

dependent on dose only, rather and dose and k.   So, using a dosimeter with a zero 

order relationship with respect to dose removes the dependence of RED on k 

(dosimeter sensitivity), and the RED measured using such a zero order dosimeter 

should reflect the unbiased average dose of the reactor distribution.   This work has 

not addressed the formal link between a UV-dose generated by dimer dosimetry 

and inactivation achieved in the target.    However, the zero-order kinetics of the 

DNA dosimeter make it equivalent to a high resistance biodosimeter with a low 

sensitivity to UV.     As such, currently, an equivalent target RED value would need to 

be determined from the dimer derived RED by the application of a bias factor to 

account for the difference in sensitivity between DNA dosimeter and the target. 
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5.3.2 Comparison with other potential enumeration methods 

ELISA was the initial molecular technique considered for dimer quantification in this 

work.    The method has been sensitive enough to detect signal from the dimer 

formed in DNA within microorganism in pre-disinfection water from real treatment 

processes.   However, the quantity of DNA available means a highly sensitive 

method of quantifying DNA needed to be sought in order to adjust the ELISA signal 

for the quantity of DNA loaded into the wells.   This has the disadvantage of halving 

the amount of sample available for performing the ELISA because half of it is 

required for DNA quantification.    HPLC-MSMS may demonstrate some advantage 

over the ELISA technique as HPLC-MSMS can both identify and quantify the UV 

photoproducts in DNA.    Indeed, HPLC-MSMS may prove a valuable technique in 

further understanding the response of indigenous DNA to UV light, and could be 

helpful in confirming both linearity of the response, and other fundamental 

characteristics of the DNA sample such as GC content.   HPLC-MSMS could be used 

in co-ordination with ELISA to establish calibration standards for absolute levels of 

dimer formation that could be used as inter-test calibration standards for the ELISA 

protocol.   Furthermore, if HPLC-MSMS were used to measure dimers in single species 

DNA, it would be the only technique that could quantitatively link absolute levels of 

dimer formation to the log inactivation of an organism.     Although once calibration 

standards had been developed, ELISA would be able to do this also.   HPLC-MSMS 

remains a powerful technique of use in the further development of this technique 

but the equipment necessary to undertake the procedure is very expensive and 

specialist for a routine test. 
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Quantitative PCR is another technique that could have been considered for 

enumerating dimer accumulation in target DNA.   In a PCR-based method, dimers 

cause DNA polymerase to stall during DNA replication (Setlow et al., 1963).    

Therefore, a PCR-based method could be fundamentally similar to biodosimetry in 

that the readout of increasing dimer formation is a loss of signal in the assay.   This 

may make a PCR-based method subject to the introduction of bias due to reduced 

reporting of high dose parts of the distribution in a similar way to biodosimeters. 

While the ELISA method may report a more realistic mean UV dose, it is important to 

realise that none of the methods that could have been chosen could report on the 

actual dose distribution of the system under test, and this remains a limitation of both 

the ELISA method and the other possible methods.    Nevertheless, if the ELISA 

method does report the arithmetic mean dose of the reactors distribution, it may 

prove valuable in reducing some of the uncertainty surrounding that value. 

 

5.4 Summary and Conclusions 

Table 5-2 summarises the suitability of indigenous DNA as a UV dosimeter for drinking 

water UV systems. Work presented in this chapter has sought to demonstrate that, 

while individual species of heterotrophic bacteria are present in insufficient numbers 

to function as an indigenous biodosimeter.   The total pool of genomic DNA in the 

whole indigenous bacterial population of a pre-disinfection partially treated water 

treatment sample can function as a molecular measure of UV dose delivery.     

Importantly, such a molecular measure is independent of UV disinfection system 

conditions (e.g. sensor and lamp conditions) and does not require the introduction 

of biodosimeters or reagents into a treatment process.   Consideration of the 

characteristics of the method suggests a molecular method based on zero-order 
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Table 5-2 – Summary of indigenous DNAs suitability as an indigenous dosimeter 

Characteristics Indigenous DNA 

Non-pathogenic yes 

Growth to high 

concentrations 

Sensitive detection 

methods available. 

No growth or spiking of 

reagents required 

Easily enumerated  Yes 

Similar UV 

inactivation 

kinetics to the 

target 

Linear kinetics, bias 

factor required to 

convert to target RED. 

Minimal shoulder 

or tailing of dose-

response curves 

No shoulder apparent 

Stable during 

preparation and 

use with minimal 

die off. 

Extraction of DNA stops 

any organism based 

repair.  DNA is very 

stable. 
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dimer accumulation kinetics makes it more likely to report a value closer to the true 

arithmetic mean of the UV-systems dose distribution than biodosimeters with 

logarithmic decay kinetics.   In this sense it does act more like a chemical 

actinometer than a biodosimeter with the additional benefit that the value is based 

on the Lagrangian behaviour of particles in the reactor.    The DNA based method is 

not able to report anything directly related to the characteristics of the reactors 

dose distribution that remains of material consideration in the use of the REDs 

derived from DNA dimer accumulation.   Currently, the dimer based RED would 

need to be reduced by the use of a bias factor in order to report a target organism 

RED for the system under test    While this method was developed as a dose 

verification procedure, its potential for use during reactor validation should not be 

ignored.    Data presented in this work suggest dimer dosimetry, as a zero-order 

reaction is functionally equivalent to a high resistance challenge organism and 

therefore likely to report a RED value close to the mean arithmetic dose of a reactors 

dose distribution, and USEPA guidance suggest RED bias factors can be set to 1 if 

reactors are validated with two challenge microorganisms with UV sensitivities that 

bracket the target organisms UV sensitivity.   This may allow the ELISA method to 

contribute to reduction of RED bias during system validation.  If during validation 

testing, systems were validated with a sensitive challenge microorganism such as 

E.coli  and both the inactivation response of bacteria and dimer response where 

used to validate the same reactor, two RED values could be determined, one based 

on the sensitive vegetative response and the other based on the low sensitivity dimer 

response.    Reactors validated in such a way may have a valid method of reducing 

RED bias for a wide range of targets.   The reduction of the influence of bias could 

contribute to reducing power consumption in operation. 
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The purpose of this study was to investigate if a biodosimeter or a molecular 

dosimeter could be found in pre-disinfection water samples.   If such a dosimeter 

could be found it might form the basis of a sampling methodology (as  

opposed to a sensor/algorithmic methodology) to independently verify the dose a 

UV reactor delivers during operation.   In order that  such a sampling method could 

be used UV systems would require sampling taps upstream and immediately 

downstream of the system in order to draw off samples for testing.    Bulk samples 

from each port taken at the sample time would be required.    Sample handling by 

storage in cold dark conditions until processing would be required.    The upstream 

sample would be subjected to a collimated beam process in order to develop a 

dose-response curve for the bulk water sample.   DNA would be extracted from 

collimated beam samples and samples from the post-system tap and all samples 

analysed using the ELISA procedure described in this chapter.      The collimated 

beam procedure is the key standardisation process in the procedure and its use 

allows a dose-response curve to be developed that is specific to the characteristics 

of sample (UVT and DNA content).    The development and inclusion of the reactor 

sample on the same plate controls for inter-test variability.   The response from the 

post-reactor samples would be compared to the collimated beam dose-response 

and delivered REDTT dose can be determined and a dimer based bias factor would 

be needed to derive a target RED.     
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6 GENERAL DISCUSSION AND RECOMMENDATIONS FOR 

FURTHER WORK 

For municipal drinking water treatment, UV disinfection was developed initially in 

response to a need to remove infection risk associated with Cryptosporidium oocysts 

following a major outbreak in Milwaukee in 1993.   It has become a well-established 

disinfection process, often used in combination with chlorination as part of a multi-

barrier approach.    Dose delivery is an important aspect of system design and 

development, and due to the lack of a measurable residual UV disinfection systems 

must be validated during design and development.   Specific and detailed methods 

for reactor validation have been developed and all are based on functional 

measures of disinfection performance (USEPA, 2006, ÖNORM, 2001, ÖNORM, 2003, 

DVGW, 2006).   These biodosimetry methods have been designed to account for 

uncertainty introduced by the dose distributions delivered by real systems interacting 

with the differing sensitivity of biodosimeters and target pathogens (USEPA, 2006).    

Due to the lack of a measurable residual, verification of dose delivery by UV 

disinfection systems in operation relies on indirect methods.   These methods 

ultimately relate readings taken at UV sensors, UVT meters and flow meters, via 

algorithmic determinations, to a reduction equivalent dose determined during the 

validation testing procedures.   No direct sampling-based method for online dose 

estimation that is independent of the system currently exists.   Previous studies had 

identified endo- and aerobic spores in untreated surface waters as potential 

surrogates that could be isolated from raw waters for spiking prior to the reactor, 

however, none of these have been able to be tested in operational reactors due to 

concerns regarding inactivation prior to entering distribution (Mamane-Gravetz and 

Linden, 2004, Rochelle et al., 2010).   An objective of this thesis was to isolate and 
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identify, from treatment process water samples, presumptive UV-resistant 

heterotrophic bacteria.   Using a collimated beam dose of 40mJ/cm2 five 

representative isolates of commonly occurring (based on colony morphology) 

heterotrophic bacteria were isolated and identified by 16s rRNA sequencing.   Three 

species, Sphingophyxis chilensis, Flavobacterium succinicans and Rheinheimera 

chironomi were identified, and the low-pressure UV dose-response profiles of these 

species have been determined.   The profile of F. succinicans indicates it is not likely 

to be useful as a dose indicator for inactivation of Cryptosporidium, a common UV 

sensitive target pathogen.    However, the dose-response profile of S.chilensis 

indicates it may be suitable for dose verification of up to 2.2-log inactivations of 

Cryptosporidium.    The available literature has also pointed towards one of these 

isolates, S.chilensis, previously being identified due to its increased resistance to UV.     

The screening process was successful in isolating a species with increased UV 

resistance compared to other heterotrophic bacteria (Malayeri et al., 2016, Hijnen et 

al., 2006).  However, the total number of an individual heterotrophic bacterial 

species are unlikely to be sufficient to use in routine dose verification, and suggest 

culture-based methods, while the basis of validation, are perhaps not the most 

fruitful methods for routine verification.   Chapter 4 highlights it is possible, by looking 

for indigenous surrogates where UV systems might be installed in the treatment 

process, to isolate organisms with desirable characteristics.   The isolation of a 

species in a group notable in biofilms from post-filtration samples illustrates that the 

microbial ecology of the treatment process itself should not be ignored as a source 

of surrogates. 
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Cultural methods are standard in water quality analysis and the primary methods 

used for the routine detection and enumeration of bacteria and viruses in water 

samples.   In the context of UV disinfection, they are the primary methods for reactor 

validation.   In the water industry as a whole, a predominance of cultural methods 

biases consideration of new methods towards methods based on what can be 

cultured.    However, the culturable population is likely a minority in the context of 

the total microbial population (Staley and Konopka, 1985, Amann et al., 1995).   In 

UV disinfection, the DNA of both the culturable and non-culturable microbial 

populations will form pyrimidine dimers in response to UV photon absorbance.   An 

objective of this thesis was to use an ELISA to harness the potential in the extractable 

genomic DNA from the total microbial population as a UV dosimeter.   ELISA offered 

a means to develop a positive measurand that; increases in proportion to UV dose; 

is independent of the condition of the system and available in water typical of that 

passing through operational UV systems.   This work is the first demonstration that a 

UV disinfection dose-response profile can be measured using water passing through 

operating systems using a sampling-based method.   Practically, ELISAs, and other 

molecular methods can be developed and optimised in high-throughput formats 

that will be essential for them to become routine analysis options.    The approach 

described in this thesis harnesses molecular methods to look beyond the culturable 

microbiology.  The power of such molecular methods should gain increasing traction 

in the water industry and other environmental sectors.   Indeed, recently the United 

State Coast Guard (USCG), in considering their ballast water management 

regulations, have considered the semantics of living vs viable in defining disinfection 

performance.   The USCG requirements require disinfection performance for 

indicator organisms on a living/dead basis, rather than the viable/non-viable basis 
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documented in the base International Marine Organisation Ballast Water 

Management Convention guidance (USCG, 2016, IMO, 2004).   A recent USCG ruling 

on the interpretation of live vs viable, means culture-based techniques, such as most 

probable number analysis, for determining viability do not demonstrate adequately 

for current US ballast water regulations, that viable-but-not-culturable organisms are 

metabolically inactive, although they are unable to reproduce (IMO, 2016, Bircher. 

K, 2016, Knox, 2015).    The impact of this ruling is reminiscent of the “remove versus 

render harmless” wording in the definition of disinfection for drinking water supply in 

England and Wales.    Molecular techniques measuring dimer formation may offer 

the UV disinfection industry a method of demonstrating dose delivery where the 

culturing of targets is problematic. 

 

6.1 Further Work 

The following further work would extend the findings of this work. 

1) Further testing of the ELISA assay with treatment process samples from 

treatment works with different types of source water, i.e. groundwater-

dominated, pristine catchments, and different types of treatment process, i.e. 

post slow sand filter,  

 

2) The testing of the ELISA assay with samples from a treatment works with an 

operational UV disinfection system.    This work would enable the dose delivery 

reported by the telemetry of the UV reactor to be compared with the dose 

reported by the ELISA assay.    This work will need to ensure the dose reported 

by the reactor can be deconvoluted to a mean value without bias.   It would 

likely require being done at a UV disinfection test facility, were biodosimetry 
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with two challenge microorganisms with differing UV sensitive can be used to 

remove bias or dyed microspheres used in validation. 

 

3) Other molecular methods have the potential to report UV dose-response 

including quantitative PCR.   This method should be compared directly with 

the ELISA method demonstrated here. 

 

4) The influence of clumping of organisms should be investigated, such 

clumping is common in pre-UV waters in wastewater treatment.    The 

performance of this method in water with a higher concentration of 

organisms in clumped and particle-associated states would shed light on the 

method applicability to UV treatment of wastewater. 

 

5) Development of a set of RED bias factors based on a zero-order dosimeter 

would allow the conversion of DNA derived REDs to target equivalent REDs.     
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7 CONCLUSION  

The objectives of this research were: 

To identify representative UV-resistant heterotrophs at the water treatment stages 

where UV disinfection systems would typically be installed, 

Previous work has identified UV resistant endospores and vegetative bacteria 

from raw water as surrogates for UV dose delivery in UV disinfection systems 

(Rochelle et al., 2010).   This work has identified by 16S rRNA sequencing and 

sequencing comparison, five isolates found in a water treatment process at 

points in the process that UV disinfection system might be installed.    Two 

independent isolates of Sphingopyxis chilensis and two independent isolates 

of Rheinheimera chironomi and one isolate of Flavobacterium succinicans 

were identified.  The independent isolates of Sphingopyxis chilensis and 

Rheinheimera chironomi were isolated from independent samples, suggesting 

they are representative of the treatment process.   These isolates were found 

in post-rapid gravity filter waters, but numbers of heterotrophs further 

downstream after granular activated carbon adsorbers were insufficient to 

demonstrate log inactivation post UV treatment. 

To determine the UV dose-response of the isolated organisms, and assess their 

suitability for operational UV disinfection system performance monitoring considering 

Cryptosporidium as the target pathogen. 

The UV dose-response of the two isolates of Sphingopyxis chilensis and the 

single isolate of Flavobacterium succinicans were determined.    Only, 

Sphingopyxis chilensis had a dose-response profile similar to Cryptosporidium, 

a common target, and might be suitable for determining dose delivery up to 

7mJ/cm2, equivalent to 2.2log inactivation of Cryptosporidium. 
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To test and optimise an enzyme-linked immunosorbent assay to detect thymine 

dimers in genomic DNA from UV treated E. coli cell suspensions at UV doses relevant 

to UV disinfection and to determine a UV dose-response. 

An ELISA-based assay was optimised using naked single species (E.coli) gDNA 

and a UV dose dependent response confirmed using the H3 clone anti-

thymine dimer primary antibody (H3Ab).   Optimised antibody concentrations 

agreed with previous data.   A UV dose dependent response was generated 

from DNA treated in vivo. 

To test the ELISA on total genomic DNA from the mixed population of bacteria 

present at typical UV system installation points in operating water treatment works. 

The optimised assay was further refined to detect the picogram quantities of 

gDNA extractable from treatment process water samples.   When the refined 

assay was applied to treatment samples from two different water treatment 

work, a statistically significant linear UV dose-response was determined with R2 

values of above 0.90 and statistically significant linear gradients.   The dose-

response did not exhibit shoulders at low doses, or tailing over the range of 

dose investigated (0-120mJ/cm2). 
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> Rheinheimera sp. (A) 21015402 15401 -- 13..809 of sequence 

CTACCTGCAGTCGAGCGGGGTTTTCGGACCTAGCGGCGGACGGGTGAGTAATGCGTAGG 

AAGCTACCCGACAGAGGGGGATACCAGTTGGAAACGACTGTTAATACCGCATAATGTCTAC 

GGACCAAAGTGTGGGACCTTCGGGCCACATGCTGTCGGATGCGCCTACGTGGGATTAGCT 

AGTTGGTGAGGTAATGGCTCACCAAGGCGACGATCCCTAGCTGGTTTGAGAGGATGATCA 

GCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTG 

GACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGT 

AAAGCACTTTCAGCGAGGAGGAAGGGTTGGTCGTTAATAGCGGCTAACTTTGACGTTACTC 

GCAGAAGAAGCACCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACAGAGGGTGCAAGCG 

TTAATCGGAATTACTGGGCGTAAAGCGCACGCAGGCGGTTGGTTAAGTCAGATGTGAAAGC 

CCCGGGCTCAACCTGGGAATTGCATTTGAAACTGGCCAACTAGAGTACGTGAGAGGGGGG 

TAGAATTCCAAGTGTAGCGGTGAAATGCGTAGAGATTTGGAGGAATACCAGTGGCGAAAGC 

GGCCCCCTGGCACGATACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGA 

TACCCTGGTAGTCCACGCCGTACACGATGTCTACTAGCTGTTCGTGGTCTTGTACTGTGAG 

TAGCGCAGCTACG 

 

> Rheinheimera sp. (B) 21015402 15402 -- 13..808 of sequence 

CTACCTGCAGTCGAGCGGGGTTTTCGGACCTAGCGGCGGACGGGTGAGTAATGCGTAGG 

AAGCTACCCGACAGAGGGGGATACCAGTTGGAAACGACTGTTAATACCGCATAATGTCTAC 

GGACCAAAGTGTGGGACCTTCGGGCCACATGCTGTCGGATGCGCCTACGTGGGATTAGCT 

AGTTGGTGAGGTAATGGCTCACCAAGGCGACGATCCCTAGCTGGTTTGAGAGGATGATCA 

GCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTG 

GACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGT 

AAAGCACTTTCAGCGAGGAGGAAGGGTTGGTCGTTAATAGCGGCTAACTTTGACGTTACTC 

GCAGAAGAAGCACCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACAGAGGGTGCAAGCG 

TTAATCGGAATTACTGGGCGTAAAGCGCACGCAGGCGGTTGGTTAAGTCAGATGTGAAAGC 

CCCGGGCTCAACCTGGGAATTGCATTTGAAACTGGCCAACTAGAGTACGTGAGAGGGGGG 

TAGAATTCCAAGTGTAGCGGTGAAATGCGTAGAGATTTGGAGGAATACCAGTGGCGAAAGC 

GGCCCCCTGGCACGATACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGA 

TACCCTGGTAGTCCACGCCGTATACGATGTCTACTAGCTGTTCGTGGTCTTGTACTGTGAG 

TAGCGCAGCTAC 

 

> Sphingomonas sp. (C) 21015403 -- 41..961 of sequence 

CGGACTTTAGTGGCGCACGGGTGCGTAACGCGTGGGAATCCTGCCCTTGGGTACGGAATA 

ACTCAGAGAAATTTGTGCTAATACCGTATAATGTCTTCGGACCAAAGATTTATCGCCCAAGG 

ATGAGCCCGCGTAAGATTAGCTAGTTGGTGGGGTAAAAGCCTACCAAGGCGACGATCTTTA 

GCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGG 

AGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCAATGCCGCGTGAG 

TGATGAAGGCCTTAGGGTTGTAAAGCTCTTTTACCCGGGATGATAATGACAGTACCGGGAG 

AATAAGCTCCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGAGCTAGCGTTGT 

TCGGAATTACTGGGCGTAAAGCGCGCGTAGGCGGTTTTTTAAGTCAGAGGTGAAAGCCCA 

GTGCTCAACACTGGAACTGCCTTTGAAACTGGAAAACTTGAATCTTGGAGAGGTCAGTGGA 

ATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAAGAACACCAGTGGCGAAGGCGACT 

GACTGGACAAGTATTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACC 

CTGGTAGTCCACGCCGTATACGATGATAACTAGCTGTCCGGGTTCATAGAACTTGGGTGGC 

GCAGCTAACGCATTAAGTTATCCGCCTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGA 

ATTGACGGGGGCCTGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAA 

CCTTACCAGCGTTTGACATCCTGATCGCGGATTAGAGAGATCTTTTCCTTCAGTTCGGCTG 

GATCAGTGACAC 

 

> Sphingomonas sp. (D) 21015404 -- 28..957 of sequence 

ACGACGTCTTCGGACTTAGTGGCGCACGGGTGCGTAACGCGTGGGAATCTGCCCTTGGGT 

ACGGAATAACTCAGAGAAATTTGTGCTAATACCGTATAATGTCTTCGGACCAAAGATTTATC 

GCCCAAGGATGAGCCCGCGTAAGATTAGCTAGTTGGTGGGGTAAAAGCCTACCAAGGCGA 

CGATCTTTAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCCAGAC 

TCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCAATG 

CCGCGTGAGTGATGAAGGCCTTAGGGTTGTAAAGCTCTTTTACCCGGGATGATAATGACAG 

TACCGGGAGAATAAGCTCCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGAGC 

TAGCGTTGTTCGGAATTACTGGGCGTAAAGCGCGCGTAGGCGGTTTTTTAAGTCAGAGGT 

GAAAGCCCAGTGCTCAACACTGGAACTGCCTTTGAAACTGGAAAACTTGAATCTTGGAGAG 

GTCAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAAGAACACCAGTGGCG 

AAGGCGACTGACTGGACAAGTATTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGA 

TTAGATACCCTGGTAGTCCACGCCGTAAACGATGATAACTAGCTGTCCGGGTTCATAGAAC 

TTGGGTGGCGCAGCTAACGCATTAAGTTATCCGCCTGGGGAGTACGGTCGCAAGATTAAAA 

CTCAAAGGAATTGACGGGGGCCTGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAA 

CGCGCAGAACCTTACCAGCGTTTGACATCCTGATCGCGGATTAGAGAGATCTTTTCCTTCA 

GTTCGGCTGGATCAGTGACAGG 
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> Flavobacterium sp. (E) 21015405 -- 13..933 of sequence 

ACCATGCAGTCGAGGGGTAGAGTTCTTCGGAGCTTGAGACCGGCGCACGGGTGCGTAAC 

GCGTATGCAATCTACCTTTTACAGAGGGATAGCCCAGAGAAATTTGGATTAATACCTCATAG 

TATAATTGAATGGCATCATTTAATTATTAAAGTCACAACGGTAAAAGATGAGCATGCGTCCC 

ATTAGCTAGTTGGTAAGGTAACGGCTTACCAAGGCTACGATGGGTAGGGGTCCTGAGAGG 

GAGATCCCCCACACTGGTACTGAGACACGGACCAGACTCCTACGGGAGGCAGCAGTGAGG 

AATATTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGCAGGATGACGGTCCTA 

TGGATTGTAAACTGCTTTTGTACAGGAAGAAACACTGGTTCGTGAACCAGCTTGACGGTAC 

TGTAAGAATAAGGATCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGATCCAAG 

CGTTATCCGGAATCATTGGGTTTAAAGGGTCCGTAGGCGGTTTGGTAAGTCAGTGGTGAAA 

GCCCATCGCTCAACGGTGGAACGGCCATTGATACTGCTAGACTTGAATTATTAGGAAGTAA 

CTAGAATATGTAGTGTAGCGGTGAAATGCTTAGAGATTACATGGAATACCAATTGCGAAGG 

CAGGTTACTACTAATATATTGACGCTGATGGACGAAAGCGTGGGTAGCGAACAGGATTAGA 

TACCCTGGTAGTCCACGCCGTATACGATGGATACTAGCTGTTGGGCGCAAGTTCAGTGGCT 

AAGCGAAAGTGATAAGTATCCCACCTGGGGAGTACGTTCGCAAGAATGAAACTCAAAGGAA 

TTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGATGATACGCGAGGAAC 

CTTACCAAGGC 

 

 
BLASTn MegaBLAST sequence alignment carried out at https://blast.ncbi.nlm.nih.gov/Blast.cgi 

Using BLASTn (Zhang et al., 2000) 

Score Expect Identities Gaps Strand 

1681 bits(910) 0.0 917/920(99%) 2/920(0%) Plus/Plus 

Query  1    CGGACTTTAGTGGCGCACGGGTGCGTAACGCGTGGGAATCCTGCCCTTGGGTACGGAATA  60 

            ||||| ||||||||||||||||||||||||||||||||| |||||||||||||||||||| 

Sbjct  11   CGGAC-TTAGTGGCGCACGGGTGCGTAACGCGTGGGAAT-CTGCCCTTGGGTACGGAATA  68 

 

Query  61   ACTCAGAGAAATTTGTGCTAATACCGTATAATGTCTTCGGACCAAAGATTTATCGCCCAA  120 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  69   ACTCAGAGAAATTTGTGCTAATACCGTATAATGTCTTCGGACCAAAGATTTATCGCCCAA  128 

 

Query  121  GGATGAGCCCGCGTAAGATTAGCTAGTTGGTGGGGTAAAAGCCTACCAAGGCGACGATCT  180 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  129  GGATGAGCCCGCGTAAGATTAGCTAGTTGGTGGGGTAAAAGCCTACCAAGGCGACGATCT  188 

 

Query  181  TTAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCCAGACTCCTAC  240 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  189  TTAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCCAGACTCCTAC  248 

 

Query  241  GGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCAATGCCGCGT  300 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  249  GGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCAATGCCGCGT  308 

 

Query  301  GAGTGATGAAGGCCTTAGGGTTGTAAAGCTCTTTTACCCGGGATGATAATGACAGTACCG  360 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  309  GAGTGATGAAGGCCTTAGGGTTGTAAAGCTCTTTTACCCGGGATGATAATGACAGTACCG  368 

 

Query  361  GGAGAATAAGCTCCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGAGCTAGCG  420 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  369  GGAGAATAAGCTCCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGAGCTAGCG  428 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Query  421  TTGTTCGGAATTACTGGGCGTAAAGCGCGCGTAGGCGGTTTTTTAAGTCAGAGGTGAAAG  480 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  429  TTGTTCGGAATTACTGGGCGTAAAGCGCGCGTAGGCGGTTTTTTAAGTCAGAGGTGAAAG  488 

 

Query  481  CCCAGTGCTCAACACTGGAACTGCCTTTGAAACTGGAAAACTTGAATCTTGGAGAGGTCA  540 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  489  CCCAGTGCTCAACACTGGAACTGCCTTTGAAACTGGAAAACTTGAATCTTGGAGAGGTCA  548 

 

Query  541  GTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAAGAACACCAGTGGCGAAG  600 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  549  GTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAAGAACACCAGTGGCGAAG  608 

 

Query  601  GCGACTGACTGGACAAGTATTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTA  660 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  609  GCGACTGACTGGACAAGTATTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTA  668 

 

Query  661  GATACCCTGGTAGTCCACGCCGTATACGATGATAACTAGCTGTCCGGGTTCATAGAACTT  720 

            |||||||||||||||||||||||| ||||||||||||||||||||||||||||||||||| 

Sbjct  669  GATACCCTGGTAGTCCACGCCGTAAACGATGATAACTAGCTGTCCGGGTTCATAGAACTT  728 

 

Query  721  GGGTGGCGCAGCTAACGCATTAAGTTATCCGCCTGGGGAGTACGGTCGCAAGATTAAAAC  780 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  729  GGGTGGCGCAGCTAACGCATTAAGTTATCCGCCTGGGGAGTACGGTCGCAAGATTAAAAC  788 

 

Query  781  TCAAAGGAATTGACGGGGGCCTGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAAC  840 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  789  TCAAAGGAATTGACGGGGGCCTGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAAC  848 

 

Query  841  GCGCAGAACCTTACCAGCGTTTGACATCCTGATCGCGGATTAGAGAGATCTTTTCCTTCA  900 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  849  GCGCAGAACCTTACCAGCGTTTGACATCCTGATCGCGGATTAGAGAGATCTTTTCCTTCA  908 

 

Query  901  GTTCGGCTGGATCAGTGACA  920 

            |||||||||||||||||||| 

Sbjct  909  GTTCGGCTGGATCAGTGACA  928 

 

 

 

 

 

 

Score Expect Identities Gaps Strand 
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1465 bits(793) 0.0 795/796(99%) 0/796(0%) Plus/Plus 

Query  1    CTACCTGCAGTCGAGCGGGGTTTTCGGACCTAGCGGCGGACGGGTGAGTAATGCGTAGGA  60 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  1    CTACCTGCAGTCGAGCGGGGTTTTCGGACCTAGCGGCGGACGGGTGAGTAATGCGTAGGA  60 

 

Query  61   AGCTACCCGACAGAGGGGGATACCAGTTGGAAACGACTGTTAATACCGCATAATGTCTAC  120 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  61   AGCTACCCGACAGAGGGGGATACCAGTTGGAAACGACTGTTAATACCGCATAATGTCTAC  120 

 

Query  121  GGACCAAAGTGTGGGACCTTCGGGCCACATGCTGTCGGATGCGCCTACGTGGGATTAGCT  180 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  121  GGACCAAAGTGTGGGACCTTCGGGCCACATGCTGTCGGATGCGCCTACGTGGGATTAGCT  180 

 

Query  181  AGTTGGTGAGGTAATGGCTCACCAAGGCGACGATCCCTAGCTGGTTTGAGAGGATGATCA  240 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  181  AGTTGGTGAGGTAATGGCTCACCAAGGCGACGATCCCTAGCTGGTTTGAGAGGATGATCA  240 

 

Query  241  GCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTG  300 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  241  GCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTG  300 

 

Query  301  GACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGT  360 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  301  GACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGT  360 

 

Query  361  AAAGCACTTTCAGCGAGGAGGAAGGGTTGGTCGTTAATAGCGGCTAACTTTGACGTTACT  420 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  361  AAAGCACTTTCAGCGAGGAGGAAGGGTTGGTCGTTAATAGCGGCTAACTTTGACGTTACT  420 

 

Query  421  CGCAGAAGAAGCACCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACAGAGGGTGCAAGC  480 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  421  CGCAGAAGAAGCACCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACAGAGGGTGCAAGC  480 

 

Query  481  GTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGGCGGTTGGTTAAGTCAGATGTGAAA  540 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  481  GTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGGCGGTTGGTTAAGTCAGATGTGAAA  540 

 

Query  541  GCCCCGGGCTCAACCTGGGAATTGCATTTGAAACTGGCCAACTAGAGTACGTGAGAGGGG  600 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  541  GCCCCGGGCTCAACCTGGGAATTGCATTTGAAACTGGCCAACTAGAGTACGTGAGAGGGG  600 
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Query  601  GGTAGAATTCCAAGTGTAGCGGTGAAATGCGTAGAGATTTGGAGGAATACCAGTGGCGAA  660 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  601  GGTAGAATTCCAAGTGTAGCGGTGAAATGCGTAGAGATTTGGAGGAATACCAGTGGCGAA  660 

 

Query  661  AGCGGCCCCCTGGCACGATACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACAGGATT  720 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  661  AGCGGCCCCCTGGCACGATACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACAGGATT  720 

 

Query  721  AGATACCCTGGTAGTCCACGCCGTACACGATGTCTACTAGCTGTTCGTGGTCTTGTACTG  780 

            ||||||||||||||||||||||||| |||||||||||||||||||||||||||||||||| 

Sbjct  721  AGATACCCTGGTAGTCCACGCCGTATACGATGTCTACTAGCTGTTCGTGGTCTTGTACTG  780 

 

Query  781  TGAGTAGCGCAGCTAC  796 

            |||||||||||||||| 

Sbjct  781  TGAGTAGCGCAGCTAC  796 
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Experiment 1 - 16/06/2010. Raw count data from Court (2010)  

 

 RAW            

UV 

TREATED 

1:0  

 1:0 1:10 1:100 1:1000 RAW   

Sample\Day 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 

3 TNTC TNTC TNTC 1119 1154 978 228 287 226 32 37 21    

5 TNTC TNTC TNTC 1152 1166 1002 245 302 242 48 50 35    

7 TNTC TNTC TNTC 1187 1196 1042 260 309 256 65 51 37 240 139 294 

CFU's per 1ml day 7     23740 23920 20840 52000 61800 51200 130000 102000 74000 480 278 588 

Mean CFU/ml   22833.33333 55000 102000 448.6666667 

Plate No.s 1 2 3 4 5 6 7 8 9 10 11 12 61 62 63 

                

 

Post Pre-

Ozone              

 1:0 1:10 1:100 1:1000 

POST PRE-

OZONE  

Sample\Day 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 

3 TNTC TNTC TNTC 737 112 1313 166 109 239 12 10 22 82 76 18 

5 TNTC TNTC TNTC 756 139 1333 183 123 250 18 17 26 118 125 38 

7 TNTC TNTC TNTC 786 147 1350 187 134 253 18 19 29 125 136 47 

CFU's per 1ml day 7     15720 2940 27000 37400 26800 50600 36000 38000 58000 250 272 94 

Mean CFU/ml   15220 38266.66667 44000 205.3333333 

Plate No.s 13 14 15 16 17 18 19 20 21 22 23 24 58 59 60 

                

 

Post 

RGF               

 1:0 1:10   

POST 

RGF   

Sample\Day 1 2 3 1 2 3       1 2 3 

3 529 517 549 88 83 129       6 0 5 

5 709 637 644 265 317 205       6 2 11 

7 762 713 680 388 427 232       6 2 13 

CFU's per 

1ml day 7 1524 1426 1360 7760 8540 4640             12 4 26 

Mean 

CFU/ml 1436.666667 6980       14 

Plate No.s 25 26 27 28 29 30       55 56 57 

                

 

Post 

GAC               

 1:0 1:10   POST GAC  

Sample\Day 1 2 3 1 2 3       1 2 3 

3 188 190 249 22 4 25       0 0 0 

5 282 268 346 38 15 38       0 0 0 

7 318 304 360 48 36 58       0 0 0 

CFU's per 

1ml day 7 636 608 720 960 720 1160             0 0 0 

Mean 

CFU/ml 654.6666667 946.6666667       0 

Plate No.s 31 32 33 34 35 36       52 53 54 
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Experiment 1 - 16/06/2010. Raw count data from Court (2010)    

                

                

 Sterile water 1:0 Peptone Media Environmental 

STERILE 

WATER  

Sample\Day 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 

3 1 0 0 0 0 0 0 0 0 0 0 2 0 0 0 

5 1 0 0 0 0 0 0 0 0 0 0 3 1 0 0 

7 2 0 0 0 0 1 0 0 0 0 0 3 1 0 0 

CFU's per 

1ml day 7 1.3333 0.6667 0 2.0 0.6667 

Plate No.s 37 38 39 40 41 42 43 44 45 46 47 48 64 65 66 
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Experiment 2 – 30/06/2010 Raw count data from Court (2010)- CFU Recovery vs Temperature 

 

 
 

RAW 22 degrees          Averages Standard deviation  

 
 

 1:10 1:100 1:1000 CFU/ml    
 

Sample\Day   1 2 3 1 2 3 1 2 3     

3 
 

   1119 1154 978 228 287 226 32 37 21 49400 6931   

5 
 

   1152 1166 1002 245 302 242 48 50 35 52600 6762   

7 
 

   1187 1196 1042 260 309 256 65 51 37 55000 5903   
 

CFU's per 1ml                      

Plate 

No.s 

 

   1 2 3 4 5 6 7 8 9     

 
 

                

 
 

RAW 26 Degrees              

 
 

 1:10 1:100 1:1000     
 

Sample\Day   1 2 3 1 2 3 1 2 3     

3 
 

   901 1098 882 202 276 199 88 44 42 45133 8723   

5 
 

   959 1121 909 221 301 219 137 59 52 49400 9355   

7 
 

   993 1164 972 226 324 227 185 69 59 51800 11259   
 

CFU's per 1ml                      

 
 

   67 68 69 70 71 72 73 74 75     

 
 

                

 
 

RAW 30 Degrees              

 
 

 1:10 1:100 1:1000     
 

Sample\Day   1 2 3 1 2 3 1 2 3     

3 
 

   1009 1090 1017 171 195 139 23 28 26 33667 5619   

5 
 

   1076 1132 1030 191 206 149 23 29 27 36400 5909   

7 
 

   1133 1193 1097 213 223 158 24 30 29 39600 7000   
 

CFU's per 1ml                      

 
 

   76 77 78 79 80 81 82 83 84     
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Experiment 2 – 30/06/2010 Raw count data from Court (2010) 

 

RAW 1:0 1:10 1:100 1:1000 

Sample\Day 1 2 3 1 2 3 1 2 3 1 2 3 

Day 10 count TNTC 299 271 218 87 67 83 10 14 7 

CFU's per 1ml     5980 5420 4360 17400 13400 16600 20000 28000 14000 

Mean CFU/ml 10 days    5253.333333 15800 20666.66667 

Plate No. 58 59 60 61 62 63 64 65 66 67 68 69 

            

Post Pre-Ozone 1:0 1:10 1:100 1:1000 

Sample\Day 1 2 3 1 2 3 1 2 3 1 2 3 

Day 10 count TNTC 239 94 124 27 32 28 8 8 11 

CFU's per 1ml     4780 1880 2480 5400 6400 5600 16000 16000 22000 

Mean CFU/ml 10 days    3046.666667 5800 18000 

Plate No. 70 71 72 73 74 75 76 77 78 79 80 81 

             

Post RGF 1:0 1:10 1:100  

Sample\Day 1 2 3 1 2 3 1 2 3    

Day 10 count    174 136 172 29 34 30    

CFU's per 1ml 0 0 0 3480 2720 3440 5800 6800 6000       

Mean CFU/ml 10 days 0 3213.333333 6200    

Plate No. 82 83 84 85 86 87 88 89 90    

             

 

Post 

GAC            

 1:0 1:10 1:100  

Sample\Day 1 2 3 1 2 3 1 2 3    

Day 10 count 401 375 359 57 63 59 2 10 6    

CFU's per 1ml 802 750 718 1140 1260 1180 400 2000 1200       

Mean CFU/ml 10 days 756.6666667 1193.333333 1200    

Plate No. 91 92 93 94 95 96 97 98 99    
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Experiment 2 – 30/06/2010 Raw count data from Court (2010) 

 

Sample UV TREATED (1:1) CONTROLS   

  RAW     STERILE WATER   Sterile water 1:1 

Counts on: 1 2 3 1 2 3 1 2 3 

Day 3 32 48 47 0 0 0 0 0 0 

Day 5 47 78 85 0 0 0 0 0 0 

Day 7 52 90 91 0 0 1 0 0 0 

Day 10 65 102 103 0 0 2 0 0 0 

CFU/ml 130 204 206 0 0 4 0 0 0 

Mean CFU/ml 7 days 155.3333333 0.666666667 0 

Mean CFU/ml 10 days 180 1.333333333 0 

                   

Plate no. 1 2 3 13 14 15 46 47 48 

          

  

POST PRE-

OZONE      Peptone 

Counts on: 1 2 3    1 2 3 

Day 3 1 4 10    0 0 0 

Day 5 13 18 20    0 0 0 

Day 7 27 26 29    0 0 0 

Day 10 36 35 41    1 0 0 

CFU/ml 72 70 82    2 0 0 

Mean CFU/ml 7 days 54.66666667    0 

Mean CFU/ml 10 days 74.66666667    0.666666667 

Plate no. 4 5 6    49 50 51 

          

  

POST 

RGF        Media 

Counts on: 1 2 3    1 2 3 

Day 3 7 0 0    0 0 1 

Day 5 23 5 5    0 0 1 

Day 7 26 12 7    0 0 1 

Day 10 35 13 8    0 0 1 

CFU/ml 70 26 16    0 0 2 

Mean CFU/ml 7 days 30    0.666666667 

Mean CFU/ml 10 days 37.33333333    0.666666667 

Plate no. 7 8 9    52 53 54 

          

  POST GAC      Environmental 

Counts on: 1 2 3    1 2 3 

Day 3 24 0 0    0 0 2 

Day 5 54 0 3    0 0 2 

Day 7 58 0 3    0 0 2 

Day 10 58 0 3    0 0 4 

CFU/ml 116 0 6    0 0 8 

Mean CFU/ml 7 days 40.66666667    1.333333333 

Mean CFU/ml 10 days 40.66666667    2.666666667 

           4 

Plate no. 10 11 12    55 56 57 

 

 

 



 

206 

 

Experiment 2 – 30/06/2010 Raw count data from Court (2010) 

 

Sample 

kept in dark in 

incubator SD P-Value left in incubator SD P-Value 

  RAW       RAW       

Counts on: 1 2 3   1 2 3   

Day 3               

Day 5               

Day 7               

Day 10 108 187 16   340 63 67   

CFU/ml 216 374 32 171 0.811162 680 126 134 318 0.543681 

Mean CFU/ml 7 days         

Mean CFU/ml 10 days 207.3333333   313.3333333   

                  

Plate no. 16 17 18   31 32 33   

           

  POST PRE-OZONE     POST PRE-OZONE     

Counts on: 1 2 3   1 2 3   

Day 3               

Day 5               

Day 7               

Day 10 26 47 19   32 35 26   

CFU/ml 52 94 38 29 0.513695 64 70 52 9 0.129773 

Mean CFU/ml 7 days         

Mean CFU/ml 10 days 61.33333333   62   

Plate no. 19 20 21   34 35 36   

           

  POST RGF       

POST 

RGF       

Counts on: 1 2 3   1 2 3   

Day 3               

Day 5               

Day 7               

Day 10 55 17 19   122 11 8   

CFU/ml 110 34 38 43 0.482481 244 22 16 130 0.531581 

Mean CFU/ml 7 days         

Mean CFU/ml 10 days 60.66666667   94   

Plate no. 22 23 24   37 38 39   

           

  POST GAC     POST GAC     

Counts on: 1 2 3   1 2 3   

Day 3               

Day 5               

Day 7       4        

Day 10 1 2 0   0 1 3   

CFU/ml 2 4 0 2 0.41298 0 2 6 3 0.419691 

Mean CFU/ml 7 days         

Mean CFU/ml 10 days 2   2.666666667   

                  

Plate no. 25 26 27   40 41 42   
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Experiment 2 - 30/06/2010 Raw count data from Court (2010) 
 

 
  

           

           

 STERILE WATER     STERILE WATER     

Counts on: 1 2 3   1 2 3   

Day 3               

Day 5               

Day 7               

Day 10 9 0 0   0 2 0   

CFU/ml 18 0 0 10 0.520734 0 4 0 2 1 

Mean CFU/ml 7 days         

Mean CFU/ml 10 days 6   1.333333333   

  5.196152423   1.154700538   

Plate no. 28 29 30   43 44 45   
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Experiment 3 – 14/7/2010 Raw count data from Court (2010) 

 

RAW 1:0 1:10 1:100 1:1000 

Sample\Day 1 2 3 1 2 3 1 2 3 1 2 3 

3 

TNTC 

471 412 494 65 75 75 6 10 9 

5 488 449 508 89 98 92 10 17 10 

7 499 471 512 97 112 103 13 19 13 

CFU's per 1ml 0 0 0 9980 9420 10240 19400 22400 20600 26000 38000 26000 

Mean CFU/ml            20800       

  58 59 60 61 62 63 64 65 66 67 68 69 

             

Post Pre-Ozone 1:0 1:10 1:100 1:1000 

Sample\Day 1 2 3 1 2 3 1 2 3 1 2 3 

3 

TNTC 

133 194 116 18 17 16 2 1 1 

5 147 227 147 26 28 22 2 4 3 

7 158 243 162 27 39 23 3 5 4 

CFU's per 1ml 0 0 0 3160 4860 3240 5400 7800 4600 6000 10000 8000 

Mean CFU/ml 0 3753.333333 5933.333333 8000 

  70 71 72 73 74 75 76 77 78 79 80 81 

             

Post RGF 1:0 1:10 1:100  

Sample\Day 1 2 3 1 2 3 1 2 3    

3 440 680 564 85 84 56 13 8 10    

5 565 853 746 174 215 150 26 17 20    

7 565 853 746 221 251 183 32 31 25    

CFU's per 1ml 1130 1706 1492 4420 5020 3660 6400 6200 5000    

Mean CFU/ml 1442.666667 4366.666667 5866.666667    

  82 83 84 85 86 87 88 89 90    

             

Post GAC 1:0 1:10 1:100  

Sample\Day 1 2 3 1 2 3 1 2 3    

3 250 243 228 19 24 27 1 2 2    

5 299 279 267 27 37 34 3 2 2    

7 316 305 321 45 55 56 5 6 2    

CFU's per 1ml 632 610 642 900 1100 1120 1000 1200 400    

Mean CFU/ml 628 1040 866.6666667    

  91 92 93 94 95 96 97 98 99    
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Experiment 3 – 14/7/2010 Raw count data from Court (2010) 

 

Sample UV TREATED (1:0) CONTROLS 

  RAW    STERILE WATER  Sterile water 1:0 

Counts on: 1 2 3 1 2 3 1 2 3 

Day 3 179 103 123 0 0 0 0 0 0 

Day 5 223 133 168 0 1 1 0 0 0 

Day 7 247 147 192 0 2 1 1 0 0 

CFU's/ml 494 294 384 0 4 2 2 0 0 

Mean CFU/ml 390.6666667 2 0.666666667 

Plate no. 1 2 3 13 14 15 46 47 48 

          

  

POST PRE-

OZONE      Peptone 

Counts on: 1 2 3    1 2 3 

Day 3 1 0 2    0 0 0 

Day 5 3 3 3    0 0 0 

Day 7 4 8 7    0 0 0 

CFU's/ml 8 16 14    0 0 0 

Mean CFU/ml 12.66666667    0 

Plate no. 4 5 6    49 50 51 

          

  

POST 

RGF        Media 

Counts on: 1 2 3    1 2 3 

Day 3 2 0 1    0 0 0 

Day 5 2 0 1    0 0 0 

Day 7 2 0 3    0 0 0 

CFU's/ml 4 0 6    0 0 0 

Mean CFU/ml 3.333333333    0 

Plate no. 7 8 9    52 53 54 

          

  POST GAC      Environmental 

Counts on: 1 2 3    1 2 3 

Day 3 0 0 2    4 0 0 

Day 5 0 0 2    6 1 0 

Day 7 0 4 4    7 1 0 

CFU's/ml 0 8 8    7 1 0 

Mean CFU/ml 5.333333333    2.666666667 

Plate no. 10 11 12    55 56 57 
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Experiment 3 – 14/7/2010 Raw count data from Court (2010) - CFU Recovery vs Temperature 

 

 RAW 22 degrees          Averages Standard deviation  

  1:10 1:100 1:1000 CFU/ml    

Sample\Day   1 2 3 1 2 3 1 2 3     

3    310 260 286 52 35 54 6 3 4 9400 2088   

5    338 286 305 71 39 77 10 3 5 12467 4086   

7    343 311 324 73 40 81 21 3 7 12933 4347   

CFU's per 1ml                  

Plate 

No.s    1 2 3 4 5 6 7 8 9     

                 

 RAW 26 Degrees              

  1:10 1:100 1:1000     

Sample\Day   1 2 3 1 2 3 1 2 3     

3    214 271 245 42 35 43 1 7 4 4867 571   

5    227 289 262 54 41 48 7 8 4 5187 622   

7    237 300 268 58 46 59 7 9 4 5367 630   

CFU's per 1ml                  

    10 11 12 13 14 15 16 17 18     

                 

 RAW 30 Degrees              

  1:10 1:100 1:1000     

Sample\Day   1 2 3 1 2 3 1 2 3     

3    270 225 234 24 32 32 1 4 2 4860 476   

5    287 235 238 29 34 34 3 6 9 5067 584   

7    291 242 241 31 39 38 4 6 9 5160 572   

CFU's per 1ml                  

    19 20 21 22 23 24 25 26 27     
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CONTROLS                

Media Sterile Water Peptone Environmental      

1 2 3 1 2 3 1 2 3 1 2 3      

0 0 0 0 0 0 0 0 0 0 1 0      

0 0 1 0 0 0 0 0 1 4 2 0      

0 0 1 0 0 0 0 0 1 5 3 0      

0 0 1 0 0 0 0 0 2 5 3 0       

28 29 30 31 32 33 34 35 36 37 38 39 40 
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Experiment 4 – 29/7/2010 Raw count data from Court (2010) 

 

RAW 1:0 1:10 1:100 1:1000 

Sample\Day 1 2 3 1 2 3 1 2 3 1 2 3 

3 

TNTC TNTC 

280 276 259 56 49 65 

5 289 322 274 62 83 80 

7 318 354 292 71 88 89 

CFU's per 1ml 0 0 0 9980 9420 10240 63600 70800 58400 142000 176000 178000 

Mean CFU/ml            64266.7       

  5 6 7 8 9 10 21 22 23 24 25 26 

             

Post Pre-Ozone 1:0 1:10 1:100 1:1000 

Sample\Day 1 2 3 1 2 3 1 2 3 1 2 3 

3 

TNTC 

399 353 407 99 117 119 26 7 16 

5 463 365 TNTC 162 175 201 36 15 24 

7 538 395 TNTC 195 190 207 51 21 35 

CFU's per 1ml 0 0 0 10760 7900  39000 38000 414000 102000 42000 70000 

Mean CFU/ml 0  39466.7  

  33 34 35 36 37 38 39 40 41 42 43 44 

             

Post RGF 1:0 1:10 1:100  

Sample\Day 1 2 3 1 2 3 1 2 3    

3 

TNTC 

101 87 106 14 6 10    

5 123 114 118 18 10 20    

7 157 133 142 21 14 25    

CFU's per 1ml    3140 2660 2840 4200 2800 5000    

Mean CFU/ml  2880     

  51 52 53 54 55 56 57 58 59    

             

Post GAC 1:0 1:10 1:100  

Sample\Day 1 2 3 1 2 3 1 2 3    

3 217 196 198 35 30 11 6 2 1    

5 242 219 214 41 39 37 11 2 3    

7 295 239 238 58 51 51 12 6 7    

CFU's per 1ml 590 478 476 1160 1020 1020 2400 1200 1400    

Mean CFU/ml 514.7      

  66 67 68 69 70 71 72 73 74    
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Experiment 4 – 29/7/2010 Raw count data from Court (2010) 

 

Sample UV TREATED (1:0) CONTROLS 

  RAW    STERILE WATER  Sterile water 1:1 

Counts on: 1 2 3 1 2 3 1 2 3 

Day 3 100 82 68 0 0 1 0 0 0 

Day 5 113 101 87 0 0 1 0 0 0 

Day 7 127 118 95 0 1 1 0 0 0 

CFU's/ml 254 236 190 0 2 2 0 0 0 

Mean CFU/ml    

Plate no. 27 28 29 93 94 95 90 91 92 

          

  

POST PRE-

OZONE      Peptone 

Counts on: 1 2 3    1 2 3 

Day 3 53 61 123    0 1 0 

Day 5 107 102 189    0 1 0 

Day 7 121 136 207    0 1 0 

CFU's/ml 242 272 414    0 2 0 

Mean CFU/ml 226.7    0.67 

Plate no. 45 46 47    81 82 83 

          

  

POST 

RGF        Media 

Counts on: 1 2 3    1 2 3 

Day 3 1 1 5    0 0 0 

Day 5 0 2 0    0 0 0 

Day 7 0 2 0    0 0 0 

CFU's/ml 2 4 10    0 0 0 

Mean CFU/ml 5.3    0 

Plate no. 60 61 62    87 88 89 

       8   

  POST GAC      Environmental 

Counts on: 1 2 3    1 2 3 

Day 3 0 0 2    1 0 0 

Day 5 0 2 2    1 0 1 

Day 7 0 2 2    1 0 1 

CFU's/ml 0 4 4    2 0 2 

Mean CFU/ml 2.7    1.33 

Plate no. 75 76 77    84 85 86 
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Experiment 4 – 29/7/2010 Raw count data from Court (2010) - CFU Recovery vs Temperature  

 

 RAW 22 degrees          Averages Standard deviation  

  1:10 1:100 1:1000 CFU/ml    

Sample\Day   1 2 3 1 2 3 1 2 3     

3    

TNTC 

237 346 247 40 63 60 108667 25007   

5    247 357 256 51 77 73 134000 28000   

7    261 362 259 52 79 83 142667 33724   

                  

Plate 

No.s    10 12 13 14 15 16 17 18 19     

                 

 RAW 26 Degrees              

  1:10 1:100 1:1000     

Sample\Day   1 2 3 1 2 3 1 2 3     

3    

TNTC 

340 381 272 46 42 69 104667    

5    364 392 285 53 46 75 116000    

7    369 397 288 53 50 80 122000    

                  

    19 20 21 22 23 24 25 26 27     

                 

 RAW 30 Degrees              

  1:10 1:100 1:1000     

Sample\Day   1 2 3 1 2 3 1 2 3     

3    

TNTC 

262 241 275 45 33 33 74000 13856   

5    270 253 282 46 38 36 80000 10583   

7    275 260 284 46 38 37 80667 8966   

                  

    28 29 30 31 32 33 34 35 36     
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CONTROLS         

 
Peptone Environmental Media  

 
1 2 3 1 2 3 1 2 3  

3 
0 0 0 1 0 1 0 0 0  

5 
0 0 0 0 0 2 0 0 0  

7 
0 0 0 0 0 0 0 0 0  

CFU 
0 0 0 1 0 3 0 0 0   

 1 2 3 4 5 6 7 8 9 10 
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Dose-response Data - Sphingopyxis chilensis isolate 56-1 Raw count data from Luce (2011) 

 
04/07/2011                 

Dose mJ/cm2 0 3 6 10 20 OD254 

Vol. Plated (ml) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.12 

dilution 0.00010 0.00010 0.00010 0.00010 0.00010 0.00010 0.01000 0.01000 0.01000 0.10000 0.10000 0.10000 0.10000 0.10000 0.10000  

cfu/plate 296 296 315 80 56 78 150 135 312 118 180 183 107 134 108  

mean cfu/ml 6.05E+06 1.43E+06 3.98E+04 3.21E+03 2.33E+03  

Log inactivation 0 0.627193514 2.181632956 3.275462211 3.41478186  

       

05/07/2011                 

Dose mJ/cm2 0 3 6 10 20  

Vol. Plated (ml) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 OD254 

dilution 0.00100 0.00100 0.00100 0.01000 0.01000 0.01000 0.10000 0.10000 0.10000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 0.125 

cfu/plate 96 103 90 124 130 157 84 114 208 52 49 47 58 46 72  

mean cfu/ml 1.93E+05 2.74E+04 2.71E+03 9.87E+01 1.17E+02  

Log inactivation 0 0.847056021 1.852371809 3.290636127 3.215385175  

       

22/07/2012                 

Dose mJ/cm2 0 3 6 10 20  

Vol. Plated (ml) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 OD254 

dilution 0.00001 0.00001 0.00001 0.00010 0.00010 0.00010 0.00010 0.00010 0.00010 0.01000 0.01000 0.01000 0.10000 0.10000 0.10000 0.124 

cfu/plate 107  113 270 258 291 35 47 69 88 100 78 50 40 49  

mean cfu/ml 2.20E+07 5.46E+06 1.01E+06 1.77E+04 9.27E+02  

Log inactivation 0 0.605230038 1.339536993 3.093632303 4.37549914  

       

 Controls     

 PBW Media     

04/07/2011 0 0 0 0 0 0     

05/07/2011 0 1 0 0 1 0     

22/07/2011 0 0 0 0 0 0     
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Dose-response Data - Sphingopyxis chilensis isolate 9-1 Raw count data from Luce (2011) 

15/07/2011 C                

Dose mJ/cm2 0 3 6   OD254 

Vol. Plated (ml) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5       0.064 

dilution 0.00010 0.00010 0.00010 0.00010 0.00010 0.00010 0.00100 0.00100 0.00100        

cfu/plate 133 126 78 38 43 33 75 65 41        

mean cfu/ml 2.25E+06 7.60E+05 1.21E+05    

Log inactivation 0 0.47072505 1.269951326    

       

05/07/2011                 

Dose mJ/cm2 0 3 6 10  OD254 

Vol. Plated (ml) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5    0.113 

dilution 0.00100 0.00100 0.00100 0.00100 0.00100 0.00100 0.01000 0.01000 0.01000 1.00000 1.00000 1.00000     

cfu/plate 184 219 206 29 51 41 50 62 53 172 184 179     

mean cfu/ml 4.06E+05 8.07E+04 1.10E+04 3.57E+02   

Log inactivation 0 0.701831922 1.567133348 3.056263511   

       

04/07/2011                 

Dose mJ/cm2 0 3 6 10 20 OD254 

Vol. Plated (ml) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.113 

dilution 0.00010 0.00010 0.00010 0.00010 0.00010 0.00010 0.00100 0.00100 0.00100 0.10000 0.10000 0.10000 0.10000 0.10000 0.10000  

cfu/plate 214 211 304 106 117 106 167 224 200 137 97 171 61 65 48  

mean cfu/ml 4.86E+06 2.19E+06 3.94E+05 2.70E+03 1.16E+03  

Log inactivation 0 0.34553163 1.091140047 3.255272505 3.62217828  

       

       

       

       

       

       

       



 

218 

 

22/07/2011                 

Dose mJ/cm2 0 3 6 10 20 OD254 

Vol. Plated (ml) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.131 

dilution 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001 0.00010 0.00010 0.00010 0.00100 0.00100 0.00100 0.10000 0.10000 0.10000  

cfu/plate 228 241 190 65 76 56 114 129 120 35 41 42 121 91 106  

mean cfu/ml 4.39E+07 1.31E+07 2.42E+06 7.87E+04 2.12E+03  

Log inactivation 0 0.524419188 1.25897879 2.747003407 4.316458295  

       

 Controls 

 PBW Media 

04/07/2011 0 0 0 0 0 0 

05/07/2011 0 1 0 0 1 0 

15/07/2011 1 0 1 0 0 0 

22/07/2011 0 0 0 0 0 0 
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Dose-response Data - Flavobacterium succinicans isolate 39-1 Raw count data from Luce (2011) 

 

01/08/2011 E                

Dose mJ/cm2 0 3 6 10 20 OD254 

Vol. Plated (ml) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.106 

dilution 0.00001 0.00001 0.00001 0.01000 0.01000 0.01000 0.10000 0.10000 0.10000 0.10000 0.10000 0.10000 0.10000 0.10000 0.10000  

cfu/plate 82 64 58 207 203 182 218 285 257 180 182 215 266 356 402  

mean cfu/ml 1.36E+07 3.95E+04 5.07E+03 3.85E+03 6.83E+03  

Log inactivation 0 2.537308461 3.428816575 3.548454354 3.299330211  

       

26/07/2011                 

Dose mJ/cm2 0 3 6 10 20 OD254 

Vol. Plated (ml) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.123 

dilution 0.00001 0.00001 0.00001 0.00100 0.00100 0.00100 0.01000 0.01000 0.01000 0.01000 0.01000 0.01000 0.01000 0.01000 0.01000  

cfu/plate 63 44 45 227 216 115 27 34 48 135 162 163 130 199 153  

mean cfu/ml 1.01E+07 3.72E+05 7.27E+03 3.07E+04 3.21E+04  

Log inactivation 0 1.435209389 3.14441709 2.519085756 2.49879655  

       

27/07/2011                 

Dose mJ/cm2 0 3 6 10 20 OD254 

Vol. Plated (ml) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.123 

dilution 0.00001 0.00001 0.00001 0.00010 0.00010 0.00010 0.01000 0.01000 0.01000 0.01000 0.01000 0.01000 0.10000 0.10000 0.10000  

cfu/plate 112 96 84 51 89 31 73 80 58 158 187 135 259 203 300  

mean cfu/ml 1.95E+07 1.14E+06 1.41E+04 3.20E+04 5.08E+03  

Log inactivation 0 1.232386741 3.141100396 2.784141614 3.58342788  
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29/07/2011                 

Dose mJ/cm2 0 3 6 10 20 OD254 

Vol. Plated (ml) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.12 

dilution 0.00001 0.00001 0.00001 0.00010 0.00010 0.00010 0.10000 0.10000 0.10000 0.10000 0.10000 0.10000 0.01000 0.01000 0.01000  

cfu/plate 53 63 59 34 36 57 197 216 200 289 256 272 117 123 85  

mean cfu/ml 1.17E+07 8.47E+05 4.09E+03 5.45E+03 2.17E+04  

Log inactivation 0 1.139234328 3.455577574 3.330815992 2.731154688  

       

 Controls     

 PBW Media     

26/07/2011 0 0 0 0 0 0     

27/07/2011 0 0 0 0 0 0     

29/07/2011 0 0 0 0 0 0     

01/08/2011 0 0  0 0      
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APPENDIX C 

      DATA ACCOMPANYING CHAPTER 5 
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Primary Antibody Dilution Series – Figure 5.1 

 

            

            

  User: JIM   Path: C:\Program Files\BMG\Omega\Jim\Data\   

  Test Name: ABTS 405NM     Date: 03/12/2010  

  ID1: antiTTdilutions         

  Absorbance  Absorbance values are displayed as OD    

            

            

  Raw Data (405)         

UV  1:100 1:1000 1:2000 1:4000 1:6000 1:8000 1:10000 no 2nd no 1st no DNA 

500mJ/cm2 1 1.577 1.082 0.781 0.689 0.579 0.59 0.505 0.051 0.321 1.115 

500mJ/cm2 2 1.48 0.996 0.748 0.67 0.575 0.671 0.776 0.047 0.397 1.37 

500mJ/cm2 3 1.457 1.011 0.783 0.715 0.682 0.775 0.674 0.087 0.379 1.079 

 Mean 1.505 1.030 0.771 0.691 0.612 0.679 0.652 0.062 0.366 1.188 

 SE 0.037 0.027 0.011 0.013 0.035 0.054 0.079 0.013 0.023 0.092 

            

- 1 1.215 0.382 0.53 0.34 0.367 0.385 0.378 0.056 0.389 1.175 

- 2 1.404 0.521 0.372 0.364 0.381 0.403 0.359 0.048 0.396 1.172 

- 3 1.164 0.387 0.410 0.360 0.408 0.400 0.361 0.051 0.426 0.579 

 Mean 1.261 0.430 0.437 0.355 0.385 0.396 0.366 0.052 0.404  

 SE 0.073 0.046 0.048 0.007 0.012 0.006 0.006 0.002 0.011  

            

            

  1:100 1:1000 1:2000 1:4000 1:6000 1:8000 1:10000 no 2nd no 1st no DNA 

 +UV 1.505 1.030 0.771 0.691 0.612 0.679 0.652 0.062 0.366 1.188 

 -UV 1.261 0.430 0.437 0.355 0.385 0.396 0.366 0.052 0.404 0.000 

            

 S/R 1.193233 2.394574 1.762195 1.949248 1.588235 1.713805 1.78051 1.193548 0.905863 #DIV/0! 
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Primary Antibody Dilution Series – Figure 5.2 

 

             

             

 User: JIM   Path: C:\Program Files\BMG\Omega\Jim\Data\   File Name: 74.dbf 

 Test Name: ABTS 405NM      Date: 10/12/2010 Time: 15:19:19 

 ID1: 2nd_primary_AB_dilution_series_121010        

 Absorbance  Absorbance values are displayed as OD      

             

             

             

 UV  1:100 1:200 1:400 1:800 1:1000 no 1st no  2nd no DNA    

 500mJ/cm2 1 1.233 1.23 0.863 0.896 0.75 0.057 0.041 0.096   

 500mJ/cm2 2 1.259 0.964 0.797 0.797 0.628 0.054 0.045 0.092   

 500mJ/cm2 3 1.315 1.042 0.74 0.77 0.756 0.07 0.044 0.118   

  Mean 1.269 1.079 0.800 0.821 0.711 0.060 0.043    

  1.96*SE 0.047 0.155 0.070 0.075 0.082 0.010 0.002    

             

 - 1 0.944 0.343 0.198 0.126 0.133 0.057 0.043 0.1   

 - 2 1.061 0.343 0.234 0.144 0.111 0.069 0.053 0.097   

 - 3 1.099 0.306 0.19 0.14 0.102 0.062 0.046 0.109   

  Mean 1.035 0.331 0.207 0.137 0.115 0.063 0.047 0.102   

  1.96*SE 0.091 0.024 0.027 0.011 0.018 0.007 0.006 0.008   

             

             

   1:100 1:200 1:400 1:800 1:1000 no 1st no  2nd no DNA    

  +UV 1.269 1.079 0.800 0.821 0.711 0.060 0.043 0.000   

  -UV 1.035 0.331 0.207 0.137 0.115 0.063 0.047 0.102   

  
 

          

  S/R 1.226 3.262 3.859 6.007 6.168 0.963 0.915 0.000   
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Secondary Antibody Dilution Series - Figure 5.3 

 

             

             

 User: JIM   Path: C:\Program Files\BMG\Omega\Jim\Data\   File Name: 88.dbf 

 Test Name: ABTS 405NM      Date: 17/12/2010 Time: 14:13:04 

 ID1: 2nd_dilution_series_121710         

 Absorbance  Absorbance values are displayed as OD      

             

             

 UV  1:500 1:750 1:1000 1:2500 1:5000 no 1st no  2nd no DNA    

 500mJ/cm2 1 1.635 1.745 1.793 1.74 1.367 0.062 0.043 0.119   

 500mJ/cm2 2 1.572 2.009 1.9 1.71 1.397 0.082 0.04 0.129   

 500mJ/cm2 3 1.704 2.035 2.007 1.786 1.408 0.056 0.043 0.121   

  Mean 1.637 1.930 1.900 1.745 1.391 0.067 0.042    

  1.96*SE 0.075 0.182 0.121 0.043 0.024 0.015 0.002    

             

 - 1 0.186 0.147 0.138 0.214 0.104 0.092 0.08 0.161   

 - 2 0.169 0.136 0.11 0.097 0.09 0.099 0.045 0.111   

 - 3 0.348 0.114 0.102 0.107 0.09 0.067 0.044 0.106   

  Mean 0.234 0.132 0.117 0.139 0.095 0.086 0.056 0.125   

  1.96*SE 0.112 0.019 0.021 0.073 0.009 0.019 0.023 0.034   

             

             

   1:500 1:750 1:1000 1:2500 1:5000 no 1st no  2nd no DNA    

  +UV 1.637 1.930 1.900 1.745 1.391 0.067 0.042 0.000   

  -UV 0.234 0.132 0.117 0.139 0.095 0.086 0.056 0.125   

             

  S/R 6.986 14.582 16.286 12.526 14.690 0.775 0.746 0.000   
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In vivo UV dose-response of E. coli gDNA – Figure 5.4 

 

             

             

 User: JIM   Path: C:\Program Files\BMG\Omega\Jim\Data\   File Name: 94.dbf 

 Test Name: ABTS 405NM      Date: 01/02/2011 Time: 16:51:02 

 ID1: 1st_In_vivo_UV_DR_ecoli_gDNA_0_10_20_40_80       

 Absorbance  Absorbance values are displayed as OD      

             

             

             

UV Dose mJ/cm2 0 10 20 40 80 500  

500 

naked 

gDNA no pri no DNA   

Replicate 0.087 0.415 0.812 1.077 1.177 1.515  2.381 0.066 0.036   

Replicate 0.092 0.481 0.859 1.143 1.273 1.594  2.379 0.032 0.048   

Replicate 0.093 0.52 0.824 1.098 1.244 1.616  2.465 0.033 0.04   

Mean 0.091 0.472 0.832 1.106 1.231 1.575  2.408 0.044 0.041   

1.96*S.E. 0.004 0.060 0.028 0.038 0.056 0.031  0.028 0.011 0.004   
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E. coli gDNA Optimised UV Dose-response based on mean endpoint OD405nm data - Figure 5.6 

 

UV Dose/Condition 

mJ/cm2 

Replicates Mean 

Endpoint 

Endpoint 

1.96*SE 1 2 3 

0 0.0643 0.0741 0.0709 0.0698 0.0055 

10 0.4722 0.2429 0.2393 0.3181 0.1461 

20 0.6531 0.7049 0.7168 0.6916 0.0497 

40 1.2234 1.2028 1.1213 1.1825 0.0499 

80 1.888 2.0547 1.8549 1.9325 0.1362 

500 2.9659 3.2438 3.1352 3.1150 0.0995 

no 1st 0.057 0.0607 0.0626 0.0601 0.0009 

no 2nd 0.0565 0.0622 0.062 0.0602 0.0016 

no DNA 0.0609 0.0611 0.0592 0.0604 0.0002 

500 H20 3.2087 3.0909 3.0706 3.1234 0.0123 

no DNA H2O 0.0673 0.0667 0.0622 0.0654 0.0015 
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E. coli gDNA Optimised UV Dose-response based on mean endpoint OD405nm data for three replicate experiments. - Figure 5.7 

 

UV Dose/Condition 

mJ/cm2 

Replicates  Mean 

Endpoint 

Endpoint 

1.96*SE 1 2 3 

0 0.047315 0.022397 0.032429 0.034047 0.014187 

10 0.082586 0.102131 0.073657 0.086125 0.016479 

20 0.198465 0.222025 0.13403 0.18484 0.051547 

40 0.338158 0.379619 0.210946 0.309574 0.099462 

80 0.457101 0.620403 0.419223 0.498909 0.120977 

500 1 1 1 1  
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Dose-response curve for DNA indigenous to water from the same treatment process. A) PGAC Sample, B) PRGF Sample – Figure 5.9 

 

UV Dose mJ/cm2 

Sample 

pg DNA Loaded 1 2 3 

Mean Endpoint 

OD405nm/pg DNA 1.96xSE Endpoint 

Mean  ΔOD @ 

t=0/pg DNA 

1.96xSE Initial 

Rate 

0 
PRGF 

218.4881 0.0734 0.0735 0.0728 3.35E-04 1.96E-06 1.70E-06 4.17E-07 

10 
PRGF 

141.2330 0.0828 0.0781 0.0793 5.67E-04 1.96E-05 4.16E-06 1.15E-06 

20 
PRGF 

190.2045 0.0931 0.0909 0.0866 4.74E-04 1.97E-05 3.93E-06 9.76E-07 

40 
PRGF 

161.1180 0.0876 0.0954 0.0867 5.58E-04 3.36E-05 4.88E-06 5.46E-07 

80 
PRGF 

55.2705 0.0957 0.0825 0.0915 1.63E-03 1.38E-04 1.48E-05 1.38E-06 

          

0 
PGAC 

583.2731 0.0744 0.0775 0.0762 1.30E-04 3.02E-06 6.91E-07 2.56E-07 

10 
PGAC 

810.6539 0.0814 0.0794 0.0822 9.99E-05 2.01E-06 9.70E-07 2.04E-07 

20 
PGAC 

350.7667 0.0904 0.0851 0.1008 2.63E-04 2.58E-05 2.38E-06 1.03E-07 

40 
PGAC 

385.4111 0.1068 0.1075 0.1098 2.80E-04 4.61E-06 3.48E-06 2.87E-08 

80 
PGAC 

221.8846 0.1084 0.1012 0.1022 4.68E-04 1.99E-05 5.19E-06 5.96E-07 
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Dose-response curve for DNA indigenous to water from a second same treatment process, PGAC - Figure 5.10 

 

UV Dose mJ/cm2 

Sample 

pg DNA Loaded 1 2 3 

Mean Endpoint 

OD405nm/pg DNA 1.96xSE Endpoint 

Mean  ΔOD @ 

t=0/pg DNA 

1.96xSE Initial 

Rate 

0 PGAC 154.1440 0.0921 0.0850 0.0955 5.89E-04 3.93E-05 6.41E-06 1.86E-06 

10 PGAC 68.8364 0.0850 0.0955 0.1219 1.46E-03 8.36E-04 3.71E-05 4.07E-05 

20 PGAC 27.5368 0.0955 0.1219 0.0436 3.16E-03 2.84E-04 6.48E-05 6.28E-06 

40 PGAC 98.7637 0.1219 0.0436 0.1390 1.03E-03 4.10E-04 1.73E-04 3.43E-05 

80 PGAC 17.3348 0.0436 0.1390 0.1102 5.63E-03 3.28E-04 1.93E-04 2.93E-05 

120 PGAC 48.4842 0.1390 0.1102 0.1232 2.56E-03 6.80E-04 3.76E-04 5.88E-05 
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APPENDIX D 

EXAMPLE COLLIMATED BEAM SPREADSHEET (Bolton and Linden, 2003) 
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