University of Strathclyde

The Ecology of
Legionella species
In Compost

A Thesis presented for the Degree of Doctor of
Philosophy



Acknowledgements

Firstly, | would like to express my sincere gratitude to my supervisor Dr Tara Beattie and my co-
supervisor Dr Charles Knapp. They have used their knowledge and patience to guide me during the
process and | am truly grateful for their ongoing support and advice at every stage of my PhD
journey. This gratitude extends to the Department of Civil and Environmental Engineering at the

University of Strathclyde for the funding opportunity to undertake my studies.

| would also like to offer special thanks to Dr Diane Lindsay for her insightful comments and
suggestions during our collaborative work, and to Dr Seanin McCluskey for her support through

many long days in the laboratory.

Finally, | would like to thank my parents and my husband for their tremendous understanding and
encouragement as | have been completing my studies. | could not have undertaken this journey

without their support.



Declaration of Authenticity

This thesis is the result of the original research conducted by Sandra Currie. Where others have
contributed this has been fully acknowledged. All external sources used in this study have been
correctly referenced. It has been composed by the author and has not been previously submitted

for examination that has led to the award of a degree.

Signed:

Date: 8" January 2023

Copyright

The copyright of this thesis belongs to the author under the terms of the United Kingdom Copyright
Acts as qualified by University of Strathclyde Regulation 3.50. Due acknowledgement must always be

made of the use of any material contained in, or derived from, this thesis.



Table of Contents

Yol oYY 1=To Pl o Y=Y o (PSR 1
Declaration of AULRHENTICITY .....ciii it s e e e e tre e e e e bre e e s enreeeesntaeeesanes 2
(070 o1V =4 o | SRR 2
TADIE Of CONTENTS ...eiiii ettt ettt e et e e s bt e e st e e sabe e s bt e e sabeeesabeesabeeeaneeesaneeesnnes 3
I e i = U =PSRRI 5
LIST OF TADIES ...ttt et ettt sttt b e b e b sne e et et s 7
LY o131 1o OO TS OUU R PPOPSURTOPPTOPRRPR 8
1. INTRODUCTION ...ttt ettt sttt ettt et b e s bt e sht e st e st e et e e s bt e sbeesabesabeeabeebeeabeeabeesmeeeneeeneeensean 9
1.0, THESIS STIUCTUIE....eeiiiieeette ettt ettt ettt et e e st e s bt e e s bt e e bt e e sabeesabeeesabeesabaeesnbeesabeeenanes 10

2. LITERATURE REVIEW ... ssesnes 12
D R = T={ oY o 1= | = T PPt 12
2.1.1 2 F 1ol =4 o YU T o IR RS 12
2.1.2 DiISEASE SYMPTOMS ..eeiiiiiiiiiiiiiitee et ettt e e e e e st et e e e s s s ssabbateeeeeesessssbtaeeeeeessanssnsenaeeees 15
2.1.3 Diagnosis and TreatMeENt ......c.uiei i e 18
2.1.4 SOUICE ittt e e e et e e e e s s s a e e e s e e s s e r e e e e e e e 21
2.15 RoOUtE OF LranSMISSION ...c.uviiiieieiee ettt sttt 28
2.1.6 HADITAT. bbbt b e s saee e 30

P07 ©o ] 1 To 1] PR 39
2.2.1 2 o] =44 o TU T o O PP 39
2.2.2 [00e] 3] oToT 1 T=] o | £ 39
223 Production MEethods .........cociiiiiieii ettt s s 41

2.3. KEY RESEAICI AIMIS ...iiiiiiiiee ettt ettt e e e et e e e e e bt e e e e e bteeeeebteeeeestseaesssseeessseaeesastanasannes 45
2.3.1 To what extent are Legionella spp. present in UK composts?.......ccccceevvrveeencveeeeennnnen. 46
2.3.2 Do storage conditions impact Legionella spp. levels in compost? ........ccccceeeevieeennnen. 46
2.3.3 Are Legionella spp. detectable during compost manufacture?..........cccceeeecveeeecnnennnn. 47

3. ANALYSIS OF UK COMPOSTS FOR LEGIONELLA SPP. AND ACANTHAMOEBA SPP .........uvveeeeennn. 48
I8 14 o o I3l 4o [OOSR PP PROPR 48
3.2, IMIBENOMAS ... st s b e et b e b e sae e et e ne s 49
3.2.1 SAMPIE PrOCESSING .eevveeeieiieee ettt ettt e ettt e e et e e e et eeeebteeeesataeeesastaeessastaeeesnseeeaeanes 49
3.2.2 Culture and enriChMENt ........coo i e 49
3.2.3 PCR and sequencing of bacterial colonies ........ccceecuvieeeeciiie e 51
3.24 Direct PCR of post-enrichment compost sSamples .......ccccceeeeeciieiiiiiiee e, 54

3.3 RESUIES ettt st s b e e b bt e be e s e e et aeeeareen 55
3.3.1 Culture and eNFICNMENT ..ot et 55



3.3.2 PCR and sequencing of bacterial colonies ........cceccveeeeciiii e 57

3.3.3 Direct PCR of post-enrichment compost sSamples ........ccceeeeeciieieiiiiee e, 57

K T ol U 1Y (o] o F PSPPSR P PSPPI 60
4. DEVELOPMENT OF A METHOD TO IDENTIFY LEGIONELLA SPP IN COMPOST ....cccevvirerirerirereeenens 69
O T oo [¥ T T o OO P PO PP PRSP 69
A2 IMEENOUS ...ttt et st ettt et b e sttt e b e b e sae e st sbe s n e e b e nes 71
421 Confirmation of primer speCifiCity .....cccccvveiiiiiiiiie e 71
4.2.2 Preparation of 16S-rRNA Legionella standard curve for gPCR ........cccceevvveeivivieeeenneen. 75
4.2.3 Development of DNA extraction protocol ........ccceccveieeiiiiiiiiiies e 76

4.3 RESUIES ..ttt b e h e s a e st et b e b e h e e e b et e a et e bt e bt e eheesaeesaneeabe e be e beenns 80
43.1 Confirmation of primer sPeCifiCity .......cccivciiie i 80
4.3.2 Preparation of 16S-rRNA Legionella standard curve for gPCR ........cccovvveeeeieeiicnnrenenen. 83
4.3.3 Development of DNA extraction protocol ........cccecuveieiiiiieiiiiiiee e 86

A4, DiSCUSSION....ettieiiittteeeittee e ettt e e saitete e sttt e e s et e e e snreeeesanseeeesnssee e e nsseee s anbeeesasnrenesanbenesennrenessnnnenes 88
5. THE EFFECT OF STORAGE CONDITIONS ON LEGIONELLA SPP.IN COMPOST .....ccccvvereererneenneenn 93
5.0 INTFOTUCTION .ttt ettt e s bt e st esat e st e b e e beesbeesbeesateeaeeentean 93
5.2 MBS ..ttt ettt ettt et e e st e e s bt e e sabee s beeeenteesbeeenes 94
521 DNA extraction and PCR........cociiiiiiiiiiere ettt s s 97
5.2.2 Spiked greenhouse (SGH).....ooo it e et e e e eeata e e e e eatae e e enteeaeeanes 99
5.2.3 Unspiked greenhouse (NSGH).........ooii it e 100
5.2.4 TaTolU] o T (oY 1\ USSP 102

5.3 RESUIES .ttt sttt e r et e e sane e 104
5.3.1 Y011 =Te I T T=TT 0] o Lo TU 1Y IS 104
5.3.2 UNSPIKEd re@NNOUSE .....ooeiitiee ettt e et e e e e bae e e e areeas 109
5.33 T TolU] o -1 o OO OSSO PPTO PPN 113

5.4, DISCUSSION...eiiiiiiiiiiiiiiiie ittt b e e e s b s e e s s bbb e e s s bbb e e s s bbb e e s s aba s 117
6. BRIEF ANALYSIS OF WINDROW COMPOST PRODUCTION ....cceeeriiriieieeieeniee e esiee e 125
6.1, INTFOTUCTION ..ottt st sttt et e b e st s r e e e e e sbeesreesane e 125
Lo A Y/ 1= o T To [ POV PS PP 127
5.3, RESUIES ..t et s e e e b s e s b e e neeesree e nnees 129
6.4, DISCUSSION...ciiiiiiiiiiiiiiiit ittt s b s e s b s e s s bbb e e s s b s e e s s aba e e s s abae s 130
7.  CONCLUSIONS AND FUTURE WORK ..ccuttiiiiieenitenieeie ettt sttt e 138
8 R 0] 3Tl [V ] T o - TP PSPPSR 138
7.2. Research impact and futUre WOrK...........oov oo e e e e eneees 141

8. BIBLIOGRAPHY ..eiiiiiiiiiettee ettt et e ettt et e e e e e sttt e e e e s e s abbabeeeeee s e s anbebeeeeeeesannnreaeeeeas 144

9. APPENDIX 1: TEMPERATURE AND HUMIDITY READINGS FROM GREENHOUSE EXPERIMENTS. 164

4



List of figures

Figure 2.1: Growing media by component in the UK, 2014. Data from Denny and Waller (2015)......41

Figure 3.1: Summary of culture Methods ..........ccuiiiiiiiiiiii e 50
Figure 3.2: Agarose gel of PCR products from post-enrichment samples. Expected band length

386bp. (Chapter 3, JP primers, JONas ProtoCO|l).......ccceeciieicieeiie et e e e e 59
Figure 4.1: A simplified diagram of DGGE gel formation equipment ......cccccveveviiieiiniiieee e 73
Figure 4.2: DGGE €1 With KEY ..ccuuviii ettt et e e e e st e e e e ent e e e e anreeaean 81
Figure 4.3: Agarose gel of PCR products from PCR with JP primers of DGGE excised bands. .............. 82
Figure 4.4 Melt Peak Graph for L. pneumophila Sg 1 OLDA ..........oooieciieeeeciee et 84
Figure 4.5 Amplification Graph for L. pneumophila Sg 1 OLDA ..........coveeeeciieeeeieeee e 85
Figure 4.6 Standard Curve for L. pneumophila Sg 1 OLDA. Slope = -3.394. Efficiency = 97.08%.......... 86
Figure 4.7: qPCR of 7 DNA extraction test samples neat, at 102 and 102......cccccvvveevieecveciceeeeeceeenn, 87
Figure 4.8: Results from UV INhibition teSt.......cccuiiiiiiiiiiicie e 88

Figure 5.1: Example of the greenhouse set up. Image adapted from
https://www.thepolytunnelcompany.ie/product/seed-propagator-with-heating-mat-thermostat... 97
Figure 5.2 : Individual drainage system for compost batches used in NSGH to prevent cross-

contamination through Water FIOW..........uee it eaaa e e e 101
Figure 5.3: Moisture content of control compost (Batch 1) measured at different time points during
the spiked greenhouse EXPEIIMENT ......coii it e e e a e e s bre e e ssnreeeean 105

Figure 5.4: Muyzer genes/g.compost in SGH. "Control" represents an unspiked batch; "L.p"
represents a batch spiked with Legionella pneumophila, "L.I" represents Legionella longbeachae; "A"
represents batch spiked with Acanthamoeba castellanii; "L.p and A" represents Legionella
pneumophila and Acanthamoeba castellanii, and "L.I and A" represents Legionella longbeachae and
ACANtRAMOCDA CASEEIIANII .......eeeeviiaeiiieiiiiiiieeiee ettt ettt et sttt e s be e e s abe e sbe e s sabeesbeeesans 105
Figure 5.5: JP Legionella-specific 16S genes/g.compost in SGH. "Control" represents an unspiked
batch; "L.p" represents a batch spiked with Legionella pneumophila, "L.I" represents Legionella
longbeachae; "A" represents batch spiked with Acanthamoeba castellanii; "L.p and A" represents
Legionella pneumophila and Acanthamoeba castellanii, and "L.l and A" represents Legionella
longbeachae and Acanthamoeba CAStellQNI. ..............coccuveeeiecieeiieiiiee et e sane e 106
Figure 5.6: Legionella spp. as a percentage of bacterial population in SGH. "Control" represents an
unspiked batch; "L.p" represents a batch spiked with Legionella pneumophila, "L.I" represents
Legionella longbeachae; "A" represents batch spiked with Acanthamoeba castellanii; "L.p and A"
represents Legionella pneumophila and Acanthamoeba castellanii, and "L.| and A" represents
Legionella longbeachae and Acanthamoeba castellQnii................oeeeeeeecccuiieeeeieeiicciiiee e 107
Figure 5.7: Percentage change in JP Legionella genes/g.compost from DO to D14 in SGH. "Control"
represents an unspiked batch; "L.p" represents a batch spiked with Legionella pneumophila, "L.1"
represents Legionella longbeachae; "A" represents batch spiked with Acanthamoeba castellanii; "L.p
and A" represents Legionella pneumophila and Acanthamoeba castellanii, and "L.I and A" represents
Legionella longbeachae and Acanthamoeba castellQnii................oeeeeeeecccuiieeeeeiiiiciciiieee e 108
Figure 5.8: Muyzer genes/g.compost in NSGH. Sample 1 represents batches from the standard
compost used across all experiments, Sample 2, 3 and 4 represent batches from other compost
brands. GH represents samples stored in the mock greenhouse, and 15°C represents control samples



Figure 5.9: JP Legionella genes/g.compost in NSGH. Sample 1 represents the standard compost used
across all experiments, Sample 2, 3 and 4 represent three different commercially available compost

1077 o 1= PPNt 110
Figure 5.10: Legionella spp. as a percentage of the bacterial population in NSGH............ccceeenneen. 111
Figure 5.11: Percentage change in JP Legionella genes/g.compost from DO to D14 in NSGH ........... 112

Figure 5.12: Muyzer 16S genes/g.compost in INC. "Control" represents an unspiked batch; "L.p"
represents a batch spiked with Legionella pneumophila, "L.I" represents Legionella longbeachae; "A"
represents batch spiked with Acanthamoeba castellanii; "L.p and A" represents Legionella
pneumophila and Acanthamoeba castellanii, and "L.I and A" represents Legionella longbeachae and
YiYoloTaku gl TgaloT=d e o lato K14=1 | (o2 | APPSR 114
Figure 5.13: JP Legionella genes/g.compost in INC. "Control" represents an unspiked batch; "L.p"
represents a batch spiked with Legionella pneumophila, "L.1" represents Legionella longbeachae; "A"
represents batch spiked with Acanthamoeba castellanii; "L.p and A" represents Legionella
pneumophila and Acanthamoeba castellanii, and "L.I and A" represents Legionella longbeachae and
YiXoloTakugleTgalol=d e o late K14=1 | (o2 | APPSR 114
Figure 5.14: Legionella spp. as a percentage of bacterial population in INC. "Control" represents an
unspiked batch; "L.p" represents a batch spiked with Legionella pneumophila, "L.I" represents
Legionella longbeachae; "A" represents batch spiked with Acanthamoeba castellanii; "L.p and A"
represents Legionella pneumophila and Acanthamoeba castellanii, and "L.| and A" represents
Legionella longbeachae and Acanthamoeba castellQnii. ...............ccouueeeecueeiecciiiieieciieeeecieeeeeceee e 115
Figure 5.15: Percentage change in JP Legionella genes/g.compost from DO to D14 in INC. "Control"
represents an unspiked batch; "L.p" represents a batch spiked with Legionella pneumophila, "L.I"
represents Legionella longbeachae; "A" represents batch spiked with Acanthamoeba castellanii; "L.p
and A" represents Legionella pneumophila and Acanthamoeba castellanii, and "L.l and A" represents
Legionella longbeachae and Acanthamoeba castellQnii. ...............cccuueeeecvueeeeeciiieeieiiiee e 116
Figure 6.1: Theoretical diagram of windrow cross-sections representing the survival and proliferation
of Legionella spp in windrows during the cOmMPOStiNG PrOCESS......c.uvieeiciieeeectieeeeecieee e ectee e e ecieee e 126
Figure 6.2: Example of windrow composting. Image adapted from https://blog.soil3.com/3-ways-to-
celebrate-international-compost-aWarenesS-WEEK ..........ccovecirrereeiiiiicciireeeee e e aeee s 128
Figure 6.3: Triplicate samples on BCYE-a agar after eight days incubation in humid conditions at
37°C. Left-hand side plates represent samples from week six taken from the outer layer of the
windrow. Right-hand side plates represent samples from week six taken from the core of the

(VT e [ o 1T APPSR UPTPPPON 129
Figure 6.4: An electrophoresis agarose gel image of JP PCR products from the green waste
(o] 40] o To 1] A1 =] | =R 130



List of tables

Table 2.1: Detail on Legionella species (adapted from Botzenhart et al., 1998)........ccccceeevcrrveeeccunenenn. 13
Table 2.2: Symptoms associated with different manifestations of infection with Legionella spp....... 17
Table 2.3: A summary of the host species of Legionella spp. identified to date.......cccccevvvcvieiincnennn. 33
Table 2.4: An overview of the composting process (Hoitnick and Grebus, 1997; Fiielky and Benedek,

2010; EPSEEIN, 1997) cvrveereeeeeeereeeeeeeseeeseseseeseseeseeeeesaesseeeseesssessseessesessesssessesseessesesesseseseasessesesesesneeeeneens 42
Table 3.1: Primers used in PCR rEACLIONS........ciiiciiiiiiiiie sttt cceee ettt e sstee e e stae e e s ssae e s ssnsaeeessaneaeens 53

Table 3.2: Results of initial and post-enrichment culture from twenty-four compost samples,
including closest species and percentage identity to this species as determined by mip analysis.
Sample type is defined by “PF” for peat-free, “PC” for peat-containing, “GW” for green waste, “HM”
oY gl aToY 4 g YT 0 o T- Yo LI PUPRPOt 56
Table 3.3: Results from culture and PCR experiments in Chapter 3. Parentheses indicate the
organism under investigation in each experiment. “D” represents detected, “ND” not detected and

B NV o o B <1 =T PSP 60
Table 4.1: Methods used in the extraction of DNA from compost samples.......ccccccevviieeiiicieenincnenenn. 79
Table 4.2: ProbeMatch results fOr JP Primers.........oeccciiee ettt e e e e e e aae e e 80
Table 4.3: Sequencing results from excised DGGE bands (NT represents sample not tested) ............ 83
Table 4.4: Quantification of L. pneumophila Sg1 OLDA for the development of a qPCR standard,

(o IY=To Ko o JUAVA o o[ Tol fo Rty oT<Yord o] 1] 4 Y25 SRR 84
Table 5.1: A summary of Greenhouse style experiments performed ........cccccevevieieeiieeeercees e, 95
Table 5.2: Summary of batches included in Spiked Greenhouse Experiment. All added organisms
were made up in solution, with a total volume of 2.5ml added to each batch. ..........cccccvvverrnneen. 100
Table 5.3: The presence or absence of Acanthamoeba (JDP) genes in NSGH. 'ND' represents none-
detected, and '+ve' represents a POSItive reSUIt..........coccuviiiiiiiiie i 113
Table 9.1: Temperature and humidity readings from SGH S€tUp........ccccevevciieiiriiiee e, 164
Table 9.2: Moisture content analysis of SGH temperature-control samples ..........cccoccoeeeecciieeeennen. 165
Table 9.3: Temperature and humidity readings from NSGH set up n.b "*" represents reading taken
after water tray Was refilled ... e 166



Abstract

Legionella species can cause infection in humans, ranging from mild to life-threatening. These
bacteria are commonly associated with water environments, but have also been sporadically linked
with composts and associated habitats. Gardening is a popular pastime for millions of people in the
UK and further afield, and the presence of human pathogens in the garden environment has the
potential to pose a risk to public health. However, there is limited research examining environmental
Legionella spp in areas other than the water habitat and therefore the level of risk posed is unclear.
The key aim of this thesis was therefore to investigate the ecology of Legionella spp in compost in

order to improve understanding of the potential risk.

Compost samples from different sources were examined and found that Legionella spp. are
commonly present in products available in the UK: 15/24 (62.5%) samples tested by culture and
22/22 (100%) samples tested by PCR identified Legionella spp. Storage conditions were then
assessed to determine if greenhouse conditions encourage growth of these organisms further
increasing likelihood of exposure. DNA extraction and semi-quantitative PCR methods were
developed and applied to compost samples stored in three mock greenhouse systems. The work
showed that humidity is likely a critical factor in the maintenance and proliferation of these
organisms in compost. In addition, Legionella spp. may behave differently in peat-containing

composts than in peat-free composts in the greenhouse setting.

To determine where Legionella enters the compost environment, and therefore identify
opportunities to reduce the presence of these organisms in the compost chain, samples from a
green waste processing site were examined. Legionella spp were identified using PCR at all stages of

the manufacturing process, suggesting they may be present in small numbers throughout.

The work outlined in this thesis has added to the available knowledge on Legionella spp. in the
compost environment. Further work is required to define and minimise risks posed to workers and

members of the public exposed to these organisms in this environment.



1. INTRODUCTION

Legionella species are bacterial respiratory pathogens capable of causing large outbreaks, smaller
clusters, and sporadic cases. Infection may be asymptomatic, but can also result in mild respiratory
symptoms observed as Pontiac fever or the more serious Legionnaires’ disease, which includes
symptoms such as severe pneumonia and, in some cases, death. The most common species is
Legionella pneumophila Sg1, which accounted for >80% (923/1148) of culture-confirmed cases in
Europe in 2019 (ECDC, 2021). The picture of infection is somewhat different in the southern
hemisphere, where the prevalence of L. longbeachae infection in Australia and New Zealand is much
higher than in the UK. Infections account for around 40% of the legionellosis cases reported (Li et al.
2002, The Institute of Environmental Science and Research Ltd. 2012). Although Legionella spp are
commonly isolated from water sources (Den Boer et al. 2002, Borella et al. 2004, Patterson et al.
1997), a small number of studies have been published which suggest a link to soil as a source (van
Heijnsbergen et al. 2014, by Schalk et al. 2014, Thacker et al. 1978). Potts et al. (2013) described
eighteen L. longbeachae cases notified between 2008 — 2013 in Scotland. In most of these cases,

contact with potting compost prior to infection was identified.

Growing media, also known as potting compost or potting soil, is made from degraded organic
matter, including composted green waste, wood/bark, coir or peat in varying combinations, and may
also contain additives such as vermiculite and perlite (Denny and Waller, 2015). Proportions of
components may vary further as the UK moves towards plans to eliminate the unnecessary use of
peat by the year 2030 (HM Government, 2011). Concurrently, the EU Landfill Directive 1999/31/EC
requires a reduction in landfill waste disposal, which may lead to increased composting of green

waste; however, at present, it is unclear what impact Brexit will have on this directive.

Compost can be produced in several different settings: from small-scale production in household
environments to medium/large-scale production in reactor vessels, static piles and windrows

(Hansen, 1995). During production, the temperature increases as biodegradable compounds are



decomposed until a peak temperature is reached and then begins to fall as the availability of
biodegradable compounds decreases (Hoitnick and Grebus, 1997; Flelky and Benedek, 2010). In the
UK, the British Standards Institute Publicly Available Specification for Composted Materials (BSI PAS
100) has been developed to provides guidelines on the production of consistent high-quality
composts. In Scotland, composts must conform to BSI PAS 100 in order to be sold as a product
(WRAP, 2020). One of the requirements in BSI PAS 100 is the inclusion of a high temperature step
where the mix must reach 265°C for seven non-consecutive days. Part of this process requires

investigation of samples for E. coli and Salmonella spp. but not for Legionella spp.

As noted above there has been a wide array of research into the link between water and Legionella
spp; however, there is less information about the role that a compost habitat may play for these
organisms. A simple, rapid search on the literature databases PubMed and Web of Science can be
used to highlight this point: searching for “Legionella water” gave 3951 and 3620 results on Web of
Science and PubMed respectively. In comparison, a search for “Legionella soil” gave 267 and 192

results, while for “Legionella compost” yielded 41 and 35 results.

The overall aim of this thesis was to investigate the ecology of Legionella spp. in compost to improve

understanding of these bacteria and their habitat.

1.1. Thesis structure

In this thesis, the term compost will be used broadly to encompass all possible definitions, including
growing media, potting soil and posting compost. Where specific media have been used, they will be

described in the text, such as composted green waste or shop-bought growing media.

The literature review (Chapter 2) explores the current status of research in this field. It highlights key
gaps in the literature, specifically around the small number of studies investigating species other
than L. pneumophila Sg1 and environmental Legionella spp. in areas other than the water habitat.

This led to three key objectives being outlined for investigation:
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1. To what extent are Legionella spp. present in UK composts?
2. Do compost storage conditions impact the survival and proliferation of Legionella spp?

3. Are Legionella spp. detectable during the manufacture of compost products?

The work in Chapter 3 investigated the first objective: To what extent are Legionella spp. present in
UK composts? Twenty-four compost samples from different sources were examined for Legionella
spp. using culture. Samples were also examined for Legionella spp and Acanthamoeba spp using

direct PCR before and after an eight-week enrichment period.

Chapter 4 and 5 investigated the second aim: Do compost storage conditions impact the survival and
proliferation of Legionella spp? In Chapter 4, several methods were explored in an experimental
setup. This included in silico analysis of primers and development of standard curve. In addition,
denaturing gradient gel electrophoresis (DGGE) and subsequent product sequencing were used to
further assess the PCR’s suitability and investigate a potential method for distinguishing PCR

products easily.

In Chapter 5, compost samples were stored in three mock greenhouse systems before analysis using
the DNA extraction and semi-quantitative PCR methods developed in Chapter 4. Samples were
spiked and unspiked with Legionella spp. and Acanthamoeba spp. and were examined to determine

situations in which Legionella spp. may proliferate and pose a risk to public health

The work in Chapter 6 looked at samples from a green waste processing site at different stages of
the composting process to investigate the third objective: Are Legionella spp. detectable during the

manufacture of compost products?

Finally, Chapter 7 describes the impact of the work in this thesis and explores possibilities for future

work.
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2. LITERATURE REVIEW

2.1. Legionella

2.1.1 Background
Legionella spp. were first discovered after a large outbreak of respiratory infection occurred at a
convention of the American Legion in 1976, which led to the hospitalization of >100 ex-servicemen
and subsequently 29 fatalities (Fraser et al., 1977). The causative agent of this outbreak was
unknown and due to the fastidious nature of Legionellae, it took almost two years before
researchers identified a rod-shaped bacterium was identified in the Gimenez-stained blood and
spleen smears of Guinea pigs infected with lung tissue from Legionnaires disease patients (McDade
et al., 1977). These Gram-negative organisms were named Legionella after the members of the
American Legion infected during the outbreak, and pneumophila, Greek for “lung-loving”, due to the
pneumonic illness it caused. Legionella spp. are aerobic bacteria that require specific amino acids
(e.g., L-cysteine) and high iron concentrations for growth. They range between 0.3-0.9um wide and

2-6um long. Table 2.1 highlights further metabolic and morphologic information.

There are over 50 known species of Legionella, with 64 serotypes (Hilbi et al., 2010; Adams, 1999);
however, most are rarely identified in clinical samples, and others have only been identified once.
As well as clinical samples, Legionella spp. are often isolated from the environment, where they exist
either in a biofilm or as endosymbionts of protozoan hosts. Almost half of the identified species have
been cited as causative agents of human disease (Fields et al., 2002); however, only a few species
account for most infections: L. pneumophila, L. longbeachae, L. anisa and L. bozemanii (Beauté and
Robesyn 2017). Of these, L. pneumophila represents the highest burden of disease, causing 96.3%

(1106/1148) of culture-confirmed cases in Europe in 2019 (ECDC, 2021).

Infection with Legionella spp. may be asymptomatic; hospital patients and healthy individuals have

been shown to experience increased antibody titres to Legionella antigens without showing clinical
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signs of infection (Fukunaga et al., 1990; Rudbeck et al., 2009). Symptomatic infection with this

organism may also present as legionellosis in one of two distinct clinical manifestations: Pontiac

fever (PF)—a self-limiting influenza-like illness; or Legionnaires disease (LD)—a more serious

pneumonia that can be fatal. Both are described in more detail below. There have also been several

atypical manifestations of Legionella infection reported in the literature, including septic foot

infection and endocarditis (Dugar et al., 2009; Leggieri et al., 2012) caused by L. longbeachae.

Table 2.1: Detail on Legionella species (adapted from Botzenhart et al., 1998).

Component Details

Width 0.3-0.9um

Length 2-6pum

Cell wall Gram-negative, branched-chain fatty acids, no capsule
Respiration Aerobic

Metabolism Non-fermentative

Cell morphology

Rod-shaped

Colony morphology

Raised, ground glass appearance

Growth requirements

L-cysteine, iron salts

Growth temperature (optimal)

15-43°C (optimal 36°C)

Motility

One or more polar or sub-polar flagella

Generation time

99 minutes (optimal)

Cases of Legionnaires’ can be sporadic, or part of a cluster or an outbreak. Numerous outbreaks of

LD have been described, with notable incidents including a significant outbreak in Murcia, Spain,

which affected >800 people (Garcia-Fulgueiras et al., 2003) and the most significant UK outbreak to

date, in Barrow-in-Furness (2002) with 170 confirmed and 498 suspected cases (Telford et al., 2006).

Outbreaks of PF have also been described, notably the first case linking the causative agent of LD
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and PF (Kaufmann et al., 1981). Due to the number of people affected, many of the cases described
in the literature represent outbreaks, including the first description of LD by Fraser et al. (1977);
however, some cases thought to be sporadic may be linked to the same infection (Bhopal et al.,
1992). Den Boer et al. (2007) describe the successful implementation of a novel national surveillance
system in the Netherlands, set up after an outbreak affecting 188 people, to identify clusters of two
or more cases and remove the infection source to prevent infection spread. All of the outbreaks
described above were caused by L. pneumophila; however, outbreaks of LD have also been reported
where L. longbeachae is the causative agent, mainly in the southern hemisphere, such as a statewide
outbreak in South Australia involving 23 patients (Steele, Lanser and Sangster, 1990a). In addition,
cases of PF caused by L. longbeachae, L. feelei, L. anisa and L. micdadei have also been described

(Herwaldt et al., 1984; Goldberg et al., 1989; Fields et al., 1990; Cramp et al., 2010).

L. pneumophila remains the most widely researched species; simple searches using Web of Science
and PubMed give 198 hits and 228 hits respectively when searching for “L. longbeachae” compared
to 8191 hits and 6401 hits respectively when searching for “L. pneumophila”. The bias is likely due to
L. pneumophila being the first isolated organism and the most common cause of Legionnaires
disease in the Northern Hemisphere. For example, L. pneumophila Sg 1 were responsible for 85.6%
of culture-confirmed cases of Legionnaires disease reported to the European Legionnaires Disease
Surveillance Network (ELDSNet) in 2015 (Beauté and Robesyn 2017). In an international-
collaborative study by Yu et al., 2002, the most common causative agents in cases of sporadic
community-acquired legionellosis were (in ranked order) L. pneumophila (91.5%), L. longbeachae
(3.9%), L. bozemanii (2.4%), L. micdadei (0.6%), L. dumoffii (0.6%), L. feeleii (0.4%), L. wadsworthii
(0.2%) and L. anisa (0.2%); isolates originated from USA (72.2%), Italy (12.6%), Switzerland (6.1%),

Australia (4.7%) and New Zealand (4.3%).
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2.1.2 Disease Symptoms
Several symptoms associated with LD appear after a 2-10 day incubation period and include malaise,
shortness of breath, fever and diarrhoea, representing the most severe form of the disease and is on
average, fatal in 10% of cases (Beauté et al., 2014). PF is a less severe manifestation of infection,
with flu-like symptoms appearing 1-2 days after exposure and resolving without intervention within

a week (Kaufmann et al., 1981).

In a comparison between LD pneumonia, caused by L. pneumophila and L. longbeachae, there was
no significant difference in symptoms between the two species (Amodeo et al., 2010). However, a
more recent comparison by Cameron et al. (2016) found that patients infected with L. pneumophila
were significantly more likely to be smokers than patients with L. Jlongbeachae infection. Likewise,
those infected with L. pneumophila were more likely to have a cough, confusion, lethargy or
gastrointestinal symptomes. Infection with L. pneumophila often presents with diarrhoea, which is
unusual for a pulmonary pathogen. Rowbotham (1998) cultured L. pneumophila Sg 1 from faeces
using amoebic co-culture. The author suggested that diarrhoea could be caused by toxins released
from ruptured Legionellae and that they likely enter the digestive system inside, and are protected
by, swallowed cells. Naik et al. (2008) highlighted that cases of Legionnaires disease often include
extrapulmonary manifestations, including neurological symptoms in 4-53% of cases. However, this

area needs further study as many symptoms are not well defined in the literature.

Several atypical manifestations of Legionella infection have also been reported (Lowry et al., 1991;
Lowry and Tompkins, 1993; Megarbane et al., 2000; Grimstead et al., 2015), many of which have
been included in Table 2.2. Interestingly, many of these unusual manifestations do not follow the
pulmonary route thought to be key in LD and PF. Patten et al. (2010) and Lowry et al. (1991) suggest
that some Legionella spp., such as L. pneumophila and L. longbeachae, may enter the body through
wounds, accounting for cases of skin infection occasionally reported. In a review of atypical

infections, L. dumoffii was isolated from a patient's bone sample (sternum), and another patient had
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a ‘cyst’ containing L. dumoffii and L. pneumophila. The primary source of infection appeared to be
tap water from the intensive care unit, and neither patient showed evidence of pulmonary disease
(Lowry et al., 1991). Megarbane et al. (2000) describe three cases of pancreatitis caused by L.
pneumophila but note that pathophysiology remains undetermined. Symptoms vary between
patients, which may be due to both the immune status of the patient and the strain of Legionella

spp. responsible for the infection. Table 2.2 summarises the symptoms.

The reason why exposure to Legionella spp. can result in different clinical manifestations:
asymptomatic, PF, LD, remains unclear. There does not appear to be any difference between
Legionella species and their ability to cause Pontiac Fever. L. pneumophila, L. longbeachae, and L.
micdadei have all been responsible for outbreaks of this and similar fevers (Fields et al., 1990; Benin
et al., 2002; Cramp et al., 2010). For example, L. micdadei, found in a leisure complex whirlpool spa,
caused Lochgoilhead fever, a Pontiac Fever-like illness (Goldberg et al., 1989). Pontiac Fever is a less
severe manifestation of Legionella spp. infection than Legionnaires disease, and described
symptoms can be seen in Table 2.2. Unlike LD, where both immunosuppression and increased age
are risk factors for infection, PF does not appear to discriminate between adults and children,
healthy or immunocompromised individuals (Goldberg et al., 1989) and is resolved without medical
intervention (Kaufmann et al., 1981). Indeed, exposure to a PF source is more likely to result in
illness than exposure to an LD source. Information for clinicians from the Centers for Disease Control
and Prevention (CDC) shows that when exposed to the source of LD, <5% of individuals becomeill,
compared with >90% of those exposed to the source of PF (Fraser et al. 1977 and Glick et al. 1978).
Rowbotham (1980a) suggested that pathogenesis of LD involves the invasion and replication of
Legionella bacteria within human cells, while PF is due to hypersensitivity caused by an unknown
bacterial or amoebal-host component, thus causing a difference between these infection types. This
theory is supported by Miller et al. (1993). They suggested that biocide-killed L. pneumophila, made

airborne during the use of a whirlpool spa, were responsible for an associated PF outbreak.

16



Table 2.2: Symptoms associated with different manifestations of infection with Legionella spp.

Manifestation

Example of described
species

Signs and symptoms

References

Asymptomatic

L. pneumophila Sg5,
Sgb

Elevated antibody
titre

Fukunaga et al., 1990;
Rudbeck et al., 2009

Legionnaires Disease

. pneumophila

L
L. longbeachae
L. bozemanii

L

. micdadei

Fever, confusion,
myalgia, diarrhoea,
malaise, respiratory
symptoms: cough;
shortness of breath;
pneumonia,
confusion, anaemia,
renal failure,
neurological
symptoms

Naik et al., 2008;
Amodeo et al., 2010;
Beauté J, 2015

pneumophila Sg8
longbeachae

Pontiac Fever L. pneumophila Influenza-like Glick et al., 1978;
L. anisa symptoms: headache, | Kaufmann et al., 1981;
L. micdadei fever, myalgia, Herwaldt et al., 1984;
L. feeleii malaise Goldberg et al., 1989;
L. longbeachae Fields et al., 1990;
Cramp et al., 2010
Atypical feeleii Cellulitis Loridant et al., 2011,

Padrnos et al., 2014;
Grimstead et al., 2015

Endocarditis

Leggieri et al., 2012

longbeachae
pneumophila Sgl

Pancreatitis

Eitrem et al., 1987;
Franchini et al., 2015

L.
L.
L.
L. longbeachae
L.
L.
L.

pneumophila (non-
Sg 1)

Pericarditis

Schaumann et al.,
2001

L. pneumophila Sgl

Pyelonephritis

Delicata and Banerjee,
2015
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2.1.3 Diagnosis and Treatment

2.1.3.1 Diagnosis
Numerous clinical diagnostic techniques are available to support the identification of Legionella spp.
in patient samples, including the urinary antigen test (UAT), serological testing, PCR, culture and
MALDI-TOF. Culture on buffered charcoal yeast extract agar (BCYE) remains the “gold standard” in
identification of Legionella spp, however, colony growth can take 3-10 days which is much slower than
other methods and is undesirable in a clinical setting where rapid diagnosis is preferred (Hayden et
al., 2001). This is likely one of the reasons why 88.6% (6234/7034) cases in Europe in 2015 were tested
by UAT compared with only 12.7% (890/7034) tested by culture, although some samples may have
been tested by both methods (Beauté and Robesyn 2017). Kohler et al. (1984) developed the UAT and
found that antigen excretion begins at the onset of symptoms and persists until treatment. However,
they developed the assay using L. pneumophila Sg 1, and it remains unclear whether antigen excretion

occurs in other Legionella infections. As a result, the UAT is specific for L. pneumophila Sg 1.

In the UK, pneumonia affects up to 11 in 1,000 adults annually and can be caused by several
different bacteria, viruses and fungi. The causative agent for community-acquired pneumonia (CAP)
is not identified in 59.6% of cases (Arancibia et al., 2014). It is possible that a change in diagnostic
practice could lead to the identification of more cases than currently observed. Work in Denmark
suggests that patients with reported Legionellosis represent <50% of actual infection (WHO 2007),
and the underdiagnosis along with underreporting are thought to occur across Europe (ECDC 2018)
and further afield (Stout and Yu, 1997). McNally et al. (2000) also highlighted the lack of
identification of causative agents in many cases of CAP. They found that 14 of 99 (14%) samples from
patients with CAP of unknown aetiology had at least a fourfold rise in antibody titres to the antigens
L. bozemanii, L. anisa, S. lyticum, Legionella-like Amoeba Pathogen (LLAP)-1, LLAP-6, LLAP-9 or LLAP-
10. In addition to incorrect or slow diagnosis of LD, the self-limiting nature of Pontiac Fever means

that it is unlikely to be correctly diagnosed unless an outbreak occurs (Nicolay et al., 2010).
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Current guidelines from the National Institute for Health and Care Excellence (NICE) recommend
that clinicians consider that Legionella UAT is requested in patients with moderate to high severity
CAP (NICE, 2019). While they also recommend that blood and sputum are taken (NICE, 2019), testing
of these samples for Legionella spp. must be specifically requested by the clinician (British Thoracic
Society, 2009). Low severity CAP cases are unlikely to be tested for Legionella spp. except during an
outbreak (British Thoracic Society, 2009) and as mentioned above, mild cases of Pontiac fever may
be missed entirely. In addition, Thalanayar et al. (2014) showed that the urine test is not always
accurate; in this instance, they showed negative results when there was a positive serological
response to L. pneumophila Sgl. To remedy these issues, Garcia et al. (2004) advise culture of
immunocompromised pneumonia patient samples. Pravinkumar et al. (2010) emphasise that
samples should “be sent to a national Legionella reference laboratory for PCR and culture” in cases
of community-acquired pneumonia with unidentified causative agents; however, this is not an

official guideline.

It is also important to note that while the UAT is quick and cheap in identifying LD, overreliance on
this test may be a contributing factor in underreporting of Legionellosis caused by species other than
L. pneumophila Sg1 across Europe (Potts et al. 2013). Cases of L. longbeachae infection have been
seen in Australia since 1989 (Lim et al, 1989) and it is likely that this species is tested for more widely
in Australia and New Zealand than in the Northern Hemisphere, due to increased awareness
amongst clinicians. The diagnosis of other species is often overlooked due to a lack of appropriate
tests (Luck, 2010; Roig & Rei, 2003), and therefore, L. longbeachae and other species may be missed

as etiological agents when using conventional diagnostic techniques.

In the summer of 2013, a cluster of L. longbeachae infections occurred in Scotland, and PCR initially
identified 4/6 of these cases in the NHS Lothian region. This diagnostic lab had implemented
Legionella spp. PCR testing for all severe CAP patients in 2010 (Potts et al., 2013). Murdoch et al.

(2013) suggested that PCR diagnosis may be more effective than the preferred culture method.
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When comparing data on Legionellosis two years before and two years after the introduction of PCR
testing for Legionella spp. on all respiratory specimens, they found a fourfold increase in the positive
diagnosis of Legionella spp. infections. PCR is relatively fast in identifying Legionella spp. and does
not have the species-specific limitations of the UAT. The British Thoracic Society (2009) recommends
using this technique over serological testing where available. The UK Standard for Microbiology
Investigation for Identification of Legionella spp. (UK SMI ID18, 2015) recommends using PCR testing
alongside other diagnostic techniques for the most appropriate public health response and patient
treatment. As the use of this method for identification, typing and confirmation increases, faster and

more sensitive diagnosis of this disease may occur in the future.

2.1.3.2 Treatment
Asymptomatic infections do not require treatment, and PF is generally self-resolving without
treatment. After diagnosis, both Legionnaires’ disease and atypical manifestations of Legionella
infection may be treated using macrolide antibiotics such as Azithromycin (Plouffe et al. 2003),
Telithromycin (Carbon and Nusrat, 2004), Erythromycin and Clarithromycin (Hamedani et al. 1991),
as well as the fluoroquinolones Levofloxacin (Yu et al. 2004) and Ciprofloxacin (Haranaga et al.
2007). Both classes of antibiotics can enter macrophages where they interact with intracellular
Legionella spp. The macrolides class of antibiotics are bacteriostatic and work by inhibiting bacterial
protein synthesis, whereas the fluoroquinolone class are bacteriocidal; they interact with the

enzymes DNA gyrase and topoisomerase |V to cleave bacterial DNA (Hooper 1999).

These antibiotics are not often included in the first-line treatment for mild or moderate community-
acquired pneumonia unless the clinician suspects Legionellosis (BNF NICE, 2022). Due to the
relatively slow nature of some diagnostic methods, administration of the correct antibiotics may be
delayed. Optimised processes and rapid diagnoses of Legionella spp. infection may be beneficial in
replacing the empirical antibiotic regimes with specific, timely antibiotic treatments. The resistance

of various bacteria to all classes of antibiotics has been increasing over time. However, to date
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limited antimicrobial resistance has been observed in L. pneumophila. This is complicated by the lack
of gold-standard method for minimum inhibitory concentration (MIC) determination in L.
pneumophila, which is impacted by the fastidious nature of Legionella spp. and the charcoal
included in BCYE agar, which binds to antimicrobials. Recent articles present broth dilution as a
method that may provide a basis from which any changing susceptibility patterns in Legionella spp.

can be identified (Isenman et al. 2018, Wilson et al. 2018, Portal et al. 2021).

2.1.4 Source
Hubalek (2003) describes Legionellosis as sapronotic, a human disease transmissible from abiotic
environments, including soil, water and decaying plants. Legionella spp. do not spread between
human hosts and do not seem to have an animal reservoir, but are commonly isolated from both
man-made and natural water and soil-based environments, justifying this classification. Free-living
amoebae are likely the environmental host for Legionella spp, enabling them to survive in harsh
conditions and inadvertently training them for survival in human macrophages (Molmeret et al.

2005).

Humans are the most commonly described host of Legionella spp; they are a terminal host — human
to human transmission does not occur. Some animals are also susceptible to disease, including
Guinea pigs and mice, commonly used as model organisms (Doyle et al. 1998, Brieland et al. 1996),
and it is likely that animals also have the potential to be terminal hosts. Animals including pigs,
sheep, goats, dogs, antelopes, buffaloes, horses and calves but not laboratory rabbits, have all
showed increased antibody titres to different species including, but not limited to L. pneumophila Sg
1-6, L. gormanii, L. dumoffii, L. bozemanii and L. micdadei (Barth et al. 1983, Phakkey et al. 1990,
Boldur et al. 1987, Cho et al. 1984, Collins et al. 1982). This list is not definitive as many of these
tests were conducted in the early days of Legionella research, and cross-reactivity between tests was
likely (Barth et al. 1983). Research in this area is minimal and not up to date with current

identification techniques. In addition, a number of the antibody titres were relatively low. Only one
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study attempted isolation of Legionella bacteria from animals; Boldur et al. (1987) describe the
isolation of L. pneumophila Sgl1 from calf lungs. They found that 17% of lungs (24/139) were positive
for Legionella by direct immunofluorescence, and organisms were only isolated from two cadavers
(1.4%) (Boldur et al. 1987). This indicates that increased antibody titre may result from background
exposure to Legionella spp. and may not indicate illness in all cases. Despite this, it is likely that
infection may occur in some instances. After describing a calf’s death due to a presumptive L.
pneumophila Sg1 infection, Fabbi et al. (1998) suggest that calves are accidental hosts of Legionella

spp., much like humans.

A commonly cited source of infection in humans and animals is water. Early work and most modern
research have focussed both artificial and naturally occurring water habitats. For example, large
outbreaks have been associated with cooling towers at Melbourne Aquarium (Greig et al. 2004) and
whirlpool spa and sprinklers at a flower show in the Netherlands (Den Boer et al. 2002). Other
artificial sources, including hot water supplies in homes and healthcare facilities, are linked to
outbreaks and sporadic infections. For example, Borella et al. (2004) isolated Legionella spp. from
22.6% (33 of 146) tap water samples taken in a multi-region study of Italian domestic hot water and
in samples taken between 1993 and 1994, Legionella spp. were isolated from water supplies in 55%
of organ transplant units in the UK (Patterson et al. 1997). In the USA, Legionella was responsible for
58% of drinking water-associated outbreaks from 2009-2010 (CDC, 2013). More unusual sources
include an industrial pressure test pump which creates water aerosols when in use (Euser et al.
2014a), a car wash facility (Euser et al. 2014b) and car air conditioning systems (Sakamoto et al.

2009a).

Recreational water sources are also commonly associated with sporadic cases and outbreaks of L.
pneumophila and Legionella spp, including spa pools, showers and air conditioning facilities in hotels
and cruise ships (Fraser et al. 1977, Tobin et al. 1980, Jernigan et al. 1996, Benin et al. 2002, Beauté

and Robesyn 2017). In the United States 2009-2010, Legionella spp. were responsible for 4/57 (7%)
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of waterborne disease outbreaks in treated recreational water (CDC, 2014). Natural recreational
waters are also sources of infection; hot springs used for bathing in Taiwan contained Legionella spp.
in 21 of 91 (23%) of sites tested, with the most common species identified as L. pneumophila (8/91,
8.8%) (Hsu et al. 2006). The isolation of Legionella spp. from environmental sources highlights their
ability to survive in a variety of different conditions. Sheehan et al. (2005) found DNA sequences for
four Legionella spp., potential host amoebae Acanthamoeba spp., Euglena spp. and cultured L.
micdadei from an algal mat (pH 2.9) at three site temperatures: 30°C, 35 and 38°C. However, when
authors attempted culture of previously isolated strains of Legionella at low pH, they were
unsuccessful. They suggested that Legionella spp. can survive in a higher pH niche within host
organisms. Additionally, there were differences between temperatures and species identified. All
seven DNA sequences extracted from the 30°C showed >99% sequence similarity to L. sainthelensi,
only identified in one other DNA sequence isolated from the 35°C sites. The authors concluded that
this strain is rare above 35°C, unlike the sequences with 98% similarity to an unnamed Legionella-like
amoebal pathogen (LLAP) isolated from 2/3 of the 38°C samples, but not isolated at 30°C. The idea
that the distribution of different species is affected by temperature was supported by Borella et al
(2004) who tested the level of Legionella contamination in Italian domestic hot-water systems and
found that those with a lower operating temperatue were more likely to be contaminated with L.
pneumophila Sg 1 as opposed to those with higher operating temperatures which were dominated
by L. pneumophila Sg2-14. The authors hypothesised that different strains of Legionella react

differently to environmental pressures, resulting in a preference for different ecological niches.

The source of Legionella spp. in recreational and domestic water supplies remains unclear.
Interestingly, Legionella spp. were not cultured from 23 roof-collected rainwater samples in New
Zealand (Simmons et al. 2001), but in a study by Ahmed et al. (2008), 7 of 27 (26%) roof collected
rainwater samples were positive for the Legionella-specific mip gene, implying that they contained
live or dead Legionella organisms. A second study by the same author, again examining roof-

harvested rainwater from Queensland, Australia, found 12 of 214 (5.6%) samples positive for
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Legionella spp. by mip gene presence, again implying the presence of live or dead Legionella
organisms in these samples (Ahmed et al. 2010). A Japanese study isolated Legionella from 7/18
(38.9%) rainwater puddles on an asphalt road, first by culture and later confirmed using PCR. They
did not isolate Legionella directly from rainwater by culture but suggested viable but non-culturable
(VBNC) organisms may be present after identifying Legionella DNA in 1/10 (10%) direct rainwater
samples (Sakamoto et al. 2009b). A more recent study in the Netherlands isolated Legionella from
water on roads in 3/77 samples (3.9%) using amoebal coculture (van Heijnsbergen et al 2014). In this
study, rainwater was not tested before contact with the ground but soil samples were taken from
the side of the road and 6/20 (30%) tested positive for Legionella, with the authors suggesting that
puddles were possibly contaminated by soil runoff after rainfall. A further study by Schalk et al.
(2014) examined soil next to an outdoor whirlpool after speculating that this was the source of a L.
pneumophila ST47 infection in the Netherlands in 2013. While the authors identified L. pneumophila
ST47 in a soil sample taken next to a fountain, they did not consider the possibility of soil
contamination from water leaving the whirlpool in their discussion, resulting in a lack of clarity
around the potential source. It should be noted that water from the whirlpool was culture negative
for Legionella at the time of infection and was not retested in the 2014 study. The distinction
between water and soil samples was similarly blurred in a study by Travis et al. (2012), who looked
at water-saturated soil samples from the homes and workplaces of patients infected with
Legionnaires’ disease in Sa Kaeo, Thailand. They found that 22/39 (56.4%) samples were positive for
Legionella, with isolates comprising 12 known species, three novel species, and three untypeable
species, suggesting that the growth of Legionella spp. was sustained in the water-saturated soils

tested.

An outbreak of Legionnaires disease among 81 patients and employees at a hospital in Washington
D. C., USA, in July and August 1965 was identified retrospectively through examination of serum
samples archived by the CDC. Nineteen out of twenty-six (85%) serum samples had at least a
fourfold increase of IFA in titre (264) to L. pneumophila Sg1 (Thacker et al 1978). The source of
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infection was thought to be aerosolized particles from a soil excavation site close to the hospital, as
the incidence of infection in patients showed a significant geographical link between the location of
the excavation site and the location of patient’s beds within the hospital. The soil excavation site
was active in the weeks leading up to and during the start of the outbreak and had also experienced
heavy rain and high winds nine days before the first case of infection. In addition, 74/81(91.4%)
cases slept beside an open window or had grounds privileges (Thacker et al. 1978). This work was in
the early days before a standard profile for these organisms had been established, and these
patients were only tested against L. pneumophila Sg1 (Thacker et al. 1978). While modern
investigation centres on the investigation of water systems, work by Thacker et al (1978) represents
a time when investigations into the main environmental reservoir for this organism were still
underway and pre-conceptions of the course of Legionellosis had not yet been established, thus
identifying a potential ink between LD and soil. In Europe in 2013, only 22% (636/2878) cases
underwent environmental investigation, with Legionella identified in less than half of cases
(267/624). In addition, with the source of infection not identified in four of the top ten most
significant reported clusters of LD in Europe in 2013 (ECDC, 2015), an environmental source of LD
may have been missed during investigations due to an emphasis on water as a source. In the
introductory chapter to Legionella (Marre et al., ASM Press, 2002), Joseph McDade recollects early
work that led to the discovery of L. pneumophila after the outbreak of Legionnaires disease
associated with the Bellevue-Stratford Hotel Outbreak in 1976. He highlights the importance that
recognition and pursuit of anomalies in routine investigation plays in new discoveries, and the
potential pitfalls of sticking to a standard diagnostic algorithm. This may well be true in the current
system: while the importance of water as a source of infection and L. pneumophila Sg1 as an
aetiological agent cannot be denied; it is likely that the overreliance on the Urinary Antigen Test and
the traditional focus on water as the habitat for these organisms is detrimental to the diagnosis of

infection and identification of organisms from other sources, such as soil.
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The high microbial diversity in soils means that it is possible that Legionella was not isolated from
this habitat in the early stages of research due to inhibition by other organisms, plate overgrowth
and insufficient agar media, and it may be the case that after the link between water and Legionella
was established alternative sources were overlooked. Combined with the affinity of L. pneumophila
to water systems and bias due to species-specific tests such as UAT, this means that L. pneumophila
has been established as the dominant organism in this field of study. To date, the vast majority of

research into Legionella spp. has focussed on L. pneumophila and their association with water.

Investigations identifying L. pneumophila and Legionella to genus level from water systems are well
documented; however, the link between L. longbeachae and water sources is less well established,
with only two examples in the literature where this species has been isolated from water. Lau et al.
(2013) found one isolate of L. longbeachae Sg2 after testing 3900 cooling-tower water samples in
New Zealand. However, they did not find evidence of L. longbeachae Sg 1, which is commonly
associated with legionellosis in New Zealand. Consequently, the authors suggested that water was
“not a natural habitat for pathogenic L. longbeachae.” This opinion was contrasted by Thornley et al.
(2017). They isolated Legionella longbeachae Sgl from cooling tower water and linked this to a
confirmed case of LD with serological evidence of a rise in titre to L. longbeachae Sg1, to one
probable case of LD and three probable cases of Pontiac Fever, although isolates were not obtained

from patients for direct comparison with environmental isolates.

A large LD outbreak, where L. longbeachae was identified as the causative agent, occurred in
Australia in 1989. During the investigation, potting soil was identified as a potential source for L.
longbeachae (Steele, Lanser and Sangster, 1990a). In later work, L. pneumophila and L. micdadei
were isolated from potting mix (Steele, Moore and Sangster, 1990b). Since then, these species and
other human pathogens, such as L. bozemanii and L. anisa, have been isolated from potting mixes in
Japan (Koide et al. 2001), Switzerland (Casati et al. 2009) and Greece (Velonakis et al. 2010) as well

as further investigations in Australia (Hughes and Steele, 1994).
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L. longbeachae has been associated with potting soil and gardens in several cases where humans
have been infected (Patten et al. 2010, Pravinkumar et al. 2010, deJong and Zucs 2010, Potts et al.
2013). In Canada, two cases were attributed to soil in patients without contact with growing media
(Picard-Masson, 2016). After L. pneumophila, L. longbeachae was the second most commonly
isolated species from patients with Legionellosis worldwide in 2002 (Yu et al. 2002). L. longbeachae
was first isolated in 1981 from respiratory tract specimens from four patients with pneumonia and
similar symptoms to those seen in patients with LD caused by L. pneumophila (McKinney et al.

1981).

Historically, the incidence of infection with L. longbeachae in Europe has been low; however, as
noted by Whiley and Bentham (2011), the number of cases of infection appears to be increasing.
Lindsay et al. (2012) noted that L. longbeachae had been cited as the causative agent in only eleven
cases of infection in the UK since 1984; seven of these occurred in Scotland. Further work by Potts et
al. (2013) revealed that between 2008 and 2013, eighteen cases of L. longbeachae infection had
been detected in Scotland. In most cases, the patient had been in contact with commercially
available compost before the onset of symptoms. In addition, isolation of Legionella sp. from
growing media in Europe is also increasingly common (Casati et al. 2009, Velonakis et al. 2010);

however, source attribution is not always straightforward (Bacigalupe et al. 2017).

The incidence of human infection with L. longbeachae is much higher in the southern hemisphere
than in Europe; infection rates are more equivalent to those for L. pneumophila. For example, a
review of legionellosis survey data in Australia from 1996 to 2000 reported that 42% of cases were
attributable to L. longbeachae, compared with 51% of cases where the causative agent was L.
pneumophila (Li et al. 2002). In New Zealand, the Ministry of Health found that, in 2011, L.
longbeachae was responsible for more cases than L. pneumophila, with 42% and 30% of instances of
laboratory-reported infection, respectively (The Institute of Environmental Science and Research Ltd.

2012). Human infection with L. longbeachae has also been noted in the USA (CDC, 2000), Japan
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(Okazaki, 1998) and Thailand, where Phares et al. (2007) found that L. longbeachae was responsible
for 5% of clinically defined cases of pneumonia in a rural district, whereas L. pneumophila was not
reported. However, Wallis and Robinson (2005) associated a case of L. pneumophila infection with
soil. As discussed above, an outbreak of LD linked to L. pneumophila was also thought to have soil as

a source (Thacker et al. 1978).

2.1.5 Route of transmission
The route of transmission for Legionnaires’ disease is widely regarded as through the inhalation or
aspiration of water aerosols contaminated with L. pneumophila (Fields et al. 2002). For infection
linked to compost use, there is slightly more debate. There have been suggestions that Legionella
spp. may be able to enter the body through open abrasions in the skin (Patten et al. 2010 and Lowry
et al. 1991), while Steele, Lanser and Sangster (1990a) suggested that L. longbeachae leaches out of
the potting mix after watering and may be present in aerosols formed during the watering process,
which the gardener could inhale. Doyle et al. (1998) found that an aerosolised Australian clinical
isolate of L. longbeachae Sg1 was lethal to 3 out of 5 exposed Guinea pigs. Lung tissue showed
similar characteristics to infection with L. pneumophila Sg1 upon post-mortem examination,
suggesting that aerosolization in the manner described by Steele, Lanser and Sangster (1990a) would
be a viable route of infection. There is also evidence that Legionella spp. were present in water used
for plant irrigation (Stojek and Dutkiewicz, 2002) which could infect humans through aerosols and

may also be responsible for contamination of composts and potting soils if used during manufacture.

Inhalation or aspiration of contaminated dust or soil particles (de Jong and Zucs 2010, Cameron et al.
1991), live bacterial cells, or protozoa containing the bacteria (Atlas, 1999) are also potential routes
of infection for this organism. Rowbotham (1990) suggested that vesicles or amoebae could prevent
dehydration of Legionellae and provide a large dose of Legionellae to a potential host. The author
suggests that this would account for the lack of patient-patient spread in Legionellosis infection.

Cabello-Vilchez et al. (2014) isolated Acanthamoeba spp. from 21 (28.4%) out of 74 nasal swabs
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taken from healthy individuals in Peru, which suggests that the inhalation of infected amoebae is
possible, and Gilbert et al. (2004) found amoebae-resisting bacteria after amoebal co-culture of
human nasal swabs (7 out of 444 samples (1.6%)). This work suggests that bacteria present inside
amoebae can enter the human respiratory system via the nasal cavity. An alternative mode of
infection linked to amoebae was suggested in work by Berk et al. (1998), who described the release
of respirable vesicles by Acanthamoeba polyphaga and A. castellanii. The vesicles contained live
clusters of L. pneumophila, which may be another way in which these bacteria are dispersed. A
higher number of vesicles containing L. pneumophila were released when amoebae were fed a
mixture of E. coli and L. pneumophila (Berk, 1998), suggesting that a mixed bacterial environment is
favourable for the release of vesicles containing Legionella spp. Cramp et al (2010) described a
cluster of Pontiac Fever due to L. longbeachae, and suggest that aerosolized potting mix was the
responsible agent. Still, while they eliminated water as a potential source of infection, the authors
did not distinguish between the contaminated soil particles, dust, vesicles, amoebae and bacteria
present within the aerosolised mix. However, this does support the theory that the inhalation of
aerosols consisting of contaminated water or compost particles is the most likely route of infection,
as does the evidence that this is the method for transmission of Legionella spp. found in water.
Conza et al. (2013) isolated L. pneumophila from 10.6% (5/47) and FLA from 19.1% (9/47) of
bioaerosol samples collected at composting facilities; however, the authors did not isolate L.
pneumophila and FLA simultaneously from the same sample, including potential intracellular
Legionella spp. Further studies have isolated Legionella spp. and L. pneumophila in compost
bioaerosols from both static and agitated samples (Bonifait et al. 2017, Nasir et al. 2018). It is likely
that live Legionella spp., contaminating compost particles or water droplets, are dispersed in
aerosols when compost is handled or when bags are opened. O’Connor et al. 2007 highlighted that
the presence of Legionella spp. in compost did not necessarily indicate that those handling it would
become infected. Education about potential risk factors and hand washing before eating, drinking

and smoking decreased the incidence of infection. The effectiveness of hand-washing in reducing

29



infection may indicate that particles are aspirated from the hands after compost use (O’Connor et al.
2007, Picard-Masson 2016). In a case-control study of L. longbeachae infection in New Zealand, risk
factors for infection included using potting mix, putting unwashed hands near the face after using
potting mix, and moving compost e.g. tipping. However, using masks and gloves when handling

compost was not protective against infection (Kenagy et al. 2017).

2.1.6 Habitat
Many factors contribute to the survival, dissemination, and behaviour of Legionella spp. in compost,
including temperature, the presence of host species such as free-living amoebae, and biofilm
creation. Described below is the key work that has been carried out and how it may relate to the

survival of these bacteria in the compost environment.

2.1.6.1 Host species
Some species of Legionellae may have adapted to soil life; for example, Cazalet et al. (2010) found
sequences homologous to protein from plants and phytopathogenic bacteria in the L. longbeachae
genome. However, it is also likely that Legionellae survival in compost and the composting process is
aided by an association with soil-dwelling host species, which may provide a niche habitat away from
the potentially harmful environment. Rowbotham (1980b) first introduced the idea that Legionella
spp. replicate within free-living amoebae, when he observed L. pneumophila Sg1-6 replicating inside
Acanthamoeba castellanii, A. polyphaga, and other Acanthamoeba spp., Naegleria gruberi and N.
jadini. Since then, several organisms have been described as potential hosts for Legionella spp.,
including ciliated protozoa Tetrahymena pyriformis (Fields et al. 1984), the nematode Caenorhabditis
spp. (Brassinga et al. 2010) and the slime mould Dictyostelium discoideum (Hagele et al. 2000). It has
been suggested that while they can survive outside of host cells, Legionellae are only able to
replicate in the presence of protozoa (Solomon and Isberg, 2000, Fields et al. 2002, Ewann and
Hoffman 2006), meaning that in order for Legionella spp. to proliferate in the environment, a host

species would also need to be present. It is therefore essential to look for potential hosts in
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environmental Legionella spp. studies where possible. Acanthamoeba spp are the most commonly
associated protozoan hosts associated with Legionella spp in the literature, however there are a
number of other possible hosts. The species of Legionella and the species of protozoa impacts the
relationship between the two, as does the presence of endosymbionts (Croze et al. 2021, Konig et al.

2019). A summary of known species associated with Legionella spp. is shown in Table 2.3.

The mechanism for infection of host species by Legionellae has not been described for many of the
organisms included in Table 2.3. Still, for some, such as Acanthamoeba spp., Legionellae may use a
similar mechanism to that described for the infection of human macrophages. For example,
Legionella spp. use the dot/icm type IV secretion system (T4SS) to infect human macrophages, which
is also used by Legionella spp. to enter, replicate within and exit from Acanthamoeba spp. (Hilbi et
al. 2011). It is also thought that the ability to replicate within amoebae may be a prerequisite for
human infection (Molmeret et al. 2005), although this may be species-dependent (Neumeister et al.
1997). More recent studies have suggested that virulence of Legionella spp increases after they have
passaged through a protozoan host, but that the impact on release of different virulence factors

varies depending on the species of Legionella (Gomes et al. 2018).

In addition to acting as a “training ground” for infection of macrophages, host species likely play a
vital role in the survival and spread of Legionella spp. in the environment (Molmeret et al. 2005) and
have also been shown to be hosts for other human pathogens, for example, E. coli 0157 (Barker et
al. 1999), Vibrio cholerae (Abd et al. 2005), Mycobacterium spp. (Ben Salah & Drancourt, 2010) and
Campylobacter jejuni (Olofsson et al., 2013). Host species may play additional protective roles in the
environment, such as protection from desiccation, death by UV light, and protection from predators.
Bryant et al. (1982) described changes in the bacterial population caused by fluctuating moisture
content in soil inoculated with Pseudomonas paucimobilis or with these bacteria plus the free-living

amoeba A. polyphaga. The authors found that bacteria-only populations were reduced by 60% from
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starting numbers after the initial drying period. In contrast, populations with bacteria and amoeba

did not significantly change in numbers after drying.

Several studies have demonstrated the ability of Acanthamoeba spp. cysts to survive harsh
conditions, including survival in UV light. For example, A. castellanii needs 15 times more exposure
to UV light than E. coli before 99.9% deactivation occurs (Chang et al. 1985). Amoebal cysts are also
known to resist high temperatures (Coulon et al. 2010) and chlorine treatments (Kilvington and
Price, 1990). It may be the case that amoebae encyst, protecting Legionellae within from high
temperatures and disinfection: Kilvington and Price (1990) described the survival of L. pneumophila
within cysts of A. polyphaga, even after exposure to 50mg/| free chlorine. Aksozek et al. (2002)
suggested that the ability of cysts to survive in harsh environmental conditions may be favourable to
their host species, an idea supported by Boratto et al. (2013). They tested the amoebal pathogen
Acanthamoeba polyphaga mimivirus (APMV) for survival both alone and inside a host amoeba under
adverse conditions. The authors found that after UV irradiation, temperatures up to 75°C and
exposure to chemical biocides including 70% ethanol and active chlorine, the survival rate increased
when the virus was inside the amoebal host compared with the virus alone. However, when Greub &
Raoult (2003) studied L. pneumophila grown within Hartmannella vermiformis, they did not find
“any bacteria within vacuoles or the cytoplasm of a mature cyst” in 120 cysts examined using
electron microscopy. The authors did find L. pneumophila in an encysting cell, and in the cell wall of

an amoeba, in one instance each respectively.
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Table 2.3: A summary of the host species of Legionella spp. identified to date

Host Species

Associated Legionella spp.
*negatively associated, i.e.
bacterial numbers decreased

Reference

Acanthamoeba castellanii

L. pneumophila

Rowbotham 1980;

. micdadei *

. anisa*

. erythra*

. hackeliae*

. bozemanii *

. oakridgensis*

LLAP10 Hagele et al 2000

L. micdadei

L. anisa

L. erythra

L. hackeliae*

L. bozemanii *

L. oakridgensis*
Acanthamoeba polyphaga L. pneumophila Rowbotham 1980
Acanthamoeba spp. L. pneumophila Rowbotham 1980
(Environmental Isolate)
Acanthamoeba palestinensis L. pneumophila Anand et al. 1983
Acanthamoeba culbertsoni L. pneumophila Miyamoto et al 2003
Acanthamoeba royreba L. pneumophila Tyndall et al. 1982
Naegleria lovaniensis L. pneumophila Tyndall et al. 1982
Naegleria gruberi L. pneumophila Rowbotham 1980
Naegleria jadini L. pneumophila Rowbotham 1980
Naegleria fowleri L. pneumophila Newsome et al. 1985
Tetrahymena pyriformis L. pneumophila Fields et al. 1984
Tetrahymena thermophila L. pneumophila Kikuhara et al. 1994
Caenorhabditis elegans L. pneumophila Brassinga et al. 2010

L. longbeachae
Caenorhabditis briggsae L. pneumophila Brassinga et al. 2010

L. longbeachae
Dictyostelium discoideum L. pneumophila Corby Héagele et al 2000;

LLAP10 Solomon et al 2000

. longbeachae

Hartmannella (Vermamoeba)
vermiformis

. pneumophila Leeds
. pneumophila Lincoln

Rowbotham 1986;
Fields et al. 1989

Hartmannella cantabrigiensis

. pneumophila Leeds

. pneumophila Lincoln
. pneumophila York

. pneumophila Sgl

Rowbotham 1986;
Fields et al. 1989

Balamuthia mandrillaris

. pneumophila

Shadrach et al 2005

Echinamoeba exundans

. pneumophila Sgl

Fields et al. 1989

Vahlkampfia jugosa

. pneumophila Leeds
. pneumophila Lincoln

L
L
L
L
L
L
L
L
L
L. pneumophila York
L
L
L
L
L
L
L
L
L. pneumophila York

Rowbotham 1986




A possible reason for the limited evidence of Legionella spp. within amoebal cysts may be the
expulsion of vesicles containing Legionella from amoebae before encysting. This is thought to be a
protective mechanism to prevent amoebae from becoming infected with Legionellae (Rowbotham
1986) and was also demonstrated by Berk et al. (1998), who described A. polyphaga and A.
castellanii expelling vesicles containing live L. pneumophila after feeding them at 25°C and 30°C.
They found that the vesicles were released before encystment and were protective against biocides,
freeze-thawing and sonication and suggested that culture may underestimate viable cell counts.
Further work by Berk et al. (2003) examined Legionella-containing vesicles expelled from protozoans
isolated from cooling towers. They found that L. pneumophila contained in vesicles were protected
from drying for ten days, whereas L. pneumophila alone did not survive. The collective body of work
examining interactions between Legionella spp. and host species indicates that this relationship is
likely to protect these bacteria in the environment and may well explain their isolation from extreme
environments such as compost, which undergoes a natural heating process during production. The

production of compost and its microbiological processes are further described in Section 2.2

2.1.6.2 Temperature
Temperature may play a vital role in the survival and proliferation of Legionella spp. and their hosts.
The maintenance of set temperatures in hot water systems is used as a control measure to prevent
the growth of Legionella spp. based on the survival limits noted in Table 2.1. HSE guidelines suggest
the avoidance of water temperatures between 20-45°C (HSE ACOP, 2013) and recommend that
heated storage tanks are heated to 60°C for an hour each day. The distribution temperatures for hot
and cold water should be above 50°C and below 20°C, respectively (HSE, 2003). However, despite
maintenance of hot water tanks at 60°C and intermittent “heat and flush” treatments (where the
temperature of the water is raised to 77°C, and outlets are flushed for 30mins), these bacteria can
recolonize water systems (Stout et al. 1998). While high temperatures have been shown to kill or
prevent the growth of Legionella spp., specific temperatures, such as the 20-45°C range identified by

the Health and Safety Executive (HSE ACOP, 2013) and environmental factors such as air
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III

temperature, rainfall and humidity may contribute to “ideal” conditions for Legionella spp.
replication in the environment. In the cluster of cases of L. longbeachae infection in Scotland
described by Potts et al. (2013), all were linked to patient contact with potting soil; although a
common source was not identified. The authors suggest that higher than usual temperatures due to
warm weather, combined with storage of bags in sheltered, enclosed spaces may have contributed
to the growth of Legionella spp. resulting in higher than usual concentrations of these bacteria in the
compost before use. This is a theory supported by Lindsay et al. (2012), who found that storing
compost in greenhouse conditions increased Legionella numbers by 20% compared with ambient
conditions in a small preliminary study. In addition, when examining differences between cases of L.
pneumophila and L. longbeachae infection, Amodeo et al. (2010) found a significant difference
between the seasons that cases occurred — the number of L. longbeachae cases was significantly
higher in summer compared with L. pneumophila. In contrast, the number of L. pneumophila cases
was significantly higher in winter compared with L. longbeachae. As L. longbeachae is the Legionella
species most associated with compost use (Section 2.1.4 above), these results may indicate that

increased temperatures seen in summer result in proliferation of this organism, but may also be

linked to increased gardening activity during summer months (Amodeo et al., 2010).

There are several possible reasons for Legionella spp. survival at increased temperatures. The
bacteria may be tolerant of higher temperatures, protected in biofilms (further described below in
Section 2.1.6.3), or harboured in amoebae (as described in Section 2.1.6.1), allowing them to slowly
recolonize the system after the heat has reduced. However, the link between FLA and Legionella
spp. in the environment is unclear, and several studies are contradictory. In a review paper, Hilbi et
al. (2011) reported that Legionellae in the environment could “persist in association with
thermotolerant amoebae”. This is supported by Rohr et al. (1998) who isolated four strains of H.
vermiformis and two strains of Saccamoeba spp., both with the ability to grow at 53°C, from hospital
hot water systems known to be infected with Legionella spp. The authors did not look directly for

Legionella spp. in the water samples.
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Similarly, when comparing intracellular counts of L. pneumophila Suzuki and L. pneumophila Lp01 in
A. castellani, Ohno et al. (2008) found that bacterial numbers significantly decreased at
temperatures below 20°C, different to results obtained at 25°C where bacterial growth occurred.
The authors also noted a significant increase in the number of amoebae present when incubated
with bacteria compared with amoebae incubated alone at 15°C. In contrast, at 35°C, the number of
amoebae surviving after incubation with bacteria were significantly lower than amoebae incubated
alone (Ohno et al. 2008). These results suggest that A. castellanii can kill or clear L. pneumophila at
low temperatures and also that these bacteria may disrupt amoebal cells at higher temperatures.
(Ohno et al. 2008). This is supported by Berk et al. (1998), who noted that when A. polyphaga and A.
castellanii were fed live L. pneumophila at 35°C, the amoebae lysed, but that lysis did not occur after
feeding at 25°C or 30°C (Berk et al. 1998); however, this does not support the theory that amoebae
harbour Legionella spp. at higher temperatures. In addition, a study by Conza et al. (2013),
examining compost samples and bioaerosols for the presence of Legionella spp. and FLA, found that
compost samples that had tested positive for these organisms had statistically significant lower
temperatures than the negative controls. Samples positive for Legionella spp. had a mean average
temperature of 38.69°C, whereas negative samples had a mean temperature of 53.24°C. Similarly,
free-living amoebae positive samples had a mean average temperature of 39.10°C compared with
53.18°C for negative samples, suggesting that lower temperatures may favour Legionella spp.

growth.

A possible explanation for these results is that Legionella spp. may selectively infect different
amoebal species dependent on temperature. Solomon and Isberg (2000) noted that L. pneumophila
grows in soil amoebae Dictyostelium discoideum at a lower temperature (25.5°C) and slower speed
(100-fold growth in three days) than in the traditionally identified hosts of human macrophages and
A. castellanii, both of which had a growth temperature of 37°C and 1000-10000 fold growth increase
after three days. Rohr et al. (1998) isolated Acanthamoeba spp. from nine hospital water samples
but could only culture six of these at 40°C, and only one at 44°C, indicating that some, but not all,
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Acanthamoeba species can grow at increased temperatures. The authors isolated Naegleria spp.
from cool, moist areas within the hospitals tested but could not culture these isolates at 42 or 44°C
(Rohr et al. 1998). Work carried out to date on Legionella and FLA association at different
temperatures indicates that slight differences in the habitat of these species, including temperature

differences, could affect the outcome of their relationship.

2.1.6.3 Biofilms
The microbial community most likely plays a role in the survival and maintenance of Legionella spp.
in the compost habitat. Biofilms are ubiquitous in both artificial and environmental habitats, from
medical devices to water pipes and from leaf surfaces to river beds. Environmental biofilms consist
of complex communities of microorganisms bound within an extracellular matrix and are known to
support Legionella spp. growth in water systems (Murga et al. 2001), as well as the garden
environment. Thomas et al. (2014) isolated Legionella spp. and FLA from biofilm samples in a garden

hose, which have the potential to be spread via aerosols created when the hose was in use.

Compared with planktonic cells, disinfection of bacteria within biofilms requires higher
concentrations of biocide before treatment is successful (LeChevallier et al. 1988), and biofilms also
protect Legionella spp. from extreme conditions in the environment, such as low pH (Sheehan et al.
2005) and high temperatures (Farhat et al. 2010). In a review by Declerck (2010), it was suggested
that while Legionella is capable of forming monospecies biofilms in some cases (Mampel et al. 2006),
it is likely that in the environment, these bacteria are secondary colonisers; i.e., they attach to
biofilms, which have already formed. However, some bacterial strains have been found to inhibit the
growth of Legionella spp., for example, Streptococcus species and Staphylococcus saprophyticus KC
isolated from human pharyngeal flora (Flesher et al. 1980), and Ishida et al. (2014) found that an
obligate intracellular endosymbiont of Acanthamoeba spp. isolated from the environment,
Neochlamydia S13, protects to the protozoa from infection with L. pneumophila. Furthermore, in

nutrient-rich conditions, monospecies biofilms formed by some bacterial species such as
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Empedobacter breve and Microbacterium sp. support attachment of L. pneumophila, whereas other
bacterial biofilms such as Pseudomonas spp., Corynebacterium glutamicum, or Klebsiella
pneumoniae did not (Mampel et al. 2006). A possible explanation for this was identified in Kimura et
al. (2009), who identified that growth and production of a monospecies biofilm by Legionella spp.
are suppressed by a chemical signalling molecule, or autoinducer, released by Pseudomonas
aeruginosa. However, Murga et al. (2001) found that L. pneumophila was able to persist in a mixed
biofilm, despite the presence of P. aeruginosa and K. pneumoniae, but it was unable to replicate

without the presence of a host species, in this case, H. vermiformis.

Temmerman et al. (2006) hypothesised that heat treatment creates an abundance of dead cells
which can be used by surviving Legionella spp, to feed and ultimately recolonize the environment.
They found that Legionella spp. can use dead bacteria and other material from biofilms for growth,
although the growth rate is much slower than in a host species (Temmerman et al. 2006). Bigot et al.
(2013) suggest that multiplication within amoebae may enhance the ability of L. pneumophila to
colonize biofilms, and based on their work on the visualisation of Legionella spp. within multispecies
biofilms, Taylor et al. (2013) suggested that after replicating within amoebal hosts, Legionellae may
lie dormant and, to a limited extent, replicate within a biofilm when conditions are favourable.
Morimatsu et al. (2012) examined Pseudomonas putida biofilm formation in high- and low-nutrient
environments at 5°C, 10°C, 20°C and 30°C. The authors found that biofilm detached at high
temperatures under nutrient-rich conditions but remained attached at low temperatures. Under
nutrient-poor conditions, biofilm detached regardless of temperature. While it would be unwise to
assume the behaviour of two unrelated bacterial species is similar, this work highlights how
differences in nutrient availability and temperature can affect the behaviour of organisms within a
biofilm. Multispecies biofilms in nutrient-deficient conditions can be colonised by L. pneumophila in
less than 2 hours, but only after the addition of A. castellanii (Declerck 2010). This may be significant

in the compost environment, where small numbers of Legionella spp. could re-colonise their
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environment within a relatively short time after being exposed to the high temperatures involved in

the composting process: further discussion of this process can be found in section 2.2.

2.2. Compost

2.2.1 Background
Compost is the product of decomposed organic materials; however, it is often used to describe a
wide range of growing media and potting mixes. In “Modern Potting Composts” (1976), Bunt
describes compost as a word with several meanings, namely a) decomposed plant material, b) a
mixture of animal manure and straw, c) growing media composed of a mixture of minerals and
organic materials, all of which can generally be defined under the umbrella term plant growing
media. This thesis will use compost in the broadest term to encompass all possible definitions.
Where specific media have been used, they will be described in the text, such as composted green
waste or shop-bought growing media. Compost is used to support plant growth in domestic settings,
as well as for agricultural and municipal purposes: Of 3,876,000m3compost supplied to the UK
market in 2014, 1.4% was exported, 28.4% used by the professional market, and 70.2% used for
amateur/retail market (Denny and Waller, 2015). Uses can be as diverse as an amendment in arable
farming and agriculture to forming green roofs for modern buildings. Other possible uses include as
a fertiliser and soil conditioner in horticulture and landscaping applications, erosion-control, and

covering landfill sites (Flileky and Benedek 2010).

2.2.2 Components
This highly variable media can contain numerous components dependent on availability, cost and
desired end product. Compost may include any number of components, which are too numerous to
list here in full. Common additives include sphagnum moss peat, composted organic material (from
household green waste to municipal solid waste, to composted commercial wastes, e.g. bark and
wood remnants), coir (coconut husk fibre), loam (mineral soil) and sand, and perlite and vermiculite

to enhance drainage properties. A breakdown of components used in growing media production in
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the UK in 2014 can be seen in Figure 2.1: Growing media by component in the UK, 2014. Data from
Denny and Waller (2015). (based on data from Denny and Waller, 2015). Components may change
between manufacturers and even between batches of compost by the same manufacturer,
dependent on the market prices of components products. For example, a poor coconut harvest may
result in shortages of coir and increased prices, which may lead compost manufacturers to
substitute this component with another to keep manufacturing costs down. The availability of
components is likely also a factor in their inclusion into growing media mixes. Carlile (2008)
highlights that composted bark is the principal component in Australian growing media, whereas, in
the UK, bark only made up 4% of growing media components in 2014 (Denny and Waller 2015). The
author also notes that where composted bark is used, the species will vary depending on local
growth (Carlile, 2008). The use of different components in different regions could contribute to the
presence and survival of Legionella spp. and its supporting organisms within growing media. In their
discussion on using biocontrol agents to prevent the growth of undesired organisms, Hoitnick and
Grebus (1997) emphasise the importance of feedstock, composting manufacture, maturing
environment, and how compost is used on the ability of microflora to thrive or lay dormant within

this media.

Traditionally in the UK, growing media was composed of loam-based mineral soils but moved to
peat, perlite, vermiculite and shredded barks in the mid-20™" century, as high-quality loam increased
in cost and became more difficult to acquire (Bunt 1976). Since then, peat has been the dominant
growth medium used in the UK and throughout Europe; however, as plans to eliminate the
unnecessary use of peat by the year 2030 are implemented (HM Government, 2011), the market will
increasingly move towards the use of peat-free composts. Furthermore, increased composting of
green waste resulting from reduced landfill waste disposal, as required by the EU Landfill Directive
1999/31/EC, may be used to provide alternative compost constituents. In addition, home
composting is becoming increasingly popular as the general public becomes increasingly aware of
waste disposal issues and the reduction in landfill space. The introduction of EU Landfill Directive
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1999/31/EC has also led to councils developing waste reduction plans, many of which include mass
composting from the municipal green waste collection including the provision of compost bins and

kitchen caddies for use within the home and garden.

Growing Media components, UK 2014

2% 1%F1%

B Peat
B Composted Green Waste
H Bark
Wood-based
m Coir
m Soil/loam
m Other (organic)

Other (mineral)

Data from Denny and Waller (2015)

Figure 2.1: Growing media by component in the UK, 2014. Data from Denny and Waller (2015).

2.2.3 Production methods
Compost production consists of three phases, where the temperature increases as highly
biodegradable compounds are decomposed by facultative and obligate aerobic bacteria in an
exothermic process until a peak temperature is reached, and then begins to fall as the availability of
biodegradable compounds decreases (Hoitnick and Grebus, 1997; Fiielky and Benedek, 2010).
Organic matter degrades at different rates depending on its composition, from the quickly degrading
carbohydrates, sugars and proteins, to the less degradable fats and hemicellulose, and finally the
very slow decomposers cellulose and lignin (Epstein, 1997). The more easily degraded compounds
decompose rapidly at the start of the composting process, increasing the compost pile's
temperature as microorganisms multiply and release heat. Hoitnick and Grebus (1997) state,

“compost piles must be turned frequently to expose all parts to high temperatures to produce a
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homogenous product free of pathogens and weed seeds”. Temperatures reached can vary

depending on feedstock and composting method used (Epstein, 1997). An overview of the

composting process can be seen in Table 2.4.

Table 2.4: An overview of the composting process (Hoitnick and Grebus, 1997; Flielky and Benedek, 2010; Epstein, 1997)

Phase

Temperatures

Process

1

Increasing
<40°C

Components are combined, and during the initial 24-48 hours,
easily biodegradable compounds are broken down in metabolic
processes by facultative and obligate aerobic bacteria, yeasts,
fungi, ants, nematodes and oligochaete worms. The reactions
release heat and carbon dioxide. Increasing temperature leads
to increased microbial activity and increased oxygen demand.
During this phase, mesophilic bacteria thrive, and the number
of thermophiles begins to increase.

High
40-70°C

Temperatures of 40-70°C prevail, and less biodegradable
substances, including cellulose and lignin, begin to break down,
and ammonia, carbon dioxide, water and heat continue to be
released. The heat released decreases the bacterial
generational time, resulting in higher numbers of bacteria.
During this phase, thermophilic bacteria reach levels of around
10° organisms/wet gram compost.

Decreasing
<70°C

Most microbiological activity occurs within the first seven days
due to the decrease in readily available biodegradable
components after this time. As a result, oxygen consumption
decreases in phase 3 and temperature begins to decrease.
Mesophilic organisms recolonize the compost from the outer
layers, which have a lower temperature and can reach levels of
10! organisms/wet gram compost. Yeasts, fungi, ants,
nematodes and oligochaete worms, absent in phase 2, return in
this phase. This maturation stage can take between three weeks
and six months and is completed when microbial activity,
organic content and temperature have reduced. Compost can
be applied to lawns and gardens without detriment to the
plants and surrounding soil environment.

Compost can be produced in several different settings: from small-scale production in household

environments to medium/large-scale production in reactor vessels, static piles and windrows
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(Hansen, 1995). The processes described in Table 2.4 represent active composting, where
components are automatically turned in a reactor or manually operated machinery in windrows.
Aeration and turning are used to provide heat distribution throughout the sample and optimal
conditions for the growth of microorganisms. In some cases, the treatment of components may lead
to passive composting, for example, in household settings, where the material is placed into a bin or
onto a pile without active turning or monitoring. In this scenario, temperatures reached during the
composting process may be much lower, only reaching 30°C, and it may take longer for mature

compost to form (Flelky and Benedek 2010).

Pathogenic microorganisms may be present in waste streams, and if temperatures do not reach
optimal temperatures, these pathogens may remain in the final compost. In early composts, loam
soil was steam treated to kill pathogens; however, steam treatment was not deemed necessary in
the UK following a move to peat-based composts (Bunt 1976). Today, the steam treatment of
growing media does not occur in the UK, despite moving away from peat and towards composted
green waste. Instead, heat production due to metabolic processes which occur during the
composting process is relied upon, and guidelines on specific temperatures are detailed in the British
Standard BSI PAS 100. To satisfy this standard, the compost mixture must reach a temperature of
265°C for seven non-consecutive days and tests for E. coli and Salmonella spp. For E. coli, there must
be <1000CFU/g fresh mass growing media, and Salmonella spp. must be absent from a 25g sample
of fresh mass. Free-living amoebae and Legionella spp. are not tested for under BSI PAS 100. In three
cases of Legionnaires’ disease in Scotland linked to compost use, all of the compost used conformed
to the PAS 100 Standard (Pravinkumar et al. 2010), indicating that the temperatures reached in PAS
100 certification are not sufficient to eliminate Legionella spp. from composted material, or that
contamination occurs after the pasteurisation step. Similar guidelines in Australia (AS 4454:2012)
stipulate that windrows must be turned a minimum of three times, with the core temperature
reaching 55°C for a minimum of 3 consecutive days before each turn. As discussed above, cases of L.
longbeachae appear to be more prevalent in Australia, and the difference in compost production
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methods noted here may be responsible, at least in part, for the higher number of cases seen in

comparison with Europe.

The organic material used in compost production provides a wide variety of nutrients that support
microbial growth. A study by Casati et al. (2010) found that several species of Legionella were
present at composting facilities. They noted that these sites should be considered reservoirs of the
bacteria. Samples were taken from sites where waste was actively composted and sites where green
waste was stored without intervention (Casati et al., 2010). The source of Legionellae in the
composting chain is unclear. Historically Legionella spp. have not been found in fresh green waste,
or have been found only in minimal numbers (Casati et al. 2010, Steele, Moore, Sangster, 1990b)
whereas in a more recent study 97/142 (68%) samples from green waste composting facilities in the
Netherlands were found to contain Legionella DNA by gPCR (Huss et al. 2020).More work needs to
be done in this area, but there is a suggestion that bacterial contamination of the compost piles
occurs via wind and rain (Casati et al. 2010). This would not be limited to compost produced
outdoors, as end product from in-vessel composting may be left in open windrows during
maturation or before being sold. Composts and their components may also provide an environment
that supports biofilm formation, especially when left undisturbed. Biofilms are known to support the
growth of Legionella spp. and their host Acanthamoeba spp. in water systems (described above in

Section 2.1.6.3), which may also be the case in the compost environment.

A cluster of six L. longbeachae infections described by Potts et al. (2013) did not identify a common
product or manufacturer despite isolating the organism in growing media from 5/6 of the cases
indicating that Legionella spp. may survive in compost made up of several different components.
Devos et al. (2005) suggest that the nutritional requirements of L. pneumophila can be met in the
environment through using excess amino acids produced and released by other microorganisms, or
released by dead and decaying matter. Thus, it is possible that nutrients released during the

decaying process in composting may support Legionella growth. Leaf litter and topsoil from a pine
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plantation in Australia were shown to support proteobacteria, the phylum which contains Legionella
spp. (Zhang et al. 2009), and a novel species of Legionella, L. norrlandica, has been isolated from a
wood processing plant in Sweden (Rizzardi et al. 2015). Conza et al. (2013) examined bioaerosols and
compost samples from four green waste processing facilities in southern Switzerland. It showed that
Legionella spp. can be released in compost bioaerosols. In a study by Chang et al. (2008), an
essential oil extracted from the evergreen tree Cinnamomum osmophloem showed anti-L.
pneumophila activity at 42°C. However, while direct application of essential oils may be successful in
the inhibition of bacterial growth, after 12 weeks, volatile oil contents from some bark samples were
shown to have reduced by 90% (Aaron, 1974 as personal communication in Bunt, 1976), suggesting

that inhibitory essential oils would not prevent bacterial growth in composted samples.

2.3. Key Research Aims

This literature review highlights numerous questions about Legionella spp. in the compost

environment. In particular, the two main gaps in current research are:

e The lack of studies completed using species other than L. pneumophila Sgl
o The lack of studies examining environmental Legionella spp. in areas other than the water

habitat.

The use of the urinary antigen test as a primary form of diagnosis and the fastidious nature of
Legionella spp. in culture may have contributed towards the preference for L. pneumophila in
research studies, and only further studies using alternative Legionella spp. will confirm or deny their
relevance to the burden of human infection. It is important to note that while L. longbeachae is the
species most commonly associated with infections related to compost, L. pneumophila infection has
been associated with soil in previous cases (Wallis and Robinson 2005, Thacker et al. 1978), and L.
longbeachae was not isolated in samples taken from compost-making facilities and green waste

storage plants (Casati et al.2010). This thesis intends to examine Legionella spp. as a whole, to
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prevent bias towards or away from specific species. The research questions chosen aim to increase
the available knowledge of Legionella spp. rather than specifically L. pneumophila Sgl. As the broad
scope of this research project is to investigate the ecology of Legionella spp. in compost, this thesis

aims to also to build on the knowledge of environmental Legionella spp. in this habitat.

Many factors contribute to the survival, dissemination, and behaviour of Legionella spp. in compost,
including temperature, the presence of host species such as free-living amoebae, and biofilm
creation. It is beyond the scope of this thesis to investigate all of these factors; therefore, research
guestions have been devised based on the potential impact on public health. Namely, are Legionella
spp. present in UK composts; can storage of this media increase the numbers of Legionella spp. to

infective levels; and are Legionella spp. present in green-waste facilities in the UK?

2.3.1 To what extent are Legionella spp. present in UK composts?
Over the past five years, there has been an increase in cases of Legionellosis identified where
compost has been named a probable source of infection (Pravinkumar et al. 2010, Lindsay et al.
2012, Potts et al., 2013). Legionella spp. have been isolated from growing media associated with
specific cases. However, a full-scale investigation of numerous brands has not been completed, and
therefore the full scale of compost contamination with Legionella spp. in the UK remains unknown.
This research aims to complete a survey of multiple brands of commercially available compost to

determine the level of Legionella spp. contamination in these products in the UK.

2.3.2 Do storage conditions impact Legionella spp. levels in compost?
Lindsay et al. (2012) suggested that warm, humid conditions provided in a greenhouse environment
may increase the numbers of Legionella spp. in compost after they performed a preliminary study, in
which levels of Legionella spp. rose under greenhouse conditions. The limited increase of Legionellae
seen in some amoebal enrichment studies (Koide, 2001) also suggests that warm conditions in the
presence of an amoebal host are favourable to the multiplication of Legionella spp. Furthermore, a

cluster of six L. longbeachae infections described by Potts et al. (2013) did not identify a common
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product or manufacturer; however, all of the samples were stored inside cases’ house, greenhouse,
car, polytunnel, shed or garage (Potts et al., 2013). These environments all have the potential for
higher than ambient temperatures, especially during the summer months when the clinical cases
occurred. This, combined with the higher than average temperatures seen in Scotland during this
cluster occurred leads the authors to suggest that climatic conditions and storage of the growing
media may have enabled high levels of growth, leading to an increased risk of human infection. It is,
therefore, possible that the way in which compost is stored may impact the level of Legionella spp.
this media contains, potentially enabling growth to infective levels and impacting human health.
However, a full-scale study examining the relationship between temperature and Legionella spp.
survival in compost has not been undertaken. The second aim of the work outlined in this thesis is,
therefore to develop methods suitable for quantitative identification of Legionella spp. in compost
media and to use these methods to examine the behaviour of Legionella spp. under greenhouse

storage conditions.

2.3.3 Are Legionella spp. detectable during compost manufacture?
As shown in Section 2.2.3, in Phase 3 of production, compost is recolonized with high levels of
mesophiles (10 organisms/wet-gram soil), which have survived the potentially lethal high
temperatures of Phase 2 on the cooler outer layers of the windrow. This mechanism may be utilised
by Legionella spp. Casati et al. (2010) sampled products and swabbed machinery from green waste
sites in Switzerland and found six of eight sites to be contaminated with Legionella spp. These
bacteria may be introduced to compost through the components, through contamination of
windrows or another method. Examining samples taken from different points during the composting
process for the presence or absence of Legionella spp. may aid identification of when these bacteria
enter the composting process or when conditions are favourable, and they can replicate to a
detectable level. The final aim of this research project is to examine the presence of Legionella spp.
at different stages in a windrow composting facility to determine the point of introduction and

critical stages for survival and growth of this organism during compost production.
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3. ANALYSIS OF UK COMPOSTS FOR LEGIONELLA SPP. AND
ACANTHAMOEBA SPP

3.1. Introduction

As discussed in the literature review (Section 2.1.4), cases of infection with Legionella spp. have
been linked to compost use, and Legionellae have been directly isolated from some soils and
composts. For example, Steele et al. (1990a) isolated L. longbeachae serogroup-1 from potting mixes
and soil from potted plants in the homes of four patients while investigating the source of a state-
wide outbreak of Legionellosis in South Australia in the late 1980s. In further work, the authors
detected L. longbeachae and other species of Legionella in almost three-quarters of potting soils
manufactured in Australia that had been investigated (Steele et al. 1990b). Additionally, Cramp et al.
(2010) first documented L. longbeachae serogroup-2, from aerosolised potting-mix, as the causative
agent in an outbreak of Pontiac fever that was traced to exposure to aerosolised potting mix in a

horticultural nursery.

In addition to studies in Australia (Steele et al. 1990b, Hughes and Steele, 1994) and New Zealand
(Cramp et al., 2010), pathogenic and non-pathogenic Legionella spp. have been isolated from potting
soils in Japan (Koide et al. 2001), Switzerland (Casati et al., 2009) and Greece (Velonakis et al. 2010).
Of the species isolated, L. pneumophila, L. longbeachae, L. bozemanii, L. micdadei, and L. anisa are
known to cause disease in humans (Fields et al., 2002). However, except for one case of L.
pneumophila sg1 (Wallis and Robinson, 2005) and L. pneumophila pneumonia reported by Thacker
et al. (1978), only L. longbeachae have been directly linked to compost or potting soils as infection

sources (Steele et al. 1990a, Cramp et al. 2010).

In Scotland, Lindsay et al. (2012) and Potts et al. (2013) both described cases of infection with L.
longbeachae linked to potting composts. These cases represent an increased incidence of L.

longbeachae infection over the past five years, further described in the literature review (Section

48



2.1.4). While Legionella spp. has been isolated from UK composts (Lindsay et al., 2012, McCabe et
al., 2011), these studies have only looked at a minimal sample size. To date, the prevalence of
Legionella in a wide range of UK composts has not been studied. In order to determine the extent of
compost contamination in the UK, it is necessary to examine a variety of compost samples in an

attempt to address this knowledge gap.

3.2. Methods

3.2.1 Sample processing
Twenty-two brands of composts purchased from retailers in the UK were analysed for the presence
of Legionella spp. Typical ingredients included a mixture of sphagnum moss peat, composted organic
material, sand, vermiculite, perlite, loam and coir. Six of the composts were designated peat-free. In
addition to the branded composts tested, one sample of green-waste compost treated to PAS 100
specifications (BSI: PAS 100:2018) and one sample of homemade compost (matured from garden
waste, ash, rainwater and limited household waste) were tested. Compost was taken from five
distinct areas of each bag via cores (4cm in diameter and 6¢cm in length) to ensure representative
samples. These materials were then well-mixed in sterile containers before analysis. Each of the 24

samples was tested three times.

3.2.2 Culture and enrichment

The test procedures were adapted from those previously published (Lindsay et al. 2012, Steele et al.
19904, Casati et al., 2009) and an overview of the steps involved can be seen in Figure 3.1 Briefly, 5g
of compost were added to 50ml sterile distilled water (dH,0) before being shaken for 1hr at 150rpm.
After 15 mins of settling, a 200l aliquot was taken and acid-treated using an equal volume of 0.2M
HCI-KCI (pH2.2) for 15minutes. Acid treatment was carried out in an attempt to suppress unwanted
compost flora; Legionellae are relatively acid-resistant. The 15-min treatment time was deemed
appropriate experimentally by monitoring levels of bacteria and fungi in the compost samples. A

ten-fold dilution of the acid-treated sample was prepared in sterile dH,0, and 50ul were plated onto
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Buffered Charcoal Yeast Extract (BCYE) Agar, supplemented with Legionella BCYE-a growth
supplement (potassium hydroxide buffer, ferric pyrophosphate, L-cysteine HCl and a -Ketoglutarate;
Oxoid SR0110) and GVPC (glycine, vancomycin hydrochloride, polymyxin B sulphate, Cycloheximide:
Oxoid SR0152). The first two samples were tested at the Scottish Haemophilus Legionella
Meningococcus and Pneumococcus Reference Laboratory (SHLMPRL), Glasgow (Samples 1 and 2 in
Table 3.2), and a compost sample was not retained for further processing. The remaining samples
numbered 3 to 24 were left at 30°C, as described by Koide et al. (2001), to allow “enrichment” of
Legionella by any amoeba that may be present in the sample. After eight weeks, these samples
were processed using the methods above, and the remaining samples were frozen at -80°C until

needed.

INITIAL WORK:
*  Source compost (24 popular brands were tested)
*  Make reagents and media

DAY 4 - 10: DAY 14 - 20:

¢  Check growth on plates *  Check growth on plates

8 WEEKS LATER:
. Repeat experiment
with 30°C sample

DAY 1: DAY 10: DAY 20:

e  Add sterile water to compost s

sample (x3) and shake 1hr

e  Acid treat 200pl

e Add 50ul to BCYE-a agar
plates

*  Freeze a sample

¢ Store remaining sample at
30°C (8wks)

colonies onto cysteine —
ve or blood agar

Figure 3.1: Summary of culture methods

Re-plate potential .

Freeze potential
colonies at-80°C

NEXT STEP:

e  Confirm Legionella spp using PCR for mip

gene
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BCYE plates were incubated for 3-7 days in humid conditions at 37°C and periodically examined for
Legionella colonies using a light microscope with a cold light source (Schott KL1500); Legionella
colonies have a distinctive ground-glass appearance. Due to sample dilution, the detection limit of
one colony per plate corresponded to 4000 CFU in 1g compost material. While this is relatively high,
it was deemed necessary to prevent inhibition of growth by other soil organisms. Presumptive
colonies were sub-cultured onto fresh BCYE-a containing GVPC, and cysteine-negative agar (BCYE-a
supplement without L-cysteine, Oxoid: SR0175), as a negative control, as Legionella spp. require
cysteine to grow. Any colonies that grew on BCYE-a but not on cysteine-negative agar were sub-

cultured to ensure purity and stored on Microbank™ beads at -80°C (Pro-lab Diagnostics).

Serotyping of strains was done at The Scottish Haemophilus, Legionella, Meningococcus and
Pneumococcus Reference Laboratory, at Stobhill Hospital, Glasgow. Latex agglutination for L.
pneumophila strains was carried out using the Legionella Latex Test for L. pneumophila sg 1, L.
pneumophila sg2-14 and Legionella spp (Legionella longbeachae 1 & 2, Legionella bozemanii 1 & 2,
Legionella dumoffii, Legionella gormanii, Legionella jordanis, Legionella micdadei and Legionella
anisa). (Oxoid, Basingstoke, UK). This is a non-molecular test which enable rapid identification of
specific Legionella spp. Latex particles in the kit have been sensitised with antibody against specific
cell wall antigens, and agglutinate in the presence of these antigens, forming visible clumps. In
addition, indirect immunofluorescent antibody (IFA) testing was performed on strains with more

than one serogroup using antisera raised in guinea pigs and fluorescent-tagged anti-guinea pig sera.

3.2.3 PCR and sequencing of bacterial colonies
Following the culture and enrichment of the samples, potential Legionella spp. colonies were
analysed by PCR with Legionella-specific macrophage infectivity potentiator (mip) primers (Ratcliff et
al., 1998) using the protocol in Table 3.1. Potential Legionella spp. colonies isolated from compost
were re-grown from Microbank™ beads by running beads across the surface of BCYE-a agar plates

before incubation. After 3-7 days in humid conditions at 37°C, DNA were extracted by suspending a
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single colony in 500ul of sterile nuclease-free water and heating to 100°C for 10mins in a heat block
(Ratcliff, 1998). A 10! dilution of cell lysate was used as the DNA template in each PCR reaction,
including an extract from L. pneumophila Sg 1 Philadelphia and L. longbeachae Sg 1 clinical isolates

(kindly provided by Dr Diane Lindsay at SHLMPRL) as a positive control in each reaction.

PCR was carried out using a 20ul-reaction volumes, containing 10ul PCR Tag MasterMix (MegaMix
Blue, Microzone, Haywards Heath, UK), 6ul nuclease-free water, 0.5ul 0.5uM forward primer, 0.5l

0.5uM reverse primer and 3pul template DNA per well.

Successful PCR products were determined by gel electrophoresis using a 1% agarose gel made with
1% TAE buffer (Tris base, glacial acetic acid, EDTA) and PCR-grade agarose and stained with 2l
ethidium bromide per 100ml of gel. The PCR Mastermix contained a loading buffer, and therefore
5ul PCR product was added directly to each well. For each gel, a single lane was run with a base-pair
ladder (3pl, with 3ul of loading buffer) as a reference. Lambda DNA/Hind 11l digest (125-23130bp)
and 50bp ladders (50-1000bp) were used, depending on laboratory stock. Gels were run in 1% TAE
buffer at 80V for at least one hour. After electrophoresis, bands of PCR products were visualised in

the gels with a UV benchtop transilluminator (2UV, UVP, Upland, CA, United States of America).
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Table 3.1: Primers used in PCR reactions

Primer Name Amplicon Primer sequence Cycle conditions
size (bp)
mip (Legionella 661 to Forward 5'-GGRATTVTTTATGAAGATGARAY | 1x96°C (3min)
macrophage 715 primer TGG-3' 35 x 94°C (1 min),
infectivity (Legmip_f) 58°C (2min),
potentiator gene) Reverse 5'-TCRTTNGGDCCDATNGG 72°C (2min)
(Ratcliff 1998) primer NCCDCC-3' 1 x 72°C (5min)
(Legmip_r) Hold at 4°C
Primer for 5'-TTTATGAAGATGARAYTGGTCR N/A
sequencing: | CTGC-3’
Legmip_fs
JP (Legionella spp. 386 Forward 5'-AGGGTTGATAGGTTAAGAGC-3’" | 1x95°C (5min)
specific 16S gene) primer (JFP) 40 x 94°C (1min),
(Jonas et al 1995) Reverse 5'-CCAACAGCTAGTTGACATCG-3’ 57°C (1min30s),
primer (JRP) 72°C (1min)
1x72°C(10min)
JDP (Acanthamoeba | 423 to Forward 5'-GGCCCAGATCGTTTACCGTGAA- | 1 x95°C (7min)
spp.) (Scroeder et al | 551 primer 3' 40 x 95°C (30s),
2001) 55°C (30s),
Reverse 5’-CTCACAAGCTGCTAGGGAGTCA- | 72°C(1min)
primer 3 1x72°C(15min)
Muyzer (16SrRNA 193 Forward 5'CCTACGGGAGGCAGCAG-3’ 1 x98°C (3min),
general bacterial primer 40 x 94°C (15s),
population) (Muyzer Reverse 5’-ATTACCGCGGCTGCTGG-3’ 60°C (15s)
et al 1993) primer 55°C (15s)
1x72°C(3min)

PCR products that showed expected amplicon length on the gels, (as shown in Figure 3.2 were
extracted and purified using polyethene glycol (PEG) precipitation. The PEG precipitation is based on
methods observed at SHLMPRL. Briefly, 20% PEG/2.5M NaCl solution was prepared with 20g of PEG

(8000), 14.6g of NaCl and 100 mL distilled water to a 500mL conical flask. The solution was mixed on
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a shaker table at 200rpm until fully dissolved before being filter sterilised through a 0.2um filter into
sterile 50ml centrifuge tubes. To perform PEG precipitation, 30ul of 20% PEG/2.5M NaCl was mixed
with each PCR product in a separate sterile 1.5ml tube and incubated at 37°C for 30 minutes. Tubes
were centrifuged at 13000rpm for 10 minutes, and then the supernatant was removed with a
pipette and discarded without disturbing the pellet. The pellet was washed using 500ul of 70%
Ethanol before being centrifuged again at 13000 for 10 minutes. Ethanol was quickly removed from
the tubes using a pipette, and the pellet was left to air dry before being resuspended in 20ul

nuclease-free water.

The clean DNA samples were quantified using the Epoch Microplate Spectrophotometer (BioTek,
Winooski, VT, United States of America), and DNA sequences were determined using the LightRun
sequencing service (GATC Biotech). Returned sequences were compared with the Health Protection
Agency’s (HPA) Legionella mip gene sequence database (http://www.hpa-bioinformatics.org.uk/cgi-

bin/legionella/mip/mip_id.cgi) in order to identify Legionella at the species level.

3.2.4 Direct PCR of post-enrichment compost samples
After all samples had been cultured and sequences of Legionella spp. isolates obtained, post-
enrichment compost samples were removed from the -80°C freezer and DNA was extracted from a
0.25g sample of compost using the MoBio PowerLyser PowerSoil DNA extraction kit. Compost is high
in humic acids, which inhibit PCR reactions if not entirely removed from the sample and so DNA
samples were diluted 10 and 102 following extraction to minimise the impact of any remaining
humic acids on the reaction. As above, mip primers (Radcliff, 1998) were initially used. Primers
targeting a Legionella spp. specific sequence on the 16S-rRNA gene (Jonas et al. 1995) were also
used in a separate PCR reaction with the extracted DNA; these primers were denoted JFP and JRP
(jointly ‘JP’) to represent Jonas forward primer and Jonas reverse primer, respectively. In addition to
this, primers specific to Acanthamoeba spp. (Scroeder et al. 2001) were used in a further PCR to

identify samples that may contain these free-living amoebae. Acanthamoeba spp. are known hosts
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of Legionella spp. in water systems (Section 2.1.6) and may provide a niche in which Legionella spp.
can replicate during the enrichment period; therefore, samples were tested in retrospect to
determine whether any correlation between Acanthamoeba spp. presence and increased numbers
of Legionella spp. exists after enrichment. PCR reactions followed methods as detailed in Section
3.2.3 and protocols as noted in Table 3.1.. Table 3.1 outlines primers used in all experiments
throughout the thesis, while the Muyzer primers were not used in this chapter they are used in
Chapter 5. As in Section 3.2.3, PCR products were visualised using electrophoresis via an ethidium-
bromide-stained gel; bands were compared against a base-pair ladder to ensure correct amplicon

length.

3.3. Results

3.3.1 Culture and enrichment
Twenty-four different composts were tested for the presence of Legionella spp. by culture on BCYE-
o agar and confirming positive colonies using PCR of the mip gene. As shown in Table 3.2, 15 of the
24 (62.5%) samples tested contained Legionella spp. Ten out of twenty-four samples (41.7%) were
positive in the first round of testing. Of the 22 samples, which were re-tested after enrichment at
30°C, 13 (59.1%) tested positive after the eight week incubation period. Owing to sample dilution,
the detection limit of one colony per plate corresponded to 4000 CFU in 1g of compost material.
Although this is relatively high, it was deemed necessary to prevent inhibition of growth by other soil

organisms. Thus, the maximum concentration of Legionella spp. found was 4x10* CFU/g.
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Table 3.2: Results of initial and post-enrichment culture from twenty-four compost samples, including closest species and percentage identity to this species as determined by mip

analysis. Sample type is defined by “PF” for peat-free, “PC” for peat-containing, “GW” for green waste, “HM” for homemade

Sample Sample | Isolate name Initial Culture Post-Enrichment Culture
Type (number of colonies x % identity) (number of colonies x % identity)
1 2 3 1 2 3
1 PF L. micdadei 1 x100% NT NT NT
2 PF NT NT NT
3 PC L. sainthelensi 8x99.83%
4 GW
5 PC L. longbeachae 1x99.83%
L. sainthelensi 1x99.48%
6 PC
7 PC L. micdadei 1 x 100%
L. longbeachae 1x 100% 2 x99.83%
Legionella species K 1x99.66%
8 PC L. birminghamensis 1 x100%
L.pneumophila Sg-1 OLDA 1x99.65%
L. pneumophila Sg-4 Portland 1x99.83%
9 PC Legionella 99-113 1x100%, 1 x97.64% 1 x 100% 1 x 100%
L. sainthelensi 4 x99.66%, 1 x 99.83%
10 HM L. gormanii 1x95.52%
L. quateirensis 1 x 84.66%
11 PC L. longbeachae 1x99.83%
Legionella 99-113 1 x 100%
12 PC L. gormanii 1x95.52%
13 PC
14 PC Legionella species A IMVS 36 1x76.41%
Legionella 99-113 2 x 100%
15 PC L. sainthelensi 3x99.83% 4 x99.83%, 1 x 100% 1x98.45%, 1 x99.83%
16 PC Legionella 99-113 1 x 100% 1x100%, 1x99.31%, 1
x 97.64%
17 PF
18 PC
19 PC
20 PC L. longbeachae 1x99.83%
L. sainthelensi 1x99.83%
21 PC
22 PF L. spiritensis 1x99.83% 2x99.83%
L. feeleii 1x87.23% 1x87.23%
23 PC
24 PC Legionella 99-113 1 x 100%




3.3.2 PCR and sequencing of bacterial colonies
Twelve species were identified in the compost samples using mip gene speciation (Table 3.2). The
most commonly isolated Legionella species was L. sainthelensi, which were present in 5 of the 24
(20.8%) samples, but only isolated after the 8-week enrichment period (Table 3.2). Two isolates of L.
pneumophila were found in the same compost sample; both tested negative with the rapid latex
agglutination kit however the strains were identified as L. pneumophila sg4 Portland and L.
pneumophila sg1 OLDA by indirect immunofluorescent antigen testing. L. longbeachae Sg 1 was
isolated from four compost samples, making it the second most commonly isolated named
organism. Three unnamed species were isolated: Legionella 99-113, Legionella species K, and

Legionella species A.

In total, there were eight species with low (<98%) percentage identity matches on the HPA mip
database: four were isolated from peat-free composts, and four from composts containing peat. A
BLAST search showed: samples 9 and 16 had Legionella 99-113 with a 100% identity match; sample
22 (initial and after enrichment) had L. feelei with a 99% identity match; and samples 10 and 12 had

L. gormanii with a 99% identity match.

3.3.3 Direct PCR of post-enrichment compost samples
After the initial culture of organisms from compost samples before and after an enrichment period
at 30°C, post-enrichment samples were frozen at -80°C. These samples were revisited later in order
to compare culture with direct PCR. Legionella spp. are fastidious, and it was hypothesised that the
number of positive samples would be higher in the direct PCR samples than in the culture samples. It
should be noted that the use of PCR only identifies the presumptive presence of specified Legionella
spp. DNA in the compost samples and does not distinguish between viable/non-viable organisms

and remnant DNA.

Initial PCR attempted with mip primers was unsuccessful despite numerous modifications made to

temperatures and times used in the PCR reaction. Personal communication with Dr Diane Lindsay at
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SHLMPRL highlighted the lack of specificity of mip primers for species other than L. pneumophila
when used with mixed samples. The second set of primers, JP primers (Jonas et al., 1995), which
amplify a Legionella-specific sequence of the 165-rRNA, were used to identify Legionella spp. in

direct PCR in DNA extracts from the post-enrichment compost samples.

PCR with the JP primers showed that all samples were positive; therefore, assuming a good
specificity of primers to Legionella spp., these results suggest that Legionella spp. is present or has
been present at some point in all of the samples. Error! Reference source not found.2 shows that all

PCR products, including controls, showed the same size bands.

Samples were also tested using JDP primers specific to Acanthamoeba spp, a potential host for
Legionella spp. in compost. Out of 22 post-enrichment samples tested, 15 were positive (68.18%) for
Acanthamoeba spp. (Table 3.3). Again it should be noted here that PCR does not distinguish
between viable/non-viable/dead organisms and remnant DNA; therefore only distinguishes whether
samples had any Acanthamoeba spp. Table 3.3 summarises all results in this chapter, including
cultures and PCR on initial and post-enrichment samples. Four samples (4, 6, 13, 17) were only
positive for Legionella spp using the JP primers and were not positive for Legionella spp by culture or
for Acanthamoeba spp using JDP primers. Eight samples (4, 6, 13, 17, 18, 19, 21, 23) were only
positive using direct PCR, either for Legionella spp., Acanthamoeba spp. or both. Five samples (5, 7,

8, 9, 20) were positive for all culture and PCR tests.
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15. Sample 19 DNA 10!
16.Sample 15 DNA 10*
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19. Sample 6 DNA 10!
20. Sample 4 DNA 10!

Figure 3.2: Agarose gel of PCR products from post-enrichment samples. Expected band length 386bp. (Chapter 3, JP

primers, Jonas protocol)
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Table 3.3: Results from culture and PCR experiments in Chapter 3. Parentheses indicate the organism under

investigation in each experiment. “D” represents detected, “ND” not detected and “NT” not tested.
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1 D NT NT NT
2 ND NT NT NT
3 ND D D D
4 ND ND ND D
5 D D D D
6 ND ND ND D
7 D D D D
8 D D D D
9 D D D D
10 ND D D (faint) D
11 D ND D D
12 ND D D D
13 ND ND ND D
14 D D ND D
15 ND D D D
16 D D ND D
17 ND ND ND D
18 ND ND D (faint) D
19 ND ND D D
20 D D D D
21 ND ND D (faint) D
22 D D ND D
23 ND ND D D
24 ND D D D

3.4. Discussion

Legionella species were detected by culture at levels ranging from 4.0 x 10 (limit of detection) to 4.0
x 10% cfu/g in 62.5% (15/24) of the composts tested, suggesting that these organisms are common
contaminants of UK composts. The contamination frequencies were higher than those in compost
surveys in Greece (Velonakis et al. 2010) and Switzerland (Casati et al. 2009), where Legionella spp.

were isolated from 27.3% (6/22) and 45.7% (21/46) of compost samples, respectively.

60



These studies challenge earlier work by Steele et al. (1990b). They tested sixty-four compost samples
from Australia, Greece, Switzerland and the UK, and found Legionella spp. in 73% (33/45) of
Australian composts tested but failed to isolate the organism from European composts (14 from the
UK, four from Greece, and one from Switzerland). A potential explanation for this was the difference
in compost feedstocks, as Legionella spp. were found in 80% of composted bark and sawdust
samples, the main ingredients in Australian compost. At the same time, they were absent in peat
samples, a significant component in European composts (Steele et al., 1990b). In Japan (Koide et al.
2001) and Greece (Velonakis et al. 2010), all compost samples composed purely of peat were also
negative for Legionella species. However, samples containing peat mixed with other components
contained these bacteria (Velonakis et al. 2010). The current study isolated Legionella spp. from two-
thirds (12/18) of composts containing peat mixed with other components. These results suggest
that, although peat alone may not support the survival of Legionella spp., its addition to potting
mixes does not prevent contamination with Legionellae. Lindsay et al. (2012) hypothesised that the
increased use of green wastes and the decline of peat in commercial multipurpose composts due to
environmental concerns in the UK might partly explain the increased incidence of L. longbeachae

infection in Scotland.

Traditionally, peat has been the dominant growing media used in the UK and across Europe.
However, a White Paper on the Natural Environment, issued by HM Government in the UK (HM
Government 2011), lays out plans to eliminate the unnecessary use of peat in England by the year
2030, including a voluntary phase-out target of 2020 for amateur gardeners. The use of peat-free
compost is encouraged to prevent the destruction of lowland peat bogs. As a result of policy change
in England, the UK composting market will increasingly move towards the use of peat-free composts;
the market is currently 57.5% peat-free (HM Government 2011). One possible replacement for peat
is green waste. The EU Landfill Directive 1999/31/EC aims to reduce biodegradable waste going to
landfill, and the recycling rate of waste, including green waste by composting, however at the

present time it is not clear what impact Brexit will have on this directive. Standards are in place to
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assure compost quality from green waste, i.e. PAS100 (BSI 2011); however, the only microbial
requirement relates to indicator species such as Escherichia coli and Salmonella spp. Legionella spp.
were not cultured from the BSI PAS 100:2011 treated sample tested in this experiment (Sample 4);
however, it was positive using direct PCR for Legionella spp., indicating that these bacteria may well
be present in this sample. There is no provision for Legionella species in current microbial standards
(BSI:PAS 100:2018), despite their isolation from composts and composting facilities in Australia
(Hughes and Steele, 1994) and Switzerland (Casati et al. 2010); the latter study established green-
waste collection and composting sites in Switzerland as an important reservoir for Legionella
species. As the volume of composted green waste increases and the volume of peat decreases, there

may be an increase in Legionella spp. isolated from UK compost.

The incidence of Legionella infection does not seem to be comparable with the presence of known
pathogenic Legionella spp. in composts, e.g. almost 17% of composts in this study tested positive for
L. longbeachae, the causative agent in only 11 cases of infection in the UK since 1984 (Lindsay et al.
2012). This discrepancy may be attributable to cases of pneumonia caused by species other than L.
pneumophila going undetected. Of the 12 different species of Legionella isolated in this study, at
least eight are known to cause human disease. However, in Europe, the primary diagnostic test used
for detecting LD is the urinary antigen assay, used in 88.6% of cases in 2015 (Beauté and Robesyn,
2017), which identifies only L. pneumophila Sg 1 with any degree of sensitivity (Potts et al. 2013).
This issue of under-reporting of cases of legionellosis caused by species other than L. pneumophila
was highlighted by Whiley and Bentham (2011) and Lindsay et al. (2012). Whiley and Bentham
(2011) also commented that individuals with Pontiac fever do not generally require hospitalisation,
and therefore Legionella infection, potentially related to compost, would not be diagnosed. In
addition, only one of the 24 compost samples tested was positive for L. pneumophila, specifically
Serogroup 1 OLDA and Serogroup 4 Portland. Both of these can cause disease, however, both strains
were unreactive with the latex agglutination kit for L. pneumophila sg 1, L. pneumophila sg2-14 and
Legionella spp., so they may not have been picked up during routine laboratory testing.
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Furthermore, the identification of currently unnamed Legionella species in this study reflects the
diversity of strains in compost. The eight isolates with <98% mip speciation may represent new
species and a new reservoir for infection. Knowledge on the phylogenetic diversity of clinical and
environmental strains of Legionella is limited, especially for strains other than L. pneumophila. Early
work showed a homology of 76% when the mip gene of L.pneumophila Sg1 and L. longbeachae Sg 1
were compared (Doyle et al. 1998), while more recent work showed 3% sequence variation in the
mip gene when 105 clinical and environmental L. pneumophila isolates were compared (Gaia et al.
2005). In work published after experimental work in this thesis was published, Bacigalupe et al.
(2017) found that mip speciation was not fully discriminatory when used for speciation, when they
compared 64 L. longbeachae isolates using whole genome sequencing. In five compost samples
where more than one isolate of L. longbeachae had been isolated, they found that isolates were
distributed across the phylogenetic tree indicating a highly diverse population of L. longbeachae in
compost. In addition they note extensive horizontal gene transfer and recombination occurs
between Legionella spp and suggest that there may be a shared habitat between to enable this to
occur. This supports the findings of multiple species in this chapter but highlights that the species
may have been incorrectly designated for some of the samples and is therefore a limitation of this
work. Knowledge on the genomic diversity of Legionella species is likely to increase as the use of

whole genome sequencing becomes more widespread (Hottel 2019).

It is also important to note the relatively high detection limit resulting from the methods used in this
study. The high level of dilution and extended acid treatment were deemed to be necessary because
of the high levels of bacteria and fungi present in the samples. Although different strains of bacteria
will react differently to the acid exposure time, the isolation of 12 species from 62.5% of samples
indicates a diverse population of Legionella species present in UK composts. Although higher
numbers of Legionellae would perhaps have been obtained with a shorter treatment time, detection
may have been negated by competing compost microflora. It is also possible that Legionella spp may

have been contained within a host-species such as Acanthamoeba spp and that isolation and culture
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of host organisms from the compost samples would have increased Legionella spp ascertainment.
The methods used mean that it is likely that Legionella species have only been isolated using culture
in the compost samples containing a higher burden of Legionella spp. A negative result does not rule
out the presence of Legionella species at levels <4000 CFU/g. This is one possible explanation for
why all samples were positive for Legionella spp. using the JP PCR method; the results are discussed
below. Low levels of legionellae in composts may help to explain the low incidence of human

infection as compared with the relatively high contamination rate.

Another potential reason for the low incidence of infection compared with the relatively high
contamination rate of compost with Legionellae may be that the numbers of bacteria are not high
enough to cause infection in humans. Steele et al. (1990b) suggested that low numbers of
Legionellae in source materials could multiply during the composting process to form populations of
detectable size. This concept was reiterated by Whiley and Bentham (2011) who suggested that the
composting process is a “catalyst for growth” of L. longbeachae as it is commonly found in potting
mixes, but rarely in natural soils. However, this theory would suggest that all composts contain
Legionella spp. at numbers capable of causing infection, which does not appear to be the case due to
the low incidence rate. For example, while Casati et al. found more Legionella spp. using direct PCR
on compost samples compared with traditional culture methods, some compost samples remained
Legionella sp free (Casati et al., 2009). Lindsay et al. (2012) isolated L. longbeachae from potting
compost used by patients with L. longbeachae infection that had been stored in greenhouse
conditions. The authors also noted that in a preliminary study, compost stored in greenhouse
conditions had increased Legionella spp. over a three week period (Lindsay et al., 2012). They
suggested that a full-scale study into the effect of greenhouse conditions was required to investigate

this theory further.

To an extent, the eight-week enrichment period in this study also demonstrated the potential

increased temperature and humidity have to enhance Legionella spp. numbers. Ten of the 24
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compost sample in the current study were positive by culture after initial sampling; this increased to
13 of 24 after enrichment. This technique was first used with compost samples by Koide et al. (2001)
based on previous work where water samples containing amoebae were incubated to improve
Legionellae detection rates (Sanden et al., 1992). Koide et al. (2001) directly isolated Legionella from
10 of 24 samples taken from composted wood products and potting mixes. Initial samples were
suspended in sterile water and incubated at 33°C for 2-3 months, allowing time for any amoebae in
the sample to replicate and therefore allowing time for small numbers of intracellular legionellae to
replicate to a level above the limit of detection. After the enrichment process, 22 of the 24 samples
were positive for Legionellae. Ten of the 24 compost samples were positive upon direct sampling;
this increased to 13 of 24 after enrichment. However, as seen in Table 3.2, Legionellae were not
detected after enrichment in several samples that were positive upon direct plating, indicating that
the technique was not always successful. A similar effect was seen by Koide et al. (2001), whereby,
upon direct plating, L. bozemanii was isolated from two samples of composted wood products, and
L. birminghamensis was found in a potting mix sample; however, neither was detected after
enrichment. In both studies, samples were not inoculated with amoebae; therefore, it is possible
that suitable protozoa were not present in all of the samples, or in sufficient numbers to allow the
successful replication of Legionella species. To build upon this work in future studies, isolation and
culture of amoebal hosts may inform the dynamics within each sample, and the likelihood of
amoebae aiding growth of Legionella spp during the enrichment period. In the current work,
Samples 3, 9 and 15 showed the greatest increase in numbers of legionellae after the enrichment
period; these three samples all contained L. sainthelensi, which was only isolated after the
enrichment period. Sheehan et al. (2005) took samples at 30°C, 35°C and 38°C from a pH2.7 algal
mat community at Yellowstone National Park. The authors found seven sequences in 30°C samples,
which all showed >99% similarity to L. sainthelensi, but only found this species in one of thirty-one
(3.2%) sequences from higher temperature samples. A species of Legionella-like amoebal pathogen

(LLAP) was the most commonly identified sequence from the algal mat, accounting for around half
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of the total sequences, but this sequence was not recovered from any of the samples taken at 30°C.
The results suggest that amoebal enrichment may be species and/or temperature-dependent. The
presence of amoebae in compost may allow some Legionella spp. to multiply to potentially
infectious numbers under the right conditions; however, a full-scale study into the effect of

greenhouse conditions is needed to investigate this theory further.

Except for Sample 14, all samples which were negative for Legionellae culture before enrichment
and positive after enrichment were positive by PCR for Acanthamoeba spp. In the post-enrichment
samples, 13 samples were positive for Legionella spp. by culture, and 15 tested positive for
Acanthamoeba spp. by PCR. Ten samples tested positive for both Legionella spp. and Acanthamoeba
spp. Thus, of the post-enrichment Legionella spp. containing samples, 10/13 (76.9%) were
potentially influenced by replication within Acanthamoebae. The remaining Legionella spp. positive
post-enrichment samples may have been amplified by a different host, amplified without a host,
already present in the sample and able to maintain the status quo during the enrichment period —
perhaps through survival in a biofilm (as described in Section 2.1.6.3). Alternatively, there may not
be a link between Acanthamoeba spp. and Legionella spp. in the samples taken during the current
experiment. Unidentified host species or biofilms in the system could provide protection or a niche
for multiplication during the enrichment period. These results show that the presence of
Acanthamoebae is not a necessary factor for the long-term survival of Legionella spp. at 30°C.
Conversely, the presence of Legionellae is not a requirement for the long-term survival of

Acanthamoeba spp. at 30°C.

All of the post-enrichment samples tested directly for Legionella spp. using PCR with JP primers were
positive for Legionella spp, compared with 13/22 (59.1%) of post-enrichment culture samples (Table
3.3). There are several possible explanations for this discrepancy in results. Legionella spp. are

fastidious, and it is unlikely that all species would grow on artificial media. It is also possible for DNA

from non-viable or non-intact cells to be extracted from the soil in some cases (Clark et al., 2008).
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The presence of non-viable cells or the high limit of detection of Legionella spp. in culture may be
the reasons why Legionella spp. were picked up by PCR from all samples but not by culture on BCYE-
a in all samples. Propidium monoazide has been suggested to enable the differentiation of live cells
from dead cells using PCR methods. However, the amount needed increases with the increasing
complexity of the sample being tested, resulting in increased toxicity. Taylor et al. (2014) suggest
that this method is unsuitable for use in environmental samples that are more contaminated than

simple waters. This method would, therefore, be unsuitable for use with compost derived samples.

The JP primers used in this have been published several times, initially by Jonas et al. (1995) and
again in Wellinghausen et al. (2001); however, this was for use in water, a considerably less diverse
habitat than compost. Sheehan et al. (2005) also used the Jonas primers and a separate set of
primers to confirm Legionella spp. in an algal mat. In work published after completing practical work
for this thesis, Marchand et al. (2018) used the same Jonas primers to examine soil samples for
Legionella spp: they also found 100% (n=16) of the samples tested be positive using this method. In
the work described in this chapter, bands on the agarose gel for the post-enrichment PCR using JP
primers were all the same size, including the positive control (Error! Reference source not found.2),
indicating reasonable specificity in the PCR. The above result likely indicates the presence of
Legionella spp. in all of the samples. However, there is a slight possibility that cross-reaction may
also have caused positive results due to non-specific primer attachment. In order to confirm that the
results obtained in the above work are accurate, further work on the specificity of the JP primers

should be carried out.

The current study has shown that UK composts are commonly contaminated with Legionella species,
many of which have been shown to cause human disease. Cases of non-L. pneumophila infection,
which are generally increasing globally (Whiley and Bentham, 2011), have been associated with
compost use, primarily where the causative agent is L. longbeachae. Despite this, care should be

taken when defining the source of an infection. In work published after completing the experimental
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work for this thesis, Bacigalupe et al (2017) examined 64 clinical and environmental isolates of
Legionella longbeachae using whole genome sequencing and found that the genome of clinical
samples was significantly smaller than the genome of the environmental samples. They suggested
that this may be linked to infectivity and highlighted that a genomic epidemiological link has not
been identified between environmental and clinical samples to date. They suggested that future
investigations should use extensive sampling and whole genome sequencing to ensure specific

comparisons can be made.

O’Connor et al. (2007) highlighted that the presence of Legionella species in compost does not
necessarily indicate that those handling it will become infected. During a case-control study
examining the association of L. longbeachae infection with handling potting mixes, the authors used
multivariate analysis to demonstrate that awareness of potential health risks in using compost was
protective against infection, although the authors could not demonstrate the effect that this
knowledge may have on gardeners. The authors also found that not washing hands after gardening,
before eating or drinking, was a risk factor for infection. Australia already has general hygiene
warning labels on compost to educate users of potential risks. The work of O’Connor et al. (2007)
and Kenagy et al. (2017) would suggest that this is a beneficial approach to protecting public health.
Therefore, it would seem worthwhile considering a similar warning scheme in the UK and other
countries to increase public awareness. Such a scheme should highlight the need for good hygiene
practices, including hand-washing after compost use, the need to reduce inhalation of compost, and

a recommendation to open bags in a well-ventilated area.

Clinicians should be aware of the increased incidence of cases of non-L. pneumophila infection, and,
to allow for accurate diagnosis, urinary antigen testing should not be the only diagnostic tool used in
cases of community-acquired pneumonia, particularly if an association with gardening has been

identified.
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4. DEVELOPMENT OF AMETHOD TO IDENTIFY LEGIONELLA
SPP IN COMPOST

4.1. Introduction

As noted in Section 2.2.3, the British Standards Institute Publicly Available Specification for
Composted Materials (BSI PAS 100) is the current standard used by environmental and public health
agencies to ensure production of composts is consistent and of a high-quality. In Scotland, composts
must conform to BSI PAS 100 in order to be sold as a product (WRAP, 2020). However, although part
of this process requires investigation of samples for E. coli and Salmonella spp. investigation for

Legionella spp is not required.

As described in Chapter 3, fifteen of twenty-four (62.5%) compost samples tested positive for
Legionella spp. using culture-based methods, and 100% tested positive using PCR; in the latter case,
JP primers were used to amplify a Legionella-specific sequence of the 16S rRNA gene (Jonas et al.
1995). Therefore, it would be advantageous to develop a Real-Time quantitative PCR (qPCR) method,
which could be used to quantify Legionella spp. DNA in an environmental sample, to further examine
the ecology of Legionella spp. in compost. Quantitative-PCR can be direct or indirect: direct gPCR
method has a fluorescent dye that emits a colour when chelated with double-stranded DNA; the
indirect gPCR method uses a labelled probe, which emits light when DNA is synthesised. In both
cases, the level of fluorescence is measured by the qPCR equipment at specific points during thermal
cycling and is proportional to the amount of DNA in each sample. Such a technique would help
establish which environmental conditions facilitate the growth of Legionella spp., for example,
conditions during compost storage. However, for the development of this method, it was first
necessary to establish the suitability of the JP primers for the identification of Legionella spp. from

mixed environmental samples.
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The primers have been tested against a panel of other organisms by several authors, including
Wellinghausen et al. (2001) and Joly et al. (2006). All samples tested in Chapter 3 likely showed a
positive result; they all contained Legionella DNA. However, there were concerns that the positivity
could be due to cross-reaction with other microorganisms present in the compost samples. Compost
is a complex media, and when this work was performed, these primers had not been used previously
in soil or compost. However, they had been used extensively in clinical samples, domestic and
environmental water samples, and biofilm/algal mat samples (Jonas et al. 1995, Dobrowsky et al.
2014, Edagawa et al. 2008, Sheehan et al. 2005). They were also used in a gPCR to amplify Legionella
spp. DNA from hospital water; however, these samples are nutrient-poor and have lower diversity
than compost (Wellinghausen et al. 2001). Since all samples tested positive for Legionella spp. using
JP primers in Chapter 3, it was first necessary to assess these primers for use in compost samples
before the next experiment to ensure accurate results. In a study published after the work in this
chapter was completed, Marchand et al. (2018) used the same JP primers to examine soil samples
for the presence of Legionella spp. Similar to the work in Chapter 3, they found all samples were
positive by PCR (n=16), with only one sample positive by culture, further verifying the suitability of

these primers (Marchand et al. 2018).

It was also necessary to develop a suitable method for DNA extraction, in order to provide
representative DNA samples for PCR from each compost sample. The MoBio PowerlLyser PowerSoil
DNA extraction kit used in Chapter 3 required a 0.25g sample of soil for analysis; this sample was
relatively small when compared to the much larger growing-media samples. Therefore, the method
would need to enable the extraction of DNA from a sample larger than 0.25g. It was hoped that
completing the steps discussed above would enable JP primers to more confidently identify
Legionella spp. DNA via PCR from DNA-extracted compost samples. Developing a DNA extraction
protocol from soil and compost samples larger than those currently used would provide a more

representative sample of compost flora than current methods.
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Experiments to examine different survival conditions of Legionella spp. in compost require
appropriate methods to analyse the presence of this organism in suitable sample types. The main
aim of this chapter’s work was to develop methods that could be used to examine the growth of
Legionella spp. in compost materials. To achieve this, the JP primers used in Chapter 3 were further
investigated to confirm their suitability for identification of Legionella spp. by PCR of DNA extracted
from compost samples. The primers were also analysed in-silico and by denaturing gradient gel
electrophoresis (DGGE). Following this, DNA extraction techniques were compared to enable the
optimal DNA yield from compost samples. Finally, the methods developed in this chapter were

developed to study the behaviour of Legionella spp. in different conditions (Chapter 5).

4.2. Methods

4.2.1 Confirmation of primer specificity

4.2.1.1 In Silico analysis
PCR with the JP primers showed that all samples from Chapter 3 were positive. The length of
amplicons obtained in PCR with JP primers in Chapter 3 was checked using agarose gel
electrophoresis, and all showed bands of similar size (Error! Reference source not found.2). As
amplification of incorrect sequences may sometimes lead to incorrectly sized PCR products, this is
the first step used to demonstrate PCR specificity. But, primers specificity should be checked by the
Probe Match tool on the Ribosomal Database Project (RDP) website

(http://rdp.cme.msu.edu/probematch/search.jsp) (Cole et al. 2014, Greuter et al. 2016). This site

enables researchers to compare a primer set against a database of bacterial and archaeal 16S rRNA
sequences. The primers were also entered into the Basic Local Alignment Search Tool (BLAST)

(http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE TYPE=BlastSearch&LINK LOC=blas

thome), which searches a comprehensive database for the entered nucleotide sequence to find

sequences of >95% sequence identity match (Altschul et al. 1990).
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4.2.1.2 Denaturing Gradient Gel Electrophoresis (DGGE)
Denaturing gradient gel electrophoresis is a method which can be used to identify sequence
differences in DNA products. It was used to compare PCR products from culture positive and culture
negative samples in Chapter 3, to investigate if this would be a suitable method to distinguish
different Legionella spp. following molecular identification from a compost sample. Methods used in
the preparation and process of DGGE were adapted from Muyzer et al. (1993) and are described in

full below.

4.2.1.2.1 Preparation of samples
DGGE samples included the eight culture-negative/PCR-positive samples from Chapter 3 (Samples 4,
6,13,17, 18, 19, 21, and 23). Additionally, one culture-positive/PCR-positive sample from the
compost with the highest amount of Legionella spp. from culture (Sample 15), two compost isolates
(L. longbeachae Sgl and L. pneumophila Sg 1 OLDA from Sample 20 and Sample 8, respectively), a

blank (nuclease-free water) and negative control (Pseudomonas aeruginosa) were selected for use.

DNA was extracted from cultures of the positive L. longbeachae Sgl and L. pneumophila Sg1 OLDA
using methods and the selected compost samples from Chapter 3. Extracted DNA was stored at -
80°C until needed. For P. aeruginosa, 1ml aliquot was taken from a culture in LB broth, once it had
reached stationary phase, for DNA extraction. The sample was placed into a 1.5ml tube and
centrifuged at 10000g for 5mins; the supernatant was discarded, and the pellet was re-suspended in
1ml sterile PBS. This wash was repeated twice. Then, cells were thermally lysed at 80°C for 10mins to
extract the DNA. The sample was left to cool before a 100pl aliquot was diluted 1 in 10 with
nuclease-free water. This 10! dilution was used as the negative control DNA template in further PCR

reactions.

A PCR using JP primers was run for each of the eight test samples and positive and negative controls,
using protocols and reagents described in Chapter 3. After the PCR, contaminants such as primers,

additional nucleotides, polymerase enzymes and salts were removed from the PCR products using
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the Qiagen QIAquick PCR purification kit. Next, the clean DNA samples were used as the template
DNA in a PCR using JP primers, with a G-C clamp for DGGE added to the 5’ end of the forward primer

(JFP).

G-C clamp for DGGE 5'-CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGC-3'

The clamp used, shown above, was first described by Muyzer et al. (1993) and is used to prevent the
DNA fragments from fully melting and allow all samples to be visualised clearly on the gel. The PCR

involved protocols and reagents described in Chapter 3, and products were stored at -20°C.

4.2.1.2.2 Preparation of gel
DGGE involves a gel with a denaturant gradient that changes vertically, from a low concentration
(30%) at the top to a high concentration (60%) at the bottom. The denaturants in the gel are urea
and formamide; they cause a partial dissociation of the A+T and C+G bonds between double strands
of DNA, and eventually prevents the PCR products from migrating through the gel. C+G bonds
require a higher amount of denaturant before they dissociate, which is why a GC clamp is used in

sample preparation (Myers et al. 1987).

5lass Flates

High concentration Low concentration
MWlagnetic Stirrer
Closable

N Y
PUMP - beesn

chambers

Plate Spacer

Gradient Mixer
Greased Sponge

Figure 4.1: A simplified diagram of DGGE gel formation equipment
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The gel was prepared using a specially designed apparatus from BioRad, for use with the BioRad D-
Code Universal Mutation Detection system. A simplified diagram of the system can be seen in Figure
4.1. Two glass plates were clamped to a stand (not shown), with spacers at the sides to provide a
uniform gel width, and a greased sponge at the bottom to prevent leakage of gel from the setup. A

needle attached to a gradient forming chamber was placed in between the two glass plates.

Two gel solutions of low and high concentration were prepared in separate glass beakers before
being added to separate chambers of the gradient mixer. One contained a magnetic stirrer to allow
mixing of the two gels in a gradient before setting. Two solutions with 30% and 60% denaturant
strengths were made to prepare the gels; 20 ml of the 30%-denaturant solution was added to one
glass beaker, and 20ml of the 60%-denaturant solution was added to another. Next, 266ul of 10%
ammonium persulphate solution (APS) were added to each beaker, followed by 26l of
tetramethylethylenediamine (TEMED); both were swirled to mix. Before pumping the solutions
between the plates, the valve between the two chambers was opened. The addition of TEMED
catalyses gel polymerisation; therefore, the steps above were performed in quick succession to
prevent the solidified gel from clogging the gradient mixer or connecting tubes. After the pumping
was finished, a comb was added to the top of the newly formed gel to create sample wells. The gel

polymerised for two hours at room temperature and then stored overnight at 4°C.

4.2.1.2.3 DGGE procedure
The gel was allowed to reach room temperature, and the greased sponge and comb were removed.
The wells created by the comb were cleaned of gel residue by repeatedly pipetting warm 1xTAE
buffer into and out of the openings. The gel was then added to the BioRad DCode gel core and
placed into the system electrophoresis tank filled with 1xTAE buffer at 65°C. The temperature of the
electrophoresis tank was reduced to 60°C, and PCR products (from Section 4.2.1.2.1) were added to
the wells. The DGGE was run at 200V for 4h 30m before being removed from the tank and the gel

core. Next, the spacers and clamps were removed, and the gel was added to a staining tray
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containing 200ml 1xTAE buffer and 20l ethidium bromide. The tray was covered, protected from
light, and placed on a shaker at 150rpm. After 30mins, the gel was removed from the staining tray

and examined using a UV transilluminator before being photographed.

4.2.1.2.4 Sequencing of DGGE gel
Numerous bands were identified in the DGGE gel, either representative of different Legionella spp.
or different species of bacteria being amplified by the JP primers. First, DNA were extracted using
methods adapted from Ferris et al. (1996) to determine the nature of the bands. Next,
representative bands were excised from the post-DGGE gel using a fresh, sterile scalpel for each
band taken. The gel slices were added to a sterile microcentrifuge tube and stored at -80°C
overnight. Each gel slab was crushed the following day using a sterile pipette tip, and 150ul
nuclease-free water was added to each tube. The tubes were left to incubate at 4°C for a further 24
hours. A 3ul aliquot of the resulting mixture was used as a template in a further PCR reaction using
the JP primers and the Jonas protocol described previously (Table 3.1). The resulting PCR products
were treated as described in Chapter 3. Briefly, they were run on a standard agarose gel
electrophoresis. Positive samples were purified using PEG precipitation before being quantified using
the Epoch Microplate Spectrophotometer (BioTek)and sent away for sequencing using the LightRun

system at GATC Biotech, Konstanz, Germany.

4.2.2 Preparation of 16S-rRNA Legionella standard curve for gPCR
Testing in Section 4.2.1.1 and Section 4.2.1.2.4 above established that the JP primers amplify a
Legionella-specific sequence of the 16S-rRNA gene via PCR. These primers have already been used in
guantitative PCR, identifying Legionella spp. in water samples (Wellinghausen et al. 2001), but they
have not been used with compost samples. To use these primers to quantify Legionella spp. DNA in
compost samples using gPCR, it was first necessary to form a standard curve. Standards are created
using dilutions of a template of a known concentration that can be used as a reference to determine

the quantity of target DNA in an unknown sample (BioRad, 2006). DNA from a culture of L.
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pneumophila Sg1 OLDA (Sample 8 from Chapter 3) was extracted using the methods described in
Section 3.2.3. The cell lysate was diluted to 10 in nuclease-free water and analysed via PCR with JP
primers and methods described in Section 3.2.3 before being cleaned using the Qiagen QlAquick PCR
Purification Kit. Purified DNA was then quantified in duplicate using the Epoch Microplate
Spectrophotometer (BioTek). Mean values for double-stranded DNA (ng/ul) and the amplicon length
of 386bp, as described by Jonas et al. 1995, were used to determine DNA copy number

(http://cels.uri.edu/gsc/resources/cndna.html). The sample was diluted using nuclease-free water to

create a dilution series from 10° to 10* copies of amplicons; this becomes a standard curve for gPCR

reactions.

Sso-Advanced SYBR Green Mastermix was used for qPCR. Times and temperatures from the protocol
described by Wellinghausen et al. (2001) were modified according to manufacturers guidelines
resulting in a protocol using one cycle of 98°C for 5min, followed by 40 cycles at 98°C for 15s, 55°C
for 15s and 60°C for 30s. Fluorescence was measured after each cycle. In addition, a melt curve was
generated at 55-95°C at AT = 10°C per minute, which shows the melting point of the PCR products
and can, therefore, identify whether more than one target has been amplified, e.g. primer-dimers

(BioRad, 2006).

4.2.3 Development of DNA extraction protocol
In Chapter 3 (Section 3.2.4), DNA was extracted from compost samples using the MoBio PowerLyser
PowerSoil DNA extraction kit according to the manufacturer’s instructions, which required a 0.25g
sample of soil for analysis. While samples were mixed thoroughly, it was unlikely to achieve
complete homogeneity. Therefore, extracting DNA from a larger sample would more likely capture
potential Legionella spp. ‘hot-spots’ and better represent the micro-flora in the compost. To achieve
this, L. longbeachae Sg1, isolated from compost in Chapter 3 (Sample 20), and Acanthamoeba

castellanii were used to spike 10g compost samples. In addition, the compost brand that had the
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highest level of Legionella spp. growth by culture in Chapter 3 (Sample 15) was used, as this brand

could support the survival of Legionella spp.

L. longbeachae Sg1 were grown on BCYE-a agar at 37°C as described in Section 3.2.2. Using a
McFarland standard number 2 (ProLab diagnostics) as a visual representation of 6x108 cfu/ml,
colonies of L. longbeachae Sgl were added to 1ml sterile dH,0. A serial dilution of the Legionella
solution was created in sterile dH,0 and plated on BCYE-a agar and incubated at 37°C as described
above to confirm the McFarland standard. The solution was then diluted in sterile dH,0 and added
to each compost sample at a concentration representing 5x10° CFU/g compost. This concentration
corresponds to the levels of 4x103 CFU/g to 4x10* CFU/g detected by culture in Chapter 3.
Acanthamoeba castellanii (CCAP 1501/1A) was grown at room temperature in a tissue flask to a
concentration of 10°cells/ml (determined by cytometer) in 30ml sterile Proteose-Peptone Glucose
(PPG) solution. The cells attached to the flask during growth were washed three times in sterile
Page’s Amoeba Saline (PAS) before being dislodged from the flask and resuspended in 30ml sterile
PAS. Fifty microlitres of this solution were added to each 10g compost to represent 5x10? cells/g
compost sample, giving a Multiplicity of Infection (MOI) ratio of 10:1 Legionella:Acanthamoeba cells.

Seven 10g-compost samples were spiked as described above and frozen at -80°C for one week.

Seven methods were tested, as outlined in Table 4.1. These were based on Ernebjerg and Kishony
(2012), which involved the dispersion of cells with the detergent Tween 80 (0.05% concentration),
with or without the use of 50mM tetrasodium pyrophosphate (TTSP), and a Stomacher Laboratory

blender (Seward Ltd, UK), which Smalla et al. (2001) also used to remove cells from root samples.

Filter-sterilised Tween-80 solutions were used within 24hours of production, covered in foil to
prevent UV degradation and stored at 4°C until needed. In this test, 10g compost samples were
mixed with 40ml of 0.05% Tween 80 solution with or without TTSP in a Stomacher bag containing a
large filter insert. Samples were left to settle for 5mins before being placed into the Stomacher

laboratory blender at High speed for 30s and then 60s on ice; this was repeated twice. The digestate
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was either centrifuged or filtered (sterile 0.2um nitrocellulose filter paper) to separate the dispersed
bacterial cells. Centrifugation involved an initial slow step to settle large particles present in the
post-stomacher solution, followed by a longer, faster step to pellet bacterial cells from the
supernatant. Afterwards, the MoBio PowerLyser PowerSoil kit, according to the manufacturer’s
instructions; the final DNA was stored at -80°C until needed. Methods can be seen in detail in Table

4.1.

After DNA extraction, a neat, 10 and 107 dilution of sample DNA from each extraction method were
prepared. Different dilutions were used for the possibility of humic acids remaining in the sample,
which could inhibit the reaction. Samples were used in qPCR, with methods and reagents as
described in Section 3.2.3. The extraction method with DNA extract resulting in the highest level of
fluorescence during qPCR was further tested to determine the most suitable dilution to use as a
template in further qPCR experiments. Along with 10ul nuclease-free water samples, 10ul dilutions
of DNA from the chosen extraction method from neat to 10 were UV irradiated (disinfected) in the
PCR-preparation cabinet, which dimerises DNA to render it un-replicable. This eliminates the
possibility of detecting and quantifying any amount of genes previously in the sample. After UV
irradiation, 2l of a 10° stock of L. longbeachae DNA was added to each irradiated sample and
mixed. This shows which DNA dilution had the least inhibition, and therefore, the dilution of DNA
extracts to be used in PCR reactions. These mixes were compared with samples that had not been

irradiated in a gPCR reaction using methods and reagents as described in Section 3.2.3.
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Table 4.1: Methods used in the extraction of DNA from compost samples.

Sample Tween | TTSP | 0.2um Blender | Kit Centrifuge Method
Number | 80 vacuum
filter

1 ¥ X X ¥ ¥ 1000g for 5 | Filtrate placed into a centrifuge
mins, tube and centrifuged at 1000g for
10mins at 5 mins.
10000g Supernatant placed in a clean

centrifuge tube and centrifuged for
10mins at 10000g.
c) Pellet used in MoBio kit

2 ¥4} X X ¥4} ¥4} 5000g for 5 | Filtrate placed into a centrifuge
mins, tube and centrifuged at 5000g for
10mins at 5 mins.
10000g Supernatant placed in a clean

centrifuge tube and centrifuged for
10mins at 10000g.
c) Pellet used in MoBio kit

3 ¥} X ¥} X ¥} X Filtrate placed vacuum filter
apparatus and filtered using a
0.2um nitrocellulose filter paper
b) Filter paper folded and added to
MoBio kit.

4 ¥4} ¥} X ¥4} ¥4} 1000g for 5 | Filtrate placed into a centrifuge
mins, tube and centrifuged at 1000g for
10mins at 5 mins.
10000g Supernatant placed in a clean

centrifuge tube and centrifuged for
10mins at 10000g.
c) Pellet used in MoBio kit

5 ¥4} ¥} X ¥4} V| 5000g for 5 | Filtrate placed into a centrifuge
mins, tube and centrifuged at 5000g for
10mins at 5 mins.
10000g Supernatant placed in a clean

centrifuge tube and centrifuged for
10mins at 10000g.
c) Pellet used in MoBio kit

6 ¥ i ¥ X ¥ X Filtrate placed vacuum filter
apparatus and filtered using a
0.2um nitrocellulose filter paper
b) Filter paper folded and added to
MoBio kit.

7 X X X X V| X a) This sample was not blended.
0.25g taken from 10g sample and
used directly in the kit.
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4.3. Results

4.3.1 Confirmation of primer specificity

4:31.1

In Silco analysis

The results from the RDP ProbeMatch tool can be seen in Table 4.2. This was performed in 2013 and

results may differ if repeated now due to changes to the database over time. The results indicate

that the JP forward primer was highly specific, but the reverse primer less so. The results from the

nucleotideBLAST search showed a similar pattern, with a 100% match to L. for the forward primer,

but a match to various bacteria, without a specific match to one species or genus, when the reverse

primer was searched against the BLAST database. It is important to note that when primers were

combined, the RDP ProbeMatch tool gave 165 positive hits out of 373333 bacterial sequences

searched. When the primers were used together, the hits were 100% Legionella genus, highlighting

that these primers had good specificity to Legionella spp.

Table 4.2: ProbeMatch results for JP primers

Forward Primer

Reverse Primer

Both Primers

Number of Positive

Database Hits

298/373333 bacterial
sequences searched

(0.08%)

5448/373333 bacterial
sequences searched

(1.46%)

165/373333 bacterial
sequences searched

(0.04%)

Percentage Match of
positive database hits

for Legionella spp.

100%

10.4%

100%

4.3.1.2

Denaturing Gradient Gel Electrophoresis (DGGE)

The results from the DGGE (Table 4.2) show a similar banding pattern in all columns except the blank

and the negative control (Lanes 1 and 3). This indicates that bands at the bottom of the gel, except
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lane 2, were caused by PCR remnants, such as primers and dimers. Lanes 2 and 8 represent the

positive controls L. pneumophila Sg 1 OLDA and L. longbeachae Sg 1, respectively: both had a single

clear, strong band, along with other less-clear bands. The DNA used for these samples was extracted

from a single colony for each species; therefore, multiple banding was not due to the use of a mixed

species template. The solid bands for these two controls were not equal in the DGGE gel, indicating

slight differences in the DNA sequence may have been present between samples, thus causing

differences in migration of these amplicons.

1 2 3 4 5 6 7 8 9 10 1" 12 13
* * *
pam ; i
N t J [e— s
E- ;
! !

Key:
1. BLANK Primers and nuclease free water

2. +VE CONTROL L. pneumophila Sg 1 OLDA
3.-VE CONTROL P. geruginosa
4. Sample 4

5. Sample 13

6. Sample 17

7.Sample 18

8. +VE CONTROL L. longbeachae
9. Sample 19

10. Sample 21

11.Sample 23

12.Sample 6

13. Sample 15

* Positive by culture

From PCR with expected band size: 386bp

Figure 4.2: DGGE gel with key

4.3.1.3 Sequencing of DGGE gel

After excision from the DGGE gel, the extracted DNA was run in a PCR reaction using JP primers

without a GC clamp. As shown in Figure 4.3, all products were positive, except the reactions with

blank PCR template (Lane 2), the blank gel template (Lane 4) and the P. aeruginosa gel extract (Lane
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6). These results indicate that the lowest bands in each lane of Figure 4.2 do not represent a PCR

positive sample and should not be considered during the analysis of this gel.

1 2 3 4 5 6 i 8 9 1010 21213 14 A5 16 17 41819
J s wonod S et G 0 G W S Gl o
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Key: Expected Band size: 386bp
1. 50-500bp DNA Ladder 11. Gel extract h Sample 21
2. BLANK Primers and nuclease free water 12. Gel extract| Sample 21
3. +VE CONTROL L. pneumophila Sg 1 OLDADNA 13, Gel extractj Sample 23
4, Gel extracta Blank 14. Gel extract k Sample 23
5. Gel extractb L. pneumophilaSg 1 OLDA 15. Gel extract 1 Sample 23
6. Gel extract ¢ P. geruginosa 16. Gel extract m Sample 15
7. Gel extract d Sample 17 17. Gel extract n Sample 15
8. Gel extracte Sample 17 18. Gel extract o Sample 15
9. Gel extractf Sample 17 19. Gel extract p Sample 15
10. Gel extract g Sample 18

Figure 4.3: Agarose gel of PCR products from PCR with JP primers of DGGE excised bands.

The products from PCR with JP primers or the excised gel DNA extracts that were positive by agarose
gel electrophoresis were cleaned using PEG precipitation and quantified using the BioTek micro-
spectrophotometer as 10 -50 ng/ul was needed for the sequencing run. All samples were
successfully sequenced using the LightRun service at GATC Biotech; amplicon length can be seen in
Table 4.3. All sequences showed a good match to Legionella spp. using both nucleotideBLAST and

the SeqMatch search (at http://rdp.cme.msu.edu), indicating that these primers specifically target

Legionella spp. in compost.
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Table 4.3: Sequencing results from excised DGGE bands (NT represents sample not tested)

Excised band | Length | Matches at L. genus Lane in DGGE | Samplein
level (Segmatch) Chapter 3
A NT NT 1 Blank
B 318 100% 2 Positive control
C NT NT 3 Negative control
D 348 100% 6 17
E 287 100% 6 17
F 318 100% 6 17
G 266 100% 7 18
H 347 100% 10 21
[ 301 100% 10 21
J 344 100% 11 23
K 342 100% 11 23
L 319 100% 11 23
M 338 100% 13 15
N 343 100% 13 15
o] 315 100% 13 15
P 85 100% 13 15

4.3.2 Preparation of 165-rRNA Legionella standard curve for gPCR

Based on the results above, it was decided to use the JP primers to develop a method for gPCR of

DNA from compost samples.
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Table 4.4: Quantification of L.

pneumophila Sg1 OLDA for the development of a gPCR standard, based on UV micro-

spectrometry.
Sample L. pneumophila Sg1 OLDA
ng/ul a 13.16
b 12.42
mean 12.79
Amplicon length 386
Number of copies 3.07 x 10%°

(http://cels.uri.edu/gsc/resources/cndna.html)

DNA was quantified as seen in Table 4.4, and a gPCR was run with SsoAdvanced gPCR mix using JP

primers and the adapted Wellinghausen protocol as described in Section 3.2.3.

Melt Peak Chart
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Figure 4.4 Melt Peak Graph for L. pneumophila Sg 1 OLDA
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The melt peak derived from the L. pneumophila Sg1 OLDA template DNA (Figure 4.4) showed that
primer-dimers did not occur. The melt curve reflects the length of the PCR product and its GC
content, so a sharp, centralised peak represents amplicons of a similar size and composition. The
standard curve created from quantified L. pneumophila Sg 1 OLDA DNA (Figure 4.6) shows that the
standard created accurately represents a starting concentration of 10° DNA template copies and can
be extrapolated to represent lower quantities. The results from the standard curve confirm the
suitability of these primers for use with the adapted Wellinghausen protocol for gPCR of samples
containing Legionella spp. The standard curve slope is used to determine the amplification efficiency
of the PCR assay and should fall within an optimal range of 90-110%. For the qPCR assay based on
the L. pneumophila Sg1 OLDA standard curve, the efficiency was 97.08%, confirming these primers'

suitability for use.
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Figure 4.5 Amplification Graph for L. pneumophila Sg 1 OLDA

The amplification chart shows parallel lines in triplicate approximately three cycles apart,
representing a dilution factor of 10. The lines are a typical shape of a PCR curve, including the

exponential phase when the reaction is uninhibited and the plateau phase, which occurs when more
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or more of the components of the reaction, such as polymerase or nucleotides, are used up and
become a limiting factor to the reaction. In the curved section where the exponential phase begins,
the cycle threshold (Cr) value plots against starting DNA concentration to create the standard curve.
The standard curve can then be used to determine the starting concentration of DNA in samples

where only the Cr value is known (Figure 4.6).

L. pneumophila Sg 1 OLDA Standard Curve
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Figure 4.6 Standard Curve for L. pneumophila Sg 1 OLDA. Slope = -3.394. Efficiency = 97.08%.

4.3.3 Development of DNA extraction protocol
The results of DNA extraction after qPCR varied (Figure 4.7). For methods 1, 2, 4, 5, 6 and 7, the
amplicon copy number for the neat sample was lower than or similar to the amplicon copy number
for the 10t sample, indicating that these samples suffered inhibition during PCR. Despite this
inhibition, Sample 4 showed the highest copies at 10! and 102 dilutions. The two dilutions appeared
to be different by a single magnitude, indicating that this sample had the highest level of Legionella
spp. in the initial sample. As the sample compost type had been used for all samples, and all samples
spiked in the same way with Legionella spp. Sample 4 was chosen as the best DNA extraction
method to use for future work. Tween and TTSP were added to samples and processed in a

stomacher blender (as described in Section 4.2.3), before the filtrate was placed into a centrifuge
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tube and centrifuged at 1000g for 5 mins. The supernatant was then placed into a clean centrifuge

tube and centrifuged for 10mins at 10000g, before the pellet was used in the MoBio kit.
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Figure 4.7: gPCR of 7 DNA extraction test samples neat, at 10! and 102

In the inhibition test, the number of amplicon copies expected in the UV-irradiated samples was 107,
while a 1-magnitude difference in spacing was expected in the unirradiated samples (Figure 4.8) and
show that inhibition occurred in neat samples, but that contaminants, specifically humic acids from

compost, have not affected other dilutions. Therefore, DNA samples extracted from compost should

be diluted at 10 in future work.
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Figure 4.8: Results from UV Inhibition test

4.4. Discussion

This chapter investigated the use of JP primers to identify Legionella spp. when used with DNA
extracted directly from compost samples. In Chapter 3, the samples tested by PCR showed 100%
positivity when tested for Legionella spp., using the JP primers. The investigations outlined above
were performed to confirm that this was a valid result. These primers have been used in numerous
other studies, successfully identifying Legionella spp. in domestic and environmental water samples,
clinical specimens and biofilm samples (Dobrowsky et al. 2014, Edagawa et al. 2008, Jonas et al.
1995, Sheehan et al. 2005), including qPCR of water samples (Wellinghausen et al. 2001). Since
completing this work, a study in Canada used these primers to identify Legionella spp. directly in soil

samples and found 100% (n=16) positive by PCR (Marchand et al. 2018).

The work in this chapter was performed with the intent to confirm primer suitability for use with
complex soil and compost samples and enable the quantification of Legionella spp. Thus, developing
the ability to examine conditions in which these organisms proliferate—conditions that may

enhance public health risk to these organisms.
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To confirm that the primer set was specific for Legionella spp. in compost samples, first, samples
were run on a 1% agarose gel to examine amplicon size. Second, primers were examined in-silico
against a database of nucleotide sequences to identify potential targets for cross-reaction.
Subsequently, a denaturing gradient gel electrophoresis was performed, and bands were later
sequenced to ensure that only Legionella spp. were positively identified in these samples. In the 1%
agarose gel run post-PCR, all bands, including controls, showed the same size bands, an initial
indication that the amplicons are similar and coming from the same organism (Error! Reference
source not found.2). Furthermore, in-silico analysis showed a 100% match for Legionella spp. in the
ProbeMatch tool when both primers entered the search (Table 4.2). These initial results indicated

that these primers are suitable for use in mixed-species samples.

DGGE results were not as expected as each lane, including the controls, contained more than one
band. Different band sizes indicate amplicons of the same size but with different sequences.
Therefore, in theory, different vertical bands in a DGGE gel may represent a different bacterial
species (Muyzer et al. 1993). The prominent bands representing L. pneumophila Sg 1 OLDA and L.
longbeachae Sg1 controls were located at different distances from the loading well, indicating, as
expected, that the sequence for these species is different (Figure 4.2). Therefore, different bands in
the gel may represent different Legionella spp. within the same sample. A number of the compost
samples in Chapter 3 were positive for more than one species of Legionella by culture. However,
positive controls L. pneumophila Sg 1 OLDA and L. longbeachae Sg1 also show multiple bands, which
is not expected as these were pure cultures taken from individual colonies. Another possible
explanation is that base mismatches may have been introduced during PCR amplification, resulting

in amplicons of the same size with differing sequences (Speksnijder et al. 2001, Zijnge et al. 2006).

The clearest DGGE bands, darkest in colour, were in Lanes 2, 8 and 11, representing the two positive
controls and compost sample 23, respectively. Higher intensity bands are likely representative of a

higher abundance of DNA in the sample (Muyzer et al. 1993). Unusually, bands seen in Lane 11 and
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the control lanes were comparable in intensity when Legionella spp. was not cultured from Sample
23. This is especially true when examining the bands from Sample 15 (Lane 13) — the sample with the
highest number of organisms isolated by culture, which does have a clear band, but this is not as
intense as those seen for Lanes 2, 8 and 11. Thus, it is possible that a high number of dead Legionella
organisms were present in Sample 23, killed during the compost manufacturing process, or viable

but not culturable (VBNC) organisms present, possibly due to unfavourable storage conditions.

With the exception of blank and negative controls, all excised DGGE gel bands were positive for
Legionella spp. after PCR with JP primers. The DNA extract from these bands was sent to GATC
Biotech for sequencing, and all sequences had a band length between 266-348 bases long, except for
Band p, which was 85 bases long. This amplicon had travelled farther to the bottom of the gel; it may
represent an anomalous amplicon fragment, or a primer-dimer. All sequences showed a good match
to Legionella spp. When entered into a nucleotideBLAST and SeqMatch search (Table 4.2), only DNA
from Legionella spp. was represented in the PCR amplicons. There is limited evidence in the
literature for the use of DGGE for the investigation of Legionella spp. However, in a study published
after this chapter’s work, Huang et al. (2017) used this method to investigate Legionella spp. in river
water. They observed similar results to those found above, notably multiple bands observed from

positive control and experimental samples, all identified as Legionella spp. following sequencing.

It should be noted that some Qiagen DNA extraction kits have been identified as causing
contamination in PCR assays looking for Legionella spp. (van der Zee et al. 2002). Here, a Qiagen
DNA clean-up kit was used, and it is not clear if this kit is affected by the same manufacturing
contamination. However, the main aim for performing this method was to determine if the Jonas
primers amplified any non-Legionella organisms, and this was satisfied as all sequences showed a

high percentage match to Legionella spp.

In combination with other results discussed in this section, these results indicate the suitability of

these primers for the identification of Legionella spp. from mixed DNA samples extracted from
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compost material. The results also confirm that all of the samples in Chapter 3 were positive for
Legionella spp. and may have been undetectable by culture due to low numbers, which would be
expected due to the fastidious nature of Legionella spp. Cell death, likely due to the high
temperatures in the composting process, may also explain the lack of culture. As noted above,
positive PCR results in culture-negative soil samples were also observed in a study by Marchand et

al. (2018) after the work for this chapter had been carried out.

After the suitability of the primers had been confirmed, it was necessary to develop a reliable DNA
extraction protocol for use with compost samples larger than 0.25g, an amount considered relatively
small to be representative. The gPCR results of seven protocols were directly compared, and
Method 4 was chosen, as it had the highest starting concentration of DNA after a gPCR at dilutions
of both 10! and 1072 (Figure 4.7). Interestingly, the direct kit method produced the second-highest
starting concentration of DNA (Method 7), which is surprising due to the considerably smaller
sample of compost used but may be due to the likelihood of increased inhibitors in larger samples.
Method 1 resulted in the third-highest concentration of DNA being extracted. This method used the
same centrifuge protocol as Method 4, but Method 4 included TTSP and Tween 80 in the initial
stages. The addition of TTSP enabled the removal of more cells from compost material, increasing
available cells for DNA extraction. The worst performing methods were 3 and 6, which used filter
paper instead of centrifugation to collect the cells before use in the kit. The presence of the filter
paper likely impaired extraction, and although an additional shredding/bead-beating was used, this
may not have been enough or may have damaged cells too much leading to shearing of DNA in
samples. The chosen method described above involves removing cells from compost material using a
laboratory blender, using methods based on those by Ernebjerg and Kishony (2012), before DNA
extraction using the MoBio PowerlLyser PowerSoil DNA extraction kit. Numerous DNA extraction
protocols from soil have been described (Miller et al. 1999, Zhou et al. 1996); however, the kit was

chosen for its speed, replicability and success at extracting DNA in Chapter 3.
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While PCR can provide strong evidence of DNA present in a sample, it does not definitively prove the
presence of colony-forming bacteria units. A positive result may occur due to the presence of live
cells but may also be a result of VBNC, dead cells, or potentially exogenous DNA fragments or
remnant DNA in the sample. It should also be noted that more than one copy of 16S5rRNA may be
present in an organism e.g. 7 in E.coli and 6 in Salmonella typhimurium (Yamamoto et al, 1993) and
the exact copy number of the 16S rRNA gene in Legionella is not known (Wellinghausen et al, 2001).
As observed in Chapter 3, it is likely that a variety of Legionella spp are present in the composts
being investigated and the 16SrRNA copy number may vary species to species. The likely variation in
the copy number is a further reason why this method should only be considered as semi-
guantitative. Furthermore, while the purpose of this chapter is to confirm the specificity of these
primers for use with DNA extracted from compost, there is potential for cross-reaction in any PCR
reaction, especially in complex environmental samples. This should also be taken into account.
Regardless of this fact, the methods described in this chapter have been robustly tested and are
suitable for future use in semi-quantitative PCR experiments using DNA extracted from compost

samples, both in Chapter 5 and additional work.
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5. THE EFFECT OF STORAGE CONDITIONS ON LEGIONELLA
SPP.IN COMPOST

5.1. Introduction

Cases of Legionnaires' disease where L. longbeachae is the aetiological agent have been widely
linked to gardening activities (Lindsay et al. 2012, den Boer et al. 2002, Cramp et al. 2010). Cases
reported range in severity from an outbreak of Pontiac Fever (Cramp et al. 2010) to Legionnaires'
disease requiring ICU treatment (Potts et al. 2013). The link between gardening and L. longbeachae
was first made by Steele et al. (1990a), who isolated L. Jongbeachae from potting soils after a
statewide outbreak in South Australia between 1988-1989. Since then, L. longbeachae has been
isolated from compost and potting mixes in Japan, Switzerland, Greece, Scotland, and the USA
(Koide et al. 2001, Casati et al. 2009, Velonakis et al. 2010, Lindsay et al. 2012, Duchin et al. 2000),
but a description of isolation from water in the literature is limited (Lau et al. 2013, Thornley et al.

2017).

Work by Potts et al. (2013) examining a cluster of six L. longbeachae infections in Scotland did not
identify a common product or manufacturer; however, they did isolate the organism in growing
media from 5/6 of the cases. In addition, it was noted that all of the growing media had been stored
inside the house, greenhouse, car, polytunnel, shed or garage of the infected individual. This,
combined with the higher-than-average temperatures seen in Scotland when this cluster occurred,
led the authors to suggest that climatic conditions and storage of the growing media may have

enabled high levels of growth, leading to an increased risk of human infection.

A case of L. longbeachae infection has been reported in a greenhouse repairman; however, the
organism was not isolated from the patient or environmental samples (Eitrem et al., 1987). Several
other studies have examined the greenhouse environment for Legionella spp. Using a mixed latex

agglutination test consisting of L. longbeachae Sg 1 and 2, L. bozemanii Sg 1 and 2, L. dumoffii, L.
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gormanii, L. jordanis, L. micdadei and L. anisa, Stojek and Dutkiewicz (2002) did not find these
organisms in 18 tap water samples, 14 soil samples, 14 growing media samples or six samples of air
collected in modern greenhouses at gardening farms. The authors found the organisms in 3/36
samples from outdoor taps used for watering plants in outdoor gardens and 2/20 water samples
from indoor taps used in greenhouses or foil tunnels. Zietz et al. (2006) isolated L. pneumophila Sg 6
from 10% of greenhouse water misting systems tested (2/20 systems) and experimental and
commercial slow sand filters, such as those used in horticultural irrigation systems, were found to
support Legionella spp. (Calvo-Bado et al. 2003). The majority of research linking Legionella spp. and
greenhouses relates to the water supply. Work examining the role of greenhouse storage on the
survival or proliferation of Legionella spp. in compost is limited (Lindsay et al. 2012, Schwake et al.

2014).

In Chapter 3, the potential for greenhouse storage to increase levels of legionellae in compost was
noted, based on observations of amoebal enrichment and a preliminary study by Lindsay et al.
(2012). The optimal growth temperature for Legionellae is 35°C (Fields et al. 2002 in Zietz 2006) and
standard agar culture conditions utilise a humid chamber. A limited increase of legionellae was seen
in some, but not all, amoebal enrichment studies in both Chapter 3 and work completed by Koide et
al. (2001), which may suggest that these organisms may proliferate more readily in warm, humid
conditions provided in a greenhouse. Therefore, the work in this Chapter aims to investigate the
effect of greenhouse storage on levels of Legionella longbeachae in compost, using the semi-

guantitative PCR method developed in Chapter 4.

5.2. Methods

Three distinct experiments were carried out to determine the effect of greenhouse storage on
Legionella spp. in compost; these were spiked greenhouse (SGH), unspiked greenhouse (NSGH) and
incubator (INC), and each was used to represent different possible greenhouse conditions. These

experiments are summarised in Table 5.1 and described in full below. The work in this chapter was
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performed sequentially, with observations and results from the previous experiment providing

information which was then used to adapt the methodology for the next experiment. To compare

the different experimental setups used in SGH, NSGH and INC, graphs displaying the total bacterial

population of samples, Legionella spp. specific population in samples, Legionella spp. as a

percentage of the bacterial population, and percentage change between Day 0 and Day 14 samples

have been created. All results are examined collectively in the discussion.

Table 5.1: A summary of Greenhouse style experiments performed

Experiment Name

Experiment Setup

Experiment

duration

Spiked Greenhouse

(SGH)

Compost batches (same brand) were placed in
individual bags, spiked with L. pneumophila and/or
L. longbeachae and/or Acanthamoeba castellanii,
and stored at both 15°C and under propagator
greenhouse conditions. In addition, 10g samples
were removed from each bag at Day 0, 3, 7, 14,

21, 28, 42 and stored at -80°C before testing.

42 days

Unspiked Greenhouse

(NSGH)

Batches of four different compost brands were
stored in pots at both 15°C and under humid
propagator greenhouse conditions without the
addition of Legionella spp. or A. castellanii.
Batches were watered to represent gardening
activities. 5g samples were removed at Day 0 and

Day 14 and stored at -80°C before testing.

14 days

Incubator (INC)

Compost batches (same brand) were spiked with
Legionella spp. and/or A. castellanii, as per SGH,
and placed in perforated bags in sealed, humid
glass jars and stored in an incubator at 15°C, 30°C
and 37°C. 10g Samples removed at Day 0 and Day
14 and stored at -80°C before testing.

14 days
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The standard compost used in all experiments was Compost 15 from the compost isolation
experiments in Chapter 3 and was used to develop the DNA extraction methods (Section 4.2.3.). It
also contained the most Legionella spp. of those growing media tested in Chapter 3; it is therefore
known to support the survival of these organisms. Three additional composts were used in the NSGH
trial to compare the standard compost type. Legionella strains used to spike compost samples were
L. pneumophila Sg 1 OLDA and L. longbeachae Sgl, both isolated from compost in Chapter 3. In
addition, Acanthamoeba castellanii (CCAP 1501/1A) were maintained in axenic culture at room
temperature using proteose peptone glucose (PPG) as described in Section 3.2.2. Compost samples

were spiked using the method outlined in Section 4.2.3.

It was not possible to set up experiments in a traditional greenhouse due to safety constraints in
spiking samples with Legionella spp., which are biohazard Category Il pathogens (ACDP 2021).
Therefore, a heated propagator and a standard laboratory incubator were used to represent a
greenhouse environment in the experiments described in this chapter. The Royal Horticultural
Society recommends ventilation in greenhouses over 25-27°C

(https://www.rhs.org.uk/advice/profile?pid=732). When the temperature in a domestic greenhouse

was measured throughout June — August 2012, the highest temperature observed with full
ventilation was 27°C, while the highest temperature measured with limited ventilation was 37°C
(personal communication, Mrs Elizabeth Currie). Commonly available fully enclosed electric
propagators only reached a maximum of 23°C, too low a temperature to represent a greenhouse
during summertime. The chosen propagator consisted of a small flexible plastic polytunnel
containing a heat mat controlled by an adjustable thermostat, regulated by a probe placed into a
compost control sample. An example of the setup is shown in Figure 5.1. This setup ensured that the
heat mat responded to a drop in the internal compost temperature, not just the ambient
temperature of the propagator. As the propagator was not fully enclosed, a polystyrene mat was
also added below the heat mat as an insulator to reduce heat loss into the laboratory environment.
A temperature and humidity monitor was also placed into the mock greenhouse.
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Figure 5.1: Example of the greenhouse set up. Image adapted from
https://www.thepolytunnelcompany.ie/product/seed-propagator-with-heating-mat-thermostat

Both the propagator and the incubator were set up using an electric timer to create temperature
cycling to represent natural heating and cooling of a greenhouse for 24 hours in high summer in
Scotland (http://www.scotlandinfo.eu/daylight-hours-sunrise-and-sunset-times/). This was 18h
on/6h off for SGH, representing daylight hours at midsummer; however, the cycling times were
reassessed due to evaporation during SGH. The timer was set to 16h on/8h off for NSGH and INC
based on average sunlight hours in August which is when a cluster of L. longbeachae infections

related to gardening occurred in Scotland in 2013 (Potts et al. 2013).

5.2.1 DNA extraction and PCR

When all samples had been obtained, they were processed using the DNA extraction method

described in Section 4.2.3. All NSGH samples were 5g rather than 10g, and so the method was
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adjusted proportionally to use 20ml of Tween and TTSP for these samples. This is the only

adjustment made from the DNA extraction method developed in the previous chapter.

The primers used in this Chapter were:

a) JP primers which were used in Chapter 3 and 4, and are used to amplify a Legionella specific
region of the 16SrRNA gene, thus identifying Legionella spp present in the samples.

b) Muyzer primers which are used to amplify a variable V3 region of the 16SrRNA gene, and
used in this study as a marker of the general bacterial population present in the samples.
These primers were used for the first time in this chapter and additional information on their

use is outlined below.

A summary of these primers can also be seen in Table 3.1.

The DNA extract was diluted to 107, and 3pl was used in a PCR reaction with JP primers as described

in Chapter 4 and Muyzer primers, as described below.

Semi-quantitative PCR was also performed on samples using primers that amplify a variable region
of the 16S rRNA gene (Muyzer et al. 1993) to estimate the whole bacterial population of each
compost sample. As described in Chapter 4, it is necessary to develop a standard curve as a
reference point against which the quantity of target DNA in the unknown sample can be compared.
Therefore, DNA was prepared, purified and quantified from cultures of Legionella longbeachae Sg1
and Legionella pneumophila Sg1 OLDA, again, as described in Chapter 4, using Muyzer primers
(Muyzer et al. 1993) in place of JP primers. An amplicon length of 193bp as described by Muyzer et
al. (1993) was used for quantification, and PCR protocol was adapted from the same study for use
with Sso Advanced SYBR Green Mastermix: 1 x 98°C for 3 mins, 40 x 94°C for 15s, 60°C for 15s and
55°C for 15s. Fluorescence was measured at the end of each cycle, and a melt curve was carried out

between 55-95°C, with temperature increasing by 1°C after each six-second cycle.
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Each PCR reaction for SGH and INC was performed in duplicate. Each PCR reaction was performed in
triplicate for NSGH, with the mean and standard deviation for each data set represented graphically
in the results for the following experiments. In addition, the amount of Legionella as a proportion of
the total bacterial population was estimated using the results from the JP (Legionella) and the

Muyzer (16S) assays. These results are also displayed graphically below. Unfortunately, sample sizes

were too small to undertake meaningful statistical analyses.

5.2.2 Spiked greenhouse (SGH)

A six-week experiment was set up using unsterilised compost spiked with Legionella spp. to
represent long-term compost storage in a greenhouse setting. The main aim of this experiment was
to determine if the storage of compost in greenhouse conditions results in increased Legionella spp.
numbers. Seven batches of compost (250g) from the same bag were spiked with sterile dH,0, L.
pneumophila or L. longbeachae and/or A. castellanii in the same manner and concentrations as
described in Section 4.2.3. A summary of each batch can be seen in Table 5.2. Solutions containing L.
pneumophila or L. longbeachae and/or A. castellanii were made up to the same volume (2.5ml) with
sterile dH,0 before compost batches were spiked to prevent the introduction of variation in

moisture content through the addition of different volumes of liquid.

The seven batches were stored at 15°C, and seven batches were prepared in the same way for
greenhouse storage. Due to the safety aspect of incubating compost spiked with Legionella spp. at
increased temperatures, this work was carried out in a CAS BioMAT 2 Class Il microbiological safety
cabinet. Batches in the biosafety cabinet were stored in a clear sealed plastic bag, surrounded by a
black plastic bag to reduce UV impact. The bags were placed directly on the heat mat of the
propagator greenhouse and turned every 2-3 days to allow even heat distribution throughout the
sample. On days 0, 3, 7, 14, 21, 28, and 42, each batch was mixed by manipulating the bag for 2
minutes. Samples weighing 15g+0.5g were removed from each compost batch and frozen at -80°C

until needed. Two control batches were set up as described in Table 5.2: On each sampling day,
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samples were taken from Batch 1 and moisture content measured using British Standard BS EN
13040:2007, while Batch 2 had samples removed for molecular analysis (further described in Section

5.2.1).

Table 5.2: Summary of batches included in Spiked Greenhouse Experiment. All added organisms were made up in

solution, with a total volume of 2.5ml added to each batch.

Compost Batch Added organisms

1 Control. Sterile dH,0 added. For moisture content analysis.

2 Control. Sterile dH,0 added. For molecular analysis.

3 L. pneumophila (5x103 cells/g)

4 L. longbeachae (5x10? cells/g)

5 A. castellanii (5x10? cells/g)

6 L. pneumophila (5x103 cells/g) and A. castellanii (5x10?% cells/g)
7 L. longbeachae (5x10° cells/g) and A. castellanii (5x10? cells/g)

5.2.3 Unspiked greenhouse (NSGH)
This experiment was used to determine if naturally occurring Legionella spp. and protozoa in four
composts could be amplified during the common greenhouse activities of potting plants and growing
seedlings, including watering. Batches of compost were not spiked with Legionella spp. during this
study, and as a result, it was not deemed necessary to keep these composts contained within a
Biosafety cabinet, therefore allowing a mock greenhouse environment more realistic to life than the
set up in the SGH experiment above. This was a 14-day long experiment using four different
commercially available multipurpose composts, this time was chosen to represent situations where
consumers may store compost bags after purchase, but to minimise drying seen in the spiked
greenhouse experiment. Composts 1, 2 and 3 contained peat, while compost 4 was peat-free.

Compost 1 was the same compost type used for SGH and INC, as described above (Section 5.2). It
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was known that this compost brand supported naturally occurring, culturable Legionella spp. Thus, it
was likely that the compost used already contained these organisms based on Chapters 3 and 4.

After purchase, compost was refrigerated until use (within two days of purchase).

Two batches of each compost brand, comprising 15g of compost per batch, were placed into a seed
tray in individual pots. Each pot within the seed tray had its own draining system (Figure 5.2 ) to
prevent potential cross-contamination via water flow. Next, each compost brand was watered with
20ml sterile distilled water, while the remaining batch was an unwatered control. Following this
initial setup, the seed tray was incubated at 15°C, and 10ml sterile distilled water was added to the

watered batches every 2-3 days.

é 3 } Compost

Seed tray

Individual drainage pot

Figure 5.2 : Individual drainage system for compost batches used in NSGH to prevent cross-contamination through water
flow.

A second seed tray was created to the same specifications and incubated in the mock greenhouse
for a 16hr/8hr cycle. As described above, watered batches had 10ml sterile distilled water added
every 2-3 days. A temperature and humidity monitor was added to the mock greenhouse set up,
with readings taken throughout the experiment; soil temperature was also measured using a probe,
as described in Section 5.2. The greenhouse batches were held on a shelf within the mock

greenhouse, added to allow air movement while keeping compost away from the heat mat's
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potentially drying direct heating element, which was identified as a potential problem in the
previous experiment. To create higher humidity in the mock greenhouse than in the previous
experiment, the seed trays were left open, and a tray with 750ml of sterile distilled was placed
directly onto the heat mat under the shelves. The tray was refilled every 2-3 days with 750ml sterile
distilled water to compensate for evaporation and moisture escaping from the mock greenhouse
environment. A BCYE-a agar settle plate was left open in the mock greenhouse. Every three days,
the plate was removed and incubated at 37°C for 3-7 days in a humid chamber as described in
Chapter 3 to check for the potential presence of Legionella spp. in water aerosols released during

watering.

The initial water content of each compost type was determined using British Standard BS EN
13040:2007 to establish starting differences between the batches. At the end of the experiment, the
moisture content was not tested due to the health and safety risk posed by placing samples with a
potentially increased bacterial load of Legionella spp. into a communal oven. After 14 days in the
greenhouse, the batches were frozen at -80°C prior to DNA extraction and analysis. In addition to
testing using semi-quantitative PCR for 16S rRNA and JP genes as described in Section 3.2.3, samples
from the NSGH were tested for Acanthamoeba spp. using JDP primers with specifications in Table

3.1 to determine whether any Acanthamoeba spp. were present in the different compost batches.

5.2.4 Incubator (INC)
The NSGH experiment successfully increased the humidity of the greenhouse compared to the
spiked greenhouse experiment; however, the difference in the microbial composition of each
compost brand used in the unspiked greenhouse experiment did not allow for direct comparison
between samples in different conditions. The aim of this experiment was similar to the spiked
greenhouse experiment: to compare the growth of Legionella spp. in batches of compost stored at
15°C, with the growth of Legionella spp. in batches of compost stored in a greenhouse setting. These

experiments were completed with compost batches spiked with Legionella spp. and A. castellanii
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and used the same compost used in SGH and as brand 1 in NSGH. Each experiment also contained an
unspiked control. As these composts were spiked, it was not possible to use the setup as used in the
NSGH experiment due to safety reasons: the composts were not contained, which may have created
a risk to laboratory users via potential inhalation of the test organisms during manipulation. As low
humidity levels were seen when the mock greenhouse was placed into the Biosafety cabinet, a new

mock greenhouse setup was devised to prevent moisture loss into the environment.

Five batches of compost (200g) were spiked with L. Jongbeachae, L. pneumophila, Acanthamoeba
and L. longbeachae, Acanthamoeba and L. pneumophila as described in Section 5.2.2. These batches
and an additional unspiked control batch (200g) were placed in bags within separate sealed glass jars
in a laboratory incubator set at 30°C (mock greenhouse). Each jar contained a 15ml sterile distilled
water in an open glass universal vial to provide humidity by evaporation. In order to fully represent
the bag used to contain commercially available compost, the bags used were pierced on each side
multiple times using a sterile needle to allow airflow throughout the batches. The neck of the bags
was left open, and the jars were sealed using a screw-top lid. This setup was repeated, with jars

stored in an incubator set at 15°C (stable control).

Day 0 samples weighing 15g+0.5g were taken from each batch, and the remaining composts were
placed in the incubators for two weeks, after which an endpoint Day 14 samples were taken. The
30°C experiment was run on a 16hr-on/8hr-off heating cycle, the stable control composts were
maintained at 15°C throughout. Humidity levels were not measured in this experiment as it was a
closed system: the jars were not touched until the 14-day experimental period was finished to
maintain steady moisture content and temperature level. As with the NSGH experiment, the 14 day
time period was chosen to represent situations where consumers may store compost bags after
purchase, but to minimise drying seen in the spiked greenhouse experiment. All samples were
stored at -80°C before DNA extraction and semi-quantitative PCR were carried out as described in

Section 3.2.3.
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5.3. Results

5.3.1 Spiked Greenhouse
Compost batches spiked with Legionella spp. and/or Acanthamoeba spp. were stored in greenhouse
conditions, and samples were taken on Day 0, 3, 7, 14, 21, 28, 42. Day 0, Day 14 and Day 42 samples
were tested for Legionella spp. using the JP semi-quantitative PCR assay. The mean temperature of
compost over the experiment was 29.8°C (range 25-34°C), the mean air temperature in the
greenhouse was 30.4°C (range 25.8-36°C), and the mean humidity in the mock greenhouse was
23.4% (range 10-53%). The complete data set can be seen in Appendix 1. The working nature of the
biosafety cabinet means that air is removed from the setup via a top filter. This resulted in low
ambient humidity values: A full table of temperature and humidity values can be seen in Appendix
1. Figure 5.3 shows the difference between the moisture content of samples taken at days 0, 3, 7,
14, 21, 28, 42. The moisture content of the samples taken from Batch 1 ranged between 55.88% -
60.66% for batches stored at 15°C and between 57.4% - 61.69% for batches stored in the mock
greenhouse setup. During the experiment, condensation could be seen on the surface of the inner
plastic bag, indicating that this moisture may have been lost in an open system due to evaporation.
While bags were turned every 2-3 days, direct contact with the heat mat likely influenced water
movement in the samples. This is a factor that was taken into consideration when designing further
experiments. The regular turning and manipulation of each bag before samples were taken would
have enabled the reintroduction of evaporated water on the surface of the bags back into the
compost. This is likely why the moisture content remained consistent throughout the experiment
(Figure 5.3). The complete data set can be seen in Appendix 1. The dip in moisture content observed
for both experimental conditions at Day 28 potentially indicates that batches were not mixed as

thoroughly on this day as on previous days.
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Figure 5.3: Moisture content of control compost (Batch 1) measured at different time points during the spiked
greenhouse experiment
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Figure 5.4: Muyzer genes/g.compost in SGH. "Control" represents an unspiked batch; "L.p" represents a batch spiked
with Legionella pneumophila, "L.I" represents Legionella longbeachae; "A" represents batch spiked with Acanthamoeba
castellanii; "L.p and A" represents Legionella pneumophila and Acanthamoeba castellanii, and "L.I and A" represents
Legionella longbeachae and Acanthamoeba castellanii.
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The general bacterial population present in the SGH compost batches was estimated at Day 0 (DO),
Day 14 (D14) and Day 42 (D42) using the Muyzer primers, with results shown in Figure 5.4. With the
exception of the batch with Legionella pneumophila added to it (Batch 3), there were stepwise
reductions in the number of gene copies per gram in compost over time for batches stored in the
greenhouse, with highest numbers being seen at DO and the lowest at D42. This is not true for
batches stored at 15°C, where a reduction in the number of copies from DO to D14 occurs in 4 of 6
batches, but at D42, the number of genes per gram increase above DO levels, except the batch with

A. castellanii added.

JP Legionella genes/g.compost in SGH
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Figure 5.5: JP Legionella-specific 16S genes/g.compost in SGH. "Control" represents an unspiked batch; "L.p" represents
a batch spiked with Legionella pneumophila, "L.I" represents Legionella longbeachae; "A" represents batch spiked with
Acanthamoeba castellanii; "L.p and A" represents Legionella pneumophila and Acanthamoeba castellanii, and "L.l and
A" represents Legionella longbeachae and Acanthamoeba castellanii.

When examining the results from the JP primers in Figure 5.5, there is not such a clear pattern in the
number of copies of Legionella-specific 16S genes between batches. However, where Legionella spp.
had been added to the compost, results from batches stored in the greenhouse appear to match

those of the bacterial population (Figure 5.4) by reducing between Day 0 and Day 42, except for the
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batch with A. castellanii added, where the number of Legionella-specific 16S genes slightly increases

between DO and D42 for those samples stored in the greenhouse setting.
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Figure 5.6: Legionella spp. as a percentage of bacterial population in SGH. "Control" represents an unspiked batch; "L.p"
represents a batch spiked with Legionella pneumophila, "L.I" represents Legionella longbeachae; "A" represents batch
spiked with Acanthamoeba castellanii; "L.p and A" represents Legionella pneumophila and Acanthamoeba castellanii,
and "L.I and A" represents Legionella longbeachae and Acanthamoeba castellanii.

When examining Legionella spp. as a percentage of the bacterial population, the percentage of
Legionella spp. genes in all batches were lowest at 15°C on Day 42, having decreased in size from
Day 14, as shown in Figure 5.6. Except for the batch with only A. castellanii added, the percentage of
Legionella spp. genes were highest in each batch at Day 14 after greenhouse storage. Generally,
Legionella spp. represent a higher percentage of the bacterial population in batches stored in the
greenhouse than at 15°C. However, the graphs above are difficult to compare due to possible

differences in starting inoculum in the compost.
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Figure 5.7: Percentage change in JP Legionella genes/g.compost from DO to D14 in SGH. "Control" represents an
unspiked batch; "L.p" represents a batch spiked with Legionella pneumophila, "L.I" represents Legionella longbeachae;
"A" represents batch spiked with Acanthamoeba castellanii; "L.p and A" represents Legionella pneumophila and
Acanthamoeba castellanii, and "L.l and A" represents Legionella longbeachae and Acanthamoeba castellanii.

To account for differences in starting concentration of Legionella spp. due to the variable nature of

compost, the percentage change in Legionella genes from Day 0 to Day 14 was determined for each

experimental setup using the equation (@ X 100) where Crrepresents Day 14 and Co
0

represents Day 0. From Day 0 to Day 14, the percentage difference in Legionella genes in batches
stored at 15°C increased in the control sample, and in the batches spiked with L. longbeachae, A.
castellanii and L. pneumophila & A. castellanii, as seen in Figure 5.7. For batches stored under
greenhouse conditions, the percentage difference in Legionella genes increased in the control
sample and the batch spiked with A. castellanii. However, the change was not as large as for samples
stored at the lower temperature. The only condition where the percentage change from DO to D14
was greater in the greenhouse batch compared to the 15°C batch was in those spiked with L.

longbeachae & A. castellanii.
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Overall, there was a lack of clear and consistent trends in the data obtained from the spiked
greenhouse experiment, meaning this study was inconclusive. However, the low humidity and high
level of evaporation was potentially a factor in the behaviour of compost organisms within these

composts, and future experiments were amended to consider this.

5.3.2 Unspiked greenhouse
Batches of four different compost brands were stored at 15°C and in greenhouse conditions.
Samples were taken on Day 0 and 14 and tested for Legionella spp. using the JP semi-quantitative
PCR assay. The mean temperatures of soil and air in the greenhouse over the run were 29°C (range
28 - 30°C) and 30.9°C (range 29.2-32.1°C) respectively, while the mean humidity in the greenhouse
during the run was 75.2% (range 40-90%). A complete table of results can be seen in Appendix 1. The
average soil and air temperature in this experiment were similar to those seen in SGH; however,
average humidity was much higher when compared with SGH, up from 23.4%, which is a difference

of 51.8%. No growth was observed on the agar settle plate.

The unwatered compost batches stored in the mock greenhouse contained lower levels of 16S genes
per gram of compost than the watered compost batches stored in the mock greenhouse at Day 14
for all four compost brands. In addition, when compared at Day 14, the unwatered batches stored in
the mock greenhouse also contained lower levels of 16S genes per gram of compost than the

unwatered batches stored at 15°C.
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Muyzer genes/g.compost in NSGH
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Figure 5.8: Muyzer genes/g.compost in NSGH. Sample 1 represents batches from the standard compost used across all
experiments, Sample 2, 3 and 4 represent batches from other compost brands. GH represents samples stored in the

mock greenhouse, and 15°C represents control samples
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Figure 5.9: JP Legionella genes/g.compost in NSGH. Sample 1 represents the standard compost used across all

experiments, Sample 2, 3 and 4 represent three different commercially available compost types
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When the greenhouse batches were watered, all batches showed more Legionella spp. genes per
gram of compost than the initial sample after 14 days. The opposite is true for the number of
Legionella spp. genes in the unwatered greenhouse batches at day 14, which were consistently
lower than the number of genes seen in the initial batches, except compost Brand 4. However, these
differences are insufficient to conclude when the error is considered. Compost Brand 4 is also
against the trend when comparing Day 0 with Day 14 watered control (15°C) batches: the number of
Legionella genes per gram of compost increases after 14 days in compost brands 1, 2, and 3,
whereas the number of genes decreases slightly in compost Brand 4. This trend continues when
comparing Day 0 with Day 14 greenhouse samples: while there is an increase in the number of
Legionella genes per gram of compost after 14 days in compost Brands 1, 2, and 3, this is not
sufficient to draw conclusions; however, the number of genes increases in compost Brand 4. These

differences can be seen even when error bars are taken into consideration.

Legionella spp. as a percentage of bacterial population in NSGH
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Figure 5.10: Legionella spp. as a percentage of the bacterial population in NSGH
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When compost Brand 4 was stored in the greenhouse, JP genes represented a much larger
percentage of the bacterial population in both watered and unwatered batches after 14 days than
any other batches. In this experiment, the proportion of Legionella spp. in the bacterial population
increased from Day 0 to Day 14 for nearly all batches stored in all conditions. This is with the
exception of Compost brand 1, which only saw Legionella spp. increase its percentage of the

bacterial population in batches stored in the greenhouse and watered.
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Figure 5.11: Percentage change in JP Legionella genes/g.compost from DO to D14 in NSGH

As with SGH, the data was normalised using the equation (% X 100) to allow direct comparison
0

despite differences in starting inoculum. Compost Brand 4 again shows a different pattern when
comparing Day 0 and Day 14 in the unspiked greenhouse. While the percentage change from Day 0
to Day 14 decreases in the unwatered greenhouse batches and increases in the watered greenhouse
batches in compost brands 1, 2 and 3, the opposite is true for compost Brand 4. For the 16 samples

shown, the percentage change in JP amplicons increased in 10/16 samples. Of the six samples where
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a decrease was observed, 5/6 were unwatered samples. All of the samples in the watered

greenhouse set up increased from Day 0 to Day 14 (n=4).

Table 5.3: The presence or absence of Acanthamoeba (JDP) genes in NSGH. 'ND' represents none-detected, and '+ve'
represents a positive result

Brand 1 Brand 2 Brand 3 Brand 4
Day 0 ND ND ND +ve
Day 14 +ve ND +ve +ve
15°C Unwatered
Day 14 ND +ve +ve +ve
GH Unwatered
Day 14 ND ND ND +ve
15°C Watered
Day 14 ND +ve ND +ve
GH Watered

Table 5.3 shows the results from PCR of each sample with JDP primers. Acanthamoeba spp. were
present consistently in compost Brand 4. In contrast, results from other brands indicate that these
organisms may have been present in low numbers initially, with different conditions resulting in the
growth of amoebae. Most growth in Brands 1 — 3 appears to occur when batches were unwatered,

with 4/6 batches positive for JDP after 14 days compared with 1/6 watered batches.

The results from the unspiked greenhouse experiment showed overall that the greenhouse setting
enabled the growth of Legionella spp. when the batches were watered but not when the batches
were unwatered. While the watered samples also showed an increase in Legionella genes from DO-
D4 at 15°C, the impact on unwatered samples is less clear. Compost Brand 4 was the peat-free
brand, and organisms in this compost appeared to behave differently to the peat-containing brands
1-3. This is true both in the greenhouse setting and at 15°C. Variations in this experiment were likely
due to diversity between bacterial communities present in each sample, possibly due to differences

between components used to formulate each compost type.

5.3.3 Incubator

From Day 0 to Day 14, the number of Muyzer amplicons in all samples declined at 15°C except the

two batches with Legionella spp. and A. castellanii added to them which increase after 14 days. For
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batches stored at 30°C, there is also a decrease in the number of Muyzer amplicons in each sample,
except for the batch with L. pneumophila and A. castellanii added, and the batch spiked with L.

longbeachae.

Muyzer 16S genes/g.compost in INC
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Figure 5.12: Muyzer 16S genes/g.compost in INC. "Control" represents an unspiked batch; "L.p" represents a batch
spiked with Legionella pneumophila, "L.I" represents Legionella longbeachae; "A" represents batch spiked with
Acanthamoeba castellanii; "L.p and A" represents Legionella pneumophila and Acanthamoeba castellanii, and "L.l and
A" represents Legionella longbeachae and Acanthamoeba castellanii.
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Figure 5.13: JP Legionella genes/g.compost in INC. "Control" represents an unspiked batch; "L.p" represents a batch
spiked with Legionella pneumophila, "L.I" represents Legionella longbeachae; "A" represents batch spiked with
Acanthamoeba castellanii; "L.p and A" represents Legionella pneumophila and Acanthamoeba castellanii, and "L.l and
A" represents Legionella longbeachae and Acanthamoeba castellanii.
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At both 15°C and 30°C, the number of Legionella spp. genes in samples taken from each compost

batch increased after 14 days of storage, indicating that the INC setup was favourable for the growth

of Legionella spp.

Legionella spp. as a percentage of bacterial
populationin INC
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Figure 5.14: Legionella spp. as a percentage of bacterial population in INC. "Control" represents an unspiked batch; "L.p"
represents a batch spiked with Legionella pneumophila, "L.I" represents Legionella longbeachae; "A" represents batch
spiked with Acanthamoeba castellanii; "L.p and A" represents Legionella pneumophila and Acanthamoeba castellanii,
and "L.l and A" represents Legionella longbeachae and Acanthamoeba castellanii.

When looking at JP Legionella spp. in comparison with Muyzer 16S genes, the proportion of JP
Legionella genes increased in all samples after 14 days in the INC set up except samples spiked with
L. pneumophila and A. castellanii at 15°C. This indicates that for most samples, the INC mock
greenhouse conditions were favourable to the growth of Legionella spp. both at 15°C and 30°C. For
composts spiked with only Legionella spp., there is more of an increase between Day 0 and Day 14 in
composts stored at 15°C than in composts stored at 30°C. In contrast, the opposite is true for the
control compost and composts with Legionella spp. and A. castellanii added, where Legionella spp.

JP genes make up a larger percentage of the population in composts after 14 days at 30°C.
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Figure 5.15: Percentage change in JP Legionella genes/g.compost from DO to D14 in INC. "Control" represents an
unspiked batch; "L.p" represents a batch spiked with Legionella pneumophila, "L.I" represents Legionella longbeachae;
"A" represents batch spiked with Acanthamoeba castellanii; "L.p and A" represents Legionella pneumophila and
Acanthamoeba castellanii, and "L.l and A" represents Legionella longbeachae and Acanthamoeba castellanii.

Once again, the data has been normalised to allow direct comparison between experimental setups
despite differences in starting inoculum. The number of Legionella spp. genes in all composts stored
in the INC mock greenhouse set up increased from Day 0 to Day 14, whether stored at 15°C or 30°C.
The control batches and batches spiked with only L. pneumophila or L. longbeachae saw a higher
increase in Legionella genes when stored at 30°C compared with 15°C. In contrast, compost spiked

with both Legionella spp and A. castellanii saw more of an increase in numbers after 14 days at 15°C.

Overall in the incubator experiment, the number of Legionella spp. JP genes in most samples
increased from Day 0 to Day 14 regardless of the storage temperature. Due to the nature of
compost, it is still likely that the bacteria profile within each sample was not identical and therefore
had the potential to act differently under different conditions. Differences were observed when
amoebae were added to the compost mixture, indicating that the naturally occurring protozoa and

the bacterial species present impact the ecology of Legionella spp. in the compost environment.
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5.4. Discussion

The experiments in this chapter were designed to determine the effect of greenhouse storage on the
survival and proliferation of Legionella spp. in compost. A mock greenhouse setup was devised, and
a series of experiments performed sequentially using composts either unspiked or spiked with
Legionella spp. and/or Acanthamoeba spp. Adaptations to the experimental setup were made with
each subsequent experiment to improve upon the previous setup. Samples were analysed using the

DNA extraction and semi-quantitative PCR methods developed in Chapter 4.

Culture of samples was considered; however, it would not be possible to accurately count the
number of Legionella spp. present on a culture plate due to compost's high microbial diversity,
causing plate overcrowding. In addition, while the use of sterilised compost would have made
culture possible, biofilms with or without the influence of amoebal hosts are likely crucial in the
maintenance of a Legionella spp. population in the compost environment, as discussed in the
literature review (Section 2.1.6.3), and sterilised compost would have prevented interactions
between Legionella spp. and other bacteria or protozoan hosts; therefore, the compost environment

would not be accurately represented.

Several factors are considered when using PCR to examine organisms in a complex community such
as compost. First, the irregular distribution of organisms within the compost matrix means that two
different batches, and the samples taken from them, are highly unlikely to contain the same
proportions of microflora, even when taken from the same initial source of compost. This can be
seen when comparing DO data in Figure 5.4 and Figure 5.12. The samples were prepared in the same
way, with care taken to ensure thorough mixing; however, there is a lack of consistency across the
samples. This highlights the problematic nature of working with compost and may be due to due to
hotspots of Legionella spp. within the compost matrix, which remained despite mixing. The
percentage change from DO to D14 has been shown to account for this, in Figure 5.7, Figure 5.11,

Figure 5.15. Using these protocols in future work would be beneficial to simplify the experiment and

118



test one batch multiple times to allow for robust statistical analysis to be performed and determine

the measurement of uncertainty.

Similarly, the actual quantity of Legionella spp. present in each sample cannot be accurately
determined, as PCR assays cannot distinguish between live and dead cells. Identifying increased
numbers of amplicons from Day 0 to Day 14 in most samples in the INC experiment, Figure 5.15, may
suggest that the growth of Legionella spp. has occurred over time, as dead cells would not increase
in number. However, this should be interpreted with caution due to the semi-quantitative nature of
the assay used. Decreases in the number of amplicons were also observed between Day 0 and Day
14 (see Figure 5.7: (SGH) and Figure 5.11 (NSGH)). In SGH, batches of the same brand of compost
were spiked with different combinations of Legionella spp. and/or Acanthamoeba castellanii and

examined after storage at 15°C and in greenhouse conditions.

The low humidity and high level of evaporation was likely a factor in the behaviour of compost
organisms within these composts, and this study was inconclusive. The following experiment, NSGH,
involved batches of four different compost brands stored in pots at both 15°C and greenhouse
conditions without the addition of Legionella spp. or A. castellanii. Batches were watered to
represent gardening activities, and overall results suggest that watered samples were more
conducive to the proliferation of Legionella spp. than unwatered samples. A reduction in DNA
possibly occurred, for example, if DNA was from lysed cells and desiccated within the compost
environment. Cell rupture due to drying and rewetting soil is widely documented (Salemac et al.

1982, Fierer et al. 2003, Turner et al. 2003).

Katz and Hammel (1987) found that L. pneumophila was sensitive to drying, with viable organisms
undetected in some, but not all, samples after 90mins of drying. Steele et al. (1990a) also found
drying to be detrimental to the survival of Legionellae in soil samples. Two soil samples known to be
positive for L. longbeachae were dried at 36°C for seven days; the organisms were isolated from

undried samples held at room temperature and at 36°C after seven days, but not from dried
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samples. In 11 of the 12 SGH-experimental batches, JP-amplicon amounts (Figure 5.5:) were lower at
Day 42 than at Day 0; and of these, 6/11 increased from Day 0 to Day 14 but decreased from Day 14
to Day 42. This is likely due to increasing temperatures being optimal for growth and some water
remaining in the samples; however, there was a decrease in JP amplicons by Day 42. The samples

had undergone many more drying and rewetting cycles at this point.

Lysis of cells due to drying or death would release DNA into the compost. When extracellular DNA
was spiked into soil samples by Frostegard et al (1999), less than 6% was recovered after DNA
extraction, and the same would likely be true for DNA released after cell lysis. The DNA extraction
protocol developed in Chapter 4 was designed to recover whole cells from the compost samples and
would be unlikely to recover extracellular DNA accurately. In the SGH and NSGH experiments
described above, composts becoming dried out were always rewetted when mixed, and
condensation was reintroduced to compost when batches were watered or when samples were
added to the Tween 80 solution during DNA extraction. In support of this, and in contrast to SGH and
NSGH, an increase in gene number was observed for all samples at both temperatures from Day 0 to
Day 14 in the final experiment (INC). All samples in this experiment were stored in humid glass jars in

an incubator, which would have reduced drying, evaporation, and cell rupture.

Compost samples in the SGH experiment became dried out due to evaporation, as a result of
increased temperatures and low humidity seen within the experimental setup, but this was not
reflected in the results from moisture content analysis of each batch (Figure 5.3) because the
compost was stored in plastic bags. Moisture evaporating out of the batches condensed on the inner
surface of the bags. This moisture was reintroduced when the compost was mixed prior to each time
point sample being taken, meaning that the measured moisture content remained constant. At the
same time, bacteria were subjected to the drying and rewetting pattern shown above, potentially

causing cell lysis and the release of DNA. Figure 5.4 shows an apparent decrease in overall Muyzer
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amplicons per gram of compost in all greenhouse samples as time progresses from Day 0 to Day 42,

but not in the 15°C sample, likely due to increased evaporation at the higher temperature.

Evaporation is lower in higher humidity settings such as the INC set up. Humidity was identified as
one of the most critical factors in isolating Legionella spp. from compost samples by Conza et al
(2013), who cited Fisman et al (2005), who found that increasing humidity and increasing average
monthly temperature correlated with increased incidence of Legionella spp. In addition, Karagiannis
et al. (2009) documented that warm wet weather (+17.5°C) was associated with sporadic
legionellosis in the Netherlands. Conza et al (2014) also identified a higher level of compost heap
contamination with Legionella spp. in southern Switzerland, which has warmer summers and a
higher level of rainfall than the north of the country. The effect of climate on the prevalence of
Legionella spp. was also examined by Graham et al (2012) who state that during spring in New
Zealand, a seasonal spike in cases of legionellosis is consistently seen. They also mention that more
outbreaks occur in this season where compost is the source than outbreaks where cooling towers
are the source. Average temperatures in Spring in New Zealand range from 16-19°C, compared with

an average of 20-25°C in the summer (https://www.newzealand.com/uk/feature/new-zealand-

climate-and-weather/). The increase may be due to an increase in gardening activity during this

period, but when examined with regards to the INC experiment, showing there are increases in JP
genes at 15°C as well as at 30°C, this may indicate that humidity has more of an influence on
Legionella spp. proliferation than increased temperatures. Potentially, in optimal conditions, there is
an increase in Legionella spp. numbers at low temperatures, but an even higher increase when the
temperatures also rise, which is valid for INC samples that were not spiked with amoebae (Figure
5.15). In work published after the experiments in this chapter were completed, Schwake et al. (2014)
cultured naturally occurring Legionella spp. from compost stored at 25°C, 32°C and 37°C. They
observed growth in samples stored at all three temperatures, with a higher level of growth observed
with increasing temperature. At all three temperatures, the growth rate was higher from Day 0 to
Day 4 compared to the rate of growth from Day 4 to Day 8. They were only able to monitor growth

121


https://www.newzealand.com/uk/feature/new-zealand-climate-and-weather/
https://www.newzealand.com/uk/feature/new-zealand-climate-and-weather/

for eight days due to the overgrowth of culture plates and suggested that competition from other
organisms may have been responsible for these results due to inhibition caused. When discussing
the microbiome, the authors also observed the potential for Legionella spp. to use fungi as a source
of nutrition, but they did not examine the samples for the presence of other bacterial species or

free-living amoebae.

Amoebal hosts may have the potential to change the behaviour of bacteria within this environment;
for example, Murga et al. (2001) found that L. pneumophila was unable to replicate in a biofilm
without the presence of a host species. Bigot et al. (2013) suggested that multiplication within
amoebae may enhance the ability of Legionella pneumophila to colonise biofilms. In NSGH, Batch 4
was the only compost consistently positive for Acanthamoeba spp. under all conditions (Table 5.3),
indicating a consistent population of these host species present in this material. Batches 1, 2 and 3
showed a decrease from Day 0 to Day 14 in the number of JP amplicons present in unwatered
samples held in the greenhouse setting, which would have experienced drying due to the increased
temperature and evaporation. Batch 4 showed opposite results, with a slight increase in Legionella
genes from Day 0 to Day 14 greenhouse unwatered samples. All samples showed an increase in the
number of JP amplicons present from Day 0 to Day 14 in the watered greenhouse set up, while only
1-3 showed an increase when watered at 15°C. It is possible that the Acanthamoeba spp. present in
Batch 4 influenced the survival of Legionella spp. either negatively through predation or positively as

a protective host dependent on the storage temperature.

Acanthamoeba polyphaga was shown to protect Pseudomonas paucimobilis in soil from drying
(Bryant et al 1982). Similarly, Berk et al (2003) found that L. pneumophila contained in vesicles
expelled from protozoans were protected from drying for ten days, whereas L. pneumophila alone
did not survive. In INC, where the humidity was less variable, the number of JP amplicons in all
batches increased from Day 0 to Day 14 regardless of the storage temperature. However, in batches

where A. castellanii were added to the compost mixture, the increase was smaller for samples
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stored at 30°C than samples stored at 15°C. This is the opposite of samples where A. castellanii were
not added and, as above, suggests that the impact of A. castellanii on the survival of Legionella spp.

in compost may be temperature and humidity dependent.

An additional explanation for the observed differences in the pattern of JP amplicons present in
Batch 4 NSGH may be differences in bacterial community structure, as this compost was peat-free.
In contrast, compost batches 1, 2 and 3 contained peat. While Legionella spp. were isolated from
both peat-containing and peat-free composts in Chapter 3, it may be that the presence of peat is
detrimental to the growth of Legionella spp. The use of peat is further discussed in Chater 3 (Section
3.4). The use of different components as feedstock may affect a number of factors including pH,
chemical make up and microbiome of the final compost. Compost batch 4 in NSGH also had the
largest increase in JP amplicons from Day 0 to Day 14 when compared with the other three brands.
Compost is a complex media, and there are a number of factors which is not possible to control for
which may impact the growth and survival of different organisms. For example, Schwake et al.
(2014) supplemented one batch of compost with calcium silicate to increase the pH and found a
twofold decrease in Legionella spp. isolated compared to the compost, which had not been
supplemented. Whiley and Taylor (2014) outlined how the availability of trace elements has been
shown to improve Legionella spp. growth in culture, and suggested this could potentially affect the
ability of Legionella spp. to proliferate in compost. The quantity and balance of chemical and
biological elements will vary depending on compost components and where they have been
sourced. The impacts of these variables were mitigated in part in the SGH and INC experiments by
using the same brand of compost throughout but may go some way to explain differences observed

in NSGH.

As noted in the literature review (Section 2.2.2), changing the compost microbiome may lead to
differences between organisms, predator-prey interactions, and biofilm formation. More specifically,

differences in numbers of JP genes present in different samples at different temperatures may be
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due to differences in the species of Legionella present: potentially, some species of Legionella have
an optimal multiplication temperature lower than the perceived optimal 36°C (Table 2.1). The jars
used in the INC experiment eliminated the influence of humidity fluctuations on the samples by
preventing evaporation and found JP genes in samples spiked with Legionella longbeachae increased
more than any other sample after 14 days at 30°C. This also suggests that differences between
samples may be due to differences between Legionella species. While the number of JP genes in the
control sample and the sample spiked with L. pneumophila both increased after 14 days, this was
not to the same extent as the increase seen for the L. longbeachae sample. It may be the case that
different species of Legionella proliferate at different temperatures and are dependent on the
microbiome. However, to the best of my knowledge, research investigating this in detail has not

been performed.

In the studies described in this Chapter, the Jonas primers were chosen to indicate how Legionella
spp. behave under different conditions, and the assays above cannot distinguish between species
present. Work published after the work in this chapter was completed differentially identified
Legionella spp, Legionella pneumophila, Legionella pneumophila Sg 1 and Legionella longbeachae in
soil samples by direct qPCR using individual assays (Marchand et a/ 2018). After completing
experimental work for this thesis, some multiplex assays have also been developed, one of which
identified Legionella spp, Legionella pneumophila and Legionella pneumophila Sg1 in environmental
water samples (Collins et al 2015), and a second, which was developed using isolates of non-L.
pneumophila species from clinical and environmental samples (Benitez and Winchell 2016). Neither
of these studies describes using a multiplex assay to examine compost materials. In order to build
upon the work described in this chapter, future work distinguishing which species of Legionella are
present in each compost sample, at what proportion, and how these different species react to
humidity and temperature changes may help to elucidate how these organisms can replicate to
infective levels. This might be achieved through development of a suitable multiplex qPCR for

detection of key species in compost, or through comparative study of phenotypic bench and
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molecular analysis. Work examining the impact of various compost component material on the
bacterial community and amoeba host species present may also be of benefit to further

understanding of Legionella spp in the compost environment.
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6. BRIEF ANALYSIS OF WINDROW COMPOST PRODUCTION

6.1. Introduction

Work completed in Chapter 5 describes the effect of greenhouse storage on Legionella in consumer
compost post-purchase; however, in Chapter 3, Legionella spp. were isolated from compost
immediately after purchase, before storage in the home environment. Although it is possible that
storage prior to purchase, for example, indoors in shops and garden centres, may provide increased
temperatures and humidity, leading to a proliferation of Legionella spp, it is likely that compost is
already contaminated with Legionella spp during the production process and before packaging and
transport. In Australia, Hughes and Steele isolated Legionella spp. in all compost samples taken from
six large scale composting facilities (Hughes & Steele, 1994). Casati and colleagues isolated
Legionella spp. from six out of eight green waste collection centres in Switzerland, three of which
were composting facilities; fresh green waste was negative for Legionella spp by culture at 7 out of 8
facilities, whereas compost was always positive (Casati et al., 2010). These results mirrored those of
Steele et al., who, with the exception of pine sawdust, did not isolate Legionella spp. from fresh
component materials but did isolate these organisms from composted components (Steele et al.
1990b). It may be that Legionella spp. are present in green waste in low numbers, which increase
during structured composting or long-term storage as communities establish themselves (Steele et
al. 1990b). Alternatively, as suggested by Casati et al., wind and rain contamination may introduce
Legionella spp. into the green waste/compost piles at any point throughout the storage and

composting process (Casati et al., 2010).
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Figure 6.1: Theoretical diagram of windrow cross-sections representing the survival and proliferation of Legionella spp in
windrows during the composting process

Bacterial diversity in compost is known to decrease at temperatures above 60°C (Strom, 1985);
however, it is unclear whether windrows used in compost production reach this temperature
throughout. Shepherd et al. (2007) found that if compost piles were not turned, Escherichia coli
0157:H7 survived for months at the outer surface, and this may also be the case for Legionella spp.
Conza et al. (2013) took temperatures and samples near to the surface (30cm depth) of compost
heaps from four facilities. They found that compost temperatures positive for Legionella spp. were
significantly lower (mean temperature 38.69°C) than compost heaps unfavourable for Legionella
spp. (mean temperature 53.24°C). There are several scenarios where the outer layer of the windrow
is likely to be cooler than the core, including lower ambient temperatures, rainfall and wind. These
lower temperatures on the outer surface of the windrow could enable Legionella spp. to survive and

proliferate under certain conditions during the composting process. A diagram outlining this
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theoretical mechanism for Legionella spp. proliferation can be found (Figure 6.1) and an example of

windrow composting can be seen in Figure 6.2.

This chapter identifies the presence or absence of Legionella spp. at different stages of the
composting process in order to give an overview of potential contamination points or stages during

the process.

6.2. Methods

To determine whether Legionella spp. could be isolated from different stages of the composting
process, access to a processing facility was necessary. Contact was made with the Organics Recycling
Group, which led to a connection with the Group Manager for Scotland, Jenny Grant, who facilitated
contact with composting sites. Three sites initially showed interest; however, due to the sensitive
nature of this topic, only one processing facility in Scotland agreed to be tested on a single occasion

only and under the condition of anonymity.

The outdoor site used domestic mixed green waste from local authority collections and distillery
waste as feedstock without peat. These components were transported to the site and placed on a
mixed-component pile before being shredded and added to windrows (dimensions
LA0mxW6mxH3m). These dimensions can be seen in context in Figure 6.2 which shows an example
of windrow composting. Each batch of feedstock then underwent a 12-week composting process,
with five turns during this period. The resulting compost was screened, with large fragments sent to
the biomass industry and small fragments kept for domestic and agricultural composts. The finest
particles were retained to create the highest quality products. Screening is followed by four weeks of
maturation before the final product is ready; this was stored before and after packaging before
transport to retailers or direct sale to consumers. The site manager described that the facility
adheres to the BSI PAS 100 guidelines (British Standards Institute, 2018), and windrow

temperatures were measured weekly at a depth of 1.5m and ranged 65-80°C. At the site, moisture
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was added to the windrows when required to prevent excess airborne particles; however, this was
rarely needed due to rainfall which kept the windrows damp. Triplicate samples were taken from: a)
the outside layer of the initial feedstock pile (mixed shredded components), b) the six-week windrow
core, c) the six-week outer windrow, and d) the outside layer of the mature, end-product pile (16

weeks).

Windrows at different stages of the composting process:
microorganisms on the external surface are more exposed to UV and
unfavourable weather conditions than those in the core.

Figure 6.2: Example of windrow composting. Image adapted from https://blog.soil3.com/3-ways-to-celebrate-
international-compost-awareness-week

The samples were all processed using the same method: 20 g was suspended in 200 ml sterile H20,
mixed and left to settle for 15 mins. The samples were then added to a filter Stomacher bag as used
in Section 4.2.3 and blended on low for 30 s, followed by a break for 1 min and another 30 s in the
Stomacher laboratory blender on low. The filtrate was added to a 50 ml sterile centrifuge tube, and
an aliquot of 500 pl was diluted 107 in sterile distilled water. From the diluted solution, 200 ul was
acid-treated 1:1 with 200 pul HCI-KCI pH 2.2. After 15 mins of acid treatment, 50 pl was plated onto
BCYE-a and grown at 37°C in humid conditions for 3-10 days (limit of detection 4.0 x 10% CFU/g.
compost). Legionella-suspect colonies were sub-cultured on GVPC and cysteine negative agar plates,
as described in Chapter 3. This method was repeated for overgrown plates, with the stomacher

filtrate diluted 102 in sterile distilled water instead of 10.
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In addition to culture, DNA was extracted from each sample using the method described in Section
4.2.3. The DNA extract was diluted to 10 and 3 pl used in a PCR reaction with JP primers, as also

described in Chapter 4.

6.3. Results

Samples from a green waste composting facility were tested by culture and PCR for Legionella spp.
Cultures were negative for Legionella spp. for all samples tested, i.e. from the mixed components,
windrows and end product. At six weeks, higher bacterial numbers from outer windrow were seen in
comparison with core samples (Figure 6.3), however as noted, none of the colonies were identified

as potential Legionella spp.

Figure 6.3: Triplicate samples on BCYE-a agar after eight days incubation in humid conditions at 37°C. Left-hand side
plates represent samples from week six taken from the outer layer of the windrow. Right-hand side plates represent
samples from week six taken from the core of the windrow.
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A gel containing PCR products for samples taken from the green waste composting facility can be
seen in Figure 6.4. Positive controls (Lanes 2&3) and blanks (Lanes 4&5) gave results as expected. All
experimental samples were positive, with the component sample (Lanes 6, 7, 8) and the 16week end
product sample (Lane 11) showing stronger bands than both the inner and outer 6-week windrow
samples (Lanes 9&10), which were only faintly positive for the JP amplicon, indicating a much lower

concentration of starting DNA in these samples.
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4. BLANK Primers and nuclease free water 10. 6 week outer windrow sample
5. BLANK Primers and sterile distilled water ~ 11. End product

Figure 6.4: An electrophoresis agarose gel image of JP PCR products from the green waste composting site

6.4. Discussion

This study examined samples from a green waste processing facility, including green waste and
distillery waste as mixed components, mature end-product and samples taken from windrow core
and outer surface halfway through processing. Legionella spp. were not isolated by culture from any
of the samples investigated in this study; however, molecular tests were positive. This result is
similar to that observed in Chapter 3, where Legionella spp were not isolated using culture from four
of the samples (numbers 4, 6, 13 and 17) but were identified by the Legionella specific PCR,

indicating the presence of Legionella spp in these samples. Similar results have been published since
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the experimental work in this thesis was completed: Marchand et al. (2018) investigated sixteen soil
samples for Legionella spp. using culture- and PCR-based methods and found that all the samples
were positive by PCR. In contrast, only one of the samples was culture-positive. As discussed in
Section 3.4, there are several possible explanations for differences between PCR and culture results.
These include bacterial numbers below detection limits, dead or damaged bacteria with viable DNA
(Clark & Hirsch, 2008), or the presence of viable but non-culturable (VBNC) organisms. All scenarios
require Legionella spp. presence at some point in the samples, regardless of whether they remain

viable or not.

The introduction of the EU Landfill Directive 1999/31/EC and commitment by the British
Government in the 2011 White Paper The natural choice: securing the value of nature (DEFRA,
2011), to the reduction in peat usage in compost is likely to lead to an increase in composted green
waste as a component of commercial composts. However, the components used to create a
compost can be highly variable, and the combination can affect the population of microorganisms
present during processing. For example, a study by Neher et al. (2013) examined three different
compost ‘recipes’ including the components manure, silage, hay and hardwood, using high-
throughput sequencing to determine bacterial and fungal species present. They found that the
microbial community structure of the compost end-product was significantly different dependent on
the components used. In a separate experiment, the authors examined the bacterial and fungal
communities in three different composting methods where the same recipe was used. They found
that the communities present in composts created by the windrow, aerated static pile and
vermicompost methods differed by the method used. However, the communities in the windrow
and aerated static pile were more similar than the community in the vermicompost. Legionella’s
phylogenetic class, gamma-proteobacteria, was consistently among the top three bacterial classes
with the highest proportion in the compost community, regardless of the method used.
Nevertheless, it would not be appropriate to conclude the meaning of this result specifically for
Legionella spp. in compost without further research due to the diverse nature of this bacterial class.
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In addition to the effect of components used and the preparation method on the population of
organisms present in compost, the organisms present can, in turn, affect the growth of pathogens in
compost. For example, a study by Pietronave et al. (2004) looked at the role of indigenous microflora
on the growth of gastrointestinal pathogens in compost and found that the most probable number
per gram of Salmonella arizonae spiked into compost samples increased in sterilised composts at
room temperature and at 37°C, and decreased in non-sterilised composts held at the same

temperatures over 30 days.

It was not possible to test individual green waste components in this study as they had already been
mixed on a pile at the site; however, previous work by Steele et al. examined potting soil
components and only isolated Legionella spp from 17.6% (3/17) fresh components (Steele et al.,
1990b). In contrast, Legionella spp were present in 72.7% (8/11) composted components tested.
These results were mirrored in a study by Casati et al. (2010) who found Legionella spp in all
compost end product tested (3/3 sites), but only isolated these organisms from fresh green waste
samples in 1/8 sites tested. The samples in both studies used culture methods similar to those
described in Section 3.2.2 to isolate Legionella spp. However, samples were not further investigated
using more sensitive methods such as amoebal co-culture or PCR, which could indicate that limit of

detection is the reason for the observed difference.

In work described in this chapter, PCR results suggest the presence of Legionella spp, whether alive
or dead, in the mixed green waste components. This supports the theory proposed by Steele et al.
(1990b), who suggested that small numbers of Legionella spp may be present in components. It is,
therefore, possible that low numbers of Legionella spp are present in fresh green waste components
and may multiply to detectable levels during the composting process. In this scenario, Legionella spp
are likely to be present throughout the composting process, re-establishing numbers following a
temperature peak, after maintaining a limited population on the cooler outer surface of the

windrow. Patel et al. (2015) found that physically covering windrows with a layer of finished

133



compost increased the length of time the windrows remained at 55°C or above, leading to decreased
survival rates of E. coli 0157:H7 and Salmonella spp in the windrows. This may be a viable method
for increasing effectiveness of heat inactivation treatments, however may be counterintuitive if the
layer of finished compost is contaminated with Legionella spp, thus reintroducing these organisms to

the windrow.

The mixed green waste component samples tested in this study were negative by culture but
positive by PCR for Legionella spp. Samples taken from the six-week windrow and mature end
product were also negative by culture. While the mature end product showed a solid, positive band
for Legionella spp PCR, samples taken from the 6-week windrow were only weakly positive (Lanes 9
& 10, Figure 6.3). The inner core of the windrows reaches between 65-80°C during the composting
procedure, which is enough to kill Legionella spp. When samples cultured from the core and the
outer layer of the week-six windrow were compared, a higher level of microbial growth was
observed on the samples taken from the outer layer (Figure 6.2). It is, therefore, possible that the
outer layer holds the key to the proliferation of these organisms. Taylor et al. (2013) suggested that
legionellae may lie dormant, replicating within a biofilm when conditions are favourable, while work
by Temmerman et al. (2006) suggested that Legionella spp. can recolonise the environment after
heat treatment by feeding on dead cells created during the heating process. Although these studies
apply to biofilms in a water environment, it is possible that they can be applied to biofilms that occur
in a compost environment. Storage time would allow communities to re-establish themselves,
including the production of biofilms likely to support growth of Legionella spp. This is supported by
the work of Conza et al. (2013) who suggested that outdoor storage of compost may increase the
number of Legionella spp present, possibly due to the increasing likelihood of contamination by
Legionella spp with increasing storage time. The storage of mature compost may therefore provide

an opportunity for Legionella spp to re-establish and increase its population size.
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It is likely that additional factors also contribute to the survival or reduction of Legionella spp in
compost. For example, work carried out in Chapter 5 showed that a lack of moisture impacted the
proliferation of Legionella spp in a compost environment. Pietronaye et al (2004) showed that
bacterial populations were more stable in compost samples with higher moisture concentrations
(40% and 80% compared with 10%). In samples seeded with Salmonella arizoniae, the pathogen
concentration declined faster at 10% moisture than at 80% moisture. Kim and Jiang (2010) also
showed the role of moisture in the growth of pathogens in dairy compost and suggested compost
should be kept as dry as possible to reduce growth. Samples investigated in this chapter were taken
in mid-autumn after a period of dry weather, and water had not been added to the windrows during
this time. It is possible that the outer layer of the windrow had a lower moisture content than the
inner layer due to evaporation, and this may have impacted the survival of Legionella spp. on the

outer layer of the windrow.

Drying or UV desiccation may cause lysis of Legionella spp. on the windrow surface; however, all
windrows were stored outdoor within proximity to one another, under the same climatic conditions.
Therefore, samples taken from the outer layer of all windrows would be expected to show similar
results. This was not the case in this study, as samples from the component pile and the final
product windrow were taken from the outer surface, and both showed strong positive bands, while
the sample taken from the outer surface of the Week 6 windrow showed a very pale band (Figure
6.3). The pale bands observed from samples taken from the outer and inner parts of the six-week
windrow may indicate that organisms present in the components reduce in number due to high
temperatures in the composting process, before increasing in number when conditions become

more favourable.

While heat may reduce numbers or eliminate Legionella spp fully from compost windrows during the
composting period, existing low numbers, or bacteria reintroduced through environmental

contamination may increase in numbers when left at lower temperatures conducive to Legionella
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spp growth. Casati et al. suggested that windrows were contaminated by exposure to wind or rain,
presumably carrying Legionella spp in bioaerosols (Casati et al. 2010). Numerous studies have
associated sporadic Legionellosis with rainfall (Fisman et al. 2005, Garcia-Vidal et al. 2013, Hicks et
al. 2007) and work performed in the UK identified Legionella spp. in collected rainwater, including L.
pneumophila, which was identified in aerosols created by a fine spray hosepipe setting, but not in
other common garden aerosols (Steege and Moore 2018). Legionella spp. present in rain would have
the potential to contaminate windrows directly, while bioaerosols may be a mode for wind

transmission from one compost windrow to another.

Several studies have identified Legionella spp. in compost bioaerosols. Authors in Canada sampled
the air at three different compost facilities (domestic, manure and carcass) before, during and after
workers undertook compost manipulation activity (Bonifait et al. 2017). They examined aerosols
using culture and RT-PCR, and while they did not identify Legionella spp using culture, or in domestic
compost bioaerosols, they did identify Legionella spp using gPCR at the manure and carcass compost
sites. They also noted that organisms were present in more samples taken after manipulation than
before manipulation. Other pathogens, including Aspergillus fumigatus, were identified in control
samples taken when manipulation of compost had not occurred, indicating that even static
windrows are capable of emitting bioaerosols. Similar work performed in the UK identified L.
pneumophila and Legionella spp. by gPCR, but not by culture, from samples of green-waste compost

aerosolised in a controlled experimental set up room 2.25m by 4m (Nasir et al. 2018).

Windrows observed in the present study were in close proximity to one another (<5m) with weekly
turning and it is not unreasonable to consider that bioaerosols released from these windrows may
include Legionella spp in low numbers which could contaminate neighbouring windrows. Cross-
contamination of windrows and, therefore, re-introduction of Legionella spp. to heat-treated
windrows may also occur due to contamination of the surrounding area, including machinery and

facilities. For example, the screening apparatus used at the site described in this study to separate
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compost into varying particle sizes was shared between multiple composting sites and posed the
potential for cross-contamination of composts after the heated stage. Similar cross-contamination
may also occur on worker clothing or hands when moving between windrows. Contamination of
later-stage windrows and mature end product storage piles due to contaminated machinery,
workers or by subsequent wind or rainfall may reintroduce these organisms to the compost

material.

In work outlined in this chapter, Legionella spp. were identified by PCR but not by culture, which
aligns with results in several other studies which examined compost and compost aerosols, as
described above (Bonifait et al. 2017, Nasir et al. 2018). This is likely due to the high sensitivity of
PCR compared to culture, as work in Chapter 3 and work by Marchand et al. (2018) both identified
Legionella spp in compost samples using both culture and PCR, but found that more samples were
positive using PCR. Legionella spp. have also been identified from bioaerosols using amoebae co-
culture to increase sensitivity: Conza et al. (2013) isolated Legionella spp from bioaerosol samples
taken 5m from compost heaps. However, further work to differentiate between live/dead cells
should be considered. As described in Chapter 2, propidium monoazide has been suggested as a
method to differentiate live cells from dead cells using PCR methods. However, due to the toxicity of
this method, it has been suggested that this would not be suitable for use with environmental

samples (Taylor, et al., 2014).

Fainter bands identified in PCR products from the 6-week windrow samples compared with samples
taken at other stages of the process may suggest that the heat generated during the composting
process works to reduce the concentration of Legionella spp. However, the bold bands observed in
PCR products from samples taken in the compost end product at 16 weeks suggests an increase in
Legionella spp in the second half of processing. This may be due to the regrowth of a small number
of pathogens that survived the composting process or were reintroduced through cross-

contamination. There are some potential routes for cross-contamination as described above,
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including wind, rain, bioaerosols, workers hands and clothing, machinery, or a combination of these.
Further work to identify if contamination occurs and by what method using qPCR would be helpful
to investigate this further. Examination of windrows at different times of year and under different
climatic conditions may aid understanding in this area. This study was relatively small for significant
conclusions to be drawn; however, results indicate that the composting process is likely to reduce
the number of Legionella spp. present. It follows that steps could be taken to optimise this process,

and to minimise contamination in order to reduce the potential risk posed by these organisms.
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7. CONCLUSIONS AND FUTURE WORK

7.1. Conclusions

This chapter outlines the conclusions for the work described in this thesis and proposes areas for
future work in this field. The overarching aim of the work outlined in this thesis was to investigate
the ecology of Legionella spp. in compost. The literature review highlighted key gaps in the
literature, specifically around the lack of studies completed using species other than L. pneumophila
Sgl and the lack of studies examining environmental Legionella spp. in areas other than the water
habitat. In order to build on scientific understanding in these areas, three key questions were
identified. These were, 1) To what extent are Legionella spp. present in UK composts? 2) Do storage
conditions impact the survival and proliferation of Legionella spp? and, 3) Are Legionella spp.

detectable during the manufacture of compost products?

In order to answer the first question, in Chapter 3, samples were obtained from 24 different
compost formulations and examined for the presence of Legionella spp. using culture from initial
samples and after an 8-week enrichment period. Fifteen of the twenty-four (62.5%) samples tested
contained Legionella spp. Ten of twenty-four (41.7%) were positive after initial testing, and of the 22
samples which were re-tested after enrichment at 30°C, 13 (59.1%) tested positive after the eight-
week incubation period. Twelve species were identified in the compost samples using mip gene
speciation, with the most commonly isolated Legionella species was L. sainthelensi, which were
present in 5 of the 24 (20.8%) samples, but only after the 8-week enrichment period. All samples
(24/24, 100%) were positive for Legionella spp. by PCR. The work documented in Chapter 3

demonstrated that Legionella spp. are commonly present in compost products available in the UK.

Given that compost is widely used in the UK, yet the reported number of Legionella spp. infections
remains relatively small, it is important to understand how storage conditions impact the survival

and proliferation of Legionella spp. The work in Chapters 4 and 5 aimed to answer this question. In
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Chapter 4, methods for DNA extraction and semi-quantitative PCR analysis were developed and
assessed for suitability, respectively. In silico analysis and development of a standard curve for the
Wellinghausen primers identified these as suitable for use in further experiments. Next, DGGE was
investigated to determine if different Legionella spp. could be easily distinguished following
molecular identification in a compost sample. Multiple bands were observed from positive control
and experimental samples. All were identified as Legionella spp following sequencing; however, this
method was most successful in control samples. Much more work would be needed before this
method could be used robustly. Finally, DNA extraction protocols were compared, and the best
performing protocol was chosen for use in future work. This involved adding Tween and TTSP to
samples, before processing in a stomacher blender. The filtrate was placed into a centrifuge tube
and centrifuged at 1000g for 5 mins. The supernatant was then placed into a clean centrifuge tube

and centrifuged for 10mins at 10000g, before the pellet was used in the MoBio kit

Following on from the method development in Chapter 4, the chosen methods were used in Chapter
5 to investigate the behaviour of Legionella spp. in compost under three different mock greenhouse
settings; spiked greenhouse (SGH), unspiked greenhouse (NSGH) and incubator (INC). Batches of
compost were both spiked and unspiked with Legionella spp. and Acanthamoeba spp. They were
examined to determine situations in which Legionella spp. may proliferate and, therefore, pose a
risk to public health. A limitation of this work was the lack of repeat sampling performed, and
overall, results were inconclusive due to the variable nature of the compost matrix. However, the
experiments showed that humidity is likely a critical factor in the maintenance and proliferation of
these organisms in compost. There was also evidence that Legionella spp. may behave differently in
peat-containing composts than peat-free composts in the greenhouse setting. The greenhouse setup
and DNA extraction process developed in this chapter are suitable for further studies which may
include further investigation of the role of compost components e.g. peat, and exploration into the
role of other species e.g. Acanthamoeba spp. in the survival and maintenance of Legionella spp. in
compost.
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In addition to investigating how Legionella spp. behave in a greenhouse setting, work was also
performed in Chapter 6 to determine if Legionella spp. are detectable during the manufacture of
compost products. Identifying Legionella spp. in compost is a sensitive issue, and there was difficulty
engaging with compost manufacturers in Scotland. As a result, only one green waste processing site
agreed to be tested on a single occasion. The site consisted of windrows which were turned weekly
for 12 weeks before being left to mature into the end product. Green waste feedstock, mature
product, and samples from the inner core and outer layer of a 6-week windrow were tested using
culture and PCR. Legionella spp. were not identified using culture but were identified using PCR at all
stages of the process; however, samples taken at the 6-week stage were lower in numbers than
samples taken at other stages. Due to a lack of engagement from compost manufacturers, it was
impossible to perform sufficient sampling in this experiment to draw firm conclusions. However, this
study highlighted that Legionella spp. are present in components used to manufacture green waste
composts, are likely inhibited at high temperatures inside the windrow and that numbers can
recover in mature composts. Given that these organisms were identified through PCR but not
culture indicates that they are only present in small numbers or in a VBNC state. This also suggests
that the higher temperatures required for the PAS 100 process do work to remove these organisms
to an extent but may not be sufficient for complete removal. Cross-contamination, for example,

from aerosols, workers or machinery may re-introduce Legionella spp. to composts at a later stage.

This thesis provides an overview of Legionella spp. in the compost environment. A large proportion
of the composts available to purchase in Scotland tested positive for Legionella spp, but this is not
proportional to the case numbers observed in Scotland. Several possibilities may explain this; for
example, it may be that the majority of species present are adapted to be non-pathogenic or cause
mild disease; that diagnostic ascertainment is poor; that the organisms are present in insufficient
guantities to cause infection; or a combination of these factors. Although it was impossible to draw
firm conclusions from a number of the experiments performed, the work outlined here provides
novel information that contributes to the knowledge of Legionella spp. behaviour in compost
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materials.The methods outlined in this thesis could be used for environmental testing in an outbreak
scenario or as a monitoring tool during the compost production process. If used routinely as part of
the composting manufacturing process, over time, this could further clarify the ecology of Legionella
spp in compost by identifying baseline levels, and changes in different processing scenarios such as
warm weather. Peat is being phased out as a component of compost in the UK, and climate change
is likely to have an impact on manufacturing and storage conditions. The methods could also be used
to provide information on the impact of changing components and climate on the presence of

Legionella spp in the compost environment over time.

When approaching this from a public health perspective, these organisms should still be considered
during diagnostic investigation in patients presenting with an appropriate history. An
epidemiological link between an environmental and clinical isolate of Legionella longbeachae has
not been confirmed using genomics. The methods outlined in this thesis may also be used for
further study to investigate potential for links between clinical infection and presence of these
organisms in the compost environment. Rather than limit the use of compost, it is perhaps sensible
to focus on how the proliferation of these organisms to infectious levels can be prevented. This may
include advice to take common-sense precautions when opening bags and manipulating compost
material. In Australia, these are general hygiene warning labels on compost bags to educate users of

potential risks, and it would be beneficial to consider a similar scheme in the UK.

7-2. Research impact and future work

Work from Chapter 3 was published in Clinical Microbiology and Infection (Currie et al., 2013) and
has had 25 citations (Scopus 31/07/2022). This work was picked up by a number of local, national

and international news outlets including the BBC (Legionella 'common' in compost brands,

Strathclyde University study finds - BBC News) and the Guardian newspaper (Does compost really

pose a threat to our health? | Compost | The Guardian). In addition, one of the isolates from work in

Chapter 3 was used by another group for further study in this field (Bacigalupe et al., 2017). Further
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work summarising issues around compost and Legionella longbeachae infection was published in
Perspectives in Public Health (Currie et al. 2015) and, to date, has had 20 citations (Scopus
31/07/2022). This paper highlighted that collaboration between growing media manufacturers and
researchers should be used to improve knowledge in this field. However, more research is needed
before definitive conclusions can be drawn. There are several ways in which the work outlined in this

thesis could be expanded upon in the future, including:

Further engagement with environmental bodies and industry to explore routes by which the PCR

method developed could be used as a monitoring tool during the compost production process.

Understanding the structure of the microbiome may provide additional insight into the behaviour of
Legionella spp. and its interaction with other species, including free-living amoebae in compost
under different conditions, for example, different components, moisture content and greenhouse

storage.

Full characterisation of free-living amoebae species present in compost and studies to explore their
interaction with different species of Legionella spp. at different temperatures and nutrient densities.

This could also be applied to the characterisation of fungi in composts.

Work using methods developed in Chapter 4 to build on the experiments performed in Chapter 5
should use multiple repeats to ensure statistical analysis is possible so that firmer conclusions can be

drawn.

Further engagement with industry to enable analysis of different composting sites at different times
and under different conditions to fully explore the role of climate and feedstocks on the survival of
these organisms during production and the use of optimised molecular methods to examine these
samples. This would also enable the comparison of different types of composting, such as in-vessel
and windrow. Long-term analysis could be used to monitor the impact of climate change and

changing component feedstocks over time.
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The work outlined in this thesis has added to the available knowledge of how Legionella spp. survive
and proliferate in the compost environment. However, further work in these areas should be

completed with the aim to minimise any risks posed to workers and members of the public exposed

to these organisms in this environment.

144



8. BIBLIOGRAPHY

Aaron (1974) personal communication in Bunt AC (1976) Modern Potting Soils: A Manual on the
Preparation and Use of Growing Media for Pot Plants. Pennsylvania State University Press.

Abd H, Weintraub A, Sandstrom G (2005) Intracellular survival and replication of Vibrio cholerae
0139 in aquatic free-living amoebae Environmental Microbiology 7(7) pp. 1003-1008

Adams SL (1999) Legionella: A new millennium bug. Clinical Laboratory Science 12(5), pp. 309-15
Advisory Committee on Dangerous Pathogens (2021) The approved list of biological agents
[cited 31/07/2022 https://www.hse.gov.uk/pubns/misc208.htm]

Ahmed W, Huygens F, Goonetilleke A, Gardner T (2008) Real-Time PCR Detection of Pathogenic
Microorganisms in Roof-Harvested Rainwater in Southeast Queensland, Australia Applied
Environmental Microbiology 74(17) pp. 5490-5496

Ahmed W, Vieritz A, Goonetilleke A, Gardner T (2010) Health Risk from the Use of Roof-
Harvested Rainwater in Southeast Queensland, Australia, as Potable or Nonpotable Water,
Determined Using Quantitative Microbial Risk Assessment Applied Environmental Microbiology
76(22) pp. 7382-7391

Aksozek A, McClellan K, Howard K, Niederkorn JY, Alizadeh H (2002) Resistance of
Acanthamoeba castellanii Cysts to Physical, Chemical, and Radiological Conditions Journal of
Parasitology 88(3) pp. 621-623

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local alignment search tool.
Journal of Molecular Biology 215 pp. 403-410

Amodeo MR, Murdoch DR, Pithie AD (2010) Legionnaires' disease caused by Legionella
longbeachae and Legionella pneumophila: comparison of clinical features, host-related risk
factors, and outcomes Clinical Microbiology and Infection 16(9) pp. 1405-1407

Anand CM, Skinner AR, Malic A, Kurtz JB (1983) Interaction of L. pneumophilia and a free living
amoeba (Acanthamoeba palestinensis). Journal of Hygiene 91 pp.167—-178

Arancibia F, Cortes CP, Valdes M, Cerda J, Hernandez A, Soto, Torres A (2014) Importance of
Legionella pneumophila in the Etiology of Severe Community-Acquired Pneumonia in Santiago,
Chile Chest 145(2) pp. 290-296

Atlas RM (1999) Legionella: from environmental habitats to disease pathology, detection and
control Environmental Microbiology 1(4) pp. 283—-293

Bacigalupe R, Lindsay D, Edwards G, Fitzgerald J (2017) Population genomics of Legionella
longbeachae linked to growing media samples reveals hidden complexities of source attribution.

Emerging Infectious Diseases 23(5) pp. 750-757

Barker J, Humphrey TJ, Brown MWR (1999) Survival of Escherichia coli 0157 in a soil protozoan:
implications for disease Fems Microbiology Letters 173(2) pp. 291-295

145



Barth TC, Renner ED, Gabrielson DA (1983) A Survey of Domestic Animals to Detect Serological
Responses against Legionella spp. by Indirect Fluorescent Antibody Canadian Journal of
Comparitive Medicine 47 pp.341-346

Bartram J, Chartier Y, Lee JV, Pond K, Surman-Lee S (eds.) (2007) Legionella and the prevention of
Legionellosis. World Health Organisation [Accessed 15/07/2022]
https://www.who.int/publications/i/item/9241562978

Beauté J, Robesyn E (2015) European Centre for Disease Prevention and Control. Legionnaires’
disease in Europe, 2013. [Accessed 13/07/2022] https://data.europa.eu/doi/10.2900/203078

Beauté J, Robesyn E (2017) European Centre for Disease Prevention and Control. Legionnaires’
disease in Europe, 2015. [Accessed 04/02/2022] https://www.ecdc.europa.eu/en/publications-
data/legionnaires-disease-europe-2015

Beauté J, Robesyn E, de Jong B, Coulombier D, Payne Hallstrom L, Takkinen J, Ursut D, Zucs P.
(2014) European Centre for Disease Prevention and Control. Legionnaires' disease in Europe
2012. [Accessed 20/06/2022] https://www.ecdc.europa.eu/en/publications-data/legionnaires-
disease-europe-2012

Ben Salah |, Drancourt M (2010) Surviving within the amoebal exocyst: the Mycobacterium
avium complex paradigm BMC Microbiology 10(99)

Benin AL, Benson RF, Arnold KE (2002) An outbreak of travel-associated legionnaires disease and
pontiac fever: The need for enhanced surveillance of travel-associated legionellosis in the United
States Journal of Infectious Diseases 185(2) pp. 237-243

Benitez AJ, Winchell JM (2016) Rapid detection and typing of pathogenic non-pneumophila
Legionella spp. isolates using a multiplex real-time PCR assay. Diagnostic Microbiology and
Infectious Disease 84(4) pp. 298-303

Berk SG, Thomas JS, Ting RS (2003) Protozoan phagosomes enhance survival of L. pneumophila
in a low humidity environment. Abstracts of the General Meeting of the American Society for
Microbiology 103 pp. Q195

Berk SG, Ting RS, Turner GW, Ashburn RJ (1998) Production of Respirable Vesicles Containing
Live Legionella pneumophila Cells by Two Acanthamoeba spp. Applied Environmental
Microbiology 64(1) pp. 279-286

Bhopal RS, Diggle P, Rowlingson B (1992) Pinpointing clusters of apparently sporadic cases of
Legionnaires’ disease British Medical Journal 304 pp. 1022-1027

Bigot R, Bertaux J, Frere J, Berjeaud JM (2013) Intra-Amoeba Multiplication Induces Chemotaxis
and Biofilm Colonization and Formation for Legionella PLOS ONE 8(10) pp. e77875

Bio-Rad Laboratories Inc. (2006) Real-Time PCR Applications Guide: Bulletin 5279 [cited
25/07/2022] https://www.bio-rad.com/webroot/web/pdf/Isr/literature/Bulletin_5279.pdf

Boldur I, Cohen A, Tamarin-Landau R, Sompolinsky D (1987) Isolation of Legionella pneumophila

from calves and the prevalence of antibodies in cattle, sheep, horses, antelopes, buffaloes and
rabbits. Veterinary Microbiology 13(4) pp.313—-320

146



Bonifait L, Marchand G, Veillette M, M'Bareche H, Dubuis ME, Pépin C, Cloutier Y, Bernard Y,
Duchaine C (2017) Workers' exposure to bioaerosols from three different types of composting
facilities. Journal of Occupational and Environmental Hygiene 14(10) pp. 815-822

Boratto P, Dornas F, Andrade K, Rodrigues R, Peixoto F, Silva L, la Scola B, Costa A, Almeida G,
Kroon E, Abrahdo J (2013) Amoebas as mimivirus bunkers: Increased resistance to UV light, heat
and chemical biocides when viruses are carried by amoeba hosts. Archives of Virology 159 pp.
1039-1043

Borella P, Montagna MT, Romano-Spica V, Stampi S, Stancanelli G, Triassi M, Neglia R, Marchesi
I, Fantuzzi G, Tato D, Napoli C, Quaranta G, Laurenti P, Leoni E, De Luca G, Ossi C, Moro M,
D'Alcala GR (2004) Legionella infection risk from domestic hot water Emerging Infectious
Diseases 10(3) pp. 457-464

Botzenhart K, Bartram J, Butler J, Havelaar AH, Lee J, Mariee T, Pastoris C, Plouffe J,
Tiefenbrunner F, Yu V (1998) Legionella in World Health Organisation Water, Sanitation and
Health [cited 16/08/2016] http://www.who.int/water_sanitation_health/dwg/admicrob4.pdf

Brassinga AKC, Kinchen JM, Cupp ME, Day SR, Hoffman PS, Sifri CD (2010) Caenorhabditis is a
metazoan host for Legionella Cellular Microbiology 12(3) pp. 343-361

Brieland J, McClain M, Heath L, Chrisp C, Huffnagle G, LeGendre M, Hurley M, Fantone J,
Engleberg C (1996) Coinoculation with Hartmannella vermiformis enhances replicative Legionella
pneumophila lung infection in a murine model of Legionnaires disease. Infection and Immunity
64(7) pp. 2449-2456

British Standards Institute (2018) BS/:PAS 100 Specification for composted materials. Pub. British
Standards Institute

British Thoracic Society (2009) Guidelines for the Management of Community Acquired
Pneumonia in Adults: A Quick Reference Guide. British Thoracic Society Reports 1 (3) pp. 4- 11

Bryant RJ, Woods LE, Coleman DC, Fairbanks BC, McClellan JF, Cole CV (1982) Interactions of
Bacterial and Amoebal Populations in Soil Microcosms with Fluctuating Moisture Content
Applied and Environmental Microbiology 43(4) pp. 747-752

Bunt AC (1976) Modern Potting Soils: A Manual on the Preparation and Use of Growing Media
for Pot Plants. Pennsylvania State University Press.

Cabello-Vilchez AM, Martin-Navarro CM, Lépez-Arencibia A, Reyes-Batlle M, Gonzalez AC,
Guerra H, Gotuzzo E, Valladares B, Pifiero JE, Lorenzo-Morales J (2014) Genotyping of potentially
pathogenic Acanthamoeba strains isolated from nasal swabs of healthy individuals in Peru Acta
Tropica 130 pp. 7-10

Calvo-Bado LA, Morgan JAW, Sergeant M, Pettitt TR, Whipps JM (2003) Suppression in

Horticultural Crops Filters Used for Fungal Plant Pathogen Populations Present within Slow Sand
Molecular Characterization of Legionella Applied and Environmental Microbiology 69(1) pp. 533

147



Cameron RL, Pollock KGJ, Lindsay DSJ, Anderson E (2016) Comparison of Legionella longbeachae
and Legionella pneumophila cases in Scotland; implications for diagnosis, treatment and public
health response. Journal of Medical Microbiology 65 pp. 142-146

Cameron S, Roder D, Walker C, Feldheim J (1991) Epidemiological characteristics of Legionella
infection in South Australia: implications for disease control. Australia and New Zealand Journal
of Meidicine 21 pp. 65-70

Carbon C, Nusrat R (2004) Efficacy of telithromycin in community-acquired pneumonia caused
by Legionella pneumophila European Journal of Clinical Microbiology and Infectious Diseases
23(8) pp. 650-652

Carlile WR (2008) The Use of Composted Materials in Growing Media. Acta horticulturae pp.
321-328

Casati S, Conza L, Bruin J, Gaia V (2010) Compost facilities as a reservoir of Legionella
pneumophila and other Legionella species. Clinical Microbiology and Infection 16 pp. 945-947

Casati S, Gioria-Martinoni A, Gaia V (2009) Commercial potting soils as an alternative infection
source of Legionella pneumophila and other Legionella species in Switzerland. Clinical
Microbiology and Infection 15 pp. 571-575.

Cazalet C, Gomez-Valero L, Rusniok C, Lomma M, Dervins-Ravault D, Newton HJ, Sansom FM,
Jarraud S, Zidane N, Ma L, Bouchier C, Etienne J, Hartland EL, Buchrieser C (2010) Analysis of the
Legionella longbeachae Genome and Transcriptome Uncovers Unique Strategies to Cause
Legionnaires Disease. PLoS Genetics 6(2) pp. €1000851

Centers for Disease Control and Prevention (2000) Legionnaires' Disease Associated With Potting
Soil --- California, Oregon, and Washington May-June 2000, Morbidity and Mortality Weekly
Report 2000/49(34) pp.777-778

Centers for Disease Control and Prevention (2013) Surveillance for Waterborne Disease
Outbreaks Associated with Drinking Water and Other Nonrecreational Water — United States
2009-2010 CDC Morbidity and Mortality Weekly Report 2013/62(35) pp.714-720

Centers for Disease Control and Prevention (2014) Recreational Water—Associated Disease
Outbreaks — United States 2009-2010 Morbidity and Mortality Weekly Report 2014/63(01)
pp.6-10

Chang CW, Chang WL, Chang ST, Cheng SS (2008) Antibacterial activities of plant essential oils
against Legionella pneumophila Water Research 42 (1-2) pp.278-286

Chang JH, Ossoff SF, Lobe DC, Dorfman MH, Dumais CM, Qualls RG, Johnson JD (1985)
Inactivation of Pathogenic and Indicator Microorganisms Applied and Environmental

Microbiology 49(6) pp. 1361-1365

Cho SN, Collins MT, Reif JS (1984) Serologic evidence of Legionella infection in horses American
Journal of Veterinary Research 45(12) pp.2600-2602

Clark IM, Hirsch PR (2008) Survival of bacterial DNA and culturable bacteria in archived soils from
the Rothamsted Broadbalk experiment. Soil Biology & Biochemistry 40(5) pp. 1090-1102

148



Cole JR, Wang Q, Fish JA, Chai B, McGarrell DM, Sun Y, Brown CT, Porras-Alfaro A, Kuske CR,
Tiedje JM (2014) Ribosomal Database Project: data and tools for high throughput rRNA analysis
Nucleic Acids Research 42 pp. D633-D642

Collins MT, Cho SN, Reif JS (1982) Prevalence of antibodies to Legionella pneumophila in animal
populations. Journal of Clinical Microbiology 15(1) pp. 130-136

Collins S, Jorgensen F, Willis C, Walker J (2015) Real-time PCR to supplement gold-standard
culture-based detection of Legionella in environmental samples. Journal of Applied Microbiology
119(4) pp. 1158-1169

Committee CS-037 Australia (2012) AS 4454:2012 The Australian Standard for composts, soil
conditioners and mulches. Council of standards Australia [accessed 06/03/2022]
https://www.soilwealth.com.au/imagesDB/news/AS4454-2012A1.pdf

Conza L, Casati Pagani S, Gaia V (2014) Influence of climate and geography on the occurrence of
Legionella and amoebae in composting facilities BMIC Research Notes 7 pp. 831

Conza L, Pagani SC, Gaia V (2013) Presence of Legionella and Free-Living Amoebae in Composts
and Bioaerosols from Composting Facilities PLOS ONE 8(7) e68244

Coulon C, Collignon A, McDonnell G, Thomas V (2010) Resistance of Acanthamoeba Cysts to
Disinfection Treatments Used in Health Care Settings Journal of Clinical Microbiology 48(8) pp.
2689-2697

Cramp GJ, Harte D, Douglas NM, Graham F, Schousboe M, Sykes K (2010) An outbreak of Pontiac
fever due to Legionella longbeachae serogroup 2 found in potting mix in a horticultural nursery
in New Zealand. Epidemiology and Infection 138 pp. 15-20

Croze A, Carlino A, Quélard B, Saha A, Convert T, Eberst JB, Demanéche S (2021) Intracellular
Behaviour of Legionella Non-pneumophila Strains within Three Amoeba Strains, Including

Willaertia magna C2c Maky. Pathogens 10(10) pp. 1350.

Currie SL, Beattie TK (2015) Compost and Legionella longbeachae: an emerging infection?
Perspectives in Public Health 135(6) pp. 309-315

Currie SL, Beattie TK, Knapp CW, Lindsay DSJ (2013) Legionella spp. in UK composts—a potential
public health issue? Clinical Microbiology and Infection 20 (4) pp. 0224-0229

de Jong B, Zucs P (2010) Legionella, springtime and potting soils. Eurosurveillance 15(8) pp.
19497

Declerck P (2010) Biofilms: the environmental playground of Legionella pneumophila
Environmental Microbiology 12(3) pp. 557-566

Delicata M, Banerjee A (2015) A rare presentation of Legionnaires’ disease BMJ Case Reports
Den Boer JW, Verhoef L, Bencini MA, Bruin JP, Jansen R, Yzerman PF (2007) Outbreak detection

and secondary prevention of Legionnaires’ disease: A national approach International Journal of
Hygiene and Environmental Health 210(1) 13 pp. 1-7

149



Den Boer JW, Yzerman EP, Schellekens J, Lettinga KD, Boshuizen HC, Van Steenbergen JE,
Bosman A, Van den Hof S, Van Vliet HA, Peeters MF, Van Ketel RJ, Speelman P, Kool JL, Conyn-
Van Spaendonck MA (2002) A large outbreak of Legionnaires' disease at a flower show, the
Netherlands, 1999. Emerging Infectious Diseases 8(1) pp. 37-43.

Denny D, Waller P (2015) CP100 Final Report: Tracking peat usage in growing media production.
Agriculture and Horticulture Development Board. [cited 07-08-2015]
http://horticulture.ahdb.org.uk/project/tracking-peat-usage-growing-media-production

Devos L, Boon N, Verstraete W (2005) Legionella pneumophila in the environment: the
occurrence of a fastidious bacterium in oligotrophic conditions. Reviews in Environmental
Science and Bio/Technology 4 pp. 61-74

Dobrowsky PH, De Kwaadsteniet M, Cloete TE, Khan W (2014) Distribution of Indigenous
Bacterial Pathogens and Potential Pathogens Associated with Roof-Harvested Rainwater Applied
and Environmental Microbiology 80(7) pp. 2307-2316

Doyle RM, Steele TW, McLennan AM, Parkinson IH, Manning PA, Heuzenroeder MW (1998)
Sequence analysis of the mip gene of the soilborne pathogen Legionella longbeachae Infection
and Immunity 66(4) pp. 1492-1499

Duchin JS, Koehler J, Kobayashi JM, Rakita RM, Hampson NB, Gilbert DN, Jackson JM, Stefonek
KR,

Kohn MA, Rosenberg J, Vugia D, Marchione-Mastroianni M, EIS officers (2000) Legionnaires'
Disease Associated With Potting Soil, California, Oregon, and Washington, May-June Centers for
Disease Prevention and Control 49(34) pp. 777-778

Dugar M, Rankin WA, Rowe E, Smith MD (2009) “My foot hurts”: a flare of rheumatoid arthritis?
Medical Journal of Australia 190 (7) pp.392-393

ECDC (2021) European Centre for Disease Prevention and Control. Legionnaires’ disease. Annual
epidemiological report for 2019. [Accessed 04/02/2022]
https://www.ecdc.europa.eu/en/publications-data/legionnaires-disease-annual-
epidemiological-report-2019

Edagawa A, Kimura A, Doi H, Tanaka H, Tomioka K, Sakabe K, Nakajima C, Suzuki Y (2008)
Detection of culturable and nonculturable Legionella species from hot water systems of public
buildings in Japan Journal of Applied Microbiology 105(6) pp. 2104-2114

Eitrem R, Forsgren A, Nilsson C (1987) Pneumonia and acute-pancreatitis most probably caused
by a Legionella longbeachae infection. Scandinavian Journal of Infectious Diseases 19(3) pp. 381-

382

Elsevier (2022) Scopus Preview author profile [accessed 31/07/2022
https://www.scopus.com/authid/detail.uri?authorld=56950197700]

Epstein E (1997) The Science of Composting, Chapter 2: Basic Concepts. Pub. Technomic
Publishing Company, Inc. pp. 21

150



Ernebjerg M, Kishony R (2012) Distinct Growth Strategies of Soil Bacteria as Revealed by Large-
Scale Colony Tracking. Applied and Environmental Microbiology 78(5) pp. 1345-1352

European legionnaires’ disease surveillance network (ELDSNet) (2018) Operating procedures for
the surveillance of travel-associated legionnaires’ disease in the EU/EEA 2017. European Centre
for Disease Prevention and Control [Accessed 17/07/2022]
https://data.europa.eu/doi/10.2900/485245

Euser SM, Boogmans B, Brandsema P, Wouters M, Den Boer JW (2014a) Legionnaires’ disease
after using an industrial pressure test pump: a case report Journal of Medical Case Reports 8
pp.31

Euser SM, de Jong S, Bruin JP, Klapwijk HP, Brandsema PS, Reijnen L, Den Boer JW (2014b)
Legionnaires' disease associated with a car wash installation Lancet 382 (9910) pp. 2114

Ewann F, Hoffman PS (2006) Cysteine Metabolism in Legionella pneumophila: Characterization
of an L-Cystine-Utilizing Mutant Applied and Environmental Microbiology 72(6) pp. 3993-4000

Fabbi M, Pastoris MC, Scanziani E, Magnino S, Di Matteo L (1998) Epidemiological and
Environmental Investigations of Legionella pneumophila Infection in Cattle and Case Report of
Fatal Pneumonia in a Calf Journal of Clinical Microbiology 36(7) pp.1942-1947

Farhat M, Trouilhé MC, Briand E, Moletta-Denat M, Robine E, Frére J (2010) Development of a
pilot-scale 1 for Legionella elimination in biofilm in hot water network: heat shock treatment
evaluation Journal of Applied Microbiology 108(3) pp. 1073—1082

Ferris MJ, Muyzer G, Ward DM (1996) Denaturing gradient gel electrophoresis profiles of 165
rRNA-defined populations inhabiting a hot spring microbial mat community. Applied and
Environmental Microbiology 62(2) pp. 340-346

Fields BS, Barbaree JM, Sanden GN, Morrill WE (1990) Virulence of a Legionella anisa strain
associated with Pontiac fever: an evaluation using protozoan,cell culture, and guinea pig models.
Infection and Immunity 58 pp. 3139-42

Fields BS, Benson RF, Besser RE (2002) Legionella and Legionnaires Disease: 25 Years of
Investigation. Clinical Microbiology Reviews 15(3), pp. 506-526

Fields BS, Sanden GN, Barbaree JM, Morrill WE, Wadowsky RM, White EH, Feeley JC (1989)
Intracellular multiplication of Legionella pneumophila in amoebae isolated from hospital hot
water tanks. Current Microbiology 18 pp. 131-137

Fields BS, Shotts EB, Feeley JC, Gorman GW Martin WT (1984) Proliferation of Legionella
pneumophila as an Intracellular Parasite of the Ciliated Protozoan Tetrahymena pyriformis

Applied and Environmental Microbiology 47(3) pp. 467-471

Fierer N, Schimel JP, Holden PA (2003) Influence of Drying—Rewetting Frequency on Soil Bacterial
Community Structure Microbial Ecology 45 pp. 63-71

Fisman DN, Lim S, Wellenius GA, Johnson C, Britz P, Gaskins M, Maher J, Mittleman MA, Spain
CV, Haas CN, Newbern C (2005) It's not the heat, it's the humidity: wet weather increases

151



legionellosis risk in the greater Philadelphia metropolitan area. Journal of Infectious Diseases
192(12) pp. 2066-2073

Flesher AR, Kasper DL, Modern PA, Mason Jr EO (1980) Legionella pneumophila: Growth
Inhibition by Human Pharyngeal Flora The Journal of Infectious Diseases 142(3) pp. 313-317

Franchini S, Marinosci A, Ferrante L, Sabbadini MG, Tresoldi M, Dagna L (2015) Pancreatic
involvement in Legionella pneumonia. Infection 43 (3) pp. 367-370

Fraser DW, Tsai TR, Orenstein W, Parkin WE, Beecham HJ, Sharrar RG, Harris J, Mallison GF,
Martin SM, McDade JE, Shepard CC, Brachman PS (1977) Legionnaires Disease - Description Of
An Epidemic Of Pneumonia. New England Journal Of Medicine 297 (22) pp. 1189-1197

Frostegard A, Courtois S, Ramisse V, Clerc S, Bernillon D, Le Gall F, Jeannin P, Nesme X, Simonet P
(1999) Quantification of Bias Related to the Extraction of DNA Directly from Soils Applied and
Environmental Microbiology 65(12) pp. 5409-5420

Fukunaga H, Akagi K, Yabuuchi E (1990) Asymptomatic infection of Legionella pneumophila in
four cases with pulmonary diseases. Nihon saikingaku zasshi (Japanese journal of bacteriology)
45(5) pp. 833-40 [ABSTRACT]

Flleky G, Benedek S (2010) Chapter 12: Composting to Recycle Biowaste. Sustainable Agriculture
Reviews 3 pp. 319-346, Sociology, Organic Farming Climate Change and Soil Science. Editor: Eric
Lichtfouse

Gaia V, Fry NK, Afshar B, Liick PC, Meugnier H, Etienne J, Peduzzi R, Harrison TG (2005)
Consensus sequence-based scheme for epidemiological typing of clinical and environmental
isolates of Legionella pneumophila. Journal of Clinical Microbiology 43(5) pp. 2047-52.

Garcia C, Ugalde E, Campo AB, Mifiambres E, Kovacs N (2004) Fatal Case of Community-Acquired
Pneumonia Caused by Legionella longbeachae in a Patient with Systemic Lupus Erythematosus
European Journal of Clinical Microbiology and Infectious Diseases 23 (2) pp. 116-118

Garcia-Fulgueiras A, Navarro C, Fenoll D, Garcia J, Gonzalez-Diego P, Jiménez-Bunuales T,
Rodriguez M, Lopez R, Pacheco F, Ruiz J, Segovia M, Balandrén B, Pelaz C (2003) Legionnaires'
disease outbreak in Murcia, Spain. Emerging Infectious Diseases 9(8) pp. 915-21

Garcia-Vidal C, Labori M, Viasus D, Simonetti A, Garcia-Somoza D, Dorca J, Gudiol F, CarratalaJ
(2013) Rainfall Is a Risk Factor for Sporadic Cases of Legionella pneumophila Pneumonia. PLoS
ONE 8(4) e61036

Glick TH, Gregg MB, Berman B, Mallison G, Rhodes Jr WW, Kassanoff | (1978) Pontiac Fever: An
epidemic of unknown etiology in a health department: I. Clinical and epidemiologic aspects.
American Journal of Epidemiology 107(2) pp. 149-160.

Goldberg DJ, Wrench JG, Collier PW, Emslie JA, Fallon RJ, Forbes GlI, McKay TM, Macpherson AC,

Markwick TA, Reid D (1989) Lochgoilhead fever: outbreak of non-pneumonic legionellosis due to
Legionella micdadei. Lancet 1 pp. 316-8.

152



Gomes TS, Gjiknuri J, Magnet A, Vaccaro L, Ollero D, lzquierdo F, Fenoy S, Hurtado C, del Aguila C
(2018) The influence of Acanthamoeba—Legionella interaction in the virulence of two different
Legionella species. Frontiers in Microbiology 9 pp. 2962

Graham F, White PS, Harte DJG, Kingham SP (2012) Changing epidemiological trends of
legionellosis in New Zealand, 1979-2009. Epidemiology and Infection 140 pp. 1481-1496

Greig JE, Carnie JA, Tallis GF, Zwolak B, Hart WG, Guest CS, Ryan NJ, Leydon JA, Tan AG, Gordon
IR (2004) An outbreak of Legionnaires’ disease at the Melbourne Aquarium, April 2000:
investigation and case—control studies Medical Journal of Australia 180 (11) pp.566-572.

Greub G, La Scola B, Raoult D (2004) Amoebae-resisting Bacteria Isolated from Human Nasal
Swabs by Amoebal Coculture. Emerging Infectious Diseases 10(3) pp. 470-477

Greub G, Raoult D (2003) Morphology of Legionella pneumophila according to their location
within Hartmanella vermiformis Research in Microbiology 154 pp. 619-621

Greuter D, Loy A, Horn M, Rattei T (2016) ProbeBase—an online resource for rRNA-targeted
oligonucleotide probes and primers: new features 2016. Nucleic Acids Research 44 pp. D586—
D589

Grimstead D, Tucker D, Harris K, Turner D (2015) Cutaneous Legionella longbeachae Infection in
Immunosuppressed Woman, United Kingdom. Emerging Infectious Diseases 21(8) pp. 1426-1428

Hagele S, Kohler R, Merkert H, Schleicher M, Hacker J, Steinert M (2000) Dictyostelium
discoideum: a new host model system for intracellular pathogens of the genus Legionella
Cellular Microbiology 2(2) pp. 165-171

Hamedani P, Ali J, Hafeez S, Bachand R, Dawood G, Quereshi S, Raza R, Yab Z (1991) The safety
and efficacy of clarithromycin in patients with Legionella pneumonia. Chest 100(6) pp. 1503-
1506

Hansen RC, Mancl KM, Keener HM, Hoitink HAJ (1995) The Composting Process. Ohio State
University Bulletin 792. [cited 20/01/2015] http://ohioline.osu.edu/b792/b792_5.html

Haranaga S, Tateyama M, Higa F, Miyagi K, Akamine M, Azuma M, Yara S, Koide M, Fujita J
(2007) Intravenous ciprofloxacin versus erythromycin in the treatment of Legionella pneumonia.
Internal Medicine 46(7) pp.353-7

Hayden RT, Uhl JR, Qian X, Hopkins MK, Aubry MC, Limper AH, Lloyd RV, Cockerill FR (2001)
Direct detection of Legionella species from bronchoalveolar lavage and open lung biopsy
specimens:

Comparison of LightCycler PCR, in situ hybridization, direct fluorescence antigen detection, and
culture Journal of Clinical Microbiology 39(7) pp. 2618-2626

Health and Safety Executive (2003) Control of legionella bacteria in water systems 1st Edition
[Accessed 06/11/14] http://www.hse.gov.uk/pubns/books/ck02.htm

Health and Safety Executive (2013) Legionnaires’ disease: The control of legionella bacteria in

water systems. Approved Code of Practice and guidance on regulations, 4th Edition [Accessed
06/11/14] http://www.hse.gov.uk/pubns/books/18.htm

153



Herwaldt LA, Gorman GW, McGrath T, Toma S, Brake B, Hightower A, Jones J, Reingold A, Boxer
P, Tang P (1984) A new Legionella species, Legionella feeleii species nova, causes Pontiac fever in
an automobile plant. Annals of Internal Medicine 100 pp. 333-8.

Hicks LA, Rose Jr CE, Fields BS, Drees ML, Engel JP, Jenkins PR, Rouse BS, Blythe D, Khalifah AP,
Feikin DR, Whitney CG (2007) Increased rainfall is associated with increased risk for legionellosis.
Epidemiology and Infection 135 pp. 811-817

Hilbi H, Hoffmann C, Harrison CF (2011) Legionella spp. outdoors: colonization, communication
and persistence Environmental Microbiology Reports 3(3) pp. 286—296

Hilbi H, Jarraud S, Hartland E, Burchreiser C (2010). Update on Legionnaires disease:
pathogenesis, epidemiology, detection and control. Molecular Microbiology 76(1), pp. 1-11

HM Government, UK. White Paper. The natural choice: securing the value of nature. 2011
[Accessed 08/02/2013] http://www.officialdocuments.gov.uk/document/cm80/8082/8082.pdf

Hoitnick H and Grebus M (1997) Composts and the Control of Plant Diseases. Humic Substances
in Soils, Peats and Waters: Health and Environmental Aspects. Editor: Haye and Wilson. Pub. The
Royal Society of Chemistry pp. 359-366

Hooper DC (1999) Mode of action of fluoroquinolones. Drugs 1999(58) Suppl 2 pp.6-10
Hottel WJ (2019) Whole genome sequencing analysis of Legionella in hospital premise plumbing

systems. PhD Dissertation. University of lowa. [Accessed 04/11/2022]
https://doi.org/10.17077/etd.1cgj-8gol

Hsu BM, Chen CH, Wan MT (2006) Legionella prevalence in hot spring recreation areas of Taiwan
Water Research 40(17) pp. 3267-3273

Huang WC, Tsai HC, Tao CW, Chen JS, Shih YJ, Kao PM, Huang TY, Hsu BM (2017) Approach to
determine the diversity of Legionella species by nested PCR-DGGE in aquatic environments. PLoS
ONE 12(2) e0170992.

Hubalek Z (2003) Emerging Human Infectious Diseases: Anthroponoses, Zoonoses, and
Sapronoses Emerging Infectious Diseases 9(3) pp. 403—-404

Hughes MS, Steele TW (1994) Occurrence and distribution of Legionella species in composted
plant materials. Applied Environmental Microbiology 60 pp. 2003—2005

Huss A, Derks LAN, Heederik DJJ, Wouters IM (2020) Green waste compost as potential
reservoirs of Legionella in the Netherlands. Clinical Microbiology and Infection 26(9) pp. 1259.e1-
1259.e3

Isenman H, Anderson T, Chambers ST, Podmore RG, Murdoch DR (2018) Antimicrobial
susceptibilities of clinical L. longbeachae isolates. Journal of Antimicrobial Chemotherapy 73(4)

pp. 1102-1104

Ishida K, Sekizuka T, Hayashida K, Matsuo J, Takeuchi F, Kuroda M, Nakamura S, Yamazaki T,
Yoshida M, Takahashi K, Nagai H, Sugimoto C, Yamaguchi H (2014) Amoebal Endosymbiont

154


https://doi.org/10.17077/etd.1cgj-8gol

Neochlamydia Genome Sequence llluminates the Bacterial Role in the Defense of the Host
Amoebae against Legionella pneumophila PLOS ONE 9(4) pp. €95166

JE Stout, Yu VL (1997) Legionellosis New England Journal of Medicine 337 pp. 682-687

Jernigan DB, Hofmann J, Cetron MS, Genese CA, Nuorti JP, Fields BS, Benson RF, Carter RJ,
Edelstein PH, Guerrero IC, Paul SM, Lipman HB, Breiman RF (1996) Outbreak of Legionnaires'
disease among cruise ship passengers exposed to a contaminated whirlpool spa Lancet
347(9000) pp. 494-499

Joly P, Falconnet P-A, André J, Weill N, Reyrolle M, Vandenesch F, Maurin M, Etienne J, Jarraud S
(2006) Quantitative Real-Time Legionella PCR for Environmental Water Samples: Data
Interpretation. Applied and Environmental Microbiology 72 (4) pp. 2801-2808

Jonas D, Rosenbaum A, Weyrich S, Bhakdi S (1995) Enzyme-Linked Immunoassay for Detection of
PCR-Amplified DNA of Legionellae in Bronchoalveolar Fluid Journal Of Clinical Microbiology 33(5)
pp. 1247-1252

Karagiannis |, Brandsema P, van der Sande M (2009) Warm, wet weather associated with
increased Legionnaires' disease incidence in The Netherlands. Epidemiology and Infection 137(2)
pp.181-187

Katz SM, Hammel JM (1987) The effect of drying, heat, and pH on the survival of Legionella
pneumophila Annals of Clinical and Laboratory Science 17(3) pp. 150-156

Kaufmann AF, McDade JE, Patton CM, Bennett JV, Skaliy P, Feeley JC, Anderson DC, Potter ME,
Newhouse VF, Gregg MB, Brachman PS. (1981) Pontiac fever: isolation of the etiologic agent
(Legionella pneumophila) and demonstration of its mode of transmission. American Journal of
Epidemiology 114(3) pp. 337-47

Kenagy E, Priest PC, Cameron CM, Smith D, Scott P, Cho V, Mitchell P, Murdoch DR (2017) Risk
Factors for Legionella longbeachae Legionnaires' Disease, New Zealand. Emerging Infectious
Diseases 23(7) pp. 1148-1154

Kikuhara H, Ogawa M, Miyamoto H, Nikaido Y, Yoshida S (1994) Intracellular multiplication of
Legionella pneumophila in Tetrahymena thermophila. Journal of Occupational and
Environmental Hygiene 16 pp.263—-275

Kilvington S, Price J (1990) Survival of Legionella pneumophila within cysts of Acanthamoeba
polyphaga following chlorine exposure Journal of Applied Bacteriology 68 pp. 519-525

Kim J, Jiang X (2010) The growth potential of E. coli 0157:H7, Salmonella spp and Listeria
monocytogenes in dairy manure-based compost in a greenhouse setting under different
seasons. Journal of Applied Microbiology 109 pp. 2095-2104

Kimura S, Tateda K, Ishii Y, Horikawa M, Miyairi S, Gotoh N, Ishiguro M, Yamaguchi K (2009)
Pseudomonas aeruginosa Las quorum sensing autoinducer suppresses growth and biofilm
production in Legionella species. Microbiology 155(6) pp. 1934-1939

Kohler RB, Winn Jr WC, Wheat LJ (1984) Onset and Duration of Urinary Antigen Excretion in
Legionnaires Disease Journal of Clinical Microbiology 20(4) pp. 605-607

155



Koide M, Arakaki N, Saito A (2001) Distribution of Legionella longbeachae and other legionellae
in Japanese potting soils. Journal of Infection and Chemotherapy 7 pp.224-227

Konig L, Wentrup C, Schulz F, Wascher F, Escola S, Swanson MS, Buchrieser C, Horn M (2019)
Symbiont-Mediated Defense against Legionella pneumophila in Amoebae mBio 10(3) e00333-19

Lau R, Magsood S, Harte D, Caughley B, Deacon R (2013) Prevalence of Legionella strains in
cooling towers and legionellosis cases in New Zealand. Journal of Environmental Health 75 pp.
82-89

LeChevallier MW, Cawthon CD, Lee RG (1988) Inactivation of Biofilm Bacteria Applied and
Environmental Microbiology 54(10) pp. 2492-2499

Leggieri N, Gouriet F, Thuny F, Habib G, Raoult D, Casalta JP (2012) Legionella longbeachae and
Endocarditis. Emerging Infectious Diseases 18 (1) pp. 95-97

Li JS, O’Brien ED, Guest C (2002) A review of national legionellosis surveillance in Australia, 1991
to 2000. Communicable Diseases Intelligence Quarterly Report 26 pp. 461-468.

Lim I, Sangster N, Reid DP, Lanser JA (1989) Legionella longbeachae pneumonia - Report of 2
cases. Medical Journal of Australia 150(10) pp. 599-601

Lindsay DSJ, Brown AW, Brown DJ, Pravinkumar SJ, Anderson E, Edwards GFS (2012) Legionella
longbeachae serogroup 1 infections linked to potting compost. Journal of Medical Microbiology
61 pp. 218-222

Loridant S, Lagier J-C, La Scola B (2001) Identification of Legionella feeleii Cellulitis Emerging
Infectious Diseases 17(1) pp. 145-146

Lowry PW, Blankenship RJ, Gridley W, Troup NJ, Tompkins LS (1991) A cluster of sternal wound
infections due to postoperative topical exposure to contaminated tap water. New England
Journal of Medicine 324 (2) pp. 109-113

Lowry PW, Tompkins LS (1993) Nosocomial Legionellosis — A review of pulmonary and
extrapulmonary syndromes. American Journal of Infection Control 21 (1) pp. 21-27

Luck C (2010) Legionella - a case for culture. Indian Journal of Medical Research 131 pp.736-738
Mampel J, Spirig T, Weber SS, Haagensen JAJ, Molin S, Hilbi H (2006) Planktonic replication is
essential for biofilm formation by Legionella pneumophila in a complex medium under static and
dynamic flow conditions Applied and Environmental Microbiology 72(4) pp. 2885-2895
Marchand G, Lord J, Pépin C, Lacombe N (2018) Combining Environmental Investigation and a
Dual-Analytical Strategy to Isolate the Legionella longbeachae Strain Linked to Two Occupational

Cases of Legionellosis. Annals of Work Exposures and Health 62(3) pp. 321-327

McCabe S, Brown A, Edwards GFS, Lindsay D (2011) Enhanced isolation of Legionella species
from composted material. Clinical Microbiology and Infection 17 pp.1517—-1520

156



McDade JE (2002) Legionnaires’ disease 25 years later: Lessons learned. Legionella Eds: Marre R,
Abu Kwaik Y, Bartlett C, Cianciotto NP, Fields BS, Frosch M, Hacker J, Luck C. ASM Press,
Washington DC pp. 1-12

McDade JE, Shepard CC, Fraser DW, Tsai TR, Redus MA, Dowdle WR, and the Laboratory
Investigation Team (1977) Legionnaires' disease. Isolation of a bacterium and demonstration of
its role in other respiratory disease New England Journal Of Medicine 297 pp. 1197-1203.

McKinney RM, Porschen RK, Edelstein PH, Bissett ML, Harris PP, Bondell SP, Steigerwalt AG,
Weaver RE, Ein ME, Lindquist DS, Kops RS, Brenner DJ (1981) Legionella-Longbeachae Species
Nova, Another Etiologic Agent of Human Pneumonia Annals of Internal Medicine 94(6) pp. 739-
743

McNally C, Hackman B, Fields BS, Plouffe JF (2000) Potential importance of Legionella Species as
etiologies in community acquired pneumonia (CAP) Diagnostic Microbiology and Infectious
Disease 38(2) pp. 79-82

Mégarbane B, Montambault S, Chary |, Guibert M, Axler O, Brivet FG (2000) Acute pancreatitis
caused by severe Legionella pneumophila infection. Infection 28 (5) pp. 329-331

Miller DN, Bryant JE, Madsen EL, Ghiorse WC (1999) Evaluation and Optimization of DNA
Extraction and Purification Procedures for Soil and Sediment Samples Applied and Environmental
Microbiology 65(11) pp. 4715-4724

Miller LA, Beebe JL, Butler JC, Martin W, Benson R, Hoffman R, Fields B (1993) Use of polymerase
chain reaction in an epidemic investigation of Pontiac fever. Journal of Infectious Diseases 168
(3) pp.769-772.

Miyamoto H, Taniguchi H, Yoshida S (2003) A simple qualitative assay for intracellular growth of
Legionella pneumophila within Acanthamoeba culbertsoni. Kansenshogaku Zasshi. The Journal
of the Japanese Association for Infectious Diseases 77 pp. 343—-345

Molmeret M, Horn M, Wagner M, Santic M, Abu Kwaik Y (2005) Amoebae as Training Grounds
for Intracellular Bacterial Pathogens Applied and Environmental Microbiology 71(1) pp. 20-28

Morimatsu K, Eguchi K, Hamanaka D, Tanaka F, Uchino T (2012) Effects of temperature and
nutrient conditions on biofilm formation of Pseudomonas putida Food Science and Technology
Research 18(6) pp. 879-883

Murdoch DR, Podmore RG, Anderson TP, Barratt K, Maze MJ, French KE, Young SA, Chambers ST,
Werno AM (2013) Impact of routine systematic polymerase chain reaction testing on case
finding for Legionnaires' disease: a pre-post comparison study. Clinical Infectious Diseases 57(9)
pp.1275-1281

Murga R, Forster TS, Brown E, Pruckler JM, Fields BS, Donlan RM (2001) Role of biofilms in the
survival of Legionella pneumophila in a model potable-water system Microbiology-SGM 147(11)
pp. 3121-3126

Muyzer G, De Waal EC, Uitierlinden AG (1993) Profiling of Complex Microbial Populations by

Denaturing Gradient Gel Electrophoresis Analysis of Polymerase Chain Reaction-Amplified Genes
Coding for 16S rRNA. Applied and Environmental Microbiology 59(3) pp. 695-700

157



Myers RM, Maniatis T, Lerman LS (1987) Detection and localization of single base changes by
denaturing gradient gel electrophoresis. Methods in Enzymology 155 pp. 501-527

Naik TK, Stein S, Kamangar N (2008) Spontaneously Resolving Cerebral Edema in a case of
Legionnaire's Disease. Chest. 134 (4), Meeting Abstracts

Nasir ZA, Rolph C, Collins S, Stevenson D, Gladding TL, Hayes E, Williams B, Khera S, Jackson S,
Bennett A, Parks S, Kinnersley RP, Walsh K, Pollard SJT, Drew G, Alcega SG, Coulon F, Tyrrel S
(2018) A Controlled Study on the Characterisation of Bioaerosols Emissions from Compost.
Atmosphere 9 pp. 379

National Institute for Clinical Excellence (NICE) (2019) Pneumonia in adults: diagnosis and
management. NICE Clinical Guideline CG191 [Accessed 14/10/2019]
https://www.nice.org.uk/guidance/cg191/chapter/1-Recommendations

National Institute for Clinical Excellence (NICE) (2022) Respiratory system infection, antibacterial
therapy treatment summary. British National Formulary (BNF) [Accessed 23/09/2019]
https://bnf.nice.org.uk/treatment-summary/respiratory-system-infections-antibacterial-
therapy.html

Neher DA, Weicht TR, Bates ST, Leff JW, Fierer N (2013) Changes in Bacterial and Fungal
Communities across Compost Recipes, Preparation Methods, and Composting Times. PLoS ONE
8(11) e79512

Neumeister B, Schoniger S, Faigle M, Eichner M, Dietz K (1997) Multiplication of different
Legionella species in mono Mac 6 cells and in Acanthamoeba castellanii Applied and
Environmental Microbiology 63(4) pp. 1219-1224

Newsome AL, Baker RL, Miller RD, Arnold RR (1985) Interactions between Naegleria fowleri and
Legionella pneumophila. Infection and Immunity 50 pp.449-452

Nicolay N, Boland M, Ward M, Hickey L, Collins C, Lynch M, McCarthy M, O'Donnell J (2010)
Investigation of Pontiac-like illness in office workers during an outbreak of Legionnaires disease
2008. Epidemiology and Infection 138 pp. 1667-1673

O'Connor BA, Carman J, Eckert K, Tucker G, Givney R, Cameron S (2007). Does using potting mix
make you sick? Results from a Legionella longbeachae case-control study in South Australia.
Epidemiology and Infection 135 pp. 34-39

Ohno A, Kato N, Sakamoto R, Kimura S and Yamaguchi K (2008) Temperature-dependent
parasitic relationship between Legionella pneumophila and a free-living amoeba
(Acanthamoeba castellanii) Applied and Environmental Microbiology 74(14) pp. 4585-4588

Okazaki M, Umeda B, Koide M, Saito A (1998) Legionella longbeachae pneumonia in a gardener
Kansenshogaku zasshi. The Journal of the Japanese Association for Infectious Diseases 72(10)
pp.1076-1079

Olofsson J, Axelsson-Olsson D, Brudin L, Olsen B, Ellstrom P (2013) Campylobacter jejuni Actively

Invades the Amoeba Acanthamoeba polyphaga and Survives within Non Digestive Vacuoles PLOS
ONE 8(11) pp. e78873

158



Padrnos LJ, Blair JE, Kusne S, DiCaudo DJ, Mikhael JR (2014) Cutaneous legionellosis: case report
and review of the medical literature Transplant Infectious Disease 16(2) pp. 307-314

Patel JR, Yossa |, Macarisin D, Millner P (2015) Physical Covering for Control of Escherichia coli
0157:H7 and Salmonella spp. in Static and Windrow Composting Processes. Applied and
Environmental Microbiology 81(6) pp. 2063-2074

Patten SM, Sur E, Sundaram R, Weinhardt B (2010) Dangers in the garden. Lancet 376 pp. 844

Patterson WJ, Hay J, Seal DV, McLuckie JC (1997) Colonization of transplant unit water supplies
with Legionella and protozoa: precautions required to reduce the risk of legionellosis Journal of
Hospital Infection 37(1) pp. 7-17

Phakkey A, Lindqvist KJ, Omland T, Berdal BP (1990) Legionella antibodies in human and animal
populations in Kenya APMIS 98(1) pp.43-9

Phares CR, Wangroongsarb P, Chantra S, Paveenkitiporn W, Tondella M-L, Benson RF, Thacker
WL, Fields BS, Moore MR, Fischer J, Dowell SF, Olsen SJ (2007) Epidemiology of severe
pneumonia caused by Legionella longbeachae, Mycoplasma pneumoniae, and Chlamydia
pneumoniae: 1-year, population-based surveillance for severe pneumonia in Thailand. Clinical
Infectious Diseases 45 pp. e147—e155.

Picard-Masson M, Lajoie E, Lord J, Lalancette C, Marchand G, Levac E, Lemieux M-A, Hudson P,
Lajoie L (2016) Two Related Occupational Cases of Legionella longbeachae Infection, Quebec,
Canada. Emerging Infectious Diseases 22(7) pp. 1289-1291

Pietronave S, Fracchia L, Rinaldi M, Martinotti MG (2004) Influence of biotic and abiotic factors
on human pathogens in a finished compost. Water Research 38 pp. 1963-1970

Plouffe JF, Breiman RF, Fields BS, Herbert M, Inverso J, Knirsch C, Kolokathis A, Marrie TJ, Nicolle
L, Schwartz DB (2003) Azithromycin in the treatment of Legionella pneumonia requiring
hospitalization. Clinical Infectious Diseases 37(11) pp.1475-80

Portal E, Descours G, Ginevra C, Mentasti M, Afshar B, Chand M, Day J, Echahidi F, Franzin L, Gaia
vV,

Lick C, Meghraoui A, Moran-Gilad J, Ricci ML, Lina G, Uldum S, Winchell J, Howe R, Bernard K,
Spiller OB, Chalker VJ, Jarraud S (2021) Legionella antibiotic susceptibility testing: is it time for
international standardization and evidence-based guidance? Journal of Antimicrobial
Chemotherapy 76(5) pp.1113-1116

Potts A, Donaghy M, Marley M, Othieno R, Stevenson J, Hyland J, Pollock KG, Lindsay D, Edwards
G,

Hanson MF, Helgason KO (2013) Cluster of Legionnaires disease cases caused by Legionella
longbeachae serogroup 1, Scotland, August to September 2013 Eurosurveillance 18(50)

Pravinkumar SJ, Edwards G, Lindsay D, Redmond S, Stirling J, House R, Kerr J, Anderson E, Breen
D, Blatchford O, McDonald E, Brown A (2010) A cluster of Legionnaires disease caused by
Legionella longbeachae linked to potting compost in Scotland, 2008-2009. Eurosurveillance 15
pp.19496

159



Public Health England (2015). Identification of Legionella species. UK Standards for Microbiology
Investigations. ID 18 Issue 3

Ratcliff RM, Lanser JA, Manning PA, Heuzenroeder MW (1998) Sequence based classification
scheme for the genus Legionella targeting the mip gene Journal of Clinical Microbiology 36
pp.1560-1567

Rizzardi K, Winiecka-Krusnell J, Ramliden M, Alm E, Andersson S, Byfors S (2015) Legionella
norrlandica sp. nov., isolated from the biopurification system of a wood processing plant in
northern Sweden. International Journal of Systematic and Evolutionary Microbiology 65(2)
pp.598-603

Rohr U, Weber S, Michel R, Selenka F, Wilhelm M (1998) Comparison of free-living amoebae in
hot water systems of hospitals with isolates from moisty sanitary areas by identifying genera and
determining temperature tolerance. Applied and Environmental Microbiology 64 pp. 1822-1824

Roig J, Rei J (2003) Legionnaires disease: a rational approach to therapy. Journal of Antimicrobial
Chemotherapy 51 pp. 1119-1129

Rowbotham TJ (1980a) Pontiac fever explained? Lancet 8201 (316) pp.969

Rowbotham TJ (1980b) Preliminary report on the pathogenicity of Legionella pneumophila for
freshwater and soil amoebae Journal of Clinical Pathology 33 pp. 1179-1183

Rowbotham TJ (1986) Current views on the relationships between amoebae, legionellae and
man. Israel Journal of Medical Sciences 22 pp.678—-689

Rowbotham, T. (1998) Isolation of Legionella pneumophila Serogroup 1 from Human Feces with
Use of Amebic Cocultures. Clinical Infectious Diseases 26 pp. 502—3

Rudbeck M, Viskum S, Mglbak K, Uldum SA (2009) Legionella Antibodies in a Danish Hospital
Staff with Known Occupational Exposure Journal of Environmental and Public Health 812829 pp.
1-6

Sakamoto R, Ohno A, Nakahara T, Satomura K, lwanaga S, Kouyama Y (2009b) Legionella
pneumophila in rainwater on roads Emerging Infectious Diseases 15(8) pp. 1295-1297

Sakamoto R, Ohno A, Nakahara T, Satomura K, Iwanaga S, Kouyama Y, Kura F, Noami M, Kusaka
K, Funato T, Takeda M, Matsubayashi K, Okumiya K, Kato N, Yamaguchi K (2009a) Is driving a car
a risk for Legionnaires disease? Epidemiology and Infection 137 pp. 1615-1622

Salemac MP, Parker A, Kidby DK, Chatel DL, Armitage TM (1982) Rupture of nodule bacteria on
drying and rehydration Soil Biology and Biochemistry 14 pp. 15-22

Sanden GN, Morrill WE, Fields BS, Breiman RF, Barbaree JM (1992) Incubation of water samples
containing amoebas improves detection of legionellae by the culture method Applied and
Environmental Microbiology 58 pp. 2001-2004

Schalk JAC, Euser SM, van Heijnsbergen E, Bruin JP, den Boer JW, de Roda Husman AM (2014)

Soil as a source of Legionella pneumophila sequence type 47 International Journal of Infectious
Diseases 27 e18—e19

160



Schaumann R, Pénisch W, Helbig JH, Hegenbart U, Ackermann G, Hofmann J, Niederwieser D,
Rodloff AC (2001) Pericarditis after Allogeneic Peripheral Blood Stem Cell Transplantation
Caused by Legionella pneumophila (Non-serogroup 1). Infection 29 (1) pp. 51-53

Schroeder JM, Booton GC, Hay J, Niszl IA, Seal DV, Markus MB, Fuerst PA, Byers TJ (2001) Use of
Subgenic 18S Ribosomal DNA PCR and Sequencing for Genus and Genotype Identification of
Acanthamoebae from Humans with Keratitis and from Sewage Sludge Journal of Clinical
Microbiology 39(5) pp. 1903-1911

Schwake O, Hottle T, Abbaszadegan M (2014) Conditions Impacting the Growth and Survival of
Legionella in Compost. The Asian Conference on Sustainability, Energy & the Environment 2014
Official Conference Proceedings 0524 pp. 401-412 [cited 25/07/2022 ACSEE2014 proceedings-
SchwakeHottleAbbaszadegan.pdf]

Shadrach WS, Rydzewski K, Laube U, Holland G, Ozel M, Kiderlen AF, Flieger A (2005) Balamuthia
mandrillaris, free-living ameba and opportunistic agent of encephalitis, is a potential host for
Legionella pneumophila bacteria. Applied and Environmental Microbiology 71 pp.2244-2249

Sheehan KB, Henson JM, Ferris MJ (2005) Legionella species diversity in an acidic biofilm
community in Yellowstone National Park Applied and Environmental Microbiology 71(1) pp. 507-
511

Shepherd MW, Liang PF, Jiang XP, Doyle MP, Erickson MC (2007) Fate of Escherichia coli
0157:H7 during on-farm dairy manure-based composting Journal of Food Protection 70(12) pp.
2708-2716

Simmons G, Hope V, Lewis G, Whitmore J, Gao W (2001) Contamination of potable roof-
collected rainwater in Auckland, New Zealand. Water Research 35(6) pp. 1518-1524

Smalla K, Wieland G, Buchner A, Zock A, Parzy J, Kaiser S, Roskot N, Heuer H, Berg G (2001) Bulk
and Rhizosphere Soil Bacterial Communities Studied by Denaturing Gradient Gel Electrophoresis:
Plant-Dependent Enrichment and Seasonal Shifts Revealed Applied and Environmental
Microbiology 67(10) pp. 4742-4751

Solomon JM, Isberg RR (2000) Growth of Legionella pneumophila in Dictyostelium discoideum: a
novel system for genetic analysis of host—pathogen interactions. Trends in Microbiology 8 (10)
pp. 478-480

Speksnijder AGCL, Kowalchuk GA, de Jong S, Kline E, Stephen JR, Laanbroek HJ (2001)
Microvariation Artifacts Introduced by PCR and Cloning of Closely Related 16S rRNA Gene
Sequences. Applied and Environmental Microbiology 67(1) pp. 469—-472

Steege L, Moore G (2018) The presence and prevalence of Legionella spp in collected rainwater
and its aerosolisation during common gardening activities. Perspectives in Public Health 138(5)

pp. 254-260

Steele TW, Lanser J, Sangster N (1990a) Isolation of Legionella longbeachae serogroup-1 from
potting mixes. Applied and Environmental Microbiology 56 pp. 49-53

161



Steele TW, Moore CV, Sangster N (1990b) Distribution of Legionella longbeachae serogroup-1
and other legionellae in potting soils in Australia. Applied and Environmental Microbiology 56 pp.
2984-2988.

Stojek NM, Dutkiewicz J (2002) Legionella in sprinkling water as a potential occupational risk
factor for gardeners Annals of Agricultural and Environmental Medicine 9(2) pp. 261-264

Stout JE, Lin Y-SE, Goetz AM, Muder RR (1998) Controlling Legionella in hospital water systems:
experience with the superheat-and-flush method and copper-silver ionization. Infection Control
and Hospital Epidemiology 19 pp. 911-914

Strom PF (1985) Effect of Temperature on Bacterial Species Diversity in Thermophilic Solid-
Waste Composting Applied and Environmental Microbiology 50(4) pp. 899-905

Taylor M, Ross K, Bentham R (2013) Spatial Arrangement of Legionella colonies in intact biofilms
from a model cooling water system. Microbiology Insights 6 pp. 49-51

Taylor MJ, Bentham RH, Ross KE (2014) Limitations of Using Propidium Monoazide with qPCR to
Discriminate between Live and Dead L. in Biofilm Samples Microbiology Insights 7 pp. 15-24

Telford D, Partridge S, Cumming |, Smith A, Calvert N (2006) The Legionnaires' outbreak in

Barrow-in-Furness, Summer 2002 Journal of Epidemiology and Community Health 60(6) pp. 464—
466

Temmerman R, Vervaeren H, Noseda B, Boon N, Verstraete W (2006) Necrotrophic growth of
Legionella pneumophila. Applied and Environmental Microbiology 72 pp. 4323-4328

Thacker SB, Bennett JV, Tsai TF, Fraser DW, McDade JE, Shepard CC, Williams Jr KH, Stuart WH,
Dull HB, Eickhoff TC (1978) An Outbreak in 1965 of Severe Respiratory Iliness Caused by the
Legionnaires Disease Bacterium Journal of Infectious Diseases 138 (4) pp. 512-519

Thalanayar P, Mahendiran S, Ho Jonhan (2014) Legionella pneumonia with diffuse macular
purpuric rash and negative urine test: a diagnostic dilemma. Chest 145(3) pp.119A

The Council of the European Union. Council Directive 1999/31/EC of 26 April 1999 on the landfill
of waste [cited 30/01/2022] https://www.legislation.gov.uk/eudr/1999/31

The Institute of Environmental Science and Research Ltd. (2012) Notifiable and other diseases in
New Zealand: Annual Report 2011 cited 21/03/13]
http://www.surv.esr.cri.nz/surveillance/annual_surveillance.php?we_object|D=2963

The Waste and Resources Action Programme (2020) WRAP Growing Media Good Practice Guide
2020 [cited 30/01/2022] https://preprod.wrap.org.uk/sites/default/files/2020-09/WRAP-
Growing_Media_Good_Practice_Guide.pdf#fpage=15

Thomas JM, Thomas T, Stuetz RM, Ashbolt NJ (2014) Your Garden Hose: A Potential Health Risk

Due to Legionella spp. Growth Facilitated by Free-Living Amoebae Environmental Science &
Technology 48(17) pp. 10456-10464

162



Thornley C, Harte D, Weir R, Allen L, Knightbridge K, Wood P (2017) Legionella longbeachae
detected in an industrial cooling tower linked to a legionellosis outbreak, New Zealand, 2015;
possible waterborne transmission? Epidemiology and Infection 145(11) pp.2382-2389

Tobin J, Dunnill MS, French M (1980) Legionnaires-Disease In A Transplant Unit - Isolation Of The
Causative Agent From Shower Baths Lancet 8186(2) pp. 118-121

Travis TC, Brown EW, Peruski LF, Siludjai D, Jorakate P, Salika P, Yang G, Kozak NA, Kodani M,
Warner MK, Lucas CE, Thurman KA, Winchell JM, Thamthitiwat S, Fields BS (2012) Survey of
Legionella Species Found in Thai Soil International Journal of Microbiology 2012 (218791)

Turner BL, Driessen JP, Haygarth PM, Mckelvie ID (2003) Potential contribution of lysed bacterial
cells to phosphorus solubilisation in two rewetted Australian pasture soils Soil Biology and
Biochemistry 35(1) pp. 187-189

Tyndall RL, Domingue EL (1982) Cocultivation of Legionella pneumophila and free-living
amoebae. Applied and Environmental Microbiology 44 pp.954—959

van der Zee A, Peeters M, de Jong C, Verbakel H, Crielaard JW, Claas ECJ, Templeton KE (2002)
Qiagen DNA Extraction Kits for Sample Preparation for Legionella. PCR Are Not Suitable for
Diagnostic Purposes. Journal of Clinical Microbiology 40(3) pp. 1126

van Heijnsbergen E, Husman AMD, Lodder WJ, Bouwknegt M, van Leeuwen AED, Bruin JP, Euser
SM, den Boer, J. W. and Schalk, J. A. C. (2014) Viable Legionella pneumophila bacteria in natural
soil and rainwater puddles. Journal Of Applied Microbiology 117(3) pp. 882-890

Velonakis EN, Kiousi IM, Koutis C, Papadogiannakis E, Babatsikou F,Vatopoulos A (2010) First
isolation of Legionella species, including L. pneumophila serogroup 1, in Greek potting soils:
possible importance for public health. Clinical Microbiology and Infection 16 pp. 763—766.

Wallis L, Robinson P (2005) Soil as a source of Legionella pneumophila serogroup 1 (Lp1)
Australian and New Zealand Journal of Public Health 29 pp. 518-520.

Wellinghausen N, Frost C, Marre R (2001) Detection of legionellae in hospital water samples by
guantitative real-time LightCycler PCR. Applied and Environmental Microbiology 67(9) pp. 3985-
3993

Whiley H, Bentham R (2011) Legionella longbeachae and legionellosis. Emerging Infectious
Diseases 17 pp.579-583

Whiley H, Taylor M (2014) Legionella detection by culture and gPCR: Comparing apples and
Oranges Critical Reviews in Microbiology 42(1) pp. 65-74

Wilson RE, Hill RLR, Chalker VJ, Mentasti M, Ready D (2018) Antibiotic susceptibility of L.
pneumophila strains isolated in England and Wales 2007-17. Journal of Antimicrobial
Chemotherapy 73(10) pp.2757-2761

Yamamoto H, Hashimoto Y, Ezaki Y (1993) Comparison of detection methods for Legionella

species in environmental water by colony isolation, fluorescent antibody staining, and
polymerase chain reaction. Medical Microbiology and Immunology 37(8) pp. 617-622

163



Yu VL, Greenberg RN, Zadeikis N, Stout JE, Khashab MM, Olson WH, Tennenberg AM (2004)
Levofloxacin efficacy in the treatment of community-acquired legionellosis. Chest 125(6) pp.
2135-9

Yu VL, Plouffe JF, Pastoris MC, Stout JE, Schousboe M, Widmer A, Summersgill J, File T, Heath
CM,

Paterson DL Chereshsky A (2002) Distribution of Legionella species and serogroups isolated by
culture in patients with sporadic community-acquired legionellosis: an international
collaborative survey.

Journal of Infectious Diseases 186 pp. 127-128

Zhang L, Xu Z, Patel B (2009) Culture-dependent and culture-independent microbial investigation
of pine litters and soil in subtropical Australia Journal of Soils and Sediments 9(2) pp.148-160

Zhou J, Bruns MA, Tiedje JM (1996) DNA Recovery from Soils of Diverse Composition Applied and
Environmental Microbiology 62(2) pp. 316—-322

Zietz BP, Dunkelberg H, Ebert J, Narbe M (2006) Isolation and characterization of Legionella spp.
and Pseudomonas spp. from greenhouse misting systems. Journal of Applied Microbiology 100
pp. 1239-1250

Zijnge V, Welling GW, Degener JE, van Winkelhoff AJ, Abbas F, Harmsen HIM (2006) Denaturing

Gradient Gel Electrophoresis as a Diagnostic Tool in Periodontal Microbiology. Journal of Clinical
Microbiology 44(10) pp. 3628—3633

164



9. APPENDIX 1: TEMPERATURE AND HUMIDITY READINGS

FROM GREENHOUSE EXPERIMENTS

Table 9.1: Temperature and humidity readings from SGH setup

Date Soil temp (°C) Air temp (°C) Air humidity (%)
1/10/13 26 27.4 28
3/10/13 25 26.7 53
4/10/13 26 25.8 43
8/10/13 27 26.3 42
11/10/13 31 36 10
15/10/13 32 34.9 10
18/10/13 33 32.3 22
28/10/13 34 29.5 33
29/10/13 30 No reading 10
21/11/13 31 32.2 10
25/11/13 31 31.5 10
1/12/13 31 31.7 10
Mean 29.75 30.39 23.42
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Table 9.2: Moisture content analysis of SGH temperature-control samples

Sample Dry Tray Wet soil and Dry soil and Moisture content: Mean (%)

Weight (Mr1) tray (Mw) tray (Mp) My — Mp % 100
My — My

Initial 1.29 8.81 4.3 59.97
1.3 10.05 5.51 51.89 57.40
13 8.84 4.29 60.34

Day 3 GH 1.29 8.51 4.32 58.03
1.29 8.56 4.28 58.87 58.27
13 8.95 4.52 57.91

Day 3 15°C 13 9.47 4.58 59.85
1.29 8.88 4.32 60.08 59.46
13 8.16 4.15 58.45

Day 7 GH 13 8.26 4.24 57.76
1.31 8.07 3.88 61.98 60.28
1.29 9 4.29 61.09

Day 7 15°C 13 7.69 3.88 59.62
13 8.45 4.28 58.32 59.39
131 7.92 3.94 60.21

Day 14 GH 131 7 3.58 60.11
1.29 7.51 3.78 59.97 60.08
1.29 7.24 3.66 60.17

Day 14 15°C 13 8.15 4.02 60.29
131 8.22 4.01 60.93 60.66
13 8.51 4.13 60.75

Day 21 GH 13 8.56 3.99 62.95
13 8.57 4.06 62.04 61.69
13 10.67 5.04 60.09

Day 21 15°C 1.32 9.66 4.69 59.59
13 7.43 3.75 60.03 59.73
131 8.63 4.27 59.56

Day 28 GH 13 10.13 5.33 54.36
13 7.86 4.12 57.01 58.89
13 8.19 3.69 65.31

Day 28 15°C 13 9 4.44 59.22
1.3 7.95 4.06 58.50 55.88
13 7.29 4.3 49.92

Day 42 GH 1.27 4.82 2.67 60.56
1.25 4.25 2.37 62.67 61.36
1.32 4.59 2.6 60.86

Day 42 15°C 1.28 4.75 2.67 59.94
1.27 4.22 2.52 57.63 57.81
1.29 4.44 2.68 55.87
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Table 9.3: Temperature and humidity readings from NSGH set up n.b "*" represents reading taken after water tray was

refilled

Date Soil temp (°C) Air temp (°C) Air humidity GH (%)
7/12/13 29 304 79
9/12/13 29 31.3 *80
10/12/13 29 29.9 90
11/12/13 30 31.6 *80
12/12/13 30 31.6 75
13/12/13 30 32.1 *76
16/12/13 28 30.3 *70
17/12/13 29 30.6 84
18/12/13 29 32.1 40
19/12/13 28 29.2 78
Mean 29.1 30.9 75.2

167



