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Abstract

We show in this study that the combination of a swirl flow reactor and an

antimicrobial agent (in this case copper alginate beads) is a promising technique for

the remediation of contaminated water in waste streams recalcitrant to UV-C

treatment. This is demonstrated by comparing the viability of both common and UV-

C resistant organisms in operating conditions where UV-C proves ineffective -

notably high levels of solids and compounds which deflect UV-C. The swirl flow

reactor is easy to construct from commonly available plumbing parts and may prove

a versatile and powerful tool in waste water treatment in developing countries.

Introduction

Ultraviolet (UV) disinfection is an established and effective means of disinfecting

microbe-contaminated waste streams, and thus is widely utilised in sewerage

treatment [1, 2], cooling water tower disinfection [3], treatment of potable water

in disaster affected areas [4], and even wound sterilisation [5]. Despite the

undoubted effectiveness of UV sterilisation in these areas, it’s widespread

application is limited by environmental factors which impair the transmission of

UV light, such as colour [6], presence of humic acids [7, 8] and suspended
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particles [9–11]. Evidence indicates such factors can lead to sub-lethal exposure of

microbes followed by their subsequent reactivation [12], an occurrence which can

lead to the under estimation of the potential of pathogen exposure to populations

as affected organisms will typically not be detected by standard assays [13].

Many bacteria have an innate resistance to ionising and non-ionising radiation.

For example, the extremophile bacterium Deinococcus radiodurans, can grow

continuously in the presence of chronic radiation (6 kilorads/h), and also it can

survive acute exposures to gamma radiation exceeding 1,500 kilorads without

significant loss of viability [14]. The same organism is also resistant to UV light at

fluences of up to 2000 J/m2 [15]. D. radiodurans is able to tolerate these

conditions due to a number of factors such as, having multiple copies of the

genome to reduce the chance of a gene mutation being passed to a progeny [14];

high recombination rates [16, 17]; a multilayered protective cell wall [15] and

extremely efficient DNA repair systems [14, 16, 18]. For example, following an

exposure to 1.75 mrad (the dose required to achieve a survival of 37%, which

degrades the cells’ four chromosomes into about 500 fragments), Daly and

Minton determined that there were as many as 175 crossovers per chromosome

(700 crossovers per nucleoid) undergoing repair [17]. D. radiodurans can also

effectively repair up to 100 DNA double-strand breaks per chromosome after

exposure to a 1.5 mrad dose of gamma radiation [19] and subsequent studies

showed that repair is a two-stage RecA-dependent process involving the unique,

extended synthesis-dependent single-strand DNA annealing (ESDSA) system

followed by a more conventional protein-mediated double-strand break repair

[20–22]. Other domains of life also contain highly UV-resistant organisms. For

instance, the eggs of the helminth, Ascaris suum were resistant to UV fluences of

up to 1000 J/m2 [23] and the Tardigrade Ramazzottius varieornatus survived UVC

fluences of up to 2500 J/m2 [24].

We have previously shown that use of a copper-alginate bead is capable of

lysing E. coli cells up to approximately 108 cells/ml, in simulated wastewater under

laboratory conditions [25], and have further enhanced their efficacy through use

within the ‘vortex bioreactor’ which creates complex swirl-type flow regimes and

effective mixing [26]. As a new technology being developed as an alternative to,

among others, UV sterilisation for waste water treatment, this work represents the

first direct comparison of vortex bioreactor performance. Here, we focus on E. coli

and E. faecalis as model organisms in water treatment efficacy studies and D.

radiodurans as an organism with a natural resistance to existing treatment

systems. During the following study, we compare the use of UV treatment with

the vortex bioreactor, for the sterilisation of simulated waste streams containing

increasing colour, humic acid and suspended solid concentrations.

contributions’ section.

Competing Interests: Co-authors SFT, FR and
PTM were employed by PML Applications. Co-
author PG is employed by Protein Technologies
Ltd. The authors expect to develop a technology
platform to treat contaminated water based on the
results described herein. PG of Protein
Technologies Ltd (PTL) will be responsible for the
protection and commercialization of this technol-
ogy; PML Applications and Plymouth Marine
Laboratory (of which SFT/FR/PTM and PR/SA/RB/
MJA were/are employees, respectively) have a
royalty agreement with PTL for any revenue
generated through such activities. It is envisioned
that the technology platform will be made freely
available in the developing world for humanitarian
purposes. The authors have the following patent(s)/
patent applications(s) relating to material pertinent
to this article (GB2497575). This does not alter
their adherence to PLOS ONE policies on sharing
data and materials.

UV-C and Swirl Flow Copper Reactor Comparison

PLOS ONE | DOI:10.1371/journal.pone.0115688 2 / 13December 26, 2014



Methods

Copper-alginate bead manufacture

Copper-alginate beads were made according to the methodology described by

ourselves previously [26]. The beads were stored in sterile millipore water at 4 C̊

prior to use, and allowed to warm to 37 C̊ in an incubator (Thermo scientific,

Hemel Hempstead, UK) before use.

Swirl flow bioreactor design

The reactor was manufactured from 60.4 mm outside diameter (OD) clear

polycarbonate tube and 60.4 mm internal diameter (ID) acrylonitrile butadiene

styrene (ABS) fittings. The system was of a recirculating design with a total length

of 1300 mm, a width of 550 mm and a working volume of 6.5 litres. The system

consisted of a four blade stainless steel propeller (Fig. 1, item 1 [316 s, 58 mm

diameter; pitch 63 mm]) retained on a 7 mm stainless steel shaft (Fig. 1, item 2

[316 s]). The shaft was located via a circular metal support with a 25 mm stainless

steel ball bearing at the centre through which the shaft ran (Fig. 1, item 3). The

shaft ran centrally through the tube and emerged through a female connector; the

fluid integrity was maintained by dual stainless steel cutlass bearings (27.6 mm

diameter) housed in a 60 mm diameter butyl bung, through which the shaft ran

through centrally. The shaft was attached to a 450 watt variable speed motor (0–

2400 rpm [Bosch]). The propeller induced flow in a clockwise direction and swirl

formation and flow rates were determined by adjustment propeller velocity.

Filling and sampling was facilitated by a vertical inlet via a T-connector with a

150 mm length of polycarbonate tube attached. Air was added to the system via a

400 mm length of 3 mm ID stainless steel tube, sealed at one end, with 0.5 mm

holes drilled at 10 mm intervals along the length. Dissolved oxygen (DO)

concentration in the test media was monitored via a 240 volt solenoid (GHL

profilux, Germany) connected to a Profilux 3 controller (GHL Profilux,

Germany), which also controlled temperature via a 300 watt stainless steel tube

heater (Hydor, Wiltshire, UK) inserted through the sampling tube [26].

Growth of Bacteria

E. coli ATCC 11775 from 280 C̊ stored stocks was inoculated into 50 ml of

sterilised Luria-Bertani (LB) broth and Enterococcus faecalis ATCC 19434 was

grown in Davies minimal media (Sigma Aldrich, Poole, UK). Deinococcus

radiodurans ATCC 13939 was grown in TGY broth Bacto tryptone 10 g/l, yeast

extract 5 g/l and D-glucose 1 g/l (BD, New Jersey, USA). All cultures were

incubated overnight at 37 C̊ in a shaking incubator (Bibby scientific, Staffordshire,

UK) at 150 rpm; 1 ml of this stock was then added to 250 ml of media, which was

incubated overnight under the same conditions. The bacterial cell numbers were

then determined using the Gram staining method and subsequent enumeration

using an improved Neubauer hemocytometer.
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Toxicity assay procedure

All experiments were performed in the swirl flow reactor described above, all

assays were performed in a media containing 0.1 g/l Bacto peptone and 0.02 g/l

Yeast extract (both Sigma Aldrich, Poole, UK). Briefly, cultures of organisms were

added at the appropriate concentration in 6.5 litres of assay media (,108 cells/ml

for E. coli, ,107 cells/ml for E. faecalis and 108 cells/ml for D. radiodurans) and

then added directly to the swirl flow reactor. The speed of rotation was set to

956 rpm (+/220 rpm) and the temperature was maintained at 37 C̊ for

30 minutes to allow acclimation. Alginate beads (650 g) were then added

aseptically giving a final copper concentration of 0.25 mg/ml. 1 ml of sample was

then removed at 15 minute intervals for microbial enumeration. Suspended solids

were added between 0 and 1000 mg/l, as insoluble cellulose. FeCl2 and humic acid

(all Sigma Aldrich, Poole, UK) were prepared as 100 g/l stock solutions, filter

sterilised using a 0.2 mm cellulose filter (Millipore Ltd, Dundee, UK) and stored at

4 C̊ prior to use. Each sample was serial diluted at 4 C̊ in 1/8 strength Ringers

solution (Fisher, Leicester, UK) and plated onto 90 mm Petri dishes containing

LB, Davies or TGY agar media. The Petri dishes were then incubated overnight at

37 C̊ and colonies counted. All plates were reassessed on a daily basis for a two

week period for any potential regrowth. All treatments were prepared in triplicate,

and technical triplicate replicates were also performed.

Formulae

Using a continuous-flow system operated with laminar flow and assuming a

constant UV-C intensity inside the quartz sleeve, inactivation of the test bacteria

as a function of intensity is assumed to comply with first-order kinetics [27]. This

Fig. 1. The general configuration of the swirl flow reactor, with the drive system highlighted. 1: Impeller; 2: Drive shaft; 3: Drive shaft stabiliser; 4: Air
release valve. Adapted from Thomas et al26.

doi:10.1371/journal.pone.0115688.g001
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exponential relationship can be approximated by the equation: N1/N05e2KIT,

where N1 is bacterial density after exposure (colony-forming units (CFU) per

millilitre of effluent), N0 is initial bacterial density (CFU per millilitre of influent),

N1/N0 is the bacterial survival ratio, K is the inactivation rate constant (square

centimetres per microwatt minute, cm2/mW min), I is the intensity of received

UV-C radiation (microwatts per square centimetre), T is time of exposure to UV-

C radiation (min), and e is equal to 2.7182. Thus K5(log No – log N1)/IT.

Exposure time (T) is calculated from T5Q/V, where T is time of exposure to UV-

C radiation (minutes), Q is total capacity of the transparent part of reactor

(litres), and V is the flow rate of water passing through the reactor (litres per

minute). If the bacterial survival ratio (N1/N0) is to be expressed in terms of

percentage, then S5(100)e2KIT, where S is bacterial survival (percent). Fluence

(F), or radiation dose, is the product of UV-C intensity (I) and exposure time (T),

F5IT. Thus, fluence was regulated by varying the V through the system.

UV sterilisation system

UV-C flux was measured using a Ultraviolet UVC Light Meter (Sper Scientific,

AZ, USA). The UV-C was provided by a low-pressure 14 Watt germicidal lamp

(generating 3.7 watt of UV-C), with a quartz sleeve (Bio-logic, Grenoble, France)

and the flow was provided by a peristaltic pump (Watson Marlow, Falmouth,

UK).

Results

Both E. coli ATCC 1775 and Enterococcus faecalis ATCC 19434 were unaffected by

UV fluences of below approximately 1.25 and 1.47 mJ/cm2 respectively (Fig. 2),

and at a fluence of 4. 96 mJ/cm2 a mean log inactivation of 3.86 was observed for

E. coli ATCC 1775 and 3.16 for E. faecalis ATCC 19434. The R2 values for the

linear response was 0.9648 for E. coli ATCC 1775 and 0.9223 for E. faecalis ATCC

19434 and the dose response of fluence against log inactivation was linear

according to y51.0313x–1.2512 and y50.8533x–1.4762 respectively. No effect on

survival rate was observed for D. radiodurans with UV fluences up to 8.16 mJ/

cm2.

Transmission at 254 nm for increasing doses of FeCl2, tannic acid and cellulose

decreased with dose, in a natural log (ln) related manner (Fig. 3). For tannic acid

the equation was y596.301e20.262x (R250.996); for FeCl2 y590.982e2418x

((R250.9942) Fig. 3a) and for cellulose, y5100.64e20.001x ((R250.9822) Fig. 3b).

At a fluence of 10 mJ/cm2 the survival of both E. coli ATCC 1775 and E. faecalis

ATCC 19434 increased rapidly with tannic acid concentrations and even a 1 mg/l

dose resulted in 11% survival of E. faecalis and 27.82% survival for E. coli (Fig. 4).

No effect was observed on D. radiodurans at a fluence of 10 mJ/cm2. At

concentrations of 5 mg/l tannic acid 91.6% and 97% of each bacterium were

viable, respectively (Fig. 4). No antibacterial effects were seen in either bacterium
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with tannic acid concentrations up to 10 mg/l (Fig. 4). With FeCl2 no significant

effect on survival was observed with concentrations up to 1 mg/l. However, when

the dose increased to 2.5 mg/l, bacterial viability increased rapidly and at 2.5 mg/l

71.79% of E. faecalis were viable and 82.35% of E. coli (Fig. 5). At a dose of

7.5 mg/l, 92% of E. faecalis were viable and E. coli even increased in viable cells of

4.47% over starting values (Fig. 5).

Fig. 2. The UV-fluence response curves for E. coli ATCC 1775 (N); Enterococcus faecalis ATCC 19434
(%) and Deinococcus radiodurans ATCC 13939 (#).

doi:10.1371/journal.pone.0115688.g002

Fig. 3. The decrease in transmission (%T) with increasing concentration of FeCl2 (%); tannic acid (#) and insoluble cellulose (D).

doi:10.1371/journal.pone.0115688.g003
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With the copper alginate bead treatment, no effect of increasing tannic acid or

FeCl2 concentrations was observed, and no survival was observed with either

treatments at the concentrations used during the study (Figs. 4 and 5).

Additionally, the Cu-alginate bead treatment was unaffected by suspended solid

concentration up to the 1000 mg/l tested (Fig. 6); whereas UV-C at a fluence of

10 mJ/cm2 showed decreased effectiveness in a (ln) linear manner (r250.989),

with 38% of E. faecalis cells still viable at a suspended solid concentration of

100 mg/l, increasing to 99.97% at the 1000 mg/l concentration (Fig. 6). The

survival of E. coli cells also positively correlated with suspended solid

concentration in a (ln) linear manner ((r250.914) Fig. 6), with 22% survival

observed at 100 mg/l, 64.3% at 300 mg/l and 99.27% at 750 mg/l (Fig. 6).

Fig. 4. Survival of E. faecalis (#), E. coli ATCC 1775 (%) and D. radiodurans (D) under a UV-C fluence of
10 mJ/cm2 with increasing concentrations of tannic acid. Grey markers indicate copper-alginate bead
treatment.

doi:10.1371/journal.pone.0115688.g004
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Discussion

The treatment of contaminated water by UV-C is an established and effective

technique [6, 29], that is widely utilised in developed countries [2]. The

mechanism of action [30, 31] and dose responses [1, 6, 8–10, 32] (and Fig. 2) are

well characterised for many organisms, and UV-C absorbing chemicals within the

waste stream ensure the reliance of upstream treatments to increase efficacy [1, 2].

However, in developing countries, such systems may not be suitable for

decontaminating water, due to high capital expenditure, running costs and highly

coloured or solid loaded waste streams [4].

Here we describe a comparison of the efficacy of a simple swirl flow based

reactor (known as the vortex bioreactor), containing copper-alginate beads with

UV-C technology on simulated waste streams containing high concentrations of

colour and suspended solids, and established faecal coliform markers in addition

to the highly resilient bacteria, D. radiodurans. We have previously illustrated the

potential of copper-alginate beads as an antimicrobial agent [25] and the use of a

Fig. 5. Survival of E. faecalis (#), E. coli ATCC 1775 (%) and D. radiodurans (D) under a UV-C fluence of
10 mJ/cm2 with increasing concentrations of FeCl2. Grey markers indicate copper-alginate bead
treatment.

doi:10.1371/journal.pone.0115688.g005
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swirl flow reactor in combination with the beads for the same purpose [26]. This

study illustrates that such a technique is highly effective in reducing the viability of

several organisms in conditions that limit the use of UV-C.

Obviously the effectiveness of a UV-C based system is reliant on the

transmission of radiation of a suitable wave length through the medium that is

treated, and both humic acids and FeCl2 are known to effect this parameter [7, 8].

As can be seen in Fig. 3, increasing doses of FeCl2, tannic acid and cellulose

decreased transmission, in a log (ln) related manner. Indeed the expected inverse

log (ln) response is observed for both E. faecalis and E. coli with increasing

concentrations of tannic acid and FeCl2 (Figs. 4 and 5). No effect on the efficacy

of the copper-alginate beads on the viability either E. faecalis and E. coli was

observed with any dose of either tannic acid or FeCl2 (Figs. 4 and 5), and

furthermore, the radiation resistant bacteria D. radiodurans showed minimum

survival under any test conditions in the vortex bioreactor during this study

(Figs. 4, 5 and 6). This result is more surprising; as the bacterium is one of the

hardiest known, able to resist acute high doses of both ionising and non-ionising

radiation in doses up to 20 times higher than E. coli with almost no loss in

Fig. 6. Survival of E. faecalis (#), E. coli ATCC 1775 (%) and D. radiodurans (D) under a UV-C fluence of
10 mJ/cm2 with increasing concentrations of cellulose. Grey markers indicate copper-alginate bead
treatment.

doi:10.1371/journal.pone.0115688.g006
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viability [14, 17], and is known to survive elevated external concentrations of

copper due to a copper-responsive gene cluster that encodes CopA, which is a

copper-transporting P1-type ATPase, CopZ, which is a copper metallochaperone,

and CsoR, which is a copper-sensing repressor [33]. We reported previously that

there was a synergistic effect between the copper and alginate, probably due to the

spacing and coordinates of the dendritic copper particles within the alginate

matrix [25]. This effectively increases the surface area for exposure, as the copper

is distributed in a non-random pattern. The susceptibility of D. radiodurans to

copper exposure within the vortex bioreactor observed during this study is

suggestive of an irreversible membrane disruption mechanism of action for the

system rather than radical induced damage to intracellular contents (such as

DNA) which D. radiodurans is capable of withstanding [15].

Elevated suspended solid concentrations present a two-fold problem for the

elimination of microorganisms from waste streams. Firstly, as confirmed by

Fig. 3b, these present an effective barrier to UV-C transmission [9, 11] and

secondly, an effective environment for microbes to live which is totally shielded

from UV-C [34]. As shown is Fig. 6, an increase in suspended solids resulted in

increased survival for both E. faecalis and E. coli with the UV treatment. No such

increase was observed for the copper-alginate-vortex bioreactor treatment, which

suggests that both the dosage of Cu was unaffected by the presence of increasing

solids, and that the bacteria adhering or inside the particles were still effectively

destroyed. This may be due to the charge on the Cu ion in solution, which at the

neutral pH used during this study is predominately as Cu2+ [25]. Most suspended

solids contain a net negative charge [35, 36] thus resulting in an attraction

between these particles and highly bioactive Cu2+ ion, a property which enables

the use of clay to remove aqueous copper from mine water runoff [37]. This ionic

attraction may increase the Cu2+ concentration on and inside the suspended solid

particles.

We did not have the capacity to test the system extensively on eukaryotic

pathogens such as helminthic organisms that are endemic in many third world

populations [38] and cause considerable morbidity and financial burden on these

populations [39, 40]. Limited trials with Ascaris suum eggs revealed that neither

the vortex bioreactor nor UV-C exposure conditions used herein had any impact

on egg structural integrity (data not shown). However, despite copper alginate

beads apparently having limited value in decreasing A. suum egg mortality, the

possibility of using another agent within the vortex bioreactor remains a

possibility and is an active area of research for us.

We have shown during this study that the combination of a swirl flow reactor

and an antimicrobial agent (‘vortex bioreactor’), in this case copper alginate

beads, is a promising technique for the remediation of contaminated water in

waste streams recalcitrant to UV-C treatment. The reactor is easy to construct

from commonly available plumbing parts and may prove a versatile and powerful

tool in waste water treatment in developing countries. However, several issues still

require further work, for example, bead integrity needs to be improved and the

antimicrobial spectrum of the agent increased to include viruses and helminths,

UV-C and Swirl Flow Copper Reactor Comparison

PLOS ONE | DOI:10.1371/journal.pone.0115688 10 / 13December 26, 2014



but the general principle of the system is one, we believe, worth further

investigation.

Acknowledgments

Disclaimer: The findings and conclusions contained within are those of the

author(s) and do not necessarily reflect positions or policies of the Bill & Melinda

Gates Foundation.

Author Contributions
Conceived and designed the experiments: ST MA PG. Performed the experiments:

ST SA RB FR PR. Analyzed the data: ST SA MA. Contributed reagents/materials/

analysis tools: MA. Contributed to the writing of the manuscript: ST SA MA PG.

Editing: PG MA.

References

1. Brahmi M, Belhadi NH, Hamdi H, Hassen A (2010) Modeling of secondary treated wastewater
disinfection by UV irradiation: effects of suspended solids content. J Environ Sci (China) 22: 1218–1224.

2. Hijnen WAM, Beerendonk EF, Medema GJ (2006) Inactivation credit of UV radiation for viruses,
bacteria and protozoan (oo)cysts in water: a review. Water Res 40: 3–22.

3. Palmore TN, Stock F, White M, Bordner M, Michelin A, et al. (2009) A cluster of nosocomial
Legionnaire’s disease linked to a contaminated hospital decorative water fountain. Infect Control Hosp
Epidemiol 30: 764–768.

4. Conroy RM, Elmore-Meegan M, Joyce T, McGuigan KG, Barnes J (1996) Solar disinfection of
drinking water and diarrhoea in Maasai children: a controlled field trial. Lancet 348: 1695–1697.

5. Buonanno M, Randers-Pehrson G, Bigelow AW, Trivedi S, Lowy FD, et al. (2013) 207-nm UV Light -
A Promising Tool for Safe Low-Cost Reduction of Surgical Site Infections. I: In Vitro Studies. PLoS ONE
8(10): e76968. doi:10.1371/journal.pone.0076968.

6. Basu S, Page J, Wei IW (2007) UV disinfection of treated wastewater effluent: influence of color,
reactivation and regrowth of coliform bacteria. Environ Eng Appl Res Pract 4: 1–8.

7. Cantwell RE, Hofmann R, Templeton MR (2008) Interactions between humic matter and bacteria when
disinfecting water with UV light. J Appl Microbiol 105: 25–35.

8. Lee E, Lee H, Jung W, Park S, Yang D, Lee K (2010) Influences of humic acids and photoreactivation
on the disinfection of Escherichia coli by a high-power pulsed UV irradiation. Korean J Chem Eng 26:
1301–1307.

9. Liang Y, Zhang Z, Yang X, Liu W (2013) Effect of Suspended Solids on the Sequential Disinfection of
Secondary Effluent by UV Irradiation and Chlorination. J Environ Eng 139(12): 1482–1487.

10. Wang J, Wang B, Wang L, Zhang J, Huang W (2006) Suspended particle effects on ClO2/ultraviolet
light combined disinfection of effluent. J Environ Sci (China) 18: 634–638.

11. Cantwell RE, Hofmann R (2011) Ultraviolet absorption properties of suspended particulate matter in
untreated surface waters. Water Res 45: 1322–1328.

12. Oguma K, Katayama H, Ohgaki S (2002) Photoreactivation of Escherichia coli after low- or medium-
pressure UV disinfection determined by an endonuclease sensitive site assay. Appl Environ Microbiol
68: 6029–6035.

13. Ben Said M, Masahiro O, Hassen A (2010) Detection of viable but non cultivable Escherichia coli after
UV irradiation using a lytic Qbeta phage. Ann Microbiol 60: 121–127.

UV-C and Swirl Flow Copper Reactor Comparison

PLOS ONE | DOI:10.1371/journal.pone.0115688 11 / 13December 26, 2014



14. Makarova KS, Aravind L, Wolf YI, Tatusov RL, Minton KW, et al. (2001) Genome of the extremely
radiation-resistant bacterium Deinococcus radiodurans viewed from the perspective of comparative
genomics. Microbiol Mol Biol Rev 65: 44–79.

15. Krisko A, Radman M (2010) Protein damage and death by radiation in Escherichia coli and
Deinococcus radiodurans. Proc Natl Acad Sci USA 107: 14373–14377.

16. Lange CC, Wackett LP, Minton KW, Daly MJ (1998) Engineering a recombinant Deinococcus
radiodurans for organopollutant degradation in radioactive mixed waste environments. Nat Biotechnol
16: 929–933.

17. Daly MJ, Minton KW (1995) Interchromosomal recombination in the extremely radioresistant bacterium
Deinococcus radiodurans. J Bacteriol 177: 5495–5505.

18. Patel BA, Moreau M, Widom J, Chen H, Yin L, et al. (2009) Endogenous nitric oxide regulates the
recovery of the radiation-resistant bacterium Deinococcus radiodurans from exposure to UV light. Proc
Natl Acad Sci USA 106: 18183–18188.

19. Daly MJ, Ouyang L, Fuchs P, Minton KW (1994) In vivo damage and recA-dependent repair of plasmid
and chromosomal DNA in the radiation-resistant bacterium Deinococcus radiodurans. J Bacteriol 176:
3508–3517.

20. Bentchikou E, Servant P, Coste G, Sommer S (2010) A major role of the RecFOR pathway in DNA
double-strand-break repair through ESDSA in Deinococcus radiodurans. PLoS Genet 6: e1000774.

21. Pasternak C, Ton-Hoang B, Coste G, Bailone A, Chandler M, et al. (2010) Irradiation-induced
Deinococcus radiodurans genome fragmentation triggers transposition of a single resident insertion
sequence. PLoS Genet 6: e1000799.

22. Cox MM, Keck JL, Battista JR (2010) Rising from the Ashes: DNA Repair in Deinococcus radiodurans.
PLoS Genet 6: e1000815.

23. Brownell SA, Nelson KL (2006) Inactivation of single-celled Ascaris suum eggs by low-pressure UV
radiation. Appl Environ Microbiol 72: 2178–2184.

24. Horikawa DD, Cumbers J, Sakakibara I, Rogoff D, Leuko S, et al. (2013) Analysis of DNA repair and
protection in the Tardigrade Ramazzottius varieornatus and Hypsibius dujardini after exposure to UVC
radiation. PLoS One 8: e64793.

25. Thomas SF, Rooks R, Rudin F, Atkinson S, Goddard P, et al. (2014) The bactericidal effect of
dendritic copper microparticles, contained in an alginate matrix, on Escherichia coli. PLoS One 9:
e96225.

26. Thomas SF, Rooks R, Rudin F, Cagney N, Balabani S, et al. (2015) Swirl flow bioreactor containing
dendritic copper-containing alginate beads: A potential rapid method for the eradication of Escherichia
coli from waste water streams. J Water Process Eng. In press.

27. Bolton JR, Linden KG (2003) Standardization of Methods for Fluence (UV Dose) Determination in
Bench-Scale UV Experiments. J Environ Eng 129: 209–215.

28. Johnson PW, Dixon R, Ross AD (1998) An in-vitro test for assessing the viability of Ascaris suum eggs
exposed to various sewage treatment processes. Int J Parasitol 28: 627–633.

29. Jagger J (1981) Near-UV radiation effects on microorganisms. Photochem Photobiol 34: 761–768.

30. Setlow RB, Setlow JK (1962) Evidence that ultraviolet-induced thymine dimers in DNA cause biological
damage. Proc Natl Acad Sci USA 48: 1250–1257.

31. Goodsell DS (2001) The Molecular Perspective: Ultraviolet Light and Pyrimidine Dimers. Oncologist 6:
298–299.

32. Freeman SE, Blackett AD, Monteleone DC, Setlow RB, Sutherland BM, et al. (1986) Quantitation of
radiation-, chemical-, or enzyme-induced single strand breaks in nonradioactive DNA by alkaline gel
electrophoresis: application to pyrimidine dimers. Analytical biochemistry, 158(1): 119–129.

33. Zhao Z, Zhou Z, Li L, Xian X, Ke X, et al. (2014) A copper-responsive gene cluster is required for
copper homeostasis and contributes to oxidative resistance in Deinococcus radiodurans R1. Mol Biosyst
doi:10.1039/c4mb00320a.

34. Vollertsen J, Hvitved-Jacobsen T (1999) Stoichiometric and kinetic model parameters for microbial
transformations of suspended solids in combined sewer systems. Water Res 33: 3127–3141.

UV-C and Swirl Flow Copper Reactor Comparison

PLOS ONE | DOI:10.1371/journal.pone.0115688 12 / 13December 26, 2014



35. Baik MH, Lee SY (2010) Colloidal stability of bentonite clay considering surface charge properties as a
function of pH and ionic strength. J Ind Eng Chem 16: 837–841.

36. Vinten AJA, Mingelgrin U, Yaron B (1983) The Effect of Suspended Solids in Wastewater on Soil
Hydraulic Conductivity: II. Vertical Distribution of Suspended Solids1. Soil Sci Soc Am J 47: 408.

37. Eren E (2008) Removal of copper ions by modified Unye clay, Turkey. J Hazard Mater 159: 235–244.

38. Peng W, Zhou X, GasserRB (2003) Ascaris egg profiles in human faeces: biological and
epidemiological implications. Parasitology 127: 283–290.

39. Boschi-Pinto C, Lanata C, Mendoza W, Habte D (2006) in Jamison DT, Feachem RG, Makgoba MW,
editors Disease and Mortality in Sub-Saharan Africa, Chapter 9, 2nd Edition, Washington DC, World
Bank.

40. Blatchley ER, Gong WL, Alleman JE, Rose JB, Huffman DE, et al. (2007) Effects of wastewater
disinfection on waterborne bacteria and viruses. Water Environ Res 79: 81–92.

UV-C and Swirl Flow Copper Reactor Comparison

PLOS ONE | DOI:10.1371/journal.pone.0115688 13 / 13December 26, 2014


	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Figure 1
	Section_8
	Section_9
	Figure 2
	Figure 3
	Section_10
	Figure 4
	Figure 5
	Figure 6
	Section_11
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

