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Abstract

Abstract

Enteritis is a very frequent cause of morbidity and mortality in young calves and
pigs. They may be infected with 54 known pathogens, particularly in the first
months of their life. Simultaneous infection with multiple pathogens occurs
frequently and produces a synergistic effect in terms of the severity of clinical
disease. In this study two microarray platforms (Agilent and Alere) were used
to detect enteric pathogens. A total of 15993 probes were designed from viral,
bacterial and parasitic sequences using four different software (UPS, Picky,
eArray and GoArray). The probes for the Alere platform were assessed
thermodynamically individually for secondary structure formation and
hybridised to their complementary sequences in silico. Specificity and
sensitivity testing was done with reference strains and porcine and bovine
clinical samples and were performed with both platforms.

The Alere ArrayTube platform holding 201 probes was used to identify viruses
in reference and clinical samples. Among eight reference virus strains, five
(PEDV, TGEV, PCV-2, BVDV and PPV) were identified correctly and of these
PEDV, TGEV, PCV-2 were confirmed by PCR using designed primers Two viruses,
P. rotavirus A and P. bocavirus were negative by array but were confirmed by
PCR, rotavirus by designed primers and bocavirus by published primers. In two
hybridisations using multiplex PCR products from two separate sets each of 5
mixed pathogens, the ArrayTube detected all viruses for one set and only one

virus out of two in the other set. The specificity test using three non-enteric
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viruses showed high background noise for Bunyamwera virus and
Schmallenberg virus, however only one probe cross-hybridised with Equine
influenza virus. The sensitivity of this platform showed that it can detect an
amount of 2.065 x 10° copy number (2 ng) of PCV-2 and 2.420 x 10° copy
number (39 pg) of TGEV present in the sample.

The results of hybridised reference viral strains and clinical samples showed
that random amplification was more favourable for reference strain detection
compared to specific amplification. However, specific amplification performed
better for clinical samples.

The Agilent microarray platform, comprising 44000 probes of enteric bacteria,
viruses and parasites, was subjected to hybridisation of 12 reference strains for
specificity testing (four viruses, seven bacteria and one parasite). All hybridised
strains were correctly detected except P. rotavirus A which showed only 7
positive probes, however with high signal intensities. A high level of cross-
hybridisation was observed with this platform due to the 16S rRNA and 18S
rRNA probes as these two genes were amplified in their entirety prior to
hybridisation and a high degree of similarity exists between of 16S rRNA and
18S rRNA among different strains of bacteria and parasites respectively.
Hybridisation of PCR products to the Agilent platform from two sets of five
multiplexed pathogens showed that all ten pathogens were correctly identified.
The sensitivity results of this platform showed that it can detect 2.065 x 10°
copy number of PCV-2, equivalent to a viral load of 2 ng. On the other hand the

detection limit of E. coli F5 was comparable to the real-time PCR technique with
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a minimum of 2.089 x 108 copy number of E. coli fimbrial gene present in the
sample.

In bovine clinical samples, the Agilent microarray was able to identify the
presence of E. coli F5 in two samples out of four tested. However, in porcine
clinical samples, the array successfully detected all pathogens whose presence
was confirmed by PCR. Mixed infections in porcine samples were also detected
by microarray, where Clostridium difficile with its toxins (toxin A tcdA and
binary toxin cdt), P. rotavirus and P. kobuvirus were detected simultaneously
in one sample. It also detected the presence of the C. difficile clindamycin
resistance gene (ermF) in another sample.

In this study microarray technology has been shown to have the potential to
detect mixtures of enteric pathogens in bovine and porcine faecal samples. It
also has genotyping abilities for exploration of genetic variation. However, the
sensitivity and specificity could be improved with more in silico assessments of
designed probes. Eventually testing with a higher number of reference strains

and clinical samples is necessary.



Acknowledgements

Acknowledgements

| would like to express my deepest appreciation and gratitude to my
supervisors, Prof. Paul Barrow and Dr Abu-Bakr Abu-Median, for conducting
this PhD research project, for their support, motivation and close follow-up.
You both helped me in every aspect of my research, which has allowed me to
learn from you, | had the chance to learn unestimable values of the exemplary
researcher.

I would like also to thank the entire academic, technical staff and Post-graduate
students of the School of Veterinary Medicine and Science for their kind help
when | needed it.

Thanks to all my friends in UK and Algeria who knew how to bring a smile to my
face, and with whom | shared loads of laughter.

Of course | would like to thank Prof. Aziz Boudjadja, whose administrative
intervention enabled my scholarship to take place.

A very special thanks to all my family, specially my parents without whom | am
nothing.

My gratitude goes to my sponsors the IDB (Islamic Development Bank) and The
University of Nottingham.

My thanks go to the veterinary practicians in Algeria who provided faecal

samples



Dedication

Dedication

A mon tres cher Papa, qui nous a quitté le Mercredi 20

Juillet 2016. Repose en paix.

To my Dear Dad, who passed away on the 20 of July

2016. Rest in peace.

Fifette



Declaration

Declaration

Unless otherwise acknowledged, the work presented in this thesis is original.

No part has been submitted for another degree at the University of

Nottingham or elsewhere. Any views expressed in the dissertation are those

of the author.

Vi



Table of Contents

Table of Contents

2N <13 ot N i
Acknowledgements .......cccciiiveiiiiiiiiiiiiieiii e eaaenee iv
[ T=T LT or- 4 v
Declaration .......ccceiiiiieuiiiiiiniiiiiiiireas s esa s s s s s a s s s s enassssnanns vi
Table of Contents.......cccuiiiiiiieiiiiiiiiiiir e eeaassens vii
LiSt Of FIBUIE@S...cvueeiiiieeiiiitiecictieencesscenncessennseeseennsesssnnsssssssnsssssesnnsnnnns xiii
List Of Tables.....ccoiiiiiiiiiiiiiiiiiiirrr s XX
List of AbBrevations .........ccccciiiiiiiiienniiiiiiniiiineinsseeessees Xxii
Chapter 1. Introduction and Literature ReVIEW .......ccceeeueieeereeireeireneeeerneennees 1

1. 1. Infectious €NteritiS....c.ciuviiiiiieiiieerie e 1

1. 2. Economic importance of enteric infections in pig and cattle industry ..1

1. 3. Pathogens involved in enteritis .....cccccvieecciiiiieee e, 3
1. 3. 1L VIFUSES .ottt 3
1.3. 1. 1. CaliCIVIFIAQE .......c..oeeeeieiieiieieeeeeeeeee e 3

1. 3. 1. 2. CirCOVIrIAQE .......ueveeieiiiiiiiiieieeeieeeeeeeeee e 6
1.3. 1. 3. COronQViridae .............cccoueeueeeiineeiieeseeceesee e 7

1. 3. 1. 4. PArVOVIliAQe ........cccueeeiuiiiaiiiiiiiiiiiieeeeeeeeeeeee e 11

1. 3. 1. 5. FIQVIVIFIQQE .......oooueeeiiiieiieeeeeeeeeee e 15

1. 3. 1. 6. PiCOIrNQVIridae ...........cccoeeeiuiiiiiiiiiiiiiieesiieeeee e 17
1.3. 1. 7. REOVIFIAAE .......oeeeeeeiieeeeeeeeeee e 22
1.3, 2. BaCteria e 26
1.3.2. 1. ESCherichiQ COli...........cocuevueimiiaiiiieiieeeeeese e 27
1.3.2.2.50IMONellQ..........ccoouiiiiiiiiiiiiie e 29

1. 3. 2. 3. Yersinia enterocolitiCa............cccccovueeriueincieeniieenieeeieeee 31
1.3, 2. 4. ClOSErIAIUM ... 32

1. 3. 2. 5. CaAMPYIODACEEN ...t e 34



Table of Contents

1. 3. 2. 6. Bacteroides fragilis..............uiceeeuueeviivereeeeeeieiiiiineeeneeeeeeieennns 36

1. 3. 2. 7. BrACAYSPIIQ «.coeeeneeeeeeeiiieeeeiiee et 36

1. 3. 2. 8. Lawsonia intracellularis ..............c.ccccooeueeriiiiniiiiniiennieennne 38

1. 3. 3. Parasites e 38

1. 3. 3. 1. THCAUIIS SUIS..c..eveeeiiiieiiiieiieeeiieceeeeeee e 38

1. 3. 3. 2. CryptoSporiditim...............uueeeeeieieiecciiieeeee e eecccreee e e e 39
1.3.3. 3. GArdiQ....ccceeeieiieeieeeeee e 40

1.3, 3040 EIMEIiQ ..ttt 41

1. 3. 3. 5. ISOSPOIA SUIS .. s 41

1. 4. Mixed enteric infection in cattle.......cccoverieeniiniiieeeen 42
1. 5. Mixed enteric infection in PigS ....ccccveeeiriiieii i 43

1. 6. Relationship between the presence of pathogens and the onset of

LT Y C=T AL [P EUPPRTPUPPRRO: 44
1. 7. Detection techniques of enteropathogens..........ccccoveeeeciiieeicciieeeens 45
1. 7. 1. Conventional techNiqQUES .........eeviiriiiiiicee e 45

1. 7. 2. Molecular teChNIQUES .......ccovciiiiiiriiee e 46
1.7.2.1. PCR-based teChNIQUES ......ceeeeeeeieiciiieeeee et 47
1.7.2.2. MUIIPIEX PCR..coeeeeeeeeetreeeeee ettt e e trreee e e e e e e eanes 48

1. 7. 2. 3. Real-time PCR (RT-PCR) or quantitative PCR (gPCR) ............ 49
1.7.2. 4. LAMP (Loop-Mediated Isothermal Amplification)................ 51

1. 7. 3. DNA MiCrOarrays..ccooecueiieeieeeeeeeiiiititeeeeeeeseireeeeee e e e s e ssnrrereeeeeeeens 60
1.7.3.1. Microarray platforms.......cccceeeeeeeeciiiieeeee e 61

1. 7.3, 2. PriNCIPIE ot 63

1. 7. 3. 3. Microarrays in enteric infection diagnosis ..........c.cccceeeenneen. 66

R S Y=o [ 1= o o] [ =SS 67

1. 7. 5. Next generation SeqUENCING......ccc.uvieiieiiiririiiiiieee e eriereeee e 68
1.7.5. 1. The use of NGS for enteric pathogen identification............. 72

1. 8. AiMS and ODJECLIVES ...eveeeeeei e 72
Chapter 2. Experimental approach ........cccceeeeereeniereniereeeneieeneeteeeceenereenenes 75
D R \V/ =Y Vo To [o] [ oY S UUPRRNS 75



Table of Contents

2. 2. SAMPIES ittt e e e e s et r e e e e e e enaaees 77
2.2. 1. Reference samples......ccouiiiiiiiiee e 77
2.2. 2. CliNical SAMPIES...ciiiiiiiieeiiiee ettt 78

2. 3. Nucleic acid @XtraCtions ........cc.eeeiiieeiiieeiieeeie et 79

2. 4. Microarray hybridisation .........cccccoiiiiieiii i 80

2. 5. Assessing array SPeCifiCity......cccceeeeciiieiiciiiee e 81

2. 6. Assessing array SeNSItiVItY ......ceeiiiiieiiieiiiiiiiiiiieieieieieeeeeree e 81

2. 7. Pathogen detection in clinical samples by microarray.......cccccceeeeennneees 81

Chapter 3. Probe Design, Software Comparison and Thermodynamics....... 82

3. L. INrOAUCTION .o 82
3.1. 1. Probe design Strategies .......ccccecueeeiriiiieeeriiee e 82
3.1. 2. General design parameters ........cccceevieeeeeriieee e 84

3. 2. Materials and Methods............ccoviiiiiiiiiiiiiieeeee e 86
3. 2. 1. Enteropathogen selection ..........ccccevvieeieniiieiinniiee e 86
3. 2. 2. Database CONStrUCTION .......eeiviiiiriiieiie e 86
3. 2. 3. Primer deSI8N c.uuviee ettt 88
3. 2. 4. Probe deSigN ...uuieeiiiiieeeieee e 88
3. 2. 5. Probe Similarities .......ccceeiirrierieieeeeeeseeeeee e 89
3. 2. 6. Thermodynamics of viral probes .........ccccevvvieiiniiiiiiniiieeceiee, 89
3. 2. 7. Hybridisation prediction with ChipCheck ...........cceevvvvveereeieeiicnnns 92
3. 2. 8. Statistical analySes ......ccooviiiiiiiiiiee e 93

3. 3. RESUIES e 94
3. 3. 1. Enteropathogen selection .........cccccovviiieieniiieniiniiiee e 94
3. 3. 2. Database CONStrUCLION ........eevvieriiiieerieeeeeee e 96
3. 3. 3. Primer deSIiZN .ottt e e e 97
3. 3. 4. Probe Design and microarray fabrication.........ccccccevvviiieiiniinennnn. 99
3. 3. 5. Probe Similarities .......cccceeveerieriieeeeee e 102
3. 3. 6. Thermodynamics of viral probes ..........cccveiieiiiniiieeeeniiieee e, 107

3.3. 6. 1. Folding and Secondary Structures .........cccceeeeeeevecnvveeneeeenn. 107
3.3.6. 2. Free energy of virus probes ......ccccceeeecciiiieeeeeeeeccccinieeeeeee, 110



Table of Contents

3. 3. 6. 3. Hybridisation prediction of virus probes with targets........ 111

3. 4. DISCUSSION ..evviiiiieiiiiiciiiiitti et e e s rea e e e e s e e s 118
Chapter 4. Pathogen Detection Using PCR .......cccciivuiiiimniiiinicienininncnennnes 127
4. 1. INErOTUCTION ettt 127
4. 2. Material and Methods ..........ccocviiiiiiiiiiiiiic e 128
A, 2. L. SAMPIES e e e 128

4. 2. 2. Co-extraction of DNA and RNA from faeces using RTP® Pathogen

TEMPEIATUIE ..o e e e s e e e e eae s s e e aeeaes 130
4.2.3.1. SamMPIE rECOVENY .cocoveiieieiieee et e e e 131

4. 2. 4. Extraction using QlAamp® DNA Stool Mini Kit .........c.ccceeveveeenee. 131

4. 2. 5. Viral RNA Mini Kit (QIag€N)...ccueeruieriierieeiienieeieerie et 132
4. 2. 6. Genomic DNA extraction from tisSU€ .........cccecveiiiieiniiieinieennne. 133

4. 2. 7. Sequence-specific amplification .........ccceeeeevrieeeieiiicccciireeeeee, 134
4.2.7.1. MONOPIEX PCR....ooiiiiiie ettt e e 134
4.2.7.2. MUILIPIEX PCR ...ttt 134

4. 2. 8. Verifying the identity of donated reference samples................. 135

4. 2. 9. Screening of samples (reference and clinical) with published and

Lo 1Ty T=d aY=Te I o] £ 15 011 SRR RPN 136
4.3 RESUIES .. 137
4. 3. 1. Reference sample identification.........ccceeevnrreeeeeieiiccicinneeeeeeeenn, 137
4.3.1. 1. Published primers ......ccccceee e 138
4.3.1. 2. DeSIZNEA PrIMEIS ...uuvriereeeeeeieiiiirreeeeeeeeeeeeirrrereeeeeeeesnrraeenes 142

4. 3. 2. Clinical sample SCre@NiNg......ccccvvvveeeeeeeeieiiciireeeeee e eeeerreeeeeee e 144
4.3.2.1.BoViNe SAMPIES ...ttt 144
2.4.1.1.  POrcing SAMPIES...uveeiieiieiciirreeiee e 149

4. 4. DISCUSSION ..eeiiiiiiiiiiiiiiiiee et e ettt e e sre e s e e e s sra e e s s snneeesenns 153
Chapter 5. Design and Evaluation of Alere Microarray ......cc.ccceeueevenncrennens 166
5. 1. INtrOAUCEION .ot 166



Table of Contents

5. 2. Material and Methods ........coccueiiriiiiiiiiiieecceeeee e 167
5. 2. 1. Pathogen DNA eXtraction .........ccccceeevcuiieeeiiiieeesnnieeeesieee e 167
5. 2. 2. Viral RNA extraction using RNeasy Mini Kit (Qiagen)................. 167

5. 2. 3. Reverse transcription and first strand synthesis of RNA samples

5. 2. 4. Nucleic acid amplification and labelling ........cccceccveeviieiniieennneen. 169

5. 2. 4. 1. Primer extension and second strand synthesis reactions

(ROUNG A) ettt e e e e e e e seanbbaeeeeaeeeeas 169

5. 2. 4. 2. Amplification of Round A product (Round B) .........cc.......... 170
5. 2. 4. 3. Direct biotin labelling (Round C) .....ccveveeviiiieeiciiieeeecieene. 170
5. 2. 5. Array Tube hybridisation ........cccccceeiviiiiiiiciee e 171
5. 2.5. 1. In house hybridisation protocol.........ccccccoeeeiiiiiicinieennnnnn. 171
5. 2. 6. Specificity of ArrayTube microarray ......cocccceeeeeeeececnveeeeeeeeeesecnnns 174
5. 2. 7. Sensitivity of ArrayTube......coccviiviiieiiiecieececeee e 175
5. 2. 8. Hybridisation of clinical samples to Alere platform ................... 178
5.2. 8. 1. Porcine clinical Samples .......ccccoveeieriiieeiiiiieee e 178
5. 2. 8. 2. Bovine clinical samples .......ccoceveeiieieiicieeeee e, 179
5. 2. 9. Data @nalySiS .ccoccurrieeieeee e e e e e anes 182
5. 3L RESUIES et 184
5. 3. 1. Specificity and sensitivity testing of ArrayTubes........cccceeeennnns 184
5. 3. 1. 1. Specificity of ArrayTubes with known strains.................... 184
5. 3. 1. 2. Specificity of ArrayTube using non-targeted viruses.......... 199

5. 3. 1. 3. Comparison of hybridisation after separate random and

specific amplification ......ccccvveeeiee i 203

5. 3. 1. 4. Hybridisation with host genomic DNA..........ccceeevvvveeeeeennn. 206

5. 3. 2. Sensitivity of the ArrayTube platform ......ccccceevviiiiiiiiiieiiee, 208

5. 3. 3. Array hybridisation with clinical samples ........ccccceevvveereeeeenicnnns 225

5. 3. 3. 1. Porcine clinical Samples .......cccccceeeeeieiiiiiiiieeee e, 225

5. 3. 3. 2. Bovine clinical samples ......cccoeveeeieeiiiiiiieeeeeeeeeecreeeeee e, 232

5. 4. DISCUSSION .eeeiiiiiiiiiiiee ettt ra e e e e s 235
Chapter 6. Design and Evaluation of Agilent Microarray ........ccceeeveueerennens 247

XI



Table of Contents

6. 1. INtrOdUCION c..eeeiiiiiiiecee e 247
6. 2. Material and Methods ..........cceeiiiiiiiiiiiiee e 248
6. 2. 1. Extraction using QlJAamp® UCP Pathogen Mini Kit from broth..248

6. 2. 2. Fluorescent labelling (Round C)......ccccveeviieiiieecieeeeeeeeeeeee, 249

6. 2. 3. Hybridisation on Agilent slide.......cccocuieiiniiiiiinieeeee e, 250
6.2.3. 1. Sample preparation ......cccccvviieeeee e 250

6. 2. 4. Specificity of Agilent microarray........ccccceevecveeeinicieee s, 251

6. 2. 5. Sensitivity of Agilent microarray.......ccccevvveeevieeniieeniieenieeen 253
6.2.5. 1. Quantitative real time PCR ........cccooviieriiiinieenieeeeeee, 254

6. 2. 6. Hybridisation of clinical samples to Agilent platform slides....... 257

6. 2. 7.Data analysis ...cuueeieiiiie e 257

B. 3. RESUILS ..t 259
6. 3. 1. Specificity of Agilent platform ......ccccccvieiiiiiiii e, 259

6. 3. 1. 1. Specificity for unique species/strain hybridisation............. 259

6. 3. 1. 2. Specificity of multiple species/strains hybridisation .......... 274

6. 3. 1. 3. Probe performance by software.........ccccoevveveiriieeecicneenn. 280

6. 3. 2. Sensitivity of Agilent platform ......ccoocveeiiiiiiii, 281

6. 3. 3. Hybridisation with clinical samples ......ccocccceveeiieiiciiieeeeeeeeeeens 290
6.3.3. 1. BOVINE SAMPIES ..evvriieieei et 290

6. 3. 3. 2. POrCiNg SAMPIES ..vvvveeeeeeeeecirreeeee e rrrrree e e e e 297

6. 4. DISCUSSION ..eeiiiiiiiiiiiie ittt 304
Chapter 7. General Discussion and Conclusions .......c.ccceieeeieeiieeireeieeeeennens 315
References.......cooiiiiiiiieiiiiiiiiiirrt e 335
YT =T 4T L 419

Xii



List of Tables

List of Figures

Figure 1.1. Schematic representation of the principle of hybridisation assays.

.................................................................................................................... 65
Figure 2.1. Flowchart of the work carried out in the project........ccccveeevvnnennn. 76
Figure 3.1. Probe secondary StruCtUres. ..........cooceeeriieeniieenniieeneeesee e 91
Figure 3.2. Probe regions identified for base mismatches...........ccccuvvevrnnnennn. 91
Figure 3.3. Proportions of enteropathogens targeted .......ccccccvevvvviiieeiininennn. 96

Figure 3.4. Distribution of the finally selected sequences from genes of the

different enteropathogens in the database ..........cccocoveeieiiiiiicciiece, 97
Figure 3.5. Primers and probes in PEDV SEQUENCE.......ccccuvrrveeeeeeeeecinrirreeeeeeenn, 98
Figure 3.6. Total number of designed probes by software ..........cccccuvvvveeeeenn. 99

Figure 3.7. Distribution of final probes designed by software and according to

[oF: 11 a 1o =41 o IR AV o1 USSP 101

Figure 3.8. Probe locations in F4 fimbrial subunit gene sequence (faeG) of
ESCREIICRIQ COli. ...ttt e e 103

Figure 3.9. Probe locations in fimbrial subunit gene F5 sequence (fanG) of
ESCREIICRIQ COli. ..ottt ettt s e e 104

Figure 3.10. Probe locations in toxin A gene sequence (tcdA) of Clostridium
Lo j ol 1= U UR TP 105

Figure 3.11. Probes location in VP7 gene sequence of Porcine rotavirus A. .106

Figure 3.12. Number of individual probe folding .........ccoovveeeeeieiiiiiiiiireeneeenn, 109
Figure 3.13. Mean number of secondary structures with SEM...................... 110
Figure 3.14. Free energies of Virus Probes. ......ccccceeeeeeeiinrvereeeeeeeeeccirreeeeee e 111

Figure 3.15. The linear relationship between mismatches and free energy..115

Figure 4.1. Agarose gel electrophoresis of specific amplification of
CryptOSPOFIQIUM . ...uvveeeeeieeieeciiieeeeie et e e e e e e e e rraaereeeeeeas 140

Figure 4.2. Agarose gel electrophoresis of specific amplification of Porcine

rotavirus, PCV2 and Campylobacter jejuni. ...........cccceeeeeecceuviineeneeennenn, 140

Figure 4.3. Agarose gel electrophoresis of specific amplification of Clostridium
o ) j ol 1 (=P RRUU PP 141

xiii



List of Tables

Figure 4.4. Agarose gel electrophoresis of specific amplification of BVDV (ncp
and cp), PEDV, TGEV, Bovine kobuvirus, Nebovirus, Bocavirus and

PANVOVIIUS.cettttuieeeeeeetetitiiieseseeeeetttataaeseeeeeretasaaaeeesaeseeesraaeseseeerennssnnnnnens 141

Figure 4.5. Agarose gel electrophoresis of specific amplification of E. coli, S.

Enteritidis and S. Typhimurium........ccccveeveriiiieee e 142

Figure 4.6. Agarose gel electrophoresis of specific amplification of S. Enteritidis,
S. Typhimurium, E. coli F5, C. difficile (strain 630 and R20291), C. jejuni, B.
pilosicoli, E. acervulina, Porcine parvovirus, Porcine bocavirus and Porcine

(X = 121 U3 143

Figure 4.7. Agarose gel electrophoresis of specific amplification of PEDV, PCV
=] To I W oAV PR TP 144

Figure 4.8. Agarose gel electrophoresis of pathogen detection in bovine

samples with published primers by multiplex PCR - Batch 2................... 145

Figure 4.9. Agarose gel electrophoresis of pathogen detection in bovine

samples with designed primers by multiplex PCR - Batch 2.................... 146

Figure 4.10. Agarose gel electrophoresis of pathogen detection in bovine

samples with published primers by multiplex PCR- Batch 4.................... 147

Figure 4.11. Agarose gel electrophoresis of pathogen detection in bovine

samples with designed primers by multiplex PCR - Batch 4.................... 147
Figure 4.12. Distribution of mixed infection in bovine faecal samples.......... 149

Figure 4.13. Distribution of mono-infections and co-infections in 19 porcine

faecal samples by multiplexX PCR........coiieiiiiiciiieeeeee e 152
Figure 5.1. lllustration of the sensitivity protocol of ArrayTube .................... 177

Figure 5.2. Agarose gel electrophoresis of Monoplex PCR — Bovine clinical

=1 .41 1 [T PR 180

Figure 5.3. Agarose gel electrophoresis of Multiplex PCR — Bovine clinical

3= 4] o1 LT3R 181

Figure 5.4. Agarose gel electrophoresis of Multiplex PCR — Bovine clinical

SAMIPIES cerrrreeieei ettt e e e e eee b e e e e e e e s e aatrerreeaee e e s abraaereaeeeeas 181

Figure 5.5. Agarose gel electrophoresis of Multiplex PCR — Bovine clinical

SAMIPIES cerrrreeieei ettt e e e e eee b e e e e e e e s e aatrerreeaee e e s abraaereaeeeeas 182

Xiv



List of Tables

Figure 5.6. Agarose gel electrophoresis of Multiplex PCR — Bovine clinical

Figure 5.7. Normalised signal intensities of hybridised PEDV amplified by

random amplification.......ccccieiiiniiiei 186

Figure 5.8.Normalised signal intensities of hybridised TGEV amplified by

random amplification.........ccccueer e 187

Figure 5.9. Normalised signal intensities of hybridised PCV-2 amplified by

random amplification ... 188

Figure 5.10. Normalised signal intensities of hybridised PPV amplified by

random amplification.........oeeeeii i 189

Figure 5.11. Normalised signal intensities of hybridised P. rotavius A amplified

by random amplification ..........cooeeciiiri i 190

Figure 5.12. Normalised signal intensities of hybridised BVDV amplified by

random amplification.......ccccieei e 191

Figure 5.13. Normalised signal intensities of hybridised P. bocavirus amplified

by random amplification .........c.cooeeciiii i 192

Figure 5.14. Normalised signal intensities of hybridised B. kobuvirus amplified

by random amplification.........ccooi i 193

Figure 5.15. Normalised signal intensities of hybridised P. torovirus amplified

by random amplifiCation ........eeiiei i 194

Figure 5.16. Normalised signal intensities of hybridised negative control

amplified by random amplification.........cccccceeeiiriecciiiee e, 195

Figure 5.17. Normalised signal intensities of hybridised Multiplex_1. Hybridised
with TGEV, PCV2, S. Typhimurium, S. Enteritidis and C. difficile. ............ 197

Figure 5.18. Normalised signal intensities of hybridised Multiplex_2. Hybridised

with B. pilosicoli, PEDV, P. rotavirus A, E. acervulina and C. jejuni.......... 198

Figure 5.19. Normalised signal intensities of hybridised Schmallenberg virus

Figure 5.20. Normalised signal intensities of hybridised Bunyamwera virus.201

Figure 5.21. Normalised signal intensities of hybridised Equine influenza virus

Figure 5.22. Hybridisation after Random and specific amplification of TGEV204

XV



List of Tables

Figure 5.23. Hybridisation after Random and specific amplification of PCV-2

Figure 5.24. Agarose gel electrophoresis of specific amplification of

(@Y e Tol aT o] 0 ¢ T<IN « U 206

Figure 5.25. Normalised signal intensities of hybridised bovine host cytochrome

Figure 5.26. Normalised signal intensities of hybridised porcine host

CYEOCHIOME D e 207

Figure 5.27. Agarose gel electrophoresis of PCV-2 (Capsid - replicase)
amplification in two-fold serial dilution of DNA. ........cccceeiiiiieiiiiieees 208

Figure 5.28. Normalised signal intensities of hybridised 20ng / ul (2.065 x 101°
copies NUMDEr) OFf PCV2.......oo ettt 210

Figure 5.29. Normalised signal intensities of hybridised 10ng / ul (1.033 x 101°
COPY NUMDBET) OF PCV2 ettt e e 210

Figure 5.30. Normalised signal intensities of hybridised 5 ng / ul (5.164 x 10°
CopY NUMDBET) Of PCV2 ..ttt et e e 211

Figure 5.31. Normalised signal intensities of hybridised 2 ng / ul (2.065 x 10°
CopY NUMDBET) Of PCV2 ..ttt 211

Figure 5.32. Normalised signal intensities of hybridised 1 ng / ul (1.033 x 10°
COPY NUMDBET) OF PCV2 ettt e e 212

Figure 5.33. Normalised signal intensities of hybridised 0.5 ng / pl (5.164 x 108
CopY NUMDBEI) Of PCV2 ..ttt 212

Figure 5.34. Normalised signal intensities of hybridised 0.25 ng / ul (2.582 x 108
COPY NUMDBET) PCV 2.ttt e e e e et e e e e e 213

Figure 5.35. Normalised signal intensities of hybridised 0.125 ng/ul (1.291 x 108
COPY NUMDBET) OF PCV2 ettt 213

Figure 5.36. Agarose gel electrophoresis of TGEV (ORF1b) amplification in two-
fold serial dilution of RNA ......cooviiiiiiee e 214

Figure 5.37. Normalised signal intensities of hybridised non-diluted TGEV

(o BN N 0 T= 7 A R 216
Figure 5.38. Normalised signal intensities of hybridised TGEV (20 ng/ul).....216
Figure 5.39. Normalised signal intensities of hybridised TGEV (10 ng/ul) .....217

XVi



List of Tables

Figure 5.40. Normalised signal intensities of hybridised TGEV (5 ng/ul) ....... 217
Figure 5.41. Normalised signal intensities of hybridised TGEV (2 ng/ul) ....... 218
Figure 5.42. Normalised signal intensities (of hybridised TGEV (1 ng/ul)......218
Figure 5.43. Normalised signal intensities of hybridised TGEV (0.5 ng/ul)....219
Figure 5.44. Normalised signal intensities of hybridised TGEV (0.25 ng/ul)..219
Figure 5.45. Normalised signal intensities of hybridised TGEV (0.125 ng/ul) 220
Figure 5.46. Normalised signal intensities of hybridised TGEV (0.062 ng/ul) 220
Figure 5.47. Normalised signal intensities of hybridised TGEV (0.031 ng/ul) 221
Figure 5.48.Normalised signal intensities) of hybridised TGEV (0.015 ng/ul)221

Figure 5.49. Normalised signal intensities of hybridised TGEV (0.0078 ng/ul)

Figure 5.51. Median signal intensity of PCV PCR-specific probes of decreasing
AMOUNT OF DNA L.ttt an 223

Figure 5.52. Median signal intensity of TGEV PCR-specific probes of the four
highest DNA dilUtioNs........uvveieiiieiieieieeeec et e e e 224

Figure 5.55. Normalised signal intensities of hybridised porcine clinical samples

7 and 8 following random amplification.........ccceeeeviiiiieeiin e, 226

Figure 5.56. Normalised signal intensities of hybridised porcine clinical samples

13 and 14 using random amplification .........cccccciiiieeiii i, 227

Figure 5.57. Agarose gel electrophoresis of multiplex PCR detection of Porcine

kobuVirus and POrCING rOTaVIIUS ....eeeeeieeiieiieiiieeeeeeeeeteeeee e e e e v eeara s 228

Figure 5.58. Normalised signal intensities of hybridised porcine clinical samples

7 and 8 using multiplex amplification (samples 7 and 8 in Fig. 5.53) ...... 230

Figure 5.59. Normalised signal intensities of hybridised porcine clinical samples

13 and 14 using multiplex amplification (samples 13 and 14 in Fig. 5.53)

Figure 6.1. lllustration of the workflow for the sensitivity test on Agilent

Yol fo T o - | OO US USSP P PP PSPPPPPPPR 256

XVii



List of Tables

Figure 6.2. Normalised signal intensities following hybridisation of Cy5-labelled
DNA of P. rotavirus A (A) and TGEV (B) on Agilent platform ................... 260

Figure 6.3. Normalised signal intensities following hybridisation of Cy5-labelled
DNA of PEDV (A) and PCV2 (B) hybridised into Agilent platform............ 262

Figure 6.4. Normalised signal intensities following hybridisation of Cy3-labelled

DNA of S. Typhimurium on Agilent platform. ........cccoeereiiieieeeee, 263

Figure 6.5. Normalised signal intensities following hybridisation of Cy3-labelled
DNA of S. Enteritidis on Agilent platform .......ccccccoevieiiniieiineee e, 264

Figure 6.6. Normalised signal intensities following hybridisation of Cy3-labelled
DNA of C. difficile hybridised into Agilent platform.........ccccceeevineennnen. 265

Figure 6.7. Normalised signal intensities following hybridisation of Cy3-labelled
DNA of C. jejuni hybridised into Agilent platform..........ccccceeeeiiineennnen. 266

Figure 6.8. Normalised signal intensities following hybridisation of Cy3-labelled

DNA of bovine cytochrome b gene amplicon ........ccccevevviieeicncieeee e, 267

Figure 6.9. Normalised signal intensities following hybridisation of Cy5-labelled

DNA of porcine cytochrome b gene amplicon.........ccccceeveiveeeecciieeecennee. 268

Figure 6.10. Normalised signal intensities following hybridisation of Cy3-
labelled DNA of F4 gene of E. coli F4 (K88) to Agilent platform.............. 270

Figure 6.11. Normalised signal intensities following hybridisation of Cy3-
labelled DNA of F5 gene of E. coli F5 (K99) to Agilent platform............... 271

Figure 6.12. Normalised signal intensities following hybridisation of Cy5-

labelled DNA of 16S rRNA of Brachyspira pilosicoli to Agilent platform .272

Figure 6.13. Normalised signal intensities following hybridisation of Cy5-

labelled DNA of 18S rRNA of Eimeria acervulina to Agilent platform .....273

Figure 6.14. Normalised signal intensities following hybridisation of labelled

DNA from five pathogens to Agilent platform (multiplex PCR- 1st set)..275

Figure 6.15. Normalised signal intensities following hybridisation of labelled

DNA from five pathogens to Agilent platform (multiplex PCR- 2" set)..278

Figure 6.16. Normalised signal intensities profile following hybridisation with 2
ng (A) and 1 ng (B) of PCV2 to Agilent platform .........ccccevevmvveereeieninennns 283

Figure 6.17. Normalised signal intensities profile following hybridisation with
0.5 ng (A) and 0.25 ng (B) of PCV2 to Agilent platform .......cccccevvvveeeeenenn. 284

xviii



List of Tables

Figure 6.18. Agarose gel electrophoresis image of amplified fimbrial subunit

gene in serial dilutions of E. coli F5 in spiked bovine faeces ................... 285

Figure 6.19. Real-time PCR of amplified F5 gene in spiked bovine faecal samples

Figure 6.20. Hybridisation profile on Agilent platform with amplified fimbrial
subunit gene in bovine faeces spiked with E. coli F5 at dilution -2 (copy
number 4.17 x 10%°) (A), and -3 (copy number 4.17 x 10°) (B)............... 288

Figure 6.21. Hybridisation profile on Agilent platform with amplified fimbrial
subunit gene in bovine faeces spiked with E. coli F5 at dilution -4 (copy
number 2.08 x 108) (A), and -5 (copy number 4.17 x 107 copies) (B) .....289

Figure 6.22. Normalised signal intensities of bovine faecal sample 1/3 on

AgIlent PlatforM ... 291

Figure 6.23. Normalised signal intensities of bovine faecal sample 1 on Agilent

(o] =Y o] o 4 ST 292

Figure 6.24. Agarose gel electrophoresis image of confirmatory PCR of sample

Figure 6.25. Normalised signal intensities of bovine faecal sample 20T on
AgiIlent PlatforM ... e 294

Figure 6.26. Normalised signal intensities of bovine faecal sample 55 on Agilent

PIAtfOrM oo e 295

Figure 6.27. Agarose gel electrophoresis image of confirmatory PCR of sample

Figure 6.28. Agarose gel electrophoresis image of confirmatory multiplex PCR

for porcine clinical SamMPIES.......cccvviiiiee i, 299

Figure 6.29. Normalised signal intensity of hybridised sample 8 onto Agilent
PIAtfOrM oo e e 300

Figure 6.30.Normalised signal intensity of hybridised sample C onto Agilent
PIAtfOIMN oo e e e e e e e eeaanes 301

Figure 6.31. Normalised signal intensity of hybridised sample 4B onto Agilent
PIAtfOIMN Lo et e e e e e enanes 302

Figure 6.32. Normalised signal intensity of hybridised sample 7B into Agilent
(o] 1 {0 o o 4 SR UUURRN 303

XiX



List of Tables

List of Tables

Table 1.1. Molecular detection of enteropathogens .........ccccceeeeiieeeiciieeenns 53
Table 1.2. Components and costs of sequences (Liu et al., 2012) ................... 71
Table 2.1. Donated reference samples..........eeeeeieeeeeciieec e 77
Table 3.1. Targeted SEQUENCE SENES ....cceevviiieieee e e e e e e e e e e e 87
Table 3.2. Bovine and porcine enteropathogens .........cccceveeiieiicciieeeee e, 94

Table 3.3. Distribution of number and percentage of hybridised probes per

ranNge Of fre@ ENEIGIES ..uuiii i e 112

Table 3.4. Results of free energy, predicted and experimental signal intensities

.................................................................................................................. 116
Table 3.5. Correlation reSUltS .......ccooviiiiiniiiieeeeee e 117
Table 4.1. Cycling conditions protocol for multiplex PCR ..........cccccvvvveeeeennnn. 135

Table 4.2. Cycling conditions for monoplex PCR with designed primers....... 137

Table 4.3. Results of PCR reactions for reference strains with published primers

Table 4.5. Detected pathogens in bovine samples........cccoeeeeeeeiiiiciiiiveeeeneenn. 148

Table 4.6. Monoplex PCR results using published (P) and designed (D) primers

Table 4.7. Multiplex PCR results using designed primers ........cccccevvvveeeeeennn. 150

Table 5.1. Positive porcine faecal samples hybridised to Alere ArrayTubes —

Results of multiplex PCR (Published and designed primers) .................. 178

Table 5.2. Positive porcine faecal samples hybridised to Alere ArrayTubes —

Results of multiplex PCR (with designed primers only) ........cccccvveeeennnnee. 179
Table 5.3. Product size (bp) of amplicons with bovine designed primers .....180

Table 5.4. Signal intensities above the cut-off of bovine clinical samples after

specific amplification and hybridisation to the ArrayTube...................... 233

XX



Table 6.1.
Table 6.2.
Table 6.3.
Table 6.4.
Table 6.5.
Table 6.6.
Table 6.7.

Table 6.8.

List of Tables

Hybridisation programme......ccccuveeeeeeeeieiiiiiieeeee e eecerrreeee e eeeeanns 251
Samples hybridised on the Agilent array.......ccccevvveeeeeeeiicccninnneen, 253
Designed E. coli F5 gqPCR primers and probes .........cccccveveeeeeiennns 255
Number of detected pathogens per software in multiplex_1....... 276

Number of detected pathogens per software in multiplex_2....... 279
Number of positive probes per pathogen and software................ 280
Number of falsely positive probes per pathogen and software....281

PCV sensitivity test of Agilent platform .........cccooeiiiiiiiinieees 282

XXi



List of Abbreviations

List of Abbrevations

ANOVA
AT

AUD

BC

BLAST
BLASTn
Bp

BSA
BVDV
BVDVcp
BVDVncp
C
cal/K/mol
cDNA
CFU

Cm2

CPV

Cy

dATP

dCTP

Adenine

Analysis of Variance

ArrayTube

Australian Dollar

Base Composition

Basic Local Alignment Search Tool

Basic Local Alignment Search Tool nucleotide
Basepair

Bovine Serum Albumin

Bovine Viral Diarrhoea Virus

Cytopathic Bovine Viral Diarrhoea Virus
Non-cytopathic Bovine Viral Diarrhoea Virus
Cytosine

calories per Kilo per mole

Complementary DNA

Colony Forming Unit

Square centimetre

Canine parvovirus

Cyanine

Deoxyadenisine triphosphates

Deoxycytidine triphosphates

XXii



dGTP

DNA

dNTP

ds

dsRNA

DTT

dTTP

duTP

ELISA

FASTA

FPV

Gb

GB

GC

GE

GHz

Hg

HPLC

List of Abbreviations

Deoxyguanosine triphosphates
Deoxyribonucleic Acid
Deoxyribonucleotide triphosphates
Double stranded

Double stranded RNA
Dithiothreitol

Deoxythymidine triphosphates
Deoxyuridine triphosphates
Enzyme-Linked Immunosorbent Assay
Forward

FAST-AIl (Rapid heuristic search method for protein or
nucleotide sequence data).

Feline Panleukopenia Virus

Gravity

Guanine

Gigabase

Gigabyte

Guanine-Cytosine

Gene Expression

Gigahertz

Hour

Inches Mercury

High Performance Liquid Chromatography

XXiii



List of Abbreviations

ICTV International Committee on Taxonomy of Viruses
ITS Intergenic Spacer

Kb Kilobase

KCal/mol KiloCalories per mole

kDa KiloDalton

LAMP Loop-Mediated Isothermal Amplification

LPS Lipopolysaccharide

M Million

M Molar

MFEprimer  Multiple Factor Evaluation of the specificity of PCR primers.

mg Milligram

Mg Magnesium

MgClI2 Magnesium Chloride
min Minute

ml Millilitre

MM Mismatch

mM/mmol/L Millimolar

mRNA Messenger RNA

MVM Minute Virus of Mice

NCBI National Centre of Biotechnology Information
ng Nanogram

NGS Next Generation Sequencing

nm Nanometre

XXiv



nm
nr

NS

NSP
nt/NT
NTPase
oD
ORF
PBS
PCR
PCV
PEDV
P8

PM
PMWS
PRCV

qPCR

RdRp
RNA
rpm
RT

RT-LAMP

List of Abbreviations

Nanometre

Non Redundant

Non Structural

Non Structural Protein
Nucleotide

RNA Nucleoside Triphosphatase
Optical Density

Open Reading Frame
Phosphate-buffered saline
Polymerase Chain Reaction
Porcine Circovirus

Porcine Epidemic Diarrhoea Virus
Picogram

Perfect Match

Post- weaning Multi-systemic Wasting Syndrome
Porcine Respiratory Coronavirus
Quantitative Polymerase Chain Reaction
Reverse

RNA-dependent RNA polymerase
Ribonucleic Acid

Rotation per minute

Real Time

Reverse Transcription Loop-Mediated Isothermal Amplification

XXV



RTP
RT-PCR
SAM
SDS
sec
SEM
SPF
SPI
SPSS
ss

SSC
ssDNA

ssRNA

TARMA
B
TGEV
Tm
TMB
u/ul
UK

UPS

us

List of Abbreviations

Ready To Prep

Real Time Polymerase Chain Reaction
Sentrix Array Matrix

Sodium Dodecyl Sulfate

Second

Standard Error of Mean

Specific Pathogen Free

Salmonella Pathogenicity Island
Statistical Package for the Social Sciences
Single stranded

Saline Sodium Citrate

Single stranded DNA

Single stranded RNA

Thymine

Tetramethylrhodamine

Terabyte

Transmissible Gastroenteritis Virus
Melting Temperature
Tetramethylbenzidine
Unit/Microliter

United Kingdom

Unigue Probe Selector

United States

XXVi



USA
USDA
UTR

v/v

VP

VP

WGS
AG/DeltaG
AH

AS

°C

pl

um

uM

16S rRNA
23S rRNA

6-FAM

List of Abbreviations

United States of America

United States Department of Agriculture
Untranslated Region
Volume/Volume

Virulence Plasmid

Virus Protein

Whole Genome Sequencing

Free Energy

Enthalpy

Entropy

Degree Celsius

Microliter

Micrometre

Micromolar

16S ribosomal RNA (small subunit)
23S ribosomal RNA (large subunit)

6- Carboxyfluorescein

XXVii



Chapter 1 Introduction and Literature Review

Chapter 1. Introduction and Literature Review

1. 1. Infectious enteritis

Enteric infections (enteritis) involving young animals are a major cause of
economic loss in most countries where cattle and pig rearing are an important
component of the livestock industry. Enteritis is generally characterised by
diarrhoea which is a consequence of hypersecretion and malabsorption, the
occurrence of one or both phenomena leading to dehydration in the acute form
of the disease. Hypersecretion is due to the loss of electrolytes and fluids
(Lorenz et al., 2011) resulting from released toxins by enteropathogens
(Hodges and Gill, 2010). However, malabsorption is the result of functional and
anatomical atrophy or loss of the absorptive cells of the intestine as a result of

the infection (Crouch, 1985; Crouch and Woode, 1978; Pearson et al., 1978).

1. 2. Economic importance of enteric infections in pig and

cattle industry

The costs of enteric infections include decreased production, fees covering
veterinary services which include care, treatment, prevention and introduction
of control measures. In general, enteric infections are estimated to result in a
loss of < 5% of the economic value of the animal (S. McOrist, personal
communication to P. Barrow).

Detailed data on economic losses are limited and there are very few studies
available which describe the economic impact of enteritis due to a unique

specific pathogen. Thus for instance, the total annual loss in the US dairy herds
1
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due to Bovine Viral Diarrhoea virus (BVDV) was estimated at $57 million per
million calvings (Houe, 1999). In Canada the estimated financial-economic
effects of this pathogen ranged between 240 € and 600 € per cow (Carman et
al., 1998), while other reports have indicated a cost of 361 million to $1.4 billion
for 2008 in USA (Ridpath et al., 2006; Pefia, 2010). In the swine industry, losses
related to Transmissible Gastroenteritis virus (TGEV) were reported in the US
and estimated to be $200 million per year (Saif and Wesley, 1992). A more
recent study conducted in Australia estimated the economic impact of enteritis
due to Lawsonia intracellularis in pigs as a reduction in the profit by S13AUD
per clinically infected pig compared to net revenue of $25.31 AUD in non-
infected animals (Holyoake et al., 2010).

Various studies have reported a high mortality rate in calves and piglets due to
intestinal infection (Bellows et al., 1987; Garcia- Sanchez et al., 1993; Virtala et
al., 1996; Dewey et al., 2006; Mee J.F., 2008; Poljak et al., 2010). In US dairy
production, The National Animal Health Monitoring System reported a
mortality of 57% in weaning calves (USDA, 2007) and recently, a comparable
rate (53.4%) was also observed in dairy calves in Korea (Hur et al., 2013). During
the first month after birth calves are at high risk of death due to diarrhoea
which diminishes after that period but some risk nevertheless remains until six
months of age (Gulliksen et al., 2009).

Mortality and morbidity might be increased when more than one
enteropathogen are present (Blanchard, 2012). Enteritis is a complex infection

and involves predisposing factors, especially sanitary management, and the
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presence of different types of microorganisms such as viruses, bacteria and
protozoa (Alfieri et al., 2004).

A large variety of viral, bacterial and parasitic enteropathogens infect the
intestinal tract of cattle and pigs populations especially during the first months
of life. In this review, detection rates and prevalences from national surveys
are reported. It is also clearly stated when the rate of infection is indicated in a

meta-analysis study.

1. 3. Pathogens involved in enteritis

1. 3. 1. Viruses

According to the literature, several species of viruses belonging to distinct
families are implicated in intestinal infections, and include species/serotypes
of the Caliciviridae, Circoviridae, Coronaviridae, Picornaviridae, Parvoviridae
and Flaviviridae familes.

1. 3. 1. 1. Caliciviridae

The Caliciviridae family comprises non-enveloped single-stranded positive
sense RNA viruses of 27-38 nm in diameter and a genome size of 7.3-8.3 kb
(Green et al., 2001). The most important genera are Norovirus, Sapovirus and
Nebovirus (Saif et al., 1980; Bridger, 1990; Guo et al., 2001; Wang et al., 2007;
Hassine-Zaafrane et al., 2012).

a. Norovirus

Noroviruses (NoVs) are important in acute gastroenteritis in young children

(Noel et al.,, 1999) and have also been associated with diarrhoea in calves
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(Bank-Wolf et al., 2010; Scipioni et al., 2008) and young cattle (Mauroy et al.,
2009a). The role of these viruses in porcine diarrhoea is still unknown (Scipioni
et al., 2008). In experiments with gnotobiotic pigs, mild diarrhoea appeared
after inoculation (Wang et al., 2005b).

Human strains are genetically related to porcine strains and recombinant NoVs
have already been characterised (Farkas et al., 2005; Wang et al., 2005b). Three
open reading frames (ORFs) comprise the noroviral genome (Jiang et al., 1993).
The non-structural polyprotein, including NTPase, protease and RNA-
dependent RNA polymerase (RdRp), is encoded by ORF1 (Sosnovtsev et al.,
2006). ORF2 encodes the major capsid protein (VP1), and ORF3 encodes a
minor structural protein (VP2) (Belliot et al., 2003).

Noroviruses are highly diverse genetically comprising 31 genotypes within 5
genogroups (Wang et al., 2005b; Zheng et al., 2006) with two additional more
recently identified genogroups VI and VII (Pham et al., 2007). Genogroups |, Il,
IV, VI and VIl contain human viruses, of which genogroups I, IV, VI, and VIl were
detected exclusively in humans (Phan et al., 2007). Genogroup | comprises the
Norwalk strain and other human strains whereas genogroup Il contains porcine
strains, 11, 18 and 19 (Wang et al., 2005a). Bovine noroviruses form their own
genogroup lll which is divided into two genotypes, Newbury 2 virus (Woode

and Bridger, 1978) and Jena virus (Glnther et al., 1984; Scipioni et al., 2008).

b. Porcine Sapovirus
Sapovirus (SaV) is one of the emerging pathogens causing diarrhoea in humans,
especially children and the elderly and also in animals such as swine and mink

4
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and have a worldwide distribution (Flynn et al., 1988; Green and Chanock,
2001; Guo et al., 2001a, 2001b; Mayo, 2002). A prevalence study on porcine
SaVs showed that the Glll/Cowden-like SaVs were the most prevalent strains
(Wang et al., 2006). They may be detected in pigs of all ages.

SaVs are genetically variable and have been classified into nine genotypes in
five genogroups based on the complete capsid sequences ( Schuffenecker et
al., 2001; Farkas et al., 2004). Genogroups |, I, IV and V contain human strains
and genogroup Il comprises animal strains (Farkas et al., 2004). However,
several pig strains have been suggested as members of new genogroups VI and
VIl (Wang et al., 2005a; Martella et al., 2008a). Two other genogroups IX and X

were also discovered recently in swine herds (Reuter et al., 2012).

c. Nebovirus

Although viruses related to Nebovirus were detected in the late 1970s in calves
in the UK and USA (Woode and Bridger, 1978; Smiley et al., 2002), it is a
relatively newly recognized bovine enteric calicivirus (Carstens, 2010).
Neboviruses have been isolated from many countries including the USA (Smiley
et al., 2003), the UK (Oliver et al., 2006), South Korea (Park et al., 2008), France
(Kaplon etal., 2011) and Tunisia (Hassine-Zaafrane et al., 2012) with prevalence
rates varying between 3% in Tunisia (Hassine-Zaafrane et al., 2012), where 169
faecal samples were screened during four years time in the central east region
of the country, 28% in the USA from a study targeting two farms and 358 faecal

samples (Smiley et al., 2003).
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The genome contains two ORFs; ORF1 encodes a polyprotein that produces
non-structural proteins and the capsid protein (Oliver et al., 2006) while ORF2
encodes a small basic protein with an unknown function (Smiley et al., 2002;
Oliver et al., 2006).

1. 3. 1. 2. Circoviridae

Porcine circovirus belongs to the family of Circoviridae, which is composed of
two genera Circovirus and Gyrovirus (McNulty et al., 2000). The genus
Circovirus includes Porcine circovirus type 1 (PCV1) and type 2 (PCV2) (
Mankertz et al., 1997; Hamel et al., 1998), and a variety of avian circoviruses
(Todd, 2004). Gyrovirus contains Chicken Anaemia Virus (CAV) (Pearson et al.,
1978; Todd et al., 1991).

Porcine circoviruses (PCVs) show a worldwide distribution (Cheung et al., 2007;
Segalés et al., 2008) and the infection is ubiquitous in domestic pigs (Allan and
Ellis, 2000) with sometimes high prevalence rates, including 99% in the
Republic of Korea (Chae and Choi, 2010) and 88% in Australia (Finlaison et al.,
2007).

Porcine circoviruses are small non-enveloped ssDNA viruses (Tischer et al.,
1974; Todd et al., 2005). They consist of PCV1 and PCV2 belonging to two
different genotypes (Meehan et al., 1998). PCV1 is non-virulent (Tischer et al.,
1986) whereas PCV2 is considered to be the aetiological agent of Post-weaning
Multi-systemic Wasting Syndrome (PMWS) (Allan et al., 1998; Ellis et al., 1998).
The two genotypes share about 75% nucleotide sequence identity (Hamel et

al., 1998) and both possess 11 predicted ORFs. ORF1 and ORF2, oriented in

6
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opposite directions, are the two major ORFs in both PCV1 and PCV2 (He et al.,
2012).

PCV2 can be divided into several groups (Olvera et al.,, 2007) with two
phylogenetic groups, PCV2a and PCV2b, present in pig population (Cheung et
al., 2007; Segalés et al., 2008).

Of particular interest is the genetic variation of PCV2 that has been described
with a genetic shift from genotype PCV2a to PCV2b, seen in PMWS outbreaks
in USA, Canada and Europe in 2007 and 2008 (Cheung et al., 2007; Gagnon et
al., 2007; Dupont et al., 2008).

1. 3. 1. 3. Coronaviridae

Coronaviruses (CoV) cause respiratory and/or enteric diseases in a wide variety
of species including humans, cattle and pigs (Siddell and Snijder, 2008).
Coronaviruses belong to the family Coronaviridae, which is subdivided in two
subfamilies Coronavirinae and Torovirinae.

The members of the Coronaviridae family are spherical enveloped viruses of
80-220nm in size (Weiss and Navas-Martin, 2005; Maclachlan and Dubovi,
2011). The genome is positive ssRNA (Haagmans and Osterhaus, 2006) and may
contain nine to 14 ORFs, (Siddell and Snijder, 2008). It is the largest viral
genome among RNA viruses ranging from 26 to 32 kb in length (Lai and Holmes,
2001). It encodes three or four structural proteins: major spike glycoprotein (S),
trans-membrane glycoprotein (M and E), nucleocapsid (N), haemagglutinin-

esterase (HE) in some viruses and the necessary enzymes for replication.
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The different species included in Coronavirus genus were organised into three
groups, 1, 2 and 3 based on serological and genotypic characteristics (Brian and
Baric, 2005; Ziebuhr, 2004). However, novel CoVs have been isolated more
recently from both humans and animals (Drosten et al., 2003; Lau et al., 2010).
Toroviruses differ structurally and genomically from coronaviruses, (Cavanagh,
2005). The genome of toroviruses consists of a polyadenylated ssRNA molecule
of about 25-30 kb (Weiss et al., 1983). The RNA molecule consists of six ORFs,
two or which, ORFla and ORF1b, are large and overlapping, coding for non-
structural protein implicated in the replication process. Four open reading
frames, ORF2, ORF3, ORF4 and ORF5 code for the spike (S), membrane (M),
hemagglutinin-esterase (HE), and nucleocapsid (N) respectively (Snijder and
Horzinek, 1993).

Diversity among toroviruses can lead to genetic recombination events, and in
fact it was formerly demonstrated that the Bovine torovirus strains identified
respectively in Europe (Smits et al., 2003) and Japan (Ito et al., 2007) carried
the N gene derived from Pig torovirus, probably by intertypic recombination
events due to mixed infection between the two species (Smits et al., 2003).

a. Subfamily Coronavirinae

In swine two coronaviruses cause enteritis, Porcine epidemic diarrhoea virus
(PEDV) and Transmissible gastroenteritis virus (TGEV) (Chen, 2009; Park et al.,
2011a). Clinical signs are similar and it can be difficult to clinically distinguish

between them (Wood, 1969; Duarte et al., 1994).
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PEDV causes a diarrhoeal disease in piglets known as PED (Porcine epidemic
diarrhoea) which was first reported in Belgium and the UK (Wood, 1969;
Pensaert and Debouck, 1978). Later, several outbreaks were recorded in
numerous pig producing countries (Smid et al., 1993, Chae et al., 2000; Kim and
Chae, 2000; Jinghui and Yijing, 2005; Puranaveja et al., 2009) , and for the first
time in America in 2013 (Stevenson et al., 2013).

TGEV causes highly contagious enteritis, characterised by vomiting, watery
diarrhoea, dehydration, and death, particularly in pigs under two weeks of age
(Saif and Wesley 1999). TGEV was first detected in 1946 in USA (Doyle and
Hutchings, 1946) and since then it has been reported in most countries
worldwide (Saif and Wesley, 1999). The decreasing prevalence in the last two
decades has been ascribed to the emergence of PRCV (Porcine Respiratory
Coronavirus), a mutant of TGEV characterised by a large deletion extending
from 621 to 681 nucleotides in length localised in the 5’ region of the spike (S)
protein gene, which leads to a loss of an antigenic determinant (Laude et al.,
1993; Vaughn et al., 1995).

A low prevalence has been reported in 1.4% of 639 Korean farms and examined
(Chae et al., 2000). More recently, Oh et al. (2011) detected 4.9% of positive
samples to TGEV in 1295 pig sera collected to investigate the prevalence of
TGEV and PRCV antibodies throughout South Korea.

Bovine Coronavirus (BoCoV) is responsible for enteritis in calves in dairy or beef
herds (Clark, 1993), winter dysentery in adult dairy or beef cattle and

respiratory disease in adult cattle (Carman and Hazlett, 1992; Storz, 1998). Lin
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et al. (2002), referred to coronavirus strains isolated from calves or adult cattle
with diarrhoea as bovine enteric or enteropathogenic coronaviruses (BECoV),
with strains isolated from cases of pneumonia designated as bovine respiratory
coronaviruses (BRCoV). Other authors proposed to subdivide BECoV into BCoV-
induced calf diarrhoea (BCoV-CD) and BCoV-winter dysentery (BCoV-WD)
(Boileau and Kapil, 2010).

Studies showed that the same virus can cause the simultaneous appearance of
enteric and respiratory disease in the same animals (Decaro et al., 20083,
2008c). However, several studies revealed that gastrointestinal and respiratory
coronavirus strains show differences in antigenic, genomic and culture
characteristics (Storz et al., 1996; Hasoksuz et al., 1999a, 1999b; Gélinas et al.,
2001).

Coronaviruses infecting calves and causing diarrhoea and winter dysentery
have been reported in most cattle-producing countries (Bridger et al., 1978,
Reynolds et al., 1986; Saif, 1990; Bendali et al., 1999; Jeong et al., 2005;
Schroeder et al., 2012).

Levels of reported infection range from 8 to 70% (Langpap et al., 1979; Crouch
and Acres, 1984; Uhde et al., 2008). However, it is also important to note that
coronaviruses can also be isolated from healthy calves with rates ranging from

0 to 14%, (Bendali et al., 1999; Snodgrass et al., 1986; Gumusova et al., 2007).
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b. Subfamily Torovirinae

Toroviruses induce mild to profuse diarrhoea in calves (Hoet and Saif, 2004)
but also in pigs (Scott et al., 1987) and a variety of other species (Weiss et al.,
1983; Beards et al., 1984; Hill and Yang, 1984; Muir et al., 1990)

Bovine Toroviruses (BoTVs) are widespread worldwide (Brown et al., 1987;
Durham et al., 1989; Pérez et al., 1998; Haschek et al., 2006), Porcine
Toroviruses (PToVs) have not received the same attention as BoTV, although
the few existing studies show that the virus is broadly dispersed in pig farms
among European, American, African and Asian countries (Penrith and Gerdes,
1992; Pignatelli et al., 2009; Zhou et al., 2013; Anbalagan et al., 2014). The
prevalence of both viruses is very variable with recorded prevalence values of

5% (Matiz et al., 2002) to 85% (Alonso-Padilla et al., 2012).

1. 3. 1. 4. Parvoviridae

Parvoviruses belong to the family of Parvoviridae which is composed of two
main subfamilies one of which, Parvovirinae, comprises eight genera which
infect vertebrates (Cotmore et al., 2014).

In 2014, the taxonomy of the Parvoviridae family was reviewed by the
members of the ICTV (International Committee on Taxonomy of Viruses)
Parvoviridae Study Group with proposed changes at the genus and species
levels. The genus Bocaparvovirus comprises 12 species among which one is
Bovine parvovirus and four are Porcine bocaviruses, each with different clades,
namely Ungulate bocaparvovirus one (Bovine parvovirus) Ungulate

bocaparvovirus 2 (formerly PBoV1, PBoV2, PBoV6), Ungulate bocaparvovirus 3
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(previously PBoV5), Ungulate bocaparvovirus 4 (PBoV7) and Ungulate
bocaparvovirus 5 (previously PBoV3, PBoV4-1, PBoV4-2). The genus
Copiparvovirus encompasses Ungulate copiparvovirus 1 (formerly Bovine
parvovirus 2) and Ungulate copiparvovirus 2 (previously porcine parvovirus 4
PPV4). Two other genera containing species infecting swine were grouped in
Protoparvovirus genus (Ungulate protoparvovirus 1, previously known as
porcine parvovirus) and Tetraparvovirus genus (Ungulate tetraparvovirus 1, 2,
3, respectively for Bovine hokovirus 1 and 2 and Porcine hokovirus) (Cotmore
et al.,, 2014).

Parvoviruses are small, non-enveloped, ssDNA viruses, with a genome of
approximately 4-6kb that contain terminal palindromic sequences (Tijssen et
al., 2011). It comprises two major ORFs, the left ORF encoding non-structural
protein NS1 and the right ORF encoding capsid proteins VP1, VP2, and VP3
(Tattersall et al., 1976; Molitor et al., 1983; Ranz et al., 1989; Bergeron et al.,
1993; Simpson et al., 2002).

The two ORFs are located in the same frame of the complementary strand as
in other autonomous parvoviruses, such as Minute virus of mice (MVM), Canine
parvovirus (CPV), Feline panleukopenia virus (FPV), Bovine parvovirus (BPV),
and Human parvovirus B19 that encapsidate only the negative sense of the
DNA strand. However, other parvoviruses encapsidate different proportions of
both negative and positive strands leading to virions with positive and negative

DNA strands (Maclachlan and Dubovi, 2011).
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Members of Bocaparvovirus genus have an additional ORF3 (nuclear
phosphoprotein NP1), which is located in the middle of the viral genome
between the non-structural and structural-coding regions (Tijssen et al., 2011)

2011).

a. Porcine Parvoviruses

Six phylogenetic groups of parvovirus have been identified in swine (Ni et al.,
2014). Reports suggest a worldwide distribution of Parvovirus in swine herds
including USA (Xiao et al., 2012, 2013; Zhang et al., 2015), Europe (Szelei et al.,
2010; Streck et al., 2013; Gunn et al., 2015) and China (Li et al., 2012; Wang et
al., 2014).

The prevalence rates of Porcine parvovirus in domestic pigs populations vary a
great deal from 2.09% (Huang et al., 2010) to 58.6% in suckling pigs in China
(Lietal., 2012). The latter study stretched over four years and examined a total
of 573 clinical samples in five farms situated in three Chinese provinces.

The prevalence of different groups of parvoviruses showed that Ungulate
protoparvovirus 1 is moderately prevalent with 25% of pigs detected positive
to the virus and also low levels recorded for Ungulate copiparvovirus 2 with
10% (Cadar et al., 2013) both in 120 pig samples from 10 farms covering the
western region of Romania. Human parvovirus 4 (Primate tetraparvovirus 1,
formerly PARV4) was also isolated form 2.7% of 37 pigs with enteritis (Xiao et
al., 2012). Co-infection with two clades of parvoviruses, Ungulate
protoparvovirus PPV2 and PPV3, have also been reported with a high infection
rate of 79% in domestic pigs in Romania (Cadar et al., 2013).
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Porcine bocaviruses (newly named Ungulate bocaparvovirus) were reported by
Blomstrom et al. (2009) in 88% of Swedish pigs from 26 different herds
associated with PWMS and 46% without PWMS. In another study, 397 faecal
specimens from healthy piglets showed that a lower frequency of 12.6% was
positive to Ungulate bocaparvovirus (Cheng et al., 2010). On the African
continent and in particular in Uganda, 2.1% of 95 samples collected from six
different districts were positive to Porcine bacavirus (Blomstréom et al., 2013).
Several studies showed that the most prevalent species was Ungulate
bocaparvovirus 5 (previously PBoV3) (Ndze et al., 2013; Gunn et al., 2015) but
additionally, co-infections with more than one species have been cited with
Ungulate bocaparvovirus 1 (formerly PBoV-1) and Ungulate bocaparvovirus 5
being the most prevalent (Choi et al., 2014). Others have uncovered co-

infection with four different Porcine bocavirus species (Ndze et al., 2013).

b. Bovine Parvovirus

Bovine Parvovirus (BPV) infection causes diseases of the gastrointestinal and
respiratory tracts, foetal infection and reproductive disorders (Durham et al.,
1985b; Jordan and Sever, 1994; Manteufel and Truyen, 2009). BPV consists of
six species; Ungulate bocaparvovirus 1 (previously bovine parvovirus), Bovine
adeno-associated virus, Ungulate erythroparvovirus 1 (bovine parvovirus 3),
Ungulate tetraparvovirus 1 and 2 (previously bovine hokovirus 1 and 2) and
Ungulate copiparvovirus 1 (formerly bovine parvovirus 2, BPV2) (Cotmore et

al., 2014).
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Serological investigations and isolation have shown that BPV is widespread in
cattle globally (Manteufel and Truyen, 2009) being detected in numerous
countries in America, Europe and North Africa (Luo et al., 2013).

Bovine parvovirus (BPV) is highly contagious and spreads rapidly (Luo et al.,
2013). Various sero-surveys reported prevalence values ranging from 49 to 86%
(Barnes et al., 1982; Sandals et al., 1995). A more recent study using the Loop-
Mediated Isothermal Amplification (LAMP) assay for the detection of the virus
registered a proportion of 23.1% among 52 diarrhoeic calves originating from
several farms from one Chinese province with none of the healthy calves tested
being BPV positive (Luo et al., 2013). Earlier, (Durham et al., 1985a) showed
that co-infection with intestinal parasites may lead to an enhancement of the
mitotic activity in the intestinal epithelium and therefore to a higher BPV

infection rate in susceptible cells.

1. 3. 1. 5. Flaviviridae

Bovine Viral Diarrhoea virus (BVDV) virus belongs to the family Flaviviridae,
genus Pestivirus that comprises four species, together with Classical swine
fever virus and Border disease virus. BVDV includes two species BVDV-1 and
BVDV-2 (Pellerin et al., 1994; Ridpath et al., 1994) with 16 subgenotypes in
BVDV-1 species (1a to 1p) (Vilcek et al., 2001; Xue et al., 2010) and 2 sub-
genotypes in BVDV-2 species (2a and 2b) (Nagai et al., 2004; Xia et al., 2007).
BVDV strains have also been classified based on the cytopathic effect (CPE) on
cell cultures with BVDV-2 strains more virulent than BVDV-1 viruses (Ridpath,

2010).
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The genome is a positive sense, ssSRNA which encodes one large polyprotein
(van Rijn et al., 1997).

BVDV is prevalent worldwide (Stahl and Alenius, 2012), and is the cause of
many outbreaks in cattle in many countries including Canada (Carman et al.,
1998), Spain (Diéguez et al., 2009), USA (Darweesh et al., 2015), Brazil (Lunardi
et al., 2008), Poland (Polak et al., 2014), China (Weng et al., 2015) and India
(Galav et al., 2007). Virus infection was identified mainly by serology, with
prevalence values of 31.6% of individual cows and 80.7% of herds infected in
Jordan (Talafha et al., 2009) and 56% of 430 bovine serum samples from 19
farms of one state in Brazil (Canal, Wageck et al., 1998), which appears to be in
the prevalence range of European countries (Houe and Meyling, 1991).

In terms of species frequency, BVDV1 strains were more frequently isolated
than BVDV2 strains (Ahn et al., 2005). In one study, 77% of isolates belonged
to BVDV1 species (Carman et al., 1998). Other authors showed that non-
cytopathic isolates accounted for 70% of positive samples to BVDV (Ahn et al.,
2005).

BVDV-1 genogroup 1a and 1b were the most common in Europe according to a
phylogenetic study carried out in 2001 (Vilcek et al., 2001). In the UK, new sub-
genotypes have been isolated recently and were demonstrated to belong to
type 1d and 1e (Booth et al., 2013), indicating changes within Europe in the last

15 years.

16



Chapter 1 Introduction and Literature Review

1. 3. 1. 6. Picornaviridae

The family of Picornaviridae contains 12 genera of small, non-enveloped
viruses, with an icosahedral capsid. The genome ranges in length from 7.21-
8.45 kb (Racaniello, 2007) is a positive ssSRNA, with the 5’ end covalently linked
to a protein called VPg (Virion protein, genome linked) (Flanegan et al., 1977;
Lee et al., 1977) which plays a role in viral life cycle regulation, precisely in
priming viral genome replication (Goodfellow, 2011). One ORF encodes the
picornavirus polyprotein which is flanked by 5 and 3’ UTRs. In swine,
picornaviruses are involved in several diseases, including
polioencephalomyelitis, reproductive failure, vesicular diseases, myocarditis,
pneumonia, diarrhoea and febrile iliness (Fenner et al., 1993). Picornaviruses
involved in bovine and porcine enteric problems belong to genera Enterovirus,

Kobuvirus, Sapelovirus and Teschovirus.

a. Enterovirus

The Enterovirus genus currently contains 12 species, Enterovirus A, B, Cand D
(Human), Enterovirus E and F (Bovine), Enterovirus G (Porcine), Enterovirus H
and J (respectively simian and unclassified simian viruses), Rhinovirus A, B and

C (Knowles et al., 2012).

e Bovine Enterovirus
During the 1980s, Knowles and Barnett (1985) classified the Bovine
enteroviruses (BEVs) into two distinct serotypes, which were later confirmed
by the existence of two genetic clusters, designated BEV-A and BEV-B (Zell et

al., 2006). BEV-A and BEV-B were found to contain two serotypes and three
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serotypes respectively (Zell et al., 2006) which are now named Enterovirus E
and Enterovirus F (Knowles et al., 2012).

BEVs can be isolated from healthy cattle or from mild to moderate diarrhoea
and reproductive disease (Dunne et al., 1973; 1974; Weldon et al., 1979). They
have a global distribution, including USA (Dunne et al., 1974), Australia (Zhang
and Burgess, 1986), Germany (Zell et al., 2006), China (Li et al., 2012) and
Pakistan (Shaukat et al., 2012). In infected herds rates of infections can be high
from 24.6% of 69 fecal samples collected from six major pig-producing Chinese
areas (Lietal., 2012) to 50% of calves from an endemically infected herd in USA

(Goens et al., 2004) .

e Porcine Enterovirus

Porcine enterovirus (PEV), presently comprises six serotypes PEV-9, -10, -14, -
15, -16 and OEV-1, a natural interspecies recombinant bovine/porcine
enterovirus isolated from sheep (Boros et al., 2011, 2012; Moon et al., 2012).
Recently, Ren et al. (2012) performed analyses on the complete genomes of
the virus and showed the occurrence of a major recombination event between
porcine enterovirus strains leading to the appearence of new species, or
possibly intermediate serotypes between PEV-9 and PEV-10. The VP1 protein,
situated at the surface of the virion, shows the greatest sequence variability
compared to the other parts of the genome (Sozzi et al., 2010), which could
explain the recombination event.

Like BEV, Porcine enteroviruses show worldwide dissemination (Knowles et al.,
1979; Honda et al., 1990; Ren et al., 2012) with similarly variable prevalence
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rates of 25%, where 10 samples were positive among 40 (Sozzi et al., 2010), to
another recent study with a rate of 50.2% of 161 samples from 28 farms in the

Czech Republic (Prodélalova, 2012).

b. Kobuvirus

Kobuviruses belong to a relatively new genus which was only recognised in
1999 (King et al., 1999) and which contains at least three species, Aichi virus,
Bovine kobuvirus, and Porcine kobuvirus ( Yamashita et al., 1991; 2003; Reuter
et al., 2008).

All kobuviruses have the same genome organisation as other members of
Picornaviridae except the existence of a leader (L) region following the
structural (VPO, VP3 and VP1) and non-structural (2A, 2B, 2C and 3A, 3B, 3C,
3D) regions ( Yamashita et al., 2003; ICTV, 2008). The L region was suggested

to play a role in viral RNA replication and encapsidation (Sasaki et al., 2003).

e Bovine Kobuvirus

Kobuvirus was first isolated from clinically healthy cattle (Yamashita et al.,
2003) and five years later from diarrhoeic cattle by Khamrin et al. (2008). As
with other Picornaviruses, Bovine kobuvirus is characterised by genetic
diversity; a recent finding showed the existence of four phylogenetic lineages
of Bovine kobuvirus (Jeoung et al., 2011).

Bovine kobuvirus has been isolated in Europe; Belgium (Mauroy et al., 2009b),
Hungary (Reuter and Egyed, 2009) and The Netherlands (Barry et al., 2011), and
also Asian countries including Japan (Yamashita et al., 2003), Thailand (Khamrin

et al., 2008) and Korea (Park et al., 2011b).
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The highest registered prevalence, 78% of nine calf faecal samples, was
reported by Barry et al. (2011) and Park et al. (2011b) who described 67% of
infected calves; in this study, an overall prevalence of 25.8% of diarrhoeic cattle

was reported.

e Porcine Kobuvirus

Porcine kobuvirus is a relatively newly discovered species from domestic pigs
(Reuter et al., 2008). It has since been isolated in many different parts of the
world including Thailand (Khamrin et al., 2009), China (Yu et al., 2009, 2011)
Hungary (Reuter et al., 2009, 2010), Brazil, The Netherlands (Barry et al., 2011)
and USA (Verma et al., 2013).

The virus isolations can be very frequent in pig farms with the highest isolation
rates from young pigs, with figures such as 99% Khamrin et al. (2009) and 84.5%

(Park et al., 2010) of pigs with diarrhoea.

c. Sapelovirus

Although Porcine Sapelovirus (PSV) has been associated with asymptomatic
infections (Abe et al., 2011), strains have been involved in a broad range of
pathologic conditions including diarrhoea, pneumonia and reproductive
disorders (Dilovski and Ognianov, 1975; Knowles, 2006; Chen et al., 2012).
PSVs were previously classified in the Enterovirus genus as Porcine enterovirus-
A (PEV-A) or Porcine enterovirus serotype 8 (PEV-8) (Zell et al.,, 2001;
Krumbholz et al., 2002; Oberste et al., 2003; Tseng and Tsai, 2007).

The genome of PSV is characterised by the L and 2A gene regions which are

genetically different from the other porcine enteroviruses (Chard et al., 2006;
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Tseng and Tsai, 2007). Sapelovirus genus comprises, Sapelovirus A (formerly
Porcine sapelovirus), Sapelovirus B (formerly Simian sapelovirus) and Avian
sapelovirus (Tseng and Tsai, 2007). Porcine sapelovirus consists of a single
serotype Porcine Sapelovirus-1 (PSV-1) (Cano-Gémez et al., 2013) (formerly
known as PEV-8). However, several antigenic variants PEV-8a, PEV-8b and PEV-
8c have already been reported (Tseng and Tsai, 2007).

The virus has been isolated in the Czech Republic (Prodélalova, 2012), Spain
(Buitrago et al., 2010; Cano-Gémez et al., 2013) and China (Lan et al., 2011)
with variable prevalence rates such as 9% of 600 fecal samples collected from
a wide territory within Spain (Buitrago et al., 2010), 33.8% (70 among 207
samples) in the Czech Republic (Prodélalova, 2012) and 42.4% among 33

samples in Italy (La Rosa et al., 2006).

d. Teschovirus

Porcine teschovirus (PTV) is the causative agent of a severe encephalomyelitis
in pigs of all ages causing considerable economic losses (Salles et al., 2011)
(Harding et al., 1957). They are ubiquitous in the environment (Mahnel et al.,
1977), and have also been isolated from faeces of healthy pigs (Forman et al.,
1982) but also from cases of diarrhoea (Wang et al., 2010; Zhang et al., 2010).
The genus Teschovirus consists of 13 serotypes of one single species, PTV (Zell
et al., 2001; Cano-Gomez et al., 2011; Boros et al., 2012b). Several authors have
previously reported recombination occurring within the genus (Heath et al.,
2006; Simmonds, 2006). Different studies showed a variation in prevalence of
the 1 to 10 serotypes identified, with Porcine teschovirus serotype 8 (PTV-8)
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being the most common ( Lin et al., 2010; Sozzi et al., 2010; Zhang et al., 2010;
Cano-Gémez et al., 2011a).

Porcine teschoviruses are distributed world-wide in pig producing countries
including China (Zhang et al., 2010; Wang et al., 2013), Italy (La Rosa et al.,
2006), USA (Pogranichniy et al., 2003), Africa and Australia (Forman et al., 1982)
with variable rates of isolation ranging from 11% of 525 fecal samples collected
from 21 counties and cities in Taiwan (Lin et al., 2010). Also in this country the
serological prevalence was 70% of pigs. Wang et al. (2013), indicated a rate of
47% of positives (among a total of 127 samples) detected by PCR, although the
same samples were 90% serologically positive to teschovirus. It is also
important to point out that high rates of isolation from healthy pigs have also

been reported (Sozzi et al., 2010; Prodélalova, 2012).

1.3.1.7. Reoviridae

The Reoviridae family infect a wide range of animal species producing a number
of pathologies including enteritis. There are two subfamilies: Sedoreovirinae
and Spinareovirinae with respectively six (Orbivirus, Rotavirus, Seadornavirus,
Phytoreovirus, Cardoreovirus and Mimoreovirus) and nine (Orthoreovirus,
Aquareovirus, Oryzavirus, Fijivirus, Mycoreovirus, Cypovirus, Idnoreovirus,
Dinovernavirus and Coltivirus) genera (Maclachlan and Dubovi, 2011).
Members of genera Rotavirus and Orthoreovirus are involved in intestinal

infections.
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The difference between Sedoreovirinae and Spinareovirinae subfamilies reside
in the absence of spike protein in each of the icosahedral vertices in the former
and its presence in the later (Quinn et al., 2011).

Members of this family are non-enveloped dsRNA viruses (Dai et al., 2012).
They may contain 9 to 12 genome segments with a genome size of 19 to 32 kb
(Mertens, 2004; Attoui et al., 2005).

The orthoreovirus genome is organised in 10 segments, three large (L1, L2 and
L3), three medium (M1, M2 and M3), and four small (S1, S2, S3, and S4)
segments (Shatkin et al., 1968; Watanabe et al., 1968; Nibert and Schiff, 2001;
Schiff et al., 2007). Each segment encodes a single protein with the exception
of S1 which encodes two proteins (Jacobs and Samuel, 1985; Sarkar et al.,
1985). A total of 12 proteins are encoded by the 10 RNA segments including
eight structural proteins (A1, A2, A3, o1, 02, 03, ul and pu2) and four non-
structural proteins (UNS, uNSC, oNS and o1S) (Schiff et al., 2007).

Rotaviruses comprise 12 segments that code for 6 structural proteins (VP1 to
VP4, VP6 and VP7) and five or six non- structural proteins (NSP1 to NSP6) (Estes
and Kapikian, 2007). Like orthoreoviruses, each segment encodes a unique
protein, except segment 4 (VP4) that cleaves into two fragments (VP5 and VP8)
(Gilbert and Greenberg, 1998) and segment 11, which encodes NSP5 and in
some strains also NSP6 (Campagna et al., 2005).

a. Rotavirus

Rotaviruses cause acute watery dehydrating diarrhoea in several host species
(Parashar et al., 2006). The Rotavirus genus encompasses eight serogroups (A
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to H) based on the serological reactivity of the intermediate layer of the virus
capsid VP6 (Hoshino and Kapikian, 2000). Rotavirus A, B, C and H infect humans
and animals whereas rotavirus D, E, F, and G infect only animals (Matthijnssens
et al., 2012; Molinari et al., 2014).

The binary system of classification of rotaviruses is based on the neutralisation
specificity of the outer capsid VP4 referred to as P, because it is protease-
sensitive, and VP7, stated as G because it is a glycoprotein (Coulson, 1996).
More recently, group A rotaviruses have been classified based upon the
sequence of VP4 and VP7 genes and 27 G genotypes (G1 to 27) and 35 P
genotypes (P[1] to P[35]) have been described (Matthijnssens et al., 2011).
Genotypes G2, G3, G4, G5, G9, G11 and P[6], P[7], P[13], P[19], P[23], P[26] and
P[27] have been described worldwide in porcine species (Martella et al., 2010;
Malik et al., 2014). In bovine species, genotypes G6, G8, G10 and P[1], P[5],
P[11], P[15] and P[21] (Martella et al., 2010) were epidemiologically prevalent,
with the single predominance of genotype G5 P[7] in porcine and G6 P[5] in
bovine populations (Papp et al., 2013).

It is important to note that several G and P types are common between
rotaviruses infecting host species indicated by molecular analysis which
showed shared sequences (Martella et al., 2010). Indeed, the segmented
nature of the rotavirus genome has allowed assortment events during multiple
infection with different strains (Maunula and Von Bonsdorff, 2002). For
example, it has been reported that porcine-like rotavirus A G5 P[7] strain was

detected in cattle and reciprocally bovine-like rotavirus A G6P[1] strain was
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isolated from pigs (Lorenzetti et al., 2011). In another study that characterised
the P and G genotypes of bovine rotavirus A, 30 G8 and G6 Rotavirus A strains
contained 1-9 segments of genome that have porcine or human origin (Park et
al., 2011). Also, in one study, there was evidence of segment exchange
between rotaviruses group A and group D (Trojnar et al., 2010), which can
eventually lead to zoonotic transmission (Luchs and Timenetsky, 2014) or the
appearance of novel strains (Papp et al., 2013).

Papp et al. (2013) analysed 55 published articles about rotavirus A in cattle and
pigs and concluded that genotypes G and P were more diverse in pigs than in
cattle and comparable to the diversity observed in human genotypes (Gentsch
et al., 2005; Banyai et al., 2012).

Group A rotaviruses are very prevalent in mammals and birds (Estes and
Kapikian, 2007) and have been associated with enteritis in calves (Saif and
Jiang, 1994; Saif et al., 1994) and post-weaning enteritis in piglets (Saif and
Jiang, 1994; Kapikian and Chanock, 1996). Rotaviruses B and C are equally
important in the aetiology of enteritis in pigs and cattle and have both been
reported in severe diarrhoea (Saif and Jiang, 1994; Tsunemitsu et al., 1992;
2005; Smitalova et al., 2009), although group C rotavirus are more frequently

isolated (Geyer et al., 1996; Smitalova et al., 2009).

b. Orthoreovirus

Orthoreoviruses comprise five species (I to V), species | comprising four
mammalian serotypes (1 to 4) (Duncan et al.,, 2004; Fauquet et al., 2005).
Species | (Mammalian orthoreovirus) is divided into four serotypes based on
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neutralisation and haemagglutination inhibition assays ( Sabin,1959; Rosen,
1962; Stanley, 1967). Porcine orthoreoviruses cause enteritis in piglets (Dai et
al., 2012) and experimentally serotype | infection has been shown to cause
swine enteritis and pneumonia (Kasza, 1970; Baskerville et al., 1971).
Mammalian orthoreoviruses are isolated worldwide with porcine
orthoreovirus type 3 isolated from diarrhoeic pigs in China, South Korea (Zhang
et al., 2011; Kwon et al., 2012) and USA (Narayanappa et al., 2015).
Orthoreoviruses are isolated with variable frequency in outbreaks ranging from
19% of 237 fecal samples collected from 78 Korean pig farms. (Kwon et al.,
2012) to 37.5% of 48 fecal samples originating from three American states
which were positive to a novel orthoreovirus ( Thimmasandra Narayanappa et

al., 2015).

1. 3. 2. Bacteria

Among bacterial pathogens implicated in cattle and pig intestinal infections,
several key species are members of the Enterobacteriaceae family including
Escherichia, Salmonella and Yersinia. Other pathogenic genera include
Clostridium, Campylobacter, Lawsonia, Bacteroides and Brachyspira.

Among bacterial virulence determinants, toxins play a major role in the
pathogenicity level of a strain. Toxins can target the cellular membrane and
damage its structure, they include phospholipases, lysins and hemolysins, or
they can interact intracellularly with a cellular target. Most of enterotoxins
targeting the alimentary tract are proteins formed by two (binary toxins) or

three (tripartite toxins) protein chains that include a binding and an enzymatic
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subunit (Popoff, 2011). Others, such endotoxins generally are secreted by
Gram negative bacteria and consist of a lipopolysaccharide (LPS) that is
released after lysis of the bacteria (Lubran, 1988), in which lipid A is the toxic
component.

After binding to the enterocyte, the mechanism of action of toxigenic E. coli
enterotoxin consists of an increase of CAMP which results in an increase of the
secretion of water and electrolytes and decrease of the assimilation of sodium
chloride. Disruption of the intestinal homeostasis can also be the result of
toxins that alter the intracellular junction of the intestinal cell, leading to an
increased permeability and an important loss of fluids. Malabsorption is also
the result of the destruction of the intestinal villi, an important component of
nutrient absorption.

1. 3. 2. 1. Escherichia coli

Pathogenic Escherichia coli are divided into seven pathotypes, namely
Enteropathogenic E. coli (EPEC), Enterotoxigenic E. coli (ETEC),
Enterohaemorrhagic E. coli (EHEC) that belongs to the Verotoxin E. coli (VTEC)
also referred to as Shigatoxin E. coli (STEC), Enteroinvasive E. coli (EIEC),
Enteroaggregative E. coli (EAEC), Necrotoxic E. coli (NTEC) and Diffusely
adherent E. coli (DAEC). Recently a new pathotype has been described
following genome sequence analysis of E. coli isolated from an outbreak in
Germany, the authors suggesting the appellation Entero-Aggregative-
Haemorrhagic E. coli (EAHEC) (Brzuszkiewicz et al., 2011). In calves and piglets,

the most frequent cause of colibacillosis is ETEC (Younis et al., 2009); this was
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also confirmed by a meta-analysis study of 60 years of research about
pathogenic E. coliin calves (Kolenda et al., 2015). In diarrhoeic calves ETEC with
fimbrial type F5 and F41 are most commonly detected (Kolenda et al., 2015).
Less frequent causes of diarrhoea are EHEC including 0157:H7 (Daniel et al.,
1998; Kang et al., 2004) and EPEC (Foster and Smith, 2009) although EHEC has
also been demonstrated to be carried by healthy cattle (Moxley, 2004). STEC
isolates have also been implicated in neonatal diarrhoea (Sandhu and Gyles,
2002).

In pigs, ETEC expressing fimbrial types F4, F5, F6, F14, F18 and F41 is a common
enteric pathogen in young piglets (Nagy and Fekete, 1999; Vu-Khac et al.,
2007). After weaning, pigs are commonly infected with E. coli fimbrial type
F18 (Jensen et al., 2003).

E. coli pathotypes EPEC and EHEC/STEC belong to the group of attaching-
effacing (AE) E. coli, producing an unique attachment pathology with
effacement of the microvilli of the intestinal cell (Wales et al., 2005).

ETEC produce four enterotoxins, heat-labile enterotoxin (LT), heat-stable
enterotoxin (STa and STb) (Levine, 1987) and enteroaggregative heat-stable
toxin 1 (EAST1) (Savarino et al., 1996; Nataro and Kaper, 1998), which induce
increased fluid secretion and reduced absorption. STEC produce at least one of
the shiga toxins Stx1 or Stx2 (Jothikumar and Griffiths, 2002). However, when

they cause AE lesions, they are classified as the EHEC pathotype.
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Virulence genes harboured by E. coli made their classification complex with
many studies describing controversial results as a result of interactions

between pathotypes leading to overlapping virulence markers.

1. 3. 2. 2. Salmonella

Of the six sub-species of Salmonella enterica, S. enterica subsp. enterica and to
a lesser extent S. enterica subsp. arizonae and S. enterica subsp. diarizonae, are
responsible for most infections of livestock (Fookes et al., 2011). The vast
majority of serovars belongs to S. enterica subsp. enterica.

Pathologically, Salmonella produce typhoid fevers or non-typhoid
gastroenteritis (Langridge et al., 2008). Typhoid serovars produce systemic
diseases in a narrow range of host species and enteritis is generally a feature
at certain stages of this type of infection (Barrow and Duchet-Suchaux, 1997).
Non-typhoid Salmonella serotypes affect a wide range of host species
colonising the gastrointestinal tract, and generally with limited systemic
involvement (Tauxe and Pavia, 1998).

The virulence determinants of Salmonella which differentiate it from other
closely related members of the Enterobacteriaceae represent a wide matrix of
genetic elements including chromosomal Salmonella Pathogenicity Islands
(SPIs) (Eswarappa et al., 2008), virulence plasmids (Rotger and Casadesus,
1999) and phages (Moreno Switt et al.,, 2013). They also include integrons
which are mobile genetic elements into which gene cassettes are inserted and

which have been associated with multidrug resistance (Ribeiro et al., 2011).
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Salmonella enterica serovars associated with systemic disease in livestock such
as pigs and cows, include Enteritidis, Typhimurium, Choleraesuis and Dublin
possess virulence plasmids (VPs) (Nakamura et al., 1985; Gulig and Curtiss,
1987; Danbara et al., 1992; Libby et al., 1997) the essential element of which is
a highly conserved 8 kb region (Guiney and Fierer, 2011) containing the
SpVRABCD (Salmonella Plasmid Virulence) and mig-5 (macrophage-inducible
gene coding for a putative carbonic anhydrase) are present in all plasmids.
Twenty three Salmonella Pathogenicity Islands (SPI) have been described
(Hayward et al., 2013) and are differentially distributed among Salmonella
serovars. Thus S. Typhimurium expresses SPI-1-6, 9, 12-14 and 16, whereas S.
Enteritidis expresses SPI-1-6, 9, 10, 12-14, 16, 17 and 19. Serotypes Derby and
Dublin contain SPI-1-5. SPI-7 which secretes the Vi antigen, typical of S. Typhi,
was not detected (Litrup et al., 2010). All strains virulent for animals thus
contain SPI-1 and SPI-2.

SPI-1 and SPI-2 play a role in the penetration of intestinal cells and
multiplication in macrophages respectively (Juhas et al., 2009). Not all virulence
effectors have been characterised or are understood, Heffron et al. (2011)
indicated that >40 virulence factors have been identified. SPI-1 together with
products of SPI-5 are responsible for the pathogenesis of enteritis.

Adhesion to host cells is mediated by fimbriae and non-fimbrial adhesins (Guo
et al., 2007). S. Typhimurium, Enteritidis and other serovars possess up to 13
independent fimbriae (Thomson et al., 2008), although the function of each has

not yet been clarified. In Salmonella non-fimbrial adhesin (SiiE) has been
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recently described (Wagner et al., 2011; Griessl et al., 2013), which is secreted
by the Type 1 secretion system (T1SS) and helps the installation of the Type
three secretion system (T3SS) on the host cell apical membrane (Barlag and

Hensel, 2015).

1. 3. 2. 3. Yersinia enterocolitica

Yersinia enterocolitica contains six biotypes based on biochemical tests (1A, 1B,
2, 3 4 and 5) and divided in 60 serotypes based on the cell wall LPS
(lipopolysaccharide) (Skurnik et al., 1999).

Many strains of Y. enterocolitica can infect pigs, with serovar 3 isolated more
frequently than other serotypes (Toma and Deidrick, 1975; Fukushima et al.,
1984). Y. enterocolitica serotype 0:3 was found in 3.3% of pigs and 0.5% of
cattle (Simonova et al., 2007).

Chromosomal genes ail, rfbC, and yst determine pathogenicity in Yersinia,
determining adhesion to host cells and resistance to the bactericidal effect of
complement (Platt-Samoraj et al., 2006). Yersinia plasmid pYV (Plasmid for
Yersinia Virulence), contains virulence genes yadA (Yersinia adhesion A) and
virF, respectively, coding for the YadA membrane protein that protects the
bacteria against leucocyte activity (Ruckdeschel et al., 1996) and for the
transcription of Yop protein which protects bacterial cells from macrophage
activity (Michiels et al., 1990). However, for screening purposes, Thoerner et
al. (2003) suggested the use of plasmid virulence genes with at least one

chromosomal virulence gene.
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Other virulence factors have been reported including a heat stable enterotoxin
YstA (Pai and Mors, 1978; Platt-Samoraj et al., 2006) and more recently a type
VI secretion system (Jaakkola et al., 2015).

1. 3. 2. 4. Clostridium

Clostridia are Gram positive, anaerobic, spore-forming bacilli. Two species are
of clinical relevance for pigs and cattle, Clostridium difficile and Clostridium
perfringens.

a. Clostridium difficile

C. difficile is a taxonomically heterogeneous group which phylogenetically is
closer to the members of Peptostreptococcaceae (Collins et al., 1994; Ludwig
et al.,, 2009) and will in the future be called Peptidoclostridium (Yutin and
Galperin, 2013).

Toxigenic strains of C. difficile have been reported to cause severe enteric
diseases in calves (Rodriguez-Palacios et al., 2006) and pigs (Songer et al.,
2000). Two exotoxins have been identified in C. difficile, toxin A, an enterotoxin,
and toxin B, a cytotoxin, respectively coded by tcdA and tcdB genes (Kuehne et
al., 2010). Both toxins cause colonic inflammation and epithelial tissue damage
leading to diarrhoea (Voth and Ballard, 2005). Some C. difficile strains also
produce a binary toxin (Perelle et al., 1997), fimbriae (Goulding et al., 2009)
and the fibronectin binding protein FbpA (Barketi-Klai et al., 2011) involved in
cellular colonisation.

The prevalence of C. difficile was investigated in 144 calves with diarrhoea and

134 without diarrhoea from 102 Canadian dairy farms, with 7.6% of diarrhoeic
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and 14.9% of non-diarrhpeic calves positive to C. difficile, although the
presence of toxins was significantly higher in diarrhoeic than non-diarrhoeic
samples (Rodriguez-Palacios et al., 2006). In another study more than 25% of
253 calves presenting a diarrhea from six different states in America were
infected with toxigenic C. difficile. In this study, PCR was used to screen the
samples, unlike the previous study where ELISA was performed for the
detection (Hammitt et al., 2008). In pig enteritis, the prevalence of C. difficile is
generally higher as it is one of the most important cause of neonatal diarrhea
in piglets. It has been reported a prevalence of 90% in piglets (185 neonatal
piglets from 3 farms) with moderate to severe scouring (Squire et al., 2013). A
variable prevalence in both pigs and cattle without diarrhoea has also been

reported (Hammitt et al., 2008; Norman et al., 2009)

b. Clostridium perfringens

C. perfringens is a major enteropathogen in many livestock species (Lebrun et
al., 2007). C. perfringens can produce 17 toxins (Li et al., 2013), not all of which
are produced by all strains. C. perfringens is classified into five toxinotypes A-E
based on the production of four major toxins, a, B, € and 1 (Hatheway, 1990).
Some strains secrete additional toxins such as enterotoxin (Cpe) (Sarker et al.,
1999), beta2 toxin (cpb2), necrotic enteritis B-like toxin NetB and Tpel (Li et al.,
2013).

The Cpe toxin has been identified in strain of type A, C, D and E, but not in type

B (McDonel, 1980; Sayeed et al., 2010). NetB toxin has been identified in avian
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C. perfringens A strains (Keyburn et al., 2008). The Tpel is thought to enhance
virulence of necrotic enteritis of avian strains (Coursodon et al., 2012).

Strains of C. perfringens types A and C are the most commonly isolated from
pigs (Songer and Uzal, 2005). A higher prevalence of C. perfringens type A was
reported in suckling pigs by Chan et al. (2012), which, interestingly, harboured
NetB and Tpel genes and other studies described 30 - 100% morbidity and
mortality in pigs infected with C. perfringens C (Songer and Glock, 1998; Songer
and Uzal, 2005).

Similarly, C. perfringens A and C have been implicated in enteritis in cattle
(Songer, 1996) with Bartels et al. (2010) reporting 54% of 424 calves (from 108
dairy herds) infected by C. perfringens and in another study, Pardon et al.
(2012) described evidence of enterotoxaemia in 10% of 3519 veal calves from

10 cohorts, which was mainly due to C. perfringens type C.

1. 3. 2. 5. Campylobacter

The Campylobacter genus comprises Gram negative, spirally curved rod, non-
spore forming bacteria. Several species of Campylobacter can cause
gastroenteritis in human and animals, but particularly C. jejuni and C. coli
(Nietfeld, 2013).

Several virulence genes playing a role in the pathogenicity of Campylobacter
spp. have been identified, including the flaA gene involved in motility, cadF,
demonstrated to determine adhesion, cdtB, responsible for the production of
cytolethal distending toxin and iam for invasiveness (Krutkiewicz and

Klimuszko, 2010; Rizal et al., 2010). Previously, other toxins have been
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described in Campylobacter spp. species, notably enterotoxin, haemolytic

toxins, shiga-like toxin and hepatotoxin (Wassenaar, 1997).

a. Campylobacter jejuni

C. jejuni comprises two subspecies, C. jejuni subsp. jejuni and C. jejuni subsp.
doylei (Parker et al., 2007). C. jejuni is isolated more commonly than C. coli from
calves (Selwet and Galbas, 2012) causing diarrhoea (Schulze, 1992), although
in one study, 15% of calves were infected with C. jejuni with no difference in
detection rates between calves with or without diarrhoea. However, diarrhoeic
calves were shedding the bacteria more often than healthy calves (Klein et al.,
2013). In pigs it has been isolated with a rate of 25% of individuals with

diarrhoea (Burrough et al., 2013).

b. Campylobacter coli

C. coli has long been recognised as a major porcine enteropathogen (Andress
et al., 1968; Vandamme and On, 2001). Although, C. coli has been isolated from
pigs with severe diarrhoea several authors question the role of C. coli, with
experimentally infected pigs remaining healthy (Bratz et al., 2013). C. coli has
been recovered from 75% pigs with recognised colitis lesion (Burrough et al.,
2013), although it has also been identified in healthy pigs (Oporto et al., 2007,
Denis et al., 2011). A low incidence 9.5% has been reported in calves (Adesiyun

et al,, 1992).
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1. 3. 2. 6. Bacteroides fragilis

Bacteroides fragilis is a non-spore forming, Gram negative, obligately
anaerobic, curved bacillus, normally regarded as a normal component of the
gut flora of the intestine of human and animals (Collins et al., 1989).
Enterotoxigenic Bacteroides fragilis (ETBF) can cause diarrhoea in animals,
children and adults (Sears, 2009). A toxin (known as fragilysin) is encoded by
the bft gene located in a pathogenicity island (BfPAI) (Franco et al., 1999),
although many B. fragilis strains are non-toxigenic (NTBF) and are found in
healthy individuals.

Oral administration of ETBF to gnotobiotic pigs resulted in watery diarrhoea
with intestinal lesions (Duimstra et al., 1991) with similar symptoms also
reported in naturally infected pigs (Collins et al., 1989). In experimentally
infected calves ETBF, has produced fluid accumulation in ligated intestinal

loops (Myers et al., 1985).

1. 3. 2. 7. Brachyspira

Members of Brachyspira genus are Gram negative and anaerobic (Euzéby,
2013) containing two porcine enteropathogens, B. hyodysenteriae and B.
pilosicoli (Hudson et al., 1976; Thomson et al., 1997). Phenotypically the two
species can be differentiated by the strength of beta-haemolysin that is strong
in B. hyodysenteriae and fairly weak in B. pilosicoli (Fellstrom and Gunnarsson,
1995). A recent study has shown a strong correlation between the degree of
beta-haemolysis and the potential for virulence in Brachyspira spp. (Burrough

et al.,, 2012).
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a. Brachyspira hyodysenteriae

B. hyodysenteriae is one of the agents responsible for swine dysentery (Taylor
and Alexander, 1971), which is a mucohaemorrhagic enteric disease.

Many genes have been implicated in its virulence including tlyA—C and hlyA
coding for beta-haemolysin and strong haemolysin respectively (Barth et al.,
2012), nox encoding NADH oxidase (Stanton et al., 1999), the vsp genes
encoding surface mediated proteins (Witchell et al., 2011) and a set of genes
coding for a lipo-oligosaccharide (Halter and Joens, 1988). More recently, La et
al. (2011) have demonstrated that B. hyodysenteriae has a 36 kb plasmid
comprising several virulence genes that may also contribute to its virulence
(Jensen and Stanton, 1993) with strains lacking the plasmid being avirulent
(Achacha et al., 1996). The plasmid encloses genes that encode rhamnose
biosynthesis enzymes and other glycosyltransferases (Nuessen et al., 1983).
Detection frequency of B. hyodysenteriae was reported to vary between
studies, Novotna and Skardovda (2002) indicated 44% in 100 diseased pigs,
whereas Baccaro et al. (2003), registered a rate of 1.4% in 541 pigs from 70
swine herds. In another study involving 462 faecal samples from 43 herds
showed a prevalence of 37.2% (Suh and Song, 2005).

b. Brachyspira pilosicoli

B. pilosicoli produces intestinal spirochaetosis in pigs (Trott et al., 1996), and
has been recognised as an important cause of colitis and typhlitis (Hampson et

al., 2006) a less severe disease compared to swine dysentery (Trott et al., 1996).
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The prevalence of infection has been reported to vary between 1% to 20% in
different studies and countries (Baccaro et al., 2003; Oxberry and Hampson,

2003; Calderaro et al., 2006).

1. 3. 2. 8. Lawsonia intracellularis

L. intracellularis is a Gram negative, obligately intracellular bacteria involved in
proliferative enteritis, mainly in grower-finisher pigs (McOrist and Gebhart,
2006) which is characterised by morphological changes of the intestinal
mucosa due to enterocyte hyperplasia (Nietfeld, 2013). Affected pigs present
with signs of bloody diarrhoea and sometimes sudden death (McOrist and
Gebhart, 1999).

The prevalence of L. intracellularis in pigs with diarrhoea has been estimated
to vary generally between 3.3% and 20% (Kim et al., 1998; Baccaro et al., 2003;
Suh and Song, 2005). Although higher rates of around 70% have also been
reported but were mainly seroprevalence studies (Marsteller et al., 2003; Stege

et al., 2004).

1. 3. 3. Parasites

1. 3. 3. 1. Trichuris suis

Trichuris suis, more currently known as whipworm, is a helminth parasite
(Horton, 2014) infection which is usually asymptomatic, but in large numbers,
they can cause watery diarrhoea containing blood, anorexia with retarded

growth (Caron et al., 2014).
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Morphologically, infected pigs showed a haemorrhagic colon surface with
increased mucus production (Li et al., 2012) with sometimes a disruption in the
intestinal mucosal layer accompanied by profound histopathological changes
(Mansfield and Urban, 1996). A synergistic effect has been observed between
T. suis and other pathogens such as spirochaetes (Rutter and Beer, 1975) or
Campylobacter (Mansfield et al., 2003).

Prevalence rates have been reported to vary according to countries from 11.1%
to 25% (Eijck and Borgsteede, 2005; Matsubayashi et al., 2009; Nissen et al.,
2011). Lower percentages of 0.5% (of a total of 200 pigs), 2.9% (of 384 pigs)
and 5% (of 920 pigs) have also been observed in certain African countries

(Atawalna et al., 2015; Jufare et al., 2015; Olaniyi et al., 2016).

1. 3. 3. 2. Cryptosporidium

Cryptosporidium is a protozoan that belongs to the Cryptosporidiidae with 23
recognised species in the genus (Xiao, 2010). Cryptosporidiosis is also zoonotic
(Tzipori, 1983). Studies have shown that C. suis and pig genotype Il are
prevalent in pigs. Genotype Il has been identified in pigs following 18S rRNA
sequencing and phylogenetic analysis that showed two different genotypes
(Ryan et al., 2004), C. suis being genotype |. Genotype Il Cryptosporidium have
been found exclusively in adult pigs and proposed to be named C. scrofarum in
2013 (Kvac et al., 2013). C. parvum has been decribed to be prevalent in cattle
(Morgan et al., 1998; Ryan et al., 2004). Cattle can also be infected with C.
andersoni and C. bovis (Lindsay et al., 2000; Santin et al., 2004). Cattle and

porcine Cryptosporidium species are not necessarily host-specific (Fayer, 2010).
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In calves and piglets, Cryptosporidium causes diarrhoea and severe intestinal
lesions (Angus, 1983). In calves, many recent studies suggested a prevalence
rate of 16% (461 calves from different farms) (Maurya et al., 2013), 22% (364
faecal specimens from five farms) (Ng et al., 2011) and 39% (456 faecal samples
from different farms) (Venu et al., 2013). In pigs and piglets almost similar rates
have been reported (Nguyen et al., 2012; Maurya et al., 2013; Petersen et al.,
2015).

1. 3. 3. 3. Giardia

The genus Giardia is another protozoan that infects numerous hosts. G.
duodenalis has been associated with beef and dairy calf diarrhoea (O’Handley
et al.,, 1999; Olson et al.,, 2004). Based on the genetic and morphological
features of the parasite, G. duodenalis is a complex species formed of 8
different taxonomic groups called assemblages (A to H) (Monis et al., 2009;
Lasek-Nesselquist et al., 2010). Assemblage E seems to be the most prevalent
in calves (Thompson, 2004). Few studies have reported on the presence of
Giardia in pigs compared to cattle, however, assemblages A and E have been
cited with E being the most common (Feng and Xiao, 2011).

In naturally infected calves, Giardia causes villous atrophy of the intestine
leading to diarrhoea with mucus (Ruest et al., 1997). Herd prevalence were
usually relatively high, 18-84% for pigs and 60-100% for cattle (Maddox-Hyttel
et al., 2006). Animal-level prevalence ranged from 9% to 14% in pigs (Olson et
al.,, 1997; Petersen et al., 2015) and 7% to 27% in cattle (Ng et al., 2011;

Gillhuber et al., 2014).
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1. 3. 3. 4. Eimeria

Eimeria species are coccidian parasites that infect the intestinal tract in cattle
(Lucas et al., 2014). Symptoms of coccidiosis in cattle consist of watery
diarrhoea (Daugschies and Najdrowski, 2005), weight loss, apathy, reduced
weight gain and dehydration (Stockdale et al., 1981; Jolley and Bardsley, 2006).
Among the 20 described Eimeria species in cattle, two are pathogenic; E. bovis
and E. zuernii (Seppa-Lassila et al., 2015), and are frequently associated with
cattle eimeriosis (Enemark et al., 2013). Prevalence of Eimeria spp. in calves is
usually high, 13% to 84% as reported (Koutny et al., 2012; Enemark et al., 2013;
Gillhuber et al., 2014; Seppa-Lassila et al., 2015). Eimeria are relatively
infrequently isolated from porcine enteritis (Karamon et al., 2007), with recent

reported prevalence values of 8% and 13% (Zhang et al., 2012; Ruiz et al., 2016).

1.3.3.5. Isospora suis

Isospora suis is another coccidian enteropathogen in pigs known to produce
diarrhoea in suckling piglets (Niestrath et al., 2002; Karamon et al., 2007).
Isosporosis manifests with diarrhoea, dehydration and growth retardation
(Gualdi et al., 2003) mainly in pigs of less than three weeks old (Worliczek et
al., 2009). /. suis was reported to be highly prevalent in intensive pig production
(Mundt et al., 2005). It was detected with a relatively high prevalence in many
studies with a reported rate of 17% (779 litters of suckling piglets collected
from 80 farms in 17 provinces in China) (Zhang et al., 2012). In a cohort study
covering 12 European countries, the prevalence of the parasite in the litters

was 26% and the herd prevalence was 69% (Torres et al., 2004).
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1. 4. Mixed enteric infection in cattle

Investigations on the detection of pathogens in infectious enteritis have most
frequently concerned specific individual pathogens. However, the involvement
of several organisms in disease initiation has been reported and should be
considered in every case of enteritis. Pathogen combinations may include
several species of viruses, bacteria or parasites. Mixed infections are typically
associated with more severe disease (Reynolds et al., 1986). Hoet and his
colleagues reported that calves infected with two or more pathogens were six
times more likely to develop clinical diarrhoea compared with calves that shed
only one pathogen (Hoet et al., 2003).

There are a number of reports of mixed infections. Thus, ETEC and Salmonella
spp. have been isolated simultaneously from diarrhoeic calves (Bendali et al.,
1999; Hoet et al., 2003). In Rotavirus A infections, co-infections may aggravate
the outcome of the disease (Garcia et al., 2000). Rotavirus, Coronavirus and
Cryptosporidium (de la Fuente et al., 1998) or Rotavirus, Coronavirus,
Cryptosporidium and E. coli (Uhde et al., 2008; Torsein et al., 2011) can
simultaneously co-infect the intestine leading to an exacerbated clinical
picture. Swiatek et al. (2010) showed that in rotavirus infections, diseased
calves could be infected simultaneously with more than one strain of rotavirus.
Calves persistently infected with BVDV may have a higher death loss at a young
age when challenged with other enteric pathogens (Blanchard, 2012). Bovine
norovirus-infected calves have tested positive to other viruses and bacteria
including bovine enteric Nebraska-like calicivirus, Bovine rotavirus A, B and C,
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Bovine coronavirus, Bovine torovirus, BVDV and shiga-toxin-producing E. coli
(Park et al., 2007).

In the case of distantly unrelated pathogens the most frequently observed co-
infection in calves involves Cryptosporidium and Rotavirus, followed by
concomitant infection with Cryptosporidium, Rotavirus, E. coli and/or

Salmonella (Garcia et al., 2000).

1. 5. Mixed enteric infection in pigs

Reports of co-infected pigs with two species of viruses have been described.
PEDV-induced diarrhoea in neonatal piglets has occurred with Porcine group A
rotavirus with the co-infection being more severe and prolonged when
compared to single infections (Jung et al., 2008). Porcine bocaviruses have also
been isolated simultaneously with PCV2 in diseased pigs (Blomstrom et al.,
2009, 2010; Zhai et al., 2010; Cadar et al., 2011; Shan et al., 2011; Zeng et al.,
2011; Zhang et al., 2011).

Sapovirus infections together with other enteric pathogens, such as Group A
and C Rotaviruses, may play a role in the aetiology of weaning and post-
weaning enteritis of piglets (Gouvea et al., 1991; Saif et al., 1994; Will et al.,
1994; Martella et al., 2008).

Mixed porcine infection with bacteria and viruses are well illustrated by L.
intracellularis which increases the severity of PCV2 infections (Allan et al.,
2004), with a specific synergy suggested between these two pathogens (Jensen
et al., 2006). PCV2 has also been found in pigs co-infected with S. Choleraesuis

(Murakami et al., 2006; Kawashima et al., 2007). Combinations of different
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bacteria have also reported, L. intracellularis was isolated in a co-infection with
E. coli (Schauer et al., 1998; Boesen et al., 2004), a dependency suggested by
the inability to establish experimental infection of gnotobiotic pigs with L.
intracellularis alone (McOrist et al., 1993). Moreover, a recent study showed
that when pigs were challenged with L. intracellularis concomitantly with S.
Typhimurium, the rate of Salmonella shedding was higher compared to the
control group (Borewicz et al., 2015), which confirms the suggestion that L.
intracellularis might predispose to a longer carriage of S. enterica (Beloeil et
al., 2004).

Infection involving two species from the same genus has also been described;
in this case co-infection with two Salmonella serovars, S. Typhimurium and S.

Choleraesuis in swine herds (Ha et al., 2005).

1. 6. Relationship between the presence of pathogens and the

onset of enteritis

A primary process in a case of enteritis is the appearence of diarrhoea
sometimes with other symptoms such as fever, asthenia, or watery and bloody
faeces which can provide an indication of the extent of the invasiveness of the
causal agent. The association of the symptoms and the general condition of the
animal with the isolation of an enteric pathogen from a faecal specimen is
indicative evidence of the cause-effect principle. The screening of a faecal
sample for the identification of pathogens by PCR indicates solely the presence
or the absence of a particular microorganism. However, other methods such as

faecal culture recovers enteric pathogens that can be enumerated, or
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guantified if quantitative PCR is used. Thus, at the detection level the
abundance of the organism allows consideration or elimination of association
with an infection. Studies have already demonstrated that the clinical impact
was highly associated with the dose -challenge (Collins et al., 2007; Paradis et
al., 2012).

The number of enteropathogen involved in intestinal infection exceeds 35
individual species in both pigs and cattle and molecular techniques used for the
diagnosis of specific targeted pathogens should take in consideration the
geographical epidemiology, the health history of the animal and the general
health of the herd. Furthermore, in the context of epidemio-survelliance,
repeated sampling is essential for the determination of the implication of the

causality of a specific pathogen in the disease.

1. 7. Detection techniques of enteropathogens

1. 7. 1. Conventional techniques

Detection techniques using culture and isolation have become less popular
since the 90s being increasingly replaced by molecular techniques. Bacterial
detection using culture requires isolation from a sample, and frequently
involves a pre-enrichment stage prior to growth in a specific selective medium.
This is followed by biochemical or serological tests with the whole process
requiring several days for a full identification (Cunningham et al., 2010; Shinde
et al., 2012). In addition, some microorganisms such as Brachyspira species are

not easily cultured (Naresh et al., 2009; Hampson et al., 2015).
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The identification of viruses may require their visualisation by electron
microscopy involving a specialist facility. In addition, their culture and growth
in vitro need more exacting protocols. Virus isolation lacks optimal sensitivity
or rapidity for consistency in identification (Radwan et al., 1995).
Conventional techniques for protozoan detection are based mainly on
microscopic examination. These methods are laborious and require skilled
technicians. In addition, enrichment and selective isolation stages can lead to
a loss of cysts and oocysts, with a subsequent reduced sensitivity (Rochelle et
al., 1997; Wang et al., 2004).

Serological assays including ELISA are both sensitive and specific (Blanchard et
al., 2003; Lazcka et al.,, 2007). However, they monitor the presence of
antibodies to specific pathogens and thus reflect exposure to a pathogen and
not necessarily the presence of the pathogen itself. As with all tests for
infectious diseases in livestock they are used as herd or flock tests with the unit
of surveillance being the animal group.

The disadvantages of conventional methods have given impetus to the more
rapid molecular approaches to diagnosis and identification. Nucleic acid-based
techniques have several advantages including low detection limits, specific

organism detection and rapid results (Mothershed and Whitney, 2006).

1. 7. 2. Molecular techniques

The causative association between pathogens and clinical enteritis is aided by
the likely presence of high numbers of the pathogen. Conversely sub-clinically

infected animals may excrete bacteria intermittently and in low numbers
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(House et al., 1993), and in this situation, quantification may only be possible

when molecular detection techniques are used.

1.7. 2. 1. PCR-based techniques

Molecular diagnostics, in particular polymerase chain reaction (PCR)-based
tests have become very common in pathogen diagnosis. The PCR method
consists of a first step of heat denaturation of DNA, which may be extracted
and purified, followed by an annealing of specific primers to a target sequence
and an extension phase carried out with a thermostable polymerisation
enzyme. These different phases differ in duration and temperature. Each new
double stranded DNA acts as a target for a new cycle and amplification is thus
exponential. The presence of the amplified sequence is subsequently detected
by gel electrophoresis (Xu and Larzul, 1991). PCR is less prone to produce false
positives as it detects the organism by amplifying the target rather than the
signal (Shinde et al., 2012). However, a false positive is possible resulting from
contamination of the sample during collection or in the laboratory (Lappin,
2009).

For microbe detection, PCR offers good specificity, sensitivity, rapidity,
accuracy and the capacity to detect small amounts of target nucleic acid in a
sample (Toze, 1999), which renders this technique the most widely used in both
research and diagnostic laboratories for pathogen detection (Lisby, 1998;
Mothershed and Whitney, 2006; Procop, 2007). Although PCR is very sensitive,

detection of pathogens in faeces, the basis of this thesis, can be complicated
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by the presence of various types of bacteria, including non-pathogens, and

potentially inhibitory chemicals (Monteiro et al., 1997).

a. Random and Specific amplification

Random amplification, also called sequence-independent amplification or
Random Amplification of Polymorphic DNA (RAPD, pronounced Rapid) uses
random primers that can anneal to different sites on the genome and no
information of the genome sequence is required. This amplification results in a
high number of fragments that are equally dominant. Specific amplification
uses a specific pair of primers which targets a sequence of one or more gene(s),
the PCR product is amplified exponentionally generating millions of copies.
Random amplification requires very small quantities of DNA but also from a
sample with a relative purity compared to the specific amplification that is
capable to target a specific sequence in a polymixture of genes/genomes.
Specific amplification necessitates carefully designed primers based on known
sequences. On the other hand, random amplification utilises arbitrary primer
sequences. Random amplification can thus lead to less reproductible profiles

(Ellsworth et al., 1993).

1. 7. 2. 2. Multiplex PCR

Mixtures of organisms, or multiple sequences of the same pathogen, can be
detected by multiplex PCR, which uses more than one pair of primers each
targeting individual pathogens.

The advantage of this method over monoplex PCR is that it is well suited to

pathological conditions where mixed infections may occur. One frequently
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encountered problem with the multiplex PCR assay is an associated reduction
in sensitivity due to competition for reagents when multiple templates are
amplified in a single reaction (Khamrin et al., 2011). However, the use of a
combined three multiplex PCR panel approach for the detection of bacterial,
viral and parasitic pathogens in human diarrhoea allowed McAuliffe et al.
(2013) to increase the frequency of detection of gastro-enteric pathogens from

18% to 30%.

1. 7. 2. 3. Real-time PCR (RT-PCR) or quantitative PCR (qPCR)

Real-time PCR offers many advantages compared to conventional PCR such as
increased sensitivity and rapidity, broader dynamic range and, most
importantly, elimination of post amplification handling steps (Smith et al.,
2004). In fact, the amplification can be followed in real time offering the
elimination of the gel electrophoresis step in a conventional PCR technique,
and reducing possible contamination of sample (Monis and Giglio, 2006).
Moreover, qPCR is considered as the golden standard method for gene
expression assays (Derveaux et al., 2010). The ability to quantify the amount of
pathogen nucleic acid in a sample is a huge advantage, especially when mixed
infections might be involved to identify the main pathogen.

The most used chemistries in RT-PCR are SYBR Green | (Becker et al., 1996) and
probe-based assay, particularly Tagman, probes (Heid et al., 1996), defining
detection of binding dyes to the amplified product, or hydrolysed/hybridised

probe respectively (Navarro et al., 2015).
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The SYBR Green assay principle is based on the use of fluorescent dyes; a
specific intercalating dye has little or no fluorescence when free in solution but
produces a large quantum yield increase in fluorescence when bound to dsDNA
and exposed to the appropriate wavelength of light (Monis and Giglio, 2006).
The nucleic acid-specific dye attaches itself to the targeted amplicon
generating fluorescence with a proportional intensity to the amount of
amplified product (Cady et al., 2005). Exponential quantification is detected
from standards with defined numbers of copies of the target fragment
(Saunders, 2004). Amplification is thus verified by melting curve analysis, which
is analogous to the detection of a band by conventional gel electrophoresis
(Monis and Giglio, 2006).

The fluorophore-labelled probe assay is based on the use of two types of
fluorophores, reporter and quencher respectively, attached at the 5’ and 3’
extremities, with the reporter non-fluorescent as long as it stays in a specific
distance from the quencher. The probe anneals to the target sequence
between the two primers and is cleaved by the polymerase during the
extension. The hydrolysis of the probe separates the reporter from the
qguencher and leads to the release of fluorescence from the reporter.
Detection of amplified targets through emitted fluorescence is realised by a
system designed for signal detection in the RT thermal cycler. RT PCR allows
the visualization of the instantly quantification of the PCR products.

Several studies have investigated the capability of multiplex real time PCR and

singleplex real-time PCR assays to detect mixed enteric virus infections, and
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have shown good sensitivity and specificity (Chen et al., 2006; Thao et al.,
2010). However, these methods are limited with respect to the number of
target pathogens that can be effectively detected (Piao et al., 2012). There is a
considerable potential for cross-hybridisation or competition among the
multiple primer sets used, resulting in poor PCR amplification and/or the
generation of non-specific products (Elnifro et al., 2000). A limitation of this
technique is the number of probes used, because each locus must be
specifically targeted with a probe that fluoresces at a unique wave-length to
differentiate the several amplicons in the same reaction. It is worth noting that
current RT thermal cyclers allow a maximum of only six distinct wave-length
detection channels (Jex et al., 2012). An additional disadvantage is the cost of
the technique in which the price of a single real-time PCR reaction, including
DNA extraction, can be more than three times the cost of conventional PCR
(Mothershed and Whitney, 2006).

A number of molecular techniques have been used in the detection of the
different enteropathogens, mainly PCR-based techniques as they are very
commonly used and relatively easy to set up (Table 1.1).

1. 7. 2. 4. LAMP (Loop-Mediated Isothermal Amplification)

LAMP is a relatively recent molecular technique developed in 2000. The
method employs four sets of primers that amplify six distinct regions of the
target DNA. This technique is highly specific and sensitive as it permits selective
recognition of six sequences among a high background of nucleic acid under

isothermal conditions. Many authors agree that LAMP technology is less

51



Chapter 1 Introduction and Literature Review

expensive, rapid and does not need a thermal cycler to carry out the
amplification as a simple water bath suffices for the incubation. Its simplicity
and the fact that it is equipment-free makes it an ideal method for resource-
poor countries with Njiru (2012) highlighting that the LAMP platform can be
developed into a realistic point of care format.

LAMP has been utilised in the clinical diagnosis of infectious diseases (Mori and
Notomi, 2009) in general and enteric infection in particular. Several authors
used LAMP to identify the presence of diverse enteric viruses and bacteria in
cattle and pigs (Chen et al., 2010; Ren et al., 2011; Luo et al., 2012; Yin et al.,

2012).
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Pathogen Method Target gene Reference
Bovine coronavirus Real-time PCR Membrane (M) Decaro et al. (2008b)
One step RT-PCR RdRp Zlateva et al. (2011)
PCR Membrane (M) Chae et al. (2000)
PCR ORF3 Park et al. (2011)
PEDV PCR followed by sequencing Spike (S): 'Sequence insertion/mutation- Highly virulent Li et al. (2012)
PEDV strains
RT-LAMP Nucleocapsid (N) Ren and Li (2011)
Real-time RT-PCR Spike (S) Vemulapalli et al. (2009)
TGEV Multiplex Real-time RT-PCR Nucleocapsid (N) Kim et al. (2007)

LAMP

Nucleocapsid (N)

Chen et al. (2010)

Bovine torovirus

RT-PCR

Spike (S)

Hoet et al. (2003)

Nested PCR

Spike (S)

Kirisawa et al. (2007)

Bovine and Porcine
torovoirus

RT-PCR/ Real-time PCR

Membrane (M)

Hosmillo et al. (2010)

Pignatelli et al. (2009)

Porcine torovirus PCR Nucleocapsid (N)/ Membrane (M)/ Hemagglutinin (HE) Pignatelli et al. (2010a)
Real-time PCR Nucleocapsid (N) Pignatelli et al. (2010b)
Real-time PCR ORF2 (Capsid) Brunborg et al. (2004)

Porcine circovirus | Multiplex PCR ORF1/0ORF2 Ouardani et al. (1999)
LAMP ORF2 Zhao et al. (2011)
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Continued
Pathogen Method Target gene Reference
RT-PCR 5'UTR Ley et al. (2002)
Bovine enterovirus | RT-PCR VP1 Knowles (2005)
RT-PCR 3’UTR / 3D (RdRp) Li et al. (2012)
RT-PCR 5'UTR Zell et al. (2000)
RT-PCR VP1 La Rosa et al. (2006)
Porcine RT-PCR 3D (RdRp) Koonin and Dolja (1993)
enterovirus RT-PCR N terminus of the capsid protein VP2 Kaku et al. (2001)

Beld et al. (2004)

RT-PCR /N RT-PCR "UTR
CR /Nested ¢ > U Van Dung et al. (2014)
RT-PCR ORF1/0ORF2 junction Mauroy et al. (2009b)
Bovine kobuvirus PCR 3D (RdRp)? Park et al. (2011b)

5’/3’ RACE/ RT-PCR

3D (RdRp) and 3’UTR region

Reuter and Egyed (2009)

RT-PCR

3D (RdRp)

Reuter et al. (2009)

RT-PCR / Sequencing

3Cpro/3D RdRp

Reuter et al. (2008)

Porcine kobuvirus | RT-PCR VP1 Reuter et al. (2009)
Real-time RT-PCR 3D (RdRp) Zhu et al. (2016)
RT-LAMP 3D (RdRp) Li et al. (2014)
Sapelovirus RT-PCR 5’UTR Lan et al. (2011)
RT-PCR / Sequencing VP1 Cano-Gémez et al. (2013)
Teschovirus RT-PCR 5'UTR La Rosa et al. (2006)
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Continued

Pathogen Method Target gene Reference

Teschovirus Nested RT-PCR 5'UTR Chiu et al. (2012)
RT-PCR VP3/VP1b Chiu et al. (2012)

Porcine norovirus RT-PCR RdRp Jiang et al. (1999)
RT-PCR RdRp — Human Norovirus Mauroy et al. (2008)

Bovine norovirus RT-PCR RdRp Smiley et al. (2003b)
RT-PCR/Nested PCR RdRp Park et al. (2007)

RdRp Jiang et al. (1999)
Porcine sapovirus | RT-PCR RdRp Reuter et al. (2010b)
Capsid Kim et al., (2006)

Nebovirus RT-PCR/Nested PCR RdRp Smiley et al. (2003b)/ Park et al. (2008)
RT-PCR Capsid Han et al. (2004)
Real-time RT-PCR NSP3/Segment 7 Otto et al. (2015)

Bovine rotavirus A Real-time RT-PCR NSP3/Segment 7¢ Pang et al. (2004)
Real-time RT-PCR VP7/ Segment 9 Fukai et al. (1999)
RT-LAMP VP6/ Segment 6 Xie et al. (2012)

Bovine rotavirus B | Real-time RT-PCR NSP5/Segment 11 Otto et al. (2015)

. . Real-time RT-PCR VP6/ Segment 6 Gouvea et al. (1991)/ Otto et al. (2015)

Bovine rotavirus C -
Real-time RT-PCR VP7/Segment 9 ¢ Logan et al. (2006)

Porcine rotavirus A RT-PCR VP6/ Segment 6 Matthijnssens et al (2008)
RT-PCR VP4/ Gentsch et al. (1992)
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Continued
Pathogen Method Target gene Reference
Porcine rotavirus A RT-PCR VP7/Segment 9 Das et al. (1994)
Porcine rotavirus B Real-time RT-PCR VP6/ Segment 6 Marthaler et al. (2014b)
Real-time RT-PCR VP7/Segment 9 Marthaler et al. (2012)
Real-time RT-PCR VP6/ Segment 6 Jeong et al. (2009)
Porcine rotavirus C RT-PCR VP6/ Segment 6° Sdnchez-Fauquier et al. (2003)
RT-PCR VP7/ Segment 9 Rahman et al. (2005)
Porcine rotavirus A/C | Multiplex Real-time RT-PCR VP6/ Segment 6 Marthaler et al. (2014a)
Porcine orthoreovirus RT-PCR L1 Decaro et al. (2005)
RT-PCR S1 Narayanappa et al. (2015)
Bovine parvovirus PCR/ LAMP VP2 Luo et al. (2012)
PCR VP1/VP2 Pinheiro de Oliveira et al. (2016)
Porcine parvovirus Real-time PCR ORF3 Gava et al. (2015)
Real-time PCR ORF2 Xiao et al. (2013)
Real-time PCR NP1 Lietal. (2011)
Porcine bocavirus LAMP VP1/VP2 Li et al. (2012)
Duplex Nano PCR NS1 Luo et al. (2015)
Real-time RT-PCR 5'UTR Letellier and Kerkhofs (2003)
BVDV RT-PCR NPro Becher et al. (1997)
RT-PCR 2 steps E2 van Rijn et al. (1997)
Multiplex Real-time RT-PCRf | 5’UTR Baxi et al. (2006)
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Continued
Pathogen Method Target gene Reference
Real-time PCR recA Stappers et al. (2016)
Bacteroides fragilis Real-time PCR gyrB Lee and Lee (2010)
Nested PCR bft Shetab et al. (1998)
Campylobacter jejuni PCR mapA Stucki et al. (1995)
Campylobacter coli PCR ceuE Gonzalez et al. (1997)/ Denis et al. (1999)
C. jejuni/C. coli Multiplex PCR C.jejuni hipO and 23S rRNA/ C.coli glyA | Wang et al. (2002)
Clostridium spp. PCR 16S rDNA Kikuchi et al. (2002)
PCR cdtB Gumerlock et al. (1993)
-, fo PCR cdtA Tang et al. (1994)
Clostridium difficile PCR cdtA , cdtB Kato et al. (1991)
Multiplex PCR 16SrDNA, tcdA ,tcdB, cdtA, cdtB Persson et al. (2008)
Multiplex PCR cpa, cpb, cpe, iA etx, ibp Meer and Songer (1997)

Clostridium perfringens

Multiplex Real-time
PCR

cpa, cpb, cpe, iA ,etx, iap , cpb2

Albini et al. (2008)

Real-time PCR 16S rDNA Wise and Siragusa (2005)
Escherichia coli ETEC PCR sta Valat et al. (2014)
Escherichia coli STEC PCR stx1, stx2 Valat et al. (2014)
Escherichia coli EAEC Multiplex PCR aat, aaiA, astA Jenkins et al. (2006)
E. coli STEC / EPEC PCR eae Valat et al. (2014)

57




Chapter 1 Introduction and Literature Review

Continued
Pathogen Method Target gene Reference
E. coli EAEC/ETEC PCR astA Valat et al. (2014)
. . eltB, estA/ vtl, vt2, eaeA/ eaeA, bfpA/ ial/

E.coli ETEC/EHEC/EPEC/EIEC/EAE Multiplex PCR N . (2

coli ETEC/EHEC/EPEC/EIEC/EAEC ultiplex PC 6CVD432-harboring strain guyen et al. (2005)
E.coli Multiplex Real-time | aggR/stla, stib, It/ eaeA/eaeA, stx1, stx2/ ipaH/ .
EAEC/ETEC/EPEC/STEC/EIEC/DAEC | PCR daaD Guion et al. (2008)
Salmonella enterica PCR invA, invE Stone et al. (1994)
Salmonella Typhimurium Multiplex PCR oafA, fliC, fljB He et al. (2016)
Salmonella Typhimurium PCR fliA-B, fljB, fliC, mdh Bugarel et al. (2012)
Salmonella Enteritidis Multiplex PCR invA, fliC-k, fliC-1, fliC-r, sdf Shimizu et al. (2014)
S. Typhimurium/Enteritidis E/I(:L;{Itlplex Real-time safA, fliA,fljB, hin-iroB, IAC (pUC18/19) Maurischat et al. (2015)
Salmonella Dublin Multiplex PCR invA, SeD_A1118, SeD_A2283 Zhai et al. (2014)
Non-typhoidal invasive . . g
salmonella enterica Multiplex PCR 16S rRNA, fliC-gp, fliC-i, fliC-z4, z23, sdfl Tennant et al. (2010)
Salmonella Choleraesuis LAMP ofjliC Yin et al. (2012)
Salmonella Choleraesuis PCR flinC Chiu et al. (2005)
Versinia enterocolitica (among |\, 010y peR Yst Gémez-Duarte et al. (2009)
other enteropathogens)
Yersinia enterocolitica PCR yadA Bonardi et al. (2007)
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Continued
Pathogen Method Target gene Reference
Brachyspira  hyodysenteriae [/ . nox, Unknown recombinant clone pRED3C6) /
Multiplex PCR Nath l. (2007
Brachyspira pilosicoli ultiplex PC 16S rDNA athues et al. (2007)
Lawsonia intracellularis PCR 16S rDNA, chromosome fragment Dittmar et al. (2003)
Lawsonia intracellularis Real-time PCR 16S rRNA Richter et al. (2010)
Trichuris suis PCR Internal transcribed spacers ITS1-5.85-ITS28 Cutillas et al. (2007)
Cryptosporidium spp. PCR 18S rDNA Xiao et al. (1999)
Giardia spp. PCR B-giardin Caccio et al. (2002)
Eimeria spp. Multiplex PCR Specific internal transcribed spacers (ITS-1) You (2014)
Isospora suis Nested PCR 18S rRNA Joachim et al. (2004)
a: 3D region of kobuviruses including Aichivirus, Bovine kobuvirus and Porcine kobuvirus; b : Teschovirus serotype 1; c: Designed from Human rotavirus A; d: Designed from Human rotavirus C;
e: Designed from Human rotavirus C; f: Simultaneous detection of BVDV1 and BVDV2; g: Flanking the 18S and 28S regions

RT-PCR: Reverse Transcription PCR
RT-LAMP: Reverse Transcription Loop-Mediated Isothermal Amplification

59



Chapter 1 Introduction and Literature Review

1. 7. 3. DNA Microarrays

Microarray technology arose from the principle of the Southern blot which was
a detection method based on the transfer of separated bands of DNA or RNA
by electrophoresis to a membrane followed by a hybridisation with the
corresponding labelled probes (Alwine et al., 1977). In contrast, the microarray
probes are immobilized and their targets are labelled and free in the
hybridisation solution. After hybridisation, the duplex formed by the probe and
its complementary sequence are detected by fluorescence or enzymatic
reaction.

A microarray is a collection of probes attached or “spotted” in a pattern/array
(Schena et al., 1995). The spotted surface can be a glass slide, coated glass or
silicon slide. Probes may be printed robotically and immobilised ideally through
a spacer molecule of 40 atoms in length (Shchepinov et al., 1997).

Large numbers (10°) of oligonucleotides can be arrayed on a surface (Leroy and
Raoult, 2010) which can thus provide very extensive coverage because a high
number of possible DNA elements can be interrogated in a single experiment
and with a single sample ( Uttamchandani et al., 2009; Sibley et al., 2012).
Two types of microarrays are generally used, oligonucleotide and PCR product
microarrays. Oligonucleotide probe sizes vary from 20 to 70 nucleotides,
whereas PCR probes sizes range between 200 and 2000bp (He et al., 2005). PCR
probes are more difficult to prepare because of the large number of
amplifications required to be performed, in addition to the contamination risk

during handling (Nsofor, 2014). The use of oligonucleotide microarrays has
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linearly developed because it allows a high density synthesis onto the

microarray surface (Schrenzel et al., 2009).

1. 7. 3. 1. Microarray platforms

Different platforms are available commercially with probes contact-spotted,
ink-jet deposited or synthesised directly on the substrate (Coppée, 2008) and a
range of probe lengths or densities are available, emphasising their technical
flexibility. Only the most commonly used platforms will be described in this
section. Additionally, the Alere microarray (ArrayTube platform), a less known
platform, will be also described as it has been used for virus detection in this
project.

a. Agilent

Agilent (http://www.genomics.agilent.com/article.jsp?pageld=2011)

manufactures a high-density microarray that employs SurePrint inkjet
technology to print the probes onto glass slides, with layers of DNA nucleotides
deposited individually based on a digital sequence file. Up to eight microarrays
can be spotted on a single slide at the same time. Probes are usually 60mers
long. Agilent offers off-the-shelf and custom microarrays. With the built-in
application eArray

(https://earray.chem.agilent.com/earray/helppages/index.htm), researchers

are able to design personalised microarrays, which can involve either one or

two-colours.
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The different formats of gene expression and custom microarray have a
capacity of 8x60K, 8x15K, 4x180K, 4x44K, 2x400K, 2x105K, 1x1M, 1x244K,
probes.

b. Affymetrix

Affymetrix

(http://www.affymetrix.com/estore/browse/level one category template o

ne.jsp?category=35796) owns several ready to use genotyping and

customisable microarrays, which can accommodate more than 10° probes. The
GeneChip platform is a quartz wafer of 1.2 cm? onto which probes are
synthesised using photolithography. This consists of the synthesis of linkers,
modified with light-sensitive protecting groups (Fodor et al., 1991; Dalma -
Weiszhausz et al., 2006). The probes are short (20-25-mers) and this platform
allows the use of only one colour (Miller and Tang, 2009).

c. lllumina

llumina (http://www.illumina.com/techniques/microarrays.html) microarray

technology consists of silica beads assembled in microwells on fibre optic
bundles or planar silica slides. Two types of substrates are utilised, the Sentrix
Array Matrix (SAM) and the Sentrix BeadChip (Fan et al., 2006a). The SAM
platform contains 96 1.4mm fibre optic bundles chemically etched to create a
well for a 3um bead that holds approximately 700k probes (Fan et al., 2006b).
The Sentrix BeadChip is a silicon slide that can be used to assay 1 to 16 samples
at a time, whereas the SAM is more suitable for very high density applications,

it allows the analysis of 96 independent samples.
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During fabrication, the beads are self-assembled randomly onto the patterned
substrate, which necessitates a decoding system to map the exact location of
each bead (Gunderson et al., 2004). Both Illumina platforms allow multi-colour
hybridisation.

d. Alere Technologies

Alere (http://alere-technologies.com/en/products/lab-

solutions/platforms/arraytube-at.html) manufactures three array formats. The

ArrayStrip is formed of eight wells and at the bottom of each is a 4x4 mm chip
inserted with 784 probes. The ArrayTube consists of a microcentrifuge tube
fitted at the bottom with a 3x3mm chip with 196 features. The Arraytube?2 is
the most recently developed platform of with a chip of 4x4mm that holds 540

probes.

1. 7. 3. 2. Principle

Microarrays are based on the ability of PCR to amplify and label the targeted
DNA present in a specimen. This step is followed by hybridisation to the probe
matrix of the microarray. An increased signal intensity above the background
level results from a successful hybridisation event between the labelled target
molecule and the immobilised probe, which is then quantified using an array
scanner (Sibley et al., 2012).

Hybridisations can be performed using one or two fluorescent dyes of different
colours; two-colour arrays can be hybridised simultaneously with two different
samples, each labelled with a different fluorochrome (Shalon et al., 1996)

whereas in one colour hybridisation the samples are hybridised separately on
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a single array (Leroy and Raoult, 2010). Enzymatic alternatives have been used
for labelling, such as biotin that allows detection through a secondary label
(peroxidase streptavidin). Biotin—streptavidin colorimetric schemes represent
an inexpensive labelling technique compared with fluorescent dyes (Alexandre
et al., 2001), although indirect detection methods add additional steps to the
detection process (Call et al., 2003).

The data subsequently generated may be analysed with a variety of
bioinformatic algorithms (Zhang et al., 2009; Kaewpongsri et al., 2010; Loewe
and Nelson, 2011) . Hybridised target-probe complexes appears as spots in the
final image where each spot is usually 100-200 um in size and located within
200-500 um of each other (Call et al., 2003). Figure 1.1 illustrates the principle
of the hybridisation assay in biotin-labelled (A) and fluorescently-labelled (B)

assays.
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Figure 1.1. Schematic representation of the principle of hybridisation assays.

(A): Alere platform, sample is labelled with biotin and hybridised to the
platform (Adapted from Alere Technologies) and (B): Showing two samples
labelled with fluorescent and hybridised onto the same platform (Arcellana-
Panlilio and Robbins, 2002)
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1. 7. 3. 3. Microarrays in enteric infection diagnosis

Microarrays have been used to identify, characterise and to genotype various
types of microorganisms including bacteria, viruses, parasites, and fungi
(Bryant et al., 2004). This has assisted in the discovery of previously unknown
pathogens such as human rhinovirus (Kistler et al., 2007), human cardiovirus
(Chiu et al., 2008), pandemic influenza HIN1 (Greninger et al., 2010), Titi
monkey adenovirus (Chen et al., 2011) and human polyomavirus (Yu et al.,
2012).

Most microarray-based detection investigations have targeted pathogens
infecting children with diarrhoea (Martinez et al.,, 2015), the human
microbiome (Ballarini et al., 2013) and clinically important viral and bacterial
enteric pathogens in human and environmental samples (Sun et al., 2010).
Authors have also directed their efforts into detecting virulence and
antimicrobial resistance genes in Salmonella serovars and E. coli (Chen et al.,
2005; Gorski et al.,, 2011) with additional other interests to understand the
gene expression of pathogens(Danckert et al., 2014) or to determine a source
of faecal contamination (Dubinsky et al., 2012).

In animals, few studies have described multiple detection and identification of
viral, bacterial and parasitic enteropathogens in cattle and pigs using
microarrays. Recent studies have developed microarrays to detect only one to
two specific enteropathogens, for example the identification of porcine
circovirus (PCV) genotypes in pigs (Jiang et al.,, 2010), E. coli serogroups
associated with bovine septicaemia and diarrhoeal disease (Liu et al., 2010) or
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identification of intracellular signalling molecules in cattle and pigs after
infections with one to two pathogens (Werling et al., 2005; Jacobson et al.,
2011).

The multi-infectious nature of many cases of enteritis (Parra et al., 2011; Cho
et al.,, 2013; Song et al., 2015) with confirmed co-infections with viruses,
bacteria and parasites suggest that microarrays could fulfil the need for a
diagnostic tool that can specifically detect simultaneously the different
pathogens. This will require meticulous probe design, coupled with an
appropriate DNA/RNA extraction and amplification strategy.

The most recent research related to microarray technology are two studies on
parallel detection of 33 enteropathogenic bacteria and seven
enteropathogenic viruses in humans (Donatin et al., 2013) and 100 viral species
infecting humans and other animals (Martinez et al., 2015). The first study
confirmed the multidetection of enteric pathogen in human stools, the second
showed a good performance of the microarray albeit with low sensitivity for
detecting human adenovirus and human enterovirus but it did fail to detect
multiple infections. As far as is known, the use of DNA microarrays for the
simultaneous detection of all possible enteric pathogens infecting cattle and

pigs has not been reported.

1. 7. 4. Sequencing

Sanger sequencing is now considered as the traditional method of sequencing,
which is based on the use of dideoxynucleotides labelled with fluorescent dyes

which terminate the polymerisation process, thus termed as the chain-
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terminator method (Sanger and Coulson, 1975). The sequence is then
determined based on the identity of the last terminator base after separation

of the fragments by size (Hert et al., 2008).

1. 7. 5. Next generation sequencing

Next generation sequencing (NGS) also termed as deep or high-throughput or
second generation sequencing comprises different platforms that include
pyrosequencing, sequencing by ligation, ion semiconductor sequencing and
sequence by synthesis. It is the most commonly used method and will be briefly
described below.

As the technology progresses aiming to overcome limitations mainly due to the
reliability and the cost, third generation sequencing technologies including
nanopore sequencing through fluorescent resonant energy transfer have been
cited (Diaz-Sanchez et al., 2013).

A large range of next generation sequencing platforms, mainly manufactured
by lllumina and Life Technologies are commercially available (Loman et al.,
2012). The NGS illumina technique consists of two main steps, library
construction that involves the extraction and purification of genomic DNA from
a sample and template amplification and sequencing, which consists of the
fragmentation of the extracted genome into random overlapping fragments,
generally of 150 to 800 bp (also called tagmentation). Adaptors are then ligated
to the obtained fragments. The sequencing step starts first by carrying out a
bridge PCR, comprising the synthesis of a complementary strand of the

template and the adaptor which possesses a complementary structure linked
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to the surface of the platform. Amplified products are bent and immobilised
forming molecular bridges, hence the name. End adaptors are then added after
a second fragmentation. Cycles of sequencing are then performed through the
joins which are important to determine the location of the sequence in the
genome and for the assembly (Loman et al., 2012).

NGS has been used to a moderate extent in the diagnosis and monitoring of
infectious diseases (Lefterova et al., 2015). According to Fournier et al. (2014),
38,000 bacterial and 5,000 viral genomes have been sequenced using NGS with
a significant number of human pathogens. With the advent of metagenomics,
where a mixture of microrganism genomes are sequenced (Lam et al., 2012),
whole-genome sequencing (WGS) has been adopted by several researchers as
it reveals the sequence of the entire strain genome and can uncover specific
genetic markers, molecular epidemiology and phylogenetic relationships
between strains.

Setting up a microbial sequencing facility is still prohibitively expensive, a set of
instruments is necessary with a cost ranging from $495,000 and $690,000. In
terms of cost of a single experiment cost, it varies between $6,300 and
$15,000/100Gb, with Illumina being the most affordable (Hert et al., 2008; Liu
et al.,, 2012). NGS techniques were applied to different fields of biological
interests, beside the WGS, other techniques related to genomics,
transcriptomics and epigenomics have emerged these recent years. They
include de novo sequencing, resequencing, HiC, Chip-Seq and RNA-Seq

(Nowrousian, 2010). Commercially available platforms besides Sanger
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sequencing which principle is based on the dideoxy chain termination, Roche
454 based on pyrosequencing, HiSeq that relies on the sequencing by synthesis
and SOLID that uses sequencing by ligation (Liu et al., 2012).

NGS is an already established technology, its attractiveness resides in the level
of biological meaning of results from processing a sample, however despite the
per-base cost of a sequencing run has been reduced, the cost and maintenance
of NGS equipment is still unaffordable for modest projects.  Alongside the
cost of NGS equipment, one of the drawbacks of NGS is also the enormous
amount of data generated in one single experiment which requires
bioinformatics skills, besides the data storage facility that accommodates
intensive processing of samples.

However more reliable than microarray, sequencing lacks innovation and
intrinsic  development potential unless platform-related changes/
improvements are undertaken. Microarrays are nevertheless extremely
customisable and adaptable to the need of the researcher, besides the fact that
it is a cost-effective platform compared to NGS. Table 1.2 highlights the general
costs of the different sequencers and the per-base cost run in the different
platforms.

Depending on the academic and non academic pricing, the cost of sequencing
per sample can vary from $1550 to $4525 and when using the Illumina NGS
500, the library preparation cost is not included. Affymetrix microarray for gene
expression using the most commonly used array varies between $335 and

$695, the cost including arrays, reagents, processing, and basic gene-level data
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analysis (http://www.bumc.bu.edu/microarray/pricing/). The costs for Agilent

DNA microarray are lower, starting at $250 per sample, although, however, the
cost of sample preparation and labelling, hybridisation and scanning are
charged separately.

Regarding the cost of the most commonly used molecular technique in the
detection of genes (PCR), an extensive study that included the sample
preparation and reagents, the use of the equipment and the labour of
technicians for the detection of mycobacterial infections in human estimated

that the cost varies between $5-10 per sample (Scherer et al., 2009).

Table 1.2. Components and costs of sequences (Liu et al., 2012)

Sequencers 454 GS FLX | HiSeq 2000 SOLiDv4 3730xI
Instrument Instrument Instrument
$690,000, Instrument $95,000,
|
r:si‘z;“me"t 25886002; $6000/(30x) |  $495,000, about $4
P runp human | $15,000/100 Gb | per 800 bp
genome reaction
*
CPU 2xelz’;el 2* Intel 8* processor Pentium IV
X5675 Xeon X5560 2.0 GHz 3.0 GHz
Memory 48 GB 48 GB 16 GB 1GB
Hard disk 1.1TB 3TB 10TB 280 GB
Automation
in library Yes Yes Yes No
preparation
Othe.r REM e EZ beads
required cBot system No
. system system
device
Cost/milli
ost/million $10 $0.07 $0.13 $2400
bases
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1.7.5. 1. The use of NGS for enteric pathogen identification

Enteric pathogens have been detected and identified by NGS mainly in the
human gut microbiome that takes in account the entire community dynamics
of the intestinal flora. Indeed, the qualitative and quantitative study of the gut
flora has demonstrated a close relationship to the general health of individuals
(Riley et al., 2013). Moreover, quantitative metagenomics allows the diagnostic
of disease and is able to identify predisposed individual which can develop
disease (Ehrlich, 2016). The intestinal microbiota was studied in pigs using high
throughput sequencing for the identification of the V1- V3 hypervariable region
of the 16S rRNA genes which allowed determination of the core group of
microrganisms and their relative proportions (Park et al., 2014; Pajarillo et al.,
2015). Others have reported the identification by NGS of a newly recognised
virus (tentatively named Kirklareli virus) belonging to the Calciviridae family
that was isolated from calves during an outbreak of enteritis (Alkan et al.,
2015). Another recent study employed genomic sequencing to describe a novel
porcine deltacoronavirus that has caused a significant recent economic loss in

the swine industry (Ma et al., 2015).

1. 8. Aims and objectives

The main aims of this project were to design and develop a detection tool using
microarray technology for the simultaneous detection of different enteric
pathogens infecting cattle and pigs and to begin to evaluate the contribution
of co-existing pathogens in diarrhoeic samples from the UK and Algeria.

The objectives were:
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o Probe design using different software.
o In silico hybridisation predictions of probes with targets
using nearest neighbour model (Dimitrov and Zuker, 2004;
Santalucia and Hicks, 2004; Markham and Zuker, 2005).
J Assess the sensitivity and specificity of two microarray
platforms (Alere — ArrayTube and Agilent)
. Assessment and evaluation of the arrays with cattle and pig
clinical samples from the UK and Algeria.
The Agilent and Alere platforms were chosen because of the availability of the
hybridisation equipment and the detection systems for both platforms in this
laboratory. Other microarray platforms are commercially available, such as
Affymetrix and lllumina, both offering customized and pre-designed
microarrays. Affymetrix produces GeneChip arrays to identify pathogenic
agents and has recently developed an Axiom Microbiome array for the
microbial profiling of over 12,000 species. Equally, Illumina offers a range of
ready-to-use bead microarrays and the possibility to design a genotyping panel
adapted to the researchers’ needs.
Designing microarray experiments with Alere and Agilent was also a choice
based on the technology itself, where long probes were used compared to
Affymetrix that uses short probes of 25-mers and Illlumina of 50-mers. Long
probes of 60-mers represent a fair compromise between specificity and
sensitivity. Our choice was also motivated by the costs of the arrays that were

reasonably affordable compared to Affymetrix and Illlumina.
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Initially, probes that were designed for virus identification using one software
only (UPS), were spotted in the ArrayTube (Alere). Other software (Picky,
Goarray and eArray) were then used to design probes using the same viral
genes, but also bacterial and parasitic genes, resulting in thousands of probes
that were afterwards spotted on an Agilent platform.

The two platforms differ in terms of labelling chemistry (fluorescent and biotin
dyes) and probe density (high and low density) for Agilent and Alere

respectively.
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Chapter 2. Experimental approach

2. 1. Methodology

A set of enteropathogens infecting cattle and pigs was selected and a gene
database constructed accordingly, from which primers and probes were then
designed (Discussed in detail in Chapter 3). Two different microarray platforms
were constructed; their evaluation involved testing with nucleic acid from
reference species, and from clinical faecal samples (Chapter 5 and 6). Also the
specificity and sensitivity of the arrays were assessed. Figure 2.1. lllustrates

the organogram of the work carried out.
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Figure 2.1. Flowchart of the work carried out in the project
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2. 2. Samples

2. 2. 1. Reference samples

Based on published research for the pathogens selected, several authors in the
UK and other European countries were contacted requesting nucleic acids from
the relevant pathogens of interest. Table 2.1. illustrates the list of available and
donated species / nucleic acid and reportedly positive faecal samples and their
suppliers.

Table 2.1. Donated reference samples

Microorganism Sample type | Supplier
Dr S. Kuehe, Biomedical Science
Clostridium difficile DNA ) ) i
- Nottingham University- UK
Salmonella Typhimurium | Bacteria Prof P. Barrow, School of
Salmonella Enteritidis Bacteria Veterinary Medicine and
Escherichia coli F4 (K88) | Bacteria Science, The University of
Escherichia coli F5 (K99) | Bacteria Nottingham - UK
Dr S. Houton, School of
Campylobacter jejuni DNA Biosciences, The University of
Nottingham - UK
Prof. R. LaRagione
Brachyspira pilosicoli DNA School of Veterinary Medicine,
University of Surrey -UK
Dr A. Zintl, School of Veterinary
Cryptosporidium spp. DNA Medicine, University College
Dublin - Ireland
) ) . Dr D. Blake, Royal Veterinary
Eimeria acervulina DNA
College, London- UK
D. Rodriguez, Departamento de
] ) Positive Biologia Molecular y Celular,
Porcine torovirus ) ) i
faecal sample | Universidad  Auténoma de
Madrid, Madrid, Spain.
. Dr A. Mauroy, Faculty of
. . Positive . o . .
Bovine kobuvirus Veterinary Medicine, University
faecal sample N ]
of Liege- Belgium

Continued
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Porcine rotavirus

Microorganism Sample type | Supplier
Bovine norovirus | RNA
(Newbury?2) Dr F. D'Mello, Royal Veterinary
Bovine nebovirus | RNA College, London- UK
(Newbury1)

Positive Dr M. Le Bon, Food Science -

faecal sample

Nottingham University - UK

R. Chandler, Food Science -

(H3N8).

Porcine rotavirus A cDNA ] . .
Nottingham University - UK
Porcine parvovirus 1-2-3- DNA Dr C. Attila, Faculty of Veterinary
4 Science, Budapest - Hungary
) ) Dr C. Attila, Faculty of Veterinary
Porcine bocavirus 1-2 DNA .
Science, Budapest - Hungary
) . Dr C. Attila, Faculty of Veterinary
Porcine bocavirus 3-4-5 DNA .
Science, Budapest - Hungary
. . . Dr C. Attila, Faculty of Veterinary
Porcine circovirus 2 DNA .
Science, Budapest - Hungary
] ] ] Prof L. Enjuanes, Centro
Porcine epidemic ) . ]
) ) RNA Nacional de Biotecnologia —
diarrhoea virus .
Spain
Dr A. Abu-Median, School of
Transmissible RNA Veterinary Medicine and
gastroenteritis virus Science, Nottingham - UK,
courtesy of L. Enjuanes
Bovine viral diarrhoea | Medium )
] Dr A. Abu-Median, Courtesy of
virus CP supernatant o
- - - - Dr M. Igbal, The Pirbright
Bovine viral diarrhea | Medium .
. Institute, Compton — UK
virus NCP supernatant
Bunyamwera virus (Bl), .
] i Dr J. Daly, School of Veterinary
Schmallenberg virus (S) | Medium o )
o ) Medicine and Science,
Equine influenza A virus | supernatant

Nottingham — UK

2. 2. 2. Clinical samples

Faecal samples from pigs

were donated by Dr M. Le Bon, University of

Nottingham (Appendix | — I.1). These samples were collected as part of a study

involving a trial on the effect of probiotics on the incidence of some
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enteropathogens in France. Bovine clinical samples were mostly collected from
diarrhoeic calves of less than three months of age and a few cows from farms
in the central north of Algeria. No information about breed, nutritional status,
hygiene status of the calves or farm management was available. Appendix 1.1
and 1.2 show pig and cattle/camel/goat samples with the corresponding

amount of extracted DNA and RNA (ng/pl).

2. 3. Nucleic acid extractions

Depending on the biological material, different commercial kits were employed
to extract nucleic acid. For faecal material, RTP®Pathogen Kit (Stratec
Molecular) and QlAamp® Stool Mini Kit (Qiagen) were utilised, while
purification of DNA from pig intestinal tissue and RNA from BVDV medium
supernatant and other virus cell culture supernatants were performed with a
DNA Mini Kit (Qiagen), Viral RNA Mini Kit (Qiagen) and RNeasy Mini Kit (Qiagen)
respectively. The QlAamp® UCP Pathogen Mini Kit (Qiagen) was used to purify
DNA from bacterial broth cultures. Unless otherwise stated, all centrifugation
steps were carried out at room temperature using a benchtop centrifuge. High
temperature incubations and vortexing were carried out using a thermomixer
(BioShake iQ, Quatifoil Instruments GmbH). DNA amplification was performed
on an Applied BioSystems 2720 thermal cycler (Life Technologies). All nucleic
acid extractions were performed using reagents that come with the kits, also,

lysis tubes, columns and buffers come with the kit.
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2. 4. Microarray hybridisation

Nucleic acid extracted from reference and cattle and pig clinical samples were
amplified prior to hybridisation onto the Alere and Agilent platforms. Two
amplification strategies were adopted, random amplification (5.2.4.1 and
5.2.4.2 - Chapter 5) and specific amplification (4.2.7 - Chapter 4). All randomly-
amplified samples were biotin- labelled according to the protocol described in
5.2.4.3 — Chapter 5, whereas sequence-specific amplified samples were either
biotin- labelled or fluorescently labelled after being subjected to a random
amplification and therefore were treated as DNA samples (6.2.3 — Chapter 6).
Labelling with biotin was done with samples that were hybridised on the Alere
platform (Chapter 5), and samples hybridised on Agilent platform were labelled
with fluorescent dyes, Cy-3 and Cy-5 (Chapter 6). These were used to label two
different samples, generally virus/bacteria or porcine sample/bovine sample.
The reason for using dual hybridisation of two different samples on the same
array was to ensure a maximum number of hybridisations on the Agilent array
because of economic reasons, as a limited number of microarrays were
available. We appreciate that the use of two different platforms and different
labelling chemistries did not permit a strict comparison between the two
platforms. Further the Alere platform (low density microarray) does not
possess sufficient spot capability compared to the Agilent platform to include

all the designed probes which was thus limited to 198 spots.
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2. 5. Assessing array specificity

The specificity of the two platforms were assessed using reference strains that
are represented in both arrays and strains that are not covered by the
microarray for the ArrayTube platform only. Also, clinical samples were
hybridised to the arrays; concomitantly, PCR reactions were carried out to

confirm the presence of pathogens in the samples.

2. 6. Assessing array sensitivity

Sensitivity analysis involved testing the sensitivity of the two platforms
compared to the sensitivity of PCR, quantitative PCR (qPCR) and bacterial
culture.

Copy number was calculated using the following formula:

Amount of ds/ss DNA/RNA (ng) x 6.022 x 10"

Copy number = 5
Length of ds/ss DNA/RNA (bp) x 1 x 10" x 630 (ds)/330 (ss)

2. 7. Pathogen detection in clinical samples by microarray

Both Alere and Agilent platforms were used to detect viruses, bacteria and
parasites in clinical samples from diarrhoeic piglets and calves. As clinical
samples were first screened for common enteropathogens by PCR, only a few
selected samples that were positive by PCR, showing the presence of one or

multiple pathogens, were hybridised on both microarray platforms.
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Chapter 3. Probe Design, Software Comparison and

Thermodynamics

3. 1. Introduction

Designing probes can involve different strategies. They can be selected from
conserved or variable regions on a genome after alignment or they can be
designed by an online probe design tool or installed software from a submitted
batch of gene sequences. In this study, four different softwares were employed
to design probe oligonucleotides: Unique Probe Selector (UPS), Picky, GoArray
and eArray. The choice of these software relied on their online availability or
their easy access possible through their developers, with the exception of
eArray which is a probe design application owned by Agilent. This would allow
the comparison of 4 types of probes in terms of rate of detection but also in
terms of their suitability/ compatibility of the probes with the platform used

(eArray - Agilent probes).

3. 1. 1. Probe design strategies

UPS (http://array.iis.sinica.edu.tw/ups/) selects probes on the basis of the

construction of a suffix array, which is a methodical list of strings and substrings
that are in the same sequence. This strategy allows the categorisation of the
sequences in several words that are compared for their similarity (Manber and
Myers, 1993). It carries out different tests to minimise background noise during

hybridisation involving several parameters such as GC content, GC clamps, the
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duplex stability estimated by nearest neighbour model, secondary structures
and low-complexity mask (Chen et al., 2010).

Among the practical positive attributes of UPS, are the use of a non-redundant
NCBI nucleotide database (NCBI_NT) as the background reference set, the
exclusion of non-target sequences which are >85% similar to the submitted
batch, in addition to the exclusion of oligonucleotides that have more than 17
bases of continuous identical fragment to non-target sequences. In addition,
these parameters along with a test using BLASTn are in silico measures taken
to prevent cross-hybridisation when performing the hybridisation step.

Picky software housed in Complex Computation laboratory — lowa State
University web site

(https://www.complex.iastate.edu/download/Picky/download.html) uses the

same strategy as UPS by establishing suffix trees for the choice of probes.
Basically it detects the positions of all suffixes and classifies them in
alphabetical order to identify shared regions in the sequence. Thermodynamic
estimations use the nearest neighbour model of sequences that have 75% or
more identity. Another feature of Picky is assessing the candidate probes for
secondary structures and similarity with complementary strands (Chou et al.,
2004). Another characteristic is that it displays shared regions among
sequences to distinguish them clearly from other highly similar but non-target
regions during thermodynamic comparisons (Chou, 2010).

GoArray (http://g2im.u-clermontl.fr/serimour/goarrays.html) employs a

completely different approach to select probes (Rimour et al., 2005). Assuming
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that short oligonucleotides are more specific than long oligonucleotides, the
construction of a long oligonucleotide is based on the selection of two sub-
sequences joined by a short random linker of 3-6 bases. The resulting
oligonucleotide is a long probe formed by two specific sequences. When
hybridised, they lead to the formation of a loop in the target sequence. The
algorithm checks the specificity of the two sub-sequences separately with
BLAST taking into account that an identical stretch of a minimum of 15 bases,
or more than 75% sequence identity with non-target sequence, is considered
as non-specific.

eArray (http://www.genomics.agilent.com/en/Custom-Design-

Tools/eArray/?cid=AG-PT-122&tabld=AG-PR-1047) is a company-owned

application that is specific for gene expression probe design. Selection of
probes is based on scores obtained by running different programmes, UNAFold
(Markham and Zuker, 2008) for thermodynamic and melting temperature
calculations based on sequence composition and BLAST (Altschul et al., 1990)
to check the identity and an internally written code. Final scores (called BC
scores by eArray) are deduced using a set of empirically heuristics to combine
all computed scores (J. Noble, Agilent, personal communication, February

2016).

3. 1. 2. General design parameters

Other calculations are required for probe design, including melting
temperature using the nearest neighbour model and the presence of a stable

secondary structure using the MFold software (Zuker, 2003). Most software
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predicting melting temperature (Tm) and free energy (AG) are based on the
nearest neighbour model which assumes that the stability of any base pair
depends on the orientation and identity of neighbouring base pair (Santalucia,
1998). A pre-calculated table with nearest neighbour coefficients for the 10
possible Watson-Crick base pairs is used to estimate the free energy of a strand
or a duplex by summing up the individual free energies of these possible base
pairs (Breslauer et al., 1986). Free energy of mismatching pairs were likewise
established and used to estimate the overall free energy in a system (Peyret et
al., 1999).

Self-folding of a single-stranded monomer involves changes in energy that is
known as free energy or Gibbs free energy (AG in Kcal/mol). It is defined as the
difference between the energy of the environment or enthalpy (AH in
Kcal/mol) and the energy of the system to form itself or entropy (AS in cal/K
per mol). The AG of any single strand in the case of self-folding or duplex in the
case of hybridisation can be calculated using the standard relationship:

AG® = AH®-TAS®, where T is the temperature in Kelvin.

Melting temperature (Tm) corresponds to the temperature at which 50% of the
strand population is in a duplex state and 50% is in a single state. The
theoretical calculation of Tm relies on state transitions. It is predicted based on
the nearest neighbour model using the equation given by Borer et al. (1974):
Tm = AH/ (AS + R In CT), where R is the gas constant (1.987 cal/K/mol) and CT

is the strand concentration (AH and AS are enthalpy and entropy, respectively).
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This allows us to address immediate questions about for example the
behaviour profile of hybridisation of designed probes with their respective
targets. As such, a bioinformatics tool, ChipCheck (http://chip.chemie.uni-
stuttgart.de/software.html), was utilised to predict hybridisation profiles of

reference species with probes designed in this study.

3. 2. Materials and Methods

3. 2. 1. Enteropathogen selection

The aetiology of enteritis in cattle and pigs can be complex and may involve
different types of microorganisms such as viruses, bacteria and protozoa
(Alfieri et al., 2004). The literature was searched (see Literature Review,
Chapter 1) and a number of enteropathogens responsible for intestinal
infection was selected based on the most commonly cited pathogens causing
intestinal infection with an impact on the health of the animal, essentially the
most frequently identified major pathogens. Additionally other pathogens, for
which no clear evidence has been demonstrated regarding their role in
enteritis, were included. However, these would have been isolated alongside

ther major pathogens in a high proportion when the animals were diarrhoeic.

3. 2. 2. Database construction

Sequence of genes were searched from the NCBI website

(http://www.ncbi.nlm.nih.gov/nucleotide) to construct a full database

comprising all useful details for each sequence (Enteropathogen species name

and genus, region of the sequence in the genome, length of the gene sequence,
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accession number, location in the genome and the coding sequence. A file
comprising sequences of interest was created; gene or gene sequences of
interest were downloaded in FASTA format and stored electronically. To ensure
an extensive coverage of the pathogen genomes, a maximum number of
genes/sequence of genes were selected and retrieved from NCBI as shown in
Table 3.1., aiming to increase chances of detection in the faecal sample. Some
of the sequences in the database include junctions between genes or
combination of 2 to 5 genes together. The reason for the choice of the genes
in Table 3.1. is that they are the most studied genetic markers in pathogen
detection in general, but also the availability of the sequence genes in the
public database was an important basis for the selection of such genes. Bovine
and porcine host sequences were also introduced in the database, represented
by the mitochondrial cytochrome b for each species, allowing identification of

infected host species.

Table 3.1. Targeted sequence genes

Viruses Bacteria Parasites
Detection genes e 16SrRNA e 18SrRNA
e Structural e 23SrRNA e 5.85SrRNA
e Non e 16S rRNA-23S rRNA e Internal
structural intergenic spacer transcribed
e Virulence factors spacer
e Antibiotic resistance e Virulence
factors

e Drug resistance
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3. 2. 3. Primer design

It is well known that careful primer design can aid PCR optimisation and
improve the assay performance significantly (Butler et al., 2001). This step
followed probe design since primers were designed using probes as targets to
ensure amplification of specific gene sequences, which are complementary to
the spotted probes on the array.

Primers were designed using the freely available software on the NCBI, Primer-

Blast (www.http://.nchi.nlm.nih.gov/tools/primer-blast/). To minimise the

number of primer pairs to be used, a strategy based on designing pairs of
primers that flank a region of gene(s) where multiple probes are present was

applied.

3. 2. 4. Probe design

Probes were designed using free online and downloadable software. Unique

Probe Selector (UPS 2.0) (www.http://array.iis.sinica.edu.tw/ups/index.php)

and eArray (www. https://earray.chem.agilent.com/earray/) are two online

available applications, two other applications, Picky (Chou, 2010; Chou et al.,
2004) downloaded upon request from the authors and GoArray (Rimour et al.,
2005) that was hosted in the author’s website, were installed in a computer
following authors’ instructions.

eArray is a design tool hosted by the Agilent website. Sequence accession
numbers were entered and probes were computed and returned to be
downloaded. The length of the probes was set to 60 nucleotides. The other

parameters used for the probe design are compiled in Appendix V.
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Probes were named according to the following format:
Software_initial_organism abbreviation_gene_name_number, for example
bovine coronavirus membrane probe designed by Picky software was called
P_Bov_cor_M_01; viral probes on the ArrayTube were identified only by the
organism abbreviation followed by a number (Bov cor_1 for Bovine

coronavirus, probe 1).

3. 2. 5. Probe similarities

Because the probe design was performed with 4 software using the same set
of sequences, it has been hypothesised that the probe selection was different.
This similarity test aimed to visually examine whether the software selected
the probes from the same region in the sequence. Randomly selected probes
from each software-designed probe batches were aligned against their
respective gene sequences in a word document. Probes were attributed
colours to highlight their locations in the sequence. Genes used in this test were
Escherichia coli fimbrial genes (F4 and F5), Clostridium difficile toxin A (tcdA)
gene and Porcine rotavirus VP7. GenBank accession numbers were respectively

AY437806.1, S70131.1 and JX498968.1.

3. 2. 6. Thermodynamics of viral probes

In order to assess the stability of the probes designed, the ability of folding and
secondary structure formation of the probes (hairpin, bulge, internal loop,
external loop and multi-loop) (Fig.3.1) were computed using the DinaMelt web

server (Quikfold) (www.http://mfold.rna.albany.edu/?g=DINAMelt/Quickfold)
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(Zuker, 2003; Markham and Zuker, 2005) that employs the nearest-neighbour
model to calculate the minimum free energy folding, melting temperatures and
all possible secondary structures for each probe.

Free energies were also computed for the hybridisation prediction of two
sequences using two-state melting application

(http://unafold.rna.albany.edu/?g=DINAMelt/Two-state-melting). Probe

sequences were entered along with the corresponding target sequence derived
from the reference strain of the corresponding pathogen. The target length was
set between 491 and 1000 bp. The temperature was set to 50°C which follows
the hybridisation temperature of the protocol in this study. The Na* and Mg**
concentrations were set by default to 1M and O0M, respectively. Only viral
probes on the Alere platform were subjected to thermodynamic calculations.
Output files containing the different conformations of sequences and
hybridisation profiles in addition to free energies were downloaded and stored
for data analysis.

In order to understand the hybridisation process between viral probes and
targets, mismatches were counted and their location determined by aligning
the segments, thus the number of hybridised bases was deducted. Mismatches
were categorised as 5’ terminal, central or 3’ terminal as shown in the figure

3.2.
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Figure 3.1. Probe secondary structures
Hairpin, interior loop, bulge loop and multi-loop are structures that can occur in single
stranded DNA.
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5’- gttaggccgataattgaggactaccatacccttacggtcacaataatacgtggtcatett — 3’

5’ terminal -20 nt Central -20 nt 3’ terminal -20 nt

60 nt
1-20 : 5 terminal
21-40: Central
41-60: 3’ terminal

Figure 3.2. Probe regions identified for base mismatches
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3. 2. 7. Hybridisation prediction with ChipCheck

All hybridisation simulations are based on the same principles for many
packages such as Visual-OMP (Oligonucleotide Modeling Platform) and Vector
NTI that use the nearest neighbour model to calculate the melting temperature
and free energy. In addition to hybridisation predictions, these two packages
have been used extensively for sequence alignment, sequence analysis,
database search and primer design. These two products are powerful and
useful for in silico simulations as they offer a series of tools for the manipulation
of biological molecules, they are also user friendly. No comparison has been
made of the various softwares avaiabe, including these two above and

ChipCheckll (www.http://http://chip.chemie.uni-stuttgart.de/software.html)

(Siegmund et al., 2003), but the latter was selected as the only freely available
online tool that predicts strength/extent of hybridisation for DNA chips and was
designed only for microarray hybridisation simulation. It also has a graphical
tool for supporting the in silico array hybridisation. The software estimates
hybridisation of probes with targets in solution predicting matched duplexes
and detecting expected cross-hybridisation. Files comprising sequences of
probes on the viral array with respective molar concentrations and target
sequences with respective molar concentrations were prepared. The volume
and temperature of the hybridisation solution was set to 100 ul and 50°C,
respectively, according to the protocol used in this study. The output result
consists of an image of a matrix in a form of an array that shows probes in rows

and targets in columns with, at the intersections, numbers corresponding to
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the percentages of probes that bind to the targets. The simulation was
performed for five viruses, Porcine Epidemic Enteritis Diarrhoea virus (PEDV),
Transmissible Gastroenteritis Virus (TGEV), Porcine circovirus (PCV), Porcine

parvovirus and Bovine viral diarrhoea virus (BVDV).

3. 2. 8. Statistical analyses

The number and frequencies of sequences employed in the probe design and
probes generated by software were determined with Excel 2010. All data sets
were tested for their normality, to justify the choice of parametric or non-
parametric statistical tests. The numbers of probes designed by the four
software (UPS, Picky, GoArray and eArray) for each group of organisms were
compared using two way ANOVA using SPSS Statistics 22.0.

Free energies (individual and hybridised probes), folding and mismatches data
were compared using non-parametric tests as both distributions were not
normal.

Correlations were performed using the Pearson correlation coefficient to
assess the performance of Chipcheck in predicting hybridisation profile,
compared to free energy hybridisation calculations and signal intensities of
corresponding viruses hybridised to the array tube.

Correlations and linear regressions were also carried out using SPSS 22.0. The
significance threshold value was set at P<0.05 for all performed tests.

The thermodynamic values of the secondary structures for each probe were
analysed for their most probable structure to occur using Boltzmann

probability equation:
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o E@

Where E(q) is the energy of state, q (in kt), kB is the Boltzmann constant, T the
temperature in Kelvin and Z the partition function.

Graphs and histograms were plotted using Graph Pad Prism 6.05.

3. 3. Results

3. 3. 1. Enteropathogen selection

Fifty four different species and serotypes of pathogens belonging to 29 genera
and 17 families are known to cause intestinal disorders in cattle and pigs (Table
3.2).

Table 3.2. Bovine and porcine enteropathogens

Family name Genus name Organism name
Betacoronavirus Bovine coronavirus
Porcine epidemic diarrhea
. virus (PEDV)
o Alphacoronavirus o .
Coronaviridae Transmissible  gastroenteritis
virus (TGEV)
) Bovine torovirus
Torovirus . .
Porcine torovirus
] o ] ] Porcine circovirus (PCV1)
Circoviridae Circovirus ) ) )
Porcine circovirus (PCV2)
) Bovine kobuvirus
Kobuvirus - -
Porcine kobuvirus
) o ) Bovine enterovirus
Picornaviridae Enterovirus - -
Porcine enterovirus
Sapelovirus Sapelovirus
Teschovirus Teschovirus
Caliciviridae Norovirus Bovine norovirus
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Porcine norovirus

Nebovirus Nebovirus

Sapovirus Sapovirus

Bovine rotavirus A
Bovine rotavirus B
.. . Bovine rotavirus C
Reoviridae Rotavirus . .
Porcine rotavirus A
Porcine rotavirus B

Porcine rotavirus C

Continued

Family name Genus name Organism name

Reoviridae Orthoreovirus Porcine orthoreovirus

. Bovine parvovirus
. Bocavirus . .
Parvoviridae Porcine bocavirus

Parvovirus Porcine parvovirus

Bovine viral diarrhoea virus
(BVDV-1)

Bovine viral diarrhoea virus
(BVDV-2)

Bacteroidaceae Bacteroides Bacteroides fragilis

Flaviviridae Pestivirus

Campylobacter jejuni
Campylobacteraceae | Campylobacter .
Campylobacter coli
Clostridium difficile
Clostridium perfringens
Escherichia coli EPEC
Escherichia Escherichia coli ETEC
Escherichia coli STEC
Escherichia coli EAEC

Salmonella Typhimurium

Clostridiaceae Clostridium

Enterobacteriaceae Salmonella Enteritidis

Salmonella Dublin
Salmonella
. Salmonella Derby
enterica
Salmonella Newport

Salmonella Typhisuis
Salmonella Cholerasuis
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Yersinia Yersinia enterocolitica
. . Brachyspira hyodysenteriae
Brachyspiraceae Brachyspira T
Brachyspira pilosicoli
Desulfovibrionaceae | Lawsonia Lawsonia intracellularis
Trichuridae Trichuris Trichuris suis
Cryptosporidiidae Cryptosporidium Cryptosporidium spp.
Giardiidae Giardia Giardia spp
. . Eimeria Eimeria spp.
Eimeriidae -
Isospora Isospora suis

Figure 3.3 shows the proportions of each group of pathogens selected. Viruses
represented the highest proportion with more than half of the total number of
enteropathogens (53.70%). Bacteria and parasites represented 37.04% and

9.26%, respectively.
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Figure 3.3. Proportions of enteropathogens targeted

3. 3. 2. Database construction

The database constructed comprised 2205 sequences from complete or partial

gene sequences representing 54 species or serotypes of enteropathogens. The
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number of sequences in the database was reduced to 1921 sequences with 284
gene sequences excluded from the probe design because of redundancy.

Gene sequences from bacterial species were 49.09% of the total number of
sequences representing the highest proportion, followed by viruses with
44.61% (Fig. 3.4). The part of sequences occupied by parasites and host genes

in the database was 5.10% and 1.20%., respectively.

1.20%

49.09% Bl Bacteria
: 1 Viruses
B Parasites

[ Hosts

44.61%

Figure 3.4. Distribution of the finally selected sequences from genes of the
different enteropathogens in the database

3. 3. 3. Primer design

A set of primer pairs was designed for each pathogen based on the location of
the probe in the genome. A total of 100 pairs of primers were designed with a
final product length of 400-1928 bp targeting different genes (Appendix V).
The number of probes flanked by primers varied from 1 to 47. Figure 3.5 shows
a pair of primers framing nine probes of PEDV spike, envelope and membrane

genes.
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Porcine epidemic diarrhea

virus strain CV777, complete genome
GenBank: AF353511.1

GenBank Graphics

>gb |AF353511.1|:24568-26494 Porcine epidemic diarrhea wvirus strain CV777,
complete genome
CTTGAGTGGCTCAACCGAGTTGAGACATACATCAAGTGGCCGTGGTGGGTTTGGTTGATCATTGTTATTG
TTCTCATCTTTGTTGTGTCATTACTAGTGTTCTGCTGCATTTCCACGGGTTGTTGTGGATGCTGCGGTTG
CTGCGGTGCTTGTTTTTCAGGTTGTTGTAGGGGTCCTAGACT TCAACCTTACGAAGCTTTTGARAAGGTC
CACGTGCAGTGATGTTTCTTGGACTTTTTCAATACACGATTGACACAGTTGTCAAAGATGTCTCGAAGTC
TGTCAACTTGTCTTTGGATGCTGTCCAAGAGT TGGAGCTCAATGTAGT TCCAATTAGACAAGCTTCAAAT
GTGACGGGTTTTCTTTTCACCAGTGTTTTTGTTTACTTCTTTGCACTGTTTARAGCGTCTTCTTTGAGGC
GCAATTATATTATGTTGGCAGCGCGTTTTGCTGTCGTCTTTCTCTATTGCCCACTTTTATATTACTGTGG
TGCACTTTTAGATGCAACTATTATTTGTTGCGCACTTATTGGCAGGCTTTGTTTAGTCTGCTTTTACTCC
TGGCGCTATAAARATGCGCTTTTTATTATCTTTAATACTACGACACTTTCTTTTCTCAATGGTAARAGCAG
CTTATTATGACGGCAAATCCATTGTGAT TCTAGAAGGTGGCGACCATTACATCACTTTTGGCAACTCTTT
TGTTGCTTTCGTTAGTAACATTGACTTGTATCTAGCTATACGTGGGCGGCAAGAAGCTGACCTACATCTG
TTGCGAACTGTTGAGCTTCTTGATGGCAAGAAGCTTTATGTCTTTTCGCAACATCAAATTGTTGGCATTA
CTAATGCTGCATTTGACTCAATTCAACTAGACGAGTATGCTACAATTAGTGAATGATAATGGTCTAGTAG
TTAATGTTATACTTTGGCTTTTCGTACTCTTTTTCCTGCTTATTATAAGCATTACCTTCGTCCAATTGGT
TAATCTGTGCTTCACTTGTCACCGGTTGTGTAATAGCGCAGTTTATA
PTATTGACGTATAAACGAAATATGTCT
AACGGTTCTATTCCCGTTGATGAGGTGATTGAACACCTTAGAAACTGGAATTTCACATGGAATATCATAC
TGACGATACTACTTGTAGTGCTTCAGTATGGCCATTACAAGTACTCTGTGTTCTTGTATGGTGTCAAGAT
GGCTATTCTATGGATACTTTGGCCTCTTGTGTTGGCACTGTCACTTTTTGACGCATGGGCTAGCTTCCAG
GTCAACTGGGTCTTTTTCGCTTTCAGCATCCTTATGGCTTGCATCACTCTTATGCTGTGGATAATGTATT
TTGTCAATAGCATTCGGTTGTGGCGCAGGACACATTCTTGGTGGTCTTTCAATCCTGAAACTGACGCGCT
TCTCACTACTTCTGTGATGGGCCGACAGGT CTGCATTCCAGTGCTTGGAGCACCAACTGGTGTAACGCTA
ACACTCCTTAGTGGTACATTGCTTGTAGAGGGCTATAAGGTTGCTACTGGCGTACAGGTRRGTCHAITRC
CTAATTTCGTCACAGTCGCCAAGGCCACTACAACAATTGTCTACGEACGTGTTGGT CGTTCAGTCAATGC
TTCATCTGGCACTGGTTGGGCTTTCTATGTCCGGTCAARACACGGCGACTATTCAGCTGTGAGTAATCCG
AGTGCGGTTCTCACAGATAGTGAGAAAGTGCTTCATTTAGTCTARACAGAAACTTTATGGCTTCTGTCAG
CTTTCAGGATCGTGGCCGCARAACGGGTGCCATTATCTCTCTATGCCCCTCTTAGGGTTACTAATGACAAG
CCCCTTTCTAAGGTACTTGCAAACAACGCTGTACCCA

PRIMER U_PEDV_M 08 U_PEDV_M 09 U_PEDV_E_03
U_PEDV_E_01 U_P 110 U_PEDV_M_06
U_PEDV_E M 02

Figure 3.5. Primers and probes in PEDV sequence
Forward and reverse primers are highlighted with yellow and the probes (60

nucleotides) are highlighted with corresponding colours at the bottom of the
sequence — Probes U_PEDV_E_02 and U_PEDV_M_10 and probes PEDV_E_MO02 and
PEDV_M_05 are overlapping.
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3. 3. 4. Probe Design and microarray fabrication

Based on the gene sequences in the database, 15993 probes were designed
using the four different algorithms (UPS, Picky, GoArray and eArray) that use
different strategies to choose and assess the probes from a submitted set of
sequences. The four tools were applied on the same target sequences.

Data from the software used and probes designed for the enteropathogens are
illustrated in Fig. 3.6 and Fig 3.7. There is a clear trend in a decreasing number
of probes designed by UPS, followed by eArray, Picky and GoArray. As
illustrated in figure 3.6, the online tools UPS and eArray allowed the design of
respectively 37.41% and 29.90% probes. Lower percentages were noticed with

Picky (21.13%) and GoArray (11.76%).
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Figure 3.6. Total number of designed probes by software

The details of the four softwares are illustrated in figure 3.7, where the overall

proportion of probes showed almost the same trend as the number of designed
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probes by software. Amongst the 15993 designed probes, the proportions of
bacterial probes were the largest with the highest number achieved by UPS
(3125 probes, 19.54%) followed by eArray (2016, 12.61%), Picky (1760, 11%)
and GoArray (935, 5.85%). An equally important variation of viral probes by
software was noted, showing 15.28% (2444 probes) for UPS, 17.93% (2388
probes) for eArray, 9.47% for Picky (1514 probes), and 5.17% (827 probes) for
GoArray. Probes designed from parasitic and host gene sequences had the
lowest frequencies varying from 0.01% to 2.38%. The final number of probes in
all groups of organisms were different showing high significance (P<0.001)
although no significant difference was noted between software (P=0.059). The
number of generated probes per sequence per software was set up to five for
UPS and Picky. UPS conforms to the user’s specifications. However, Picky
seemed to produce a variable number of probes per sequence but this was
always fewer than five. eArray and GoArray designed three and one probe for
each sequence respectively.

The number of probes designed for each pathogen per software for Agilent and

Alere platforms are represented in Appendixes VI and VII.

100



Chapter 3 Probe Design, Software Comparison and Thermodynamics
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Figure 3.7. Distribution of final probes designed by software and according
to pathogen type

The 15993 probes designed by the four software were synthesised in-situ in
duplicate on slides comprising 4x44k of 60-mer features (Agilent). The slides
contain four hybridisation wells that allow four hybridisation reactions. The
probes were randomly-printed on the slide, as randomisation is a feature
layout option available in the microarray design order. Agilent introduced 1417
controls in each microarray, which consisted of three types of probes:

e BrightCorner probes, used for orientation purposes. These probes are
placed in the corners of the array with a different pattern for each
corner.

e DarkCorner probes, used for orientation purposes in the array corners.
These, along with the bright corner probes, make up the corner-specific

patterns.
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e Negative controls, usually highly replicated on the array and used to
measure element background. These probes form a hairpin and do not
hybridize well with labeled samples of any species.

Selected probes of viral pathogens that were designed with UPS (201 probes
with three biotin markers, which are biotinylated non-specific oligonucleotide
probes) were each printed at 15uM onto an ArrayTube (AT) platform by Alere™
Technologies. The probes were synthesised commercially with NH2
modification at the 3’ end, no modification at the 5’ end, purification with
HPLC, 0.04 mmol scale, and absolutely biotin-free (Metabion International,
Jena, Germany). The probes were spotted in an orderly manner according to
the list of probes provided and sent to the company. Randomisation is not

necessary for such a small surface area.

3. 3. 5. Probe similarities

In order to present an example of the method of probe selection by software,
the location of each probe has been identified in the same gene sequence.

Results were illustrated in figures 3.8, 3.9, 3.10 and 3.11.
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Escherichia coli strain ETEC F4ac FaeG gene, partial cds
GenBank: AY437806.1

GenBank Graphics

>gi|38046109|gb|AY437806.1| Escherichia coli strain ETEC F4ac FaeG gene, partial cds
TGGATGACTGGTGATTTCAATGGT TCGGTCGATATCGGTGGTAGTATCACTGCAGATGAT TATCGT CAGAAATGGGAATGGAARGT TGGTACAGGTCT TAATGGAT TTGGTAATGT
ATTGAATGACCTGACCAACGGTGGAACCARACTGACCATTACTGTTACTGGTAATAAGCCAATT TTGT TAGGCCGAACCARAGAAGCATT TGCTACGCCAGTAACTGGTGGTGTAG
GGTAATARGCCAATTTTGTTAGGCCGARCCARAGAAGCATT TGCTACGCCAGTAACTGGT
AGGCCGAACCAAAGAAGCATT TGCTACGCCAGTAACTGGTGGTGTAG
GGTGGRACCARACTGACCATTACTGTTACTGGTAATAAGCCAATTTTGT TAGGCCGAACC
ATGGAATTCCTCATATTGCATT TACTGACTATGAAGGAGCTTCTGTAGTACT CAGARAACCT GATGGT GAAACT AATARAAACGGT TTAGCATATT TTGT TCTGCCGATGARAAAT
ATGGAATTCCT
GCAGGGGGCACTAAAGTTGGTTCAGTGARAGTGAATGCAT CT TATGCCGGTGTGTTAGGGAGAGGT GGGGTTACTTCTGCGGACGGGGAGCTGCTT TCGCTT TT TGCCGACGGGTT
GCAGGGGGCACTAAAGTTGGTTCAGTGARAGTGAATGCATCTTATGCCGGTGTGT TCTGCGGACGGGGAGCTGCTTTCGCTTTTTGCCGACGGETT
AGGGAGAGGTGGGGTTACTTCTGCGGACGGGGAGCTGCTTTCGCTT TTTGCCGACGGGTT
GAGCTCTATCTTTTATGGTGGT TTGCCGAGGGGT TCTGAACT CTCGGCTGGGAGTGCCGCAGCGGCGCGCACARAGTTGT TTGGAAGT CTAT CAAGAGAT GATATTCTCGGACAGA
GAGCTCTATCTTTTATGGT GRACTCTCGGCTGGGAGTGCCGCAGCGGCGCGCACARAGTTGTTTGGAAGTCTATCAAGA TCTCGGACAGA
ATGGTGGTTTGCCGAGGGGTTCTGAACT CTCGGCTGGGAGTGCCGCAGCGGCGCGCACA
TTCAAAGAGTARACGCAAATGT TACTTCTCTTGT TGACGT CGCAGGTTCT TACAGGGARRACAT GGAGTACACT GATGGARATGTTGT TTCTGCTGCCTATGCACTGGGTAT TGCA
TTCAAAGAGTAAACGCAAATGTTACTTCTCTTGTTGACGTCGCAGGTTC CATGGAGTACACTGATGGAAATGTTGT TTCTGCTGCCTATGCACTGGGTATTGCA
GTTCTTACAGGGARAACATGGAGTACACTGATGGARATGTTGTTTCTGCTGCCTATGCAC TATTGCA
ARCGGTCAGACTATTGAGGCAACTTTTAATCAGGCTGTAACTACCAGCACTCAGTGGAGCGCTCCGCTGAACGTAGCAATAACTTATTACTAA
ARCGG TTTTAATCAGGCTGTAACTACCAGCACTCAGTGGAGCGCTCCGCTGAACGTAGCAATAAC
CAACTTTTAATCAGGCTGTAACTACCAG CTGAACGTAGCAATAACTTATTACTAA
ARCGGTCAGACTATTGAGGCAACTTTTAATCAGGCTGTARCTACCAGCACTCA

UPS Picky GoArray eArray

Figure 3.8. Probe locations in F4 fimbrial subunit gene sequence (faeG) of
Escherichia coli.

Probes designed by the four software are labelled with colours UPS: Green,
Picky: Pink, GoArray: Yellow and eArray: Blue.
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Fimbrial gene cluster: fanE=FanE...fanG=fimbrial minor subunit [Escherichia coli, K99, Genomic, 3 genes, 1198 nf]
GenBank: S70131.1

GenBank Graphics

>gi|546065/gb|S70131.1| fimbrial gene cluster: fanE=FanE...fanG=fimbrial minor subunit [Escherichia coli, K99,

Gencmic, 3 genes, 1198 nt]

ACTAGTGGARACATCACGGTAACAGCATTTAATGACTATGGCGT TGCARCCAGCTACACTGTTCARAGGAGTAAATARTGARARATAARTATAATTTATTATITITITTATIICIT
T
TIGTGTTATGGAGATGIGGCGCTGGCAGCATGCACAGGGARACTGAARATCTCACCTGGTTATAGTGGCCATACTTATTCATI TGATTCCAGTATICCARATAATAGTAATATAGC

TTGIGTTATGGAGATGIGGCGCTCGCAGCATGCACAGGGARACTGAARATCTCACCTGE

AGATGIGGCGCTGGCAGCATGCACAGGGARRCTGARARTCTCACCTGGTTATAGTGGCCA
ARGATACCTGGTCGARATTTCTGAGARARTTGTTTGTGATGCGEACCAGTCAGGCTGGGATGCTAAACGCT TATGCTCAATTACATCTTTATTCATCAGGTGCCTTATGTGAAAGTG
ACCTGGTCGAAATTICTGAGARARTTGTTTGTIGATGCGGACCAGTCAGGCTGGGATGET
TCAGIGGAGATGGGATTACAT T TAGGTCARATGTGICCGGGCTGTCATGECGTTTICCCAATGGCATACCATACCACTGTGCAGCAGGCCARATAARTCTTGGCGGTATARAATAT
TGETCCGGGCTETCATGECCTTTICCCARTGECATACCATACCACTGTGCAGCAGGCCAAR
ATGTGICCGGGCTCTCATGECETTTICCCARTGGCATACCATACCACTGTGCAGCAGGCC

GCGRATAGAAATGGTAAAGT TACCTGGARTCCTGGTGAACTACGACATGARATATTT TTAAGAGTGGATAACAGATTTGATTICAGTARRAAGCAGAACATTTICTGTARACACAAT
GCAGAACATTTICTGTAARCACAAT
TTCIGGTAGAGGAGGATTAGGTGGAGACAGCTCAGTAGT TATACCTCTCATAGGGAGTTCATI TAACTATTCCTATICTAACATCGCTACCTGCACTTTGACTGGCCCAAGTGARG
CIGCTAGAGGACGATTAGCTGGAGACAGCTCAGTAGTTATACCTCTCATAGGGAGTTCAT ATCGCTACCTGCACTITGACTGGCCCARGTGAAG
TTCTGCTAGAGGAGGATTAGGTGGAGACACCTCAG ACATCGCTACCTGCACTTTGACTGGCCCARGTGAAG

TGARTTTCAACACTGTAACCACGTCAGATGTACTCAAAGGAACAACACATCGTGATCTTAACTTAAGGGCAGAATGTAGGARCAGGGGGECTAGCTTAGGACTCAATTTTAAATTT
TGARTTTCAACACTGTAACCACGICA AGGAACAACACATCGTGATCTTAACTTARGGCCAGAATCTAGGAACAGGGGEGCTAGCT
TGARTTTCAACACTGTAACCACGT GCAGAATGTAGGAACAGGGGGECTAGCTTAGGACTCARTTTTAARATTT
GAGCCTCAGTATARAGATGTTICIGCAAATAARCAGGGCGTATI TTATGCAARARACACCAGTGGAAGCCTTACTTATARATTARCGARRARAGCAGACGCTICTGCTATTCCACT
GAGCCTCAGTAT
GAATGAATTIGTCAAACTTATTGT TGAGGATARAGTT AATATACATACAGGGAATACTATTCCATTATTATTAACCCTTCARAAGGGAGACGGGAARATTGCTACTGGTAAAATAG
ARACATTCCIGAATGTCACARTGGARCATATGTGATGAAARART TATATARAGCAAT AACAGTCATATGTATATTARTGTCAAATCTACAGTCAGCTCAGGGAGCGACTARGTCAG
AGCTCAGGGAGCGACTAAGTCAG
CAAATCTACAGTCAGCTCAGGGAGCGA
GCTCAGGGAGCGACTAARGTCAG
TTCAGGTTCCAATAAGAACAGAGGTTAAGATTCCTACA
TTCAGGTTCCAATARGAACAGAGGTTAAGATTICCTAC
ARGAACAGAGGTTAAGATTCCTACA
TTCAGGTTCCAATARGAACAGAGGTTAAGATTCCTACA

ups Picky GoArray eAmray

Figure 3.9. Probe locations in fimbrial subunit gene F5 sequence (fanG) of
Escherichia coli.

Probes designed by the four software are labelled with colours UPS: Green,
Picky: Pink, GoArray: Yellow and eArray: Blue.
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Clostridium difficile ribotype 01 toxin A (tcdA) gene, partial cds
GenBank: AY238985.1

GenBank Graphics

>gi|37931622|gb|AY238985.1| Clostridium difficile ribotype 01 toxin A (tcdA) gene, partial cds
GARGAAAGTAATARARAAATATT ACAARAAATAAGART CARAGGTAT CTTATCTAATACTCAATCAT TTAATAARATGAGTATAGAT TTTAAAGATATTAAARAACTATCAT TAGCATATATARTCGAGT
ARTTTTARATCATT TAAT TCTGARAAT GAAT TRGATAGAGATCATTTAGGATTTARAAT AATAGATAATARAACT TATTACTATGAT GARGATAGTAARTTAGTTARAGCGATTARTCANTATARATART
TCATTATTCTATTTTGATCCTATAGAATTTARCT T AGTAACTGGATGGCARACTATCAATGETARAARATATTAT TTTGATAT ARAT ACTGGAGCAGCT TTAACTAGT TATARART TATTAATGGTARA
CACTTTTATTTTAATARTGATGGTGTGATGCAGT T GGGAGTAT TTAAAGGACCTGATGGATTT GAATATTT TGCACCTGCCAATACT CAGAATAR TARC ATAGAAGG TCAGGCTATAGTT TATCARRGT
AAATTCTTAACTTTGARTGGCARARAATATTATTT TGAT ARTGACTCARAAGCAGTCACTGGATGGAGAAT TATTAACAATGAGARATATTACTT TAATCCTGATART GCTATTGC TGCAGTCGGATTG
CAAGTAATTGACAATARTAAGTATTAT TTCARTCCTGACACTGCTAT CATC TCAARAGG TTGGCAGACTGT TANT GETAGTAGATAC TACT TTGATACT GATACCGC TATTGCCTT TART GGTTATARA
ATTTCARTCCTGACACTGCTAT CATCTCAARAGGTTGGCAGACTGT TAAT GGTAGTAGAT
ACAATARTARGTATTAT TTCAATCCTGACACTGCTATCATCTCARAAGGTTGGCAGACTGT
ACTATTGATGGTARACACT TTTATTTT GATAGTGATTGT GTAGTGAARATAGGTGTGTT TAGTACCT CTAATGGATTTGARTATTTT GCACCTGC TART ACTTATART ANTAACAT AGRAGGTCAGGCT
TTTTGATAGTGATTGTGTAGTGAARATAGGTGTGTT TAGTACCT CTAATGGATTTGARTA
ATAGTTTATCAAAGTARATTCTTAACT TTGAATGGTARARRAT ATTACTTTGATARTAACTCARAAGCAGT TACCGGATGGCARACT ATTGATAG TARAARATATTACTTTARTAC TARCACTGCTGAR
GCAGCTACTGGATGGCARACTAT TGATGGTAAAARATAT TACT TTAATACT ARCACTGC TGAAGCAGCTACTGGATGGCARAC TATT GATGGTARAAAA TATTACT TTAATACTAACACT GCTATAGCT
TCAACTGGTTATACARTTATTAATGGTARACATTT TTAT TTTAATAC TGAT GETATTAT GCAGATAGGAGT GTTTARAGGACC TART GGAT TTGAATAT TTTGCACCTGCTAATACGGAT GCTAACARC
TTTGCACCTGCTAATACGGATGCTARCAAC
ATAGARGGTCAAGCTATACTTTACCARRRTGAAT T CTTAACT T TGAATGGT ARAARATATTAC TT TG GTAGTGAC TCARARGC AGTTACTGGATGGAGAR TTAT TARCARTAAGAAATAT TACT TTRAT
ATAGARGGTCAAGCTATACTTTACCARRA
CCTAATARTGCTATTGCTGCAAT TCAT CTATGCACTATARATAATGACARATATTACTT TAGT TATGATGGAATT CTTCARAATGGATATATTAC TATT GARAGARATARTTTCTATTTTGATGCTAAT
AATGARTCTAAMATGGTARCAGGAGTATTTARAGGACCTARTGGATT TGAGTATT TTGCACCT GCTAATACTCACAATAATAACATAGAAGGTCAGGCTATAGT TTACCAGRACARATTCTTAACTTTS
ATAACATAGAAGGTCAGGCTATAGTTTACCAGAACARATICTTAACTTTG
AATGGCARRRAATATTATT TTGATART GACT CARARGCAGTTACTGGATGGCANACCAT TGAT GETARAAAATAT TACT TTAATCTT ARCACTGC TGAAGCAGCTAC TGGATGGCARACTATTGATGGET
AATGGCARRN
AAARRRTATTACTTTARTCTTAACACT GCTGAAGCAGCTACTGGATGGCARACTATTGATGGTARAARATATTACTTTAATAC TAACACTT TCATAGCCTCAACTGGT TATACART TATTAATGGTARA
CATTTTTATTTTAATACTGATGGTATTATGCAGATAGGAGTGT TTAAAGGACCTARTGGATTT GAATACTT TGCACCTGCTAATACT CATAATARTAACATAGAAGGT CAAGCTATACTT TACCARRAT
ARATTCTTAACTTTGAATGGTARARAATATTACTT TGETAGTGACTCARAAGCAGTTACCGGATTGCGAACTATT GATGGTARARRA TATTACTT TART ACTARCACT GCTGTTGCAGTTACTGGATEE
CARACTATTAATGGTARRRAATACTACTTTAATACTARCACT T CTATAGCT TCAACTGG TTATACAATTAT TAGT GETAARCATTTT TATT TTARTACT GATGCTATTATGCAGAT AGGAGTGT TTARR
GGACCTGATGGATTTGAATACTT TGCACCTGCTAATACAGATGCTAACAAT ATAGAAGGTCARGCTATACGTTAT CARRATAGATTCCTATATTTACATGACAATATATATTACTTTGGTARTARTTCA
AAAGCGGCTACTGGT TEEG TARCTAT T GATGGTAATAGATATTACT T CGAGCCTARTACAGCT ATGGGTGCGAAT GETTATARRACT ATTGATAR TARRARTT TTTACTTTAGARATGGT TTACCTCAG
TGGTTTACCTCAG
ATAGGAGTGT TTAAAGGGTCTAATGGATTTGAATACTTT GCACCTGC TARTACGGATGC TAACAATATAGAAGGCCARGCTATACGT TATCARAATAGA TTCC TACATTTACT TGGARARATATATTAC
ATAGGAGTGTTTAAAGGGTCTAATGGATTTGAATACTTTGCACCTGE
AATGGATTTGAATACTTTGCACCTGC TARTACGGATGCTAACAATATAGAAGGCCARGCT
TGGATTTGARTACTTTGCACCTGCTAATACGGATGCTARCARTATAGAAGGCCAAGCTAT
ATGGATTTGAATACTTTGCACCTGCTARTACGGATGC TAACAATATAGAAGGCCARGCTA
TTTGGTAATAATTCARRAGCGGT TACT GGATGGCARRCTATTAATGG TARAGTATATTACTTTATGCCTGATACTGCT
GTAATARTTCAAARGCGGTTACTGGAT GTATATTACTTTATGCCTGATACTGCT

UPS Picky GoArray eArray

Figure 3.10. Probe locations in toxin A gene sequence (tcdA) of Clostridium
difficile.

Probes designed by the four software are labelled with colours UPS: Green,
Picky: Pink, GoArray: Yellow and eArray: Blue.
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Porcine rotavirus A isolate HeN3 outer capsid protein VP7 (VP7) gene, complete cds
GenBank: JX498968.1

GenBank Graphics PopSet

>gi|4091839641gb|JX498968.1| Porcine rotavirus A isolate HeN3 outer capsid protein VP7 (VP7)

gene, complete cds

GGCTTTAARRGAGAGAATT TCCGTTTGGCTAGCGGTTAGCTCCTTTTARTGTATGGTAT TGAATATACCACAGTT TTAACCTT TCTGATAT CAAT TATATTAT TGART TATATGCT TARATCGT TARCT

AGAATAATGGACTTCATTATTTATAGATTTCTTTTGATTGTAT TTATATTGTCACCATT TCTTAATGCGCARAAT TATGGGATARAT CTTCCGAT TACT GGAT CAAT GGATACTCCGTACGCGAATTCG
CGTACGCGAATTCG

ACACAAGAAGAAGTGTTTTTAACGTCAACTATATGCTTATACT ATCCAATT GAAGCTGCAACT GAAATTAATGACAATT CATGGAAAGATACACT CTCTCAGC TATTT CTAACTAARGGATGGCCARCA

ACACAAGAAGAAGTGTTTT TAACGTCAACTATATGCTTATACTA CTGCAACTGAAATTAATGACARTT CATGGAARGATACACT CTCTCAGCTATTTCTAAC

GGATCTATTTATTT TAAAGATTATTCT GGCATTGCCTCATTTTCAGT CGAT CCGCARTTATAT TGTGATTATAAT CCAGTATT GATGAAATATGATGCTGCAT TACAATTGGACAT GTCAGAGT TAGCT

ATTGTGATTATAATCCAGTATTGATGAAATATGATGCTGCAT TACAATTGGACATGTC
ATTTATTTTARAGATTATTCTGGCATTGCCTCATTTT CAGT CGATCCGCARTTATATTGTGA
GACTTGATACTTAATGAATGGTTATGTAATCCCATGGATATARCTCT GTAT TATTATCAGCARACGGATGAGACAARTAAATGGATT TCAATGGGARCGTCTTGTACT ATAAAAGTATGTCCACTARAT

ACTCAAACTTTAGGAATTGGATGTCTTACTACTGATACGGGCACATT TGAAGAAGTTGCGACGGCTGAGAAATTAGTAATCACTGACGTCGTAGACGGAGTCAATCACAAACTAAGTGTGACGACGAAC
TAGGAATTGGATGTCTTACTACTGATACGGGCACATT TGAAGAAGTTGCGACGGCTGAGA CACTGACGTCGTAGACGGAGTCAATCACAAACTAAGTGTGACGACGAAC
ACTTTAGGAATTGGATGTCTTACTACTGATACGGGCACATT TGAAGAAGTTGCGACGGCT CACAAACTAAGTGTGACGACGAAC
ATTGGATGTCTTACTACTGATACGGGCACATTTGAAGAAGT TGCGACGGCTGAGAAATTA
ACTTGTACGATTAGGAACT GTARAAAGCTAGGGCCAAGAGAARACGTAGCAGTTATACARGTTGGTGGTTCAGATGTACTTGATATAACGGCTGATCCGACAACGGCT CCACARACAGAAAGAATGATG
ACTTGTACGAT AGTTGGTGGTTCAGATGTACT TGATATAACGGCTGAT CCGACAACGGCTCCACAAACAGA
ACTTGTACGATTAGGAACTGTAAAAAGCTAGGGCCA CAGTTATACAAGTTGGTGGTTCAGATGTACTTGATATAACGGCTGATCCGACAACGGCTC
CGAGTAAACTGGAAARAATGGTGGCAAGTGT TTTATACAATAGTCGATTATGTAAATCAGATTGTACAAGTGATGTCCAAAAGATCAAGAT CATTGAATTCTGCTGCATTT TATTATAGAGTGTAGATA
CAAGATCATTGAATTCTGCTGCATTTT
TAGCTTAGGTTAGAACTGTATGATGTGACC
AGCTTAGGTTAGAACTGTATGATGTGACC

UPS Picky GoArray eArray

Figure 3.11. Probes location in VP7 gene sequence of Porcine rotavirus A.
Probes designed by the four software are labelled with colours UPS: Green,
Picky: Pink, GoArray: Yellow and eArray: Blue.

The use of four different softwares with their corresponding distinct
approaches enabled the coverage of the entire sequence as illustrated in
figures 3.8, 3.9, 3.10 and 3.11. Probes from UPS and Picky frequently
overlapped with eArray probes which also overlapped with UPS and Picky
probes on occasions.

One of the observations made on probe choice by UPS is that the selection
extended throughout the whole sequence. However, for eArray and more
specifically GoArray, the 3’ region seemed to be the predilection site.

Few to hundreds of bases sometimes separated probe sequences, mainly for
UPS; conversely Picky and eArray selected their probes to be only 1 to 4 bases

apart (Fig. 3.8).
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Finally, it appeared that eArray targets the same region for the whole set of
probes with only one base difference, as illustrated in the Clostridium difficile

tcdtA gene sequence (Fig. 3.10).

3. 3. 6. Thermodynamics of viral probes

3. 3. 6. 1. Folding and Secondary structures

The free energies, melting temperatures and secondary structures were
determined for ArrayTube probes (Alere platform) only using the MFold online
tool.

Secondary structures formed by probes are a major issue for duplex formation.
Figure 3.12 shows the number of possible foldings of probes. The 60-mer
oligonucleotides were prone to 1 to 12 secondary structures as indicated by
the results in this study.

Among the total number of possible secondary structures, the folding average
of Porcine norovirus, Bovine torovirus, PCV, TGEV and Porcine rotavirus
showed the highest number of foldings with an average of more than 4 foldings
per probe. Two PCV probes (Por_cir2_3 and Por_cirl_2) exhibited respectively
12 and 10 possible conformations each at the hybridisation temperature
(50°C). A low number of probes (23, 11.44%) had a unique predicted structure.
For the 201 probes, it appeared that among a total of 743 configurational
states, 1612 predicted secondary structures were possible. The mean numbers
of the 4 distinct secondary structures were statistically different from each
other (P<0.001) (Fig. 3.13) using one way ANOVA. Also all viral probes had at

least one folding structure, with all having at least 1 hairpin. More than half of
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the probes (57.71%) showed at least one interior loop, 30.35% had at least one
bulge structure and 1.99% a multi-loop structure. Hairpin loops are the most
frequent structure that is likely to form during the probe folding (Fig.3.13) with
18.90% of probes presenting a maximum of 3 different hairpin structures at a
time, 4.47% of probes showed a maximum of 2 bulges and 2.98% of probes

were predicted to have 3 interior loops in one configuration.
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Figure 3.12. Number of individual probe folding

Probes show more than one folding structure, the number of conformation varied
from 1 to 12 secondary structures that can be interior loop, bulge, hairpin loop or
multi-loop.
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Figure 3.13. Mean number of secondary structures with SEM.

The most frequent secondary structure was the hairpin loop. All the probes had at
least 1 hairpin loop. The mean number of the diverse structures was significantly
different (P<0.001).

3. 3. 6. 2. Free energy of virus probes

The Boltzmann probability equation was used to determine the most probable
among the predicted free energies (Appendix VIII). Positive free energies were
removed from the calculation as they imply a constant unstable state. A total
of 13 (6.46%) probes were expected to have only positive energies with
different configurations.

Figure 3.14 illustrates free energies (AG) of the probes. Free energy values
varied from -8.30 to +1.46 kcal/mol. Free energy data of probes are not
normally distributed, hence the use of non-parametric test (Kluskal-Wallis test)
which showed that the free energies among the probes were not significantly

different (p=0.487). Negative free energies of -1 to -2 kcal/mol were observed
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for 24.38% of the total number of probes and 21.39% of probes had a free
energy inferior to -4 kcal/mol. Correlation between the mean of each probe
free energies and number of foldings using the Spearman correlation test

showed a moderate positive relationship between the two parameters

(r=0.580, P<0.01).
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Figure 3.14. Free energies of virus probes.

The most frequent free energies displayed by the probes were comprised between -1
and -2 kcal/mol.

3. 3. 6. 3. Hybridisation prediction of virus probes with targets

a. Hybridisation prediction using free energies

Hybridisation prediction of the virus probes with the reference genome target
of the corresponding virus was performed using a two-state melting algorithm.
Free energy, mismatches and their location on the probes were computed for
each probe. The probe-target free energies with number of mismatches are

illustrated in Appendix IX
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Free energy data were categorised based on ascendant free energies, and the
number of hybridised probes were calculated for each category (Table 3.3).

Table 3.3. Distribution of number and percentage of hybridised probes per
range of free energies

Free energy range

(kcal/mol) No %
>-70 2 0.99
-60to -70 39 19.40
-50to -60 53 26.37
-40 to -50 22 10.94
-30to -40 21 10.45
-20to -30 25 12.44
-10to -20 21 10.45
Oto-10 18 8.95

The free energies of probes bound with their corresponding targets varied from
-7.1 to -72 kcal/mol. Table 3.3 shows that for each of the four free energy
categories, -10 to -20, -20 to -30, -30 to -40 and -40 to -50, almost 10% of the
total number of AG hybridisations fell in each category. The highest rate of
probes (26.37%) was represented by hybridisations with free energies in the
interval of -50 to -60 kcal/mol. However, the comparisons of percentages using
the Chi-Square test indicated that there was no significant difference between

the different groups (p=0.993).

e Correlation of duplex free energy with mismatches
Perfect match probes (PM) were defined as having no mismatches with target
sequence while mismatch probes (MM) had at least one mismatch with the
target. The frequency of MM probes was higher than PM probes with 71.7%

and 28.9%, respectively, and the difference was highly significant (p<0.001).
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A non-parametric correlation test of free energy with mismatches between
probes and targets using the Spearman test showed that free energies of
hybridisation and mismatches were positively correlated (r=0.943, p<0.001).
Likewise, the number of bases of the probes bound to the targets were
negatively correlated with hybridisation free energies (r=-0.940, p<0.001)

b. Effect of mismatch positions on the duplex free energy

To better understand the influence of the position of mismatches on the
binding energies, linear regression was performed to assess whether
mismatches located in the centre or extremities of the probe impacted the free
energy values, and consequently the ability of the hybridised duplex to remain
stable.

The numbers of mismatches in different locations of the probes and
corresponding energies were plotted in figure 3.15. Linear regression analysis
showed that there is a clear relationship between mismatches and binding free
energies. When one mismatch is situated in the 5’ region of the probe, the free
energy increases by 3.5 kcal/mol (p<0.001), while when it occurs in the 3’
region (p<0.001), free energy is likely to increase by 3.7 kcal/mol. However,

when the mismatch is in the central area it increases by 3.9 kcal/mol (p<0.001).

113



Free energy (kcalimole)

Free energy (kcalimole)

Chapter 3 Probe Design, Software Comparison and Thermodynamics

0=

-209

IS
o
1

-601

-807

R Linear =0.717

T T T T I
0 5 10 15 20

3' terminal mismatches

0—1

8
1

'S
o
1

R? Linear = 0.730

I LI I
10 15 20

(==
-

Central mismatches

114



Chapter 3 Probe Design, Software Comparison and Thermodynamics

RZ Linear = 0,687

Free energy (kcal/mole)

-807

T T T
0 5 10 15 20

5' terminal mismatches

Figure 3.15. The linear relationship between mismatches and free energy
Top panel, 3’'mismatches; middle panel, central mismatches; bottom panel, 5’
Mismatches.

c. In silico hybridisation prediction and comparison with hybridisation free

energies and ArrayTube hybridisation signal intensities

Simulation of tube array hybridisation was also performed in silico with two
sets of probes and target sequences using the ChipCheck Il software. The
simulation was run for PEDV, TGEV, PCV, PPV and BVDV, five viruses for which
hybridisation data from ArrayTubes were available (Chapter 5). Binding free
energies were also predicted in silico for the probes of the same viruses (Table

3.4).
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Table 3.4. Results of free energy, predicted and experimental signal

intensities
roves | e | e |
PEDV_1 -62.6 97.614 0.28
PEDV_2 -63.3 99.977 0.778
PEDV_3 -62.9 93.57 0.624
PEDV_4 -52 54.026 0.788
PEDV 0197 -59.5 95.424 0.696
PEDV 0199 -53.3 51.864 0.334
PEDV 0201 -59 96.501 0.608
PEDV 0203 -57.8 99.355 0.745
PEDV 0205 -62.9 98.742 0.738
TGEV_1 -62.6 99.836 0.739
TGEV_2 -48.9 87.473 0.749
TGEV 0163 -59.1 81.219 0.723
TGEV 0166 -53.6 85.085 0.765
TGEV 0168 -52.6 85.417 0.792
Porcirl_1 -67 20.2661 0.008
Porcirl_2 -61.5 48.0002 0.745
Porcirl_3 -66.8 21.849 0.490
Por cirl_4 -70.5 99.6996 0.733
Porcir2_1 -69.7 87.0703 0.820
Por cir2_2 -44 99.9863 0.818
Porcir2_3 -68.3 50.3627 0.813
Por cir 0521 -57.6 62.2846 0.332
Por cir 0523 -66.5 99.7115 0.552
Por cir 0525 -69.1 44.2566 0.877
Por cir 0527 -66.3 98.153 0.879
Por cir 0529 -58.7 54.4174 0.698
Por par_1 -61.2 98.92 0.727
Por par_2 -58.5 48.27 0.727
Por par_3 -59 48.72 0.783
BVDV 2_1 -25 83.94 0.00007
BVDV 2_2 -34 28.386 0.242
BVDV 2_3 -9.8 99.139 0.001
BVDV 2_4 -67 47.625 0.00151
BVDV 2_5 -25.5 97.115 0.0015
BVDV 0160 -60.4 54.965 0.770
BVDV 0162 -60.5 81.976 0.524
BVDV 0164 -56.6 46.997 0.191
BVDV 0166 -60.7 39.608 0.271

Sl: Signal intensity
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Correlations between these three sets of data showed that predicted free

energy and predicted signal intensity using Chipcheck of PEDV probes were

negatively highly correlated (r=-0.875, p<0.01). All parameters were not

correlated for the other virus probes (Table 3.5).

Table 3.5. Correlation results

Virus probe Parameter r Significance
Free energy / Chipcheck prediction Sl -0.875** 0.002
PEDV Free energy/ Experimental Sl -0.42 0.914
Chipcheck prediction Sl / Experimental SI 0.216 0.577
Free energy / Chipcheck prediction Sl -0.491 0.401
TGEV Free energy/ Experimental Sl -0.549 0.338
Chipcheck prediction SI / Experimental Sl -0.117 0.852
Free energy / Chipcheck prediction Sl 0.196 0.542
PCV Free energy/ Experimental Sl 0.025 0.938
Chipcheck prediction SI / Experimental Sl 0.503 0.096
Free energy / Chipcheck prediction Sl -0.986 0.106
PPV Free energy/ Experimental SI 0.342 0.778
Chipcheck prediction SI / Experimental Sl -0.49 0.672
Free energy / Chipcheck prediction Sl 0.612 0.080
BVDV Free energy/ Experimental Sl 0.551 0.124
Chipcheck prediction Sl / Experimental Sl -0.294 0.445

Sl: Signal intensity, **: p<0.01, r: coefficient of correlation
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3. 4. Discussion

In total, 15993 probes were designed for the 54 pathogens species/serotypes
involving 1921 specific gene sequences. The highest number of probes was
achieved by UPS and eArray compared to Picky and GoArray software. There
was no significant difference between the number of probes generated by UPS,
Picky and GoArray for the same sequences (p=0.059). However, the numbers
of probes in each group of organisms per software were significantly different
(P<0.001).

UPS and Picky compute a selection of probes as a starting point using the same
model through suffix trees structures. Filters for the best probes using
thermodynamic calculations are performed by the mean of the nearest
neighbour model by the four softwares. However, Picky executes these
calculations only for sequences that have 75% or more identity. For UPS, and
GoArray, probes are tested for specificity and cross-hybridisation (BLAST) and
for secondary structure formation (MFold) via external software links. Likewise,
eArray uses an external link to test probes and an additional written code for
their specificity. In Picky, these parameters are computed using a suffix array
to uncover similarities. However, the user is required to provide a non-target
sequence set as a background. This aspect contributes highly to increasing the
running speed of the software in which Picky is distinguished by its execution
time. Besides, Picky determines similarities among gene sequences by showing
the shared probes and the reverse complement of each sequence is also

considered in all computational calculations.
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For assessment of specificity, Kane’s conditions, stating that the
complementarity string to non-target sequences should be less than 75% and
the stretches of continuous complementary, non-target sequences should be
less than 15 bp to avoid cross-hybridisation (Kane et al., 2000), were applied in
the probe choice for three software (UPS, Picky and GoArray). Nevertheless,
UPS uses less strict criteria increasing the first and the second Kane’s condition
to £ 85% and = 17 bp, respectively. A recent study demonstrated that a
complementary stretch to non-target sequence as short as 12 bp may result in
a significant signal, especially in the absence of the target sequence in the
hybridisation solution (Garhyan et al., 2013). There is no information about the
use of Kane’s conditions in eArray probe design.

The software packages were easy-to-use but differed in the numbers of probes
computed. UPS, produced five probes as instructed, whereas Picky generated
less than five probes despite the number of probes per sequence entered in
the software interface was five. GoArray yielded only one probe per sequence
and no preferences were allowed by this software. Alongside Picky, this
software permitted to make alteration to the GC content, range of Tm, and
sequence similarity parameters. All the software offered the possibility to
change the probe sequence size and salt concentration. UPS had many options
available such as Unique probe within a group, Unique probe in the specific
organism, Unigue probe based on pangenomic level and Unique probe based
on user's defined organism. For the four software, output files consist of

downloadable list of probes with sequence analysis parameters such as TM,
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GC%, position of the probe on the submitted sequence and the accession
number. Other parameters are provided by UPS only, including the extent of
cross-hybridisation, with the length of the hit sequence and the E-value and the
overlap ratio. UPS and Picky were the two software that categorise the probes
into “best probe” and “others” for UPS and “unique” and “shared” for Picky. In
terms of speed of processing, Picky was the fastest software, followed by
GoArray and UPS, which is an online application that computes probes from
sequences submitted from different parts of the world.

Probes uniformly distributed throughout the target permit an important
coverage of the sequence, which consequently should improve binding of
targets to their corresponding probes and probably increases identification
accuracy. However, it represents a negative aspect of primer design when using
specific amplification prior to hybridisation onto the array. Based on the sample
set of selected probes to assess degrees of similarity between probes, UPS,
Picky appeared to choose common regions to select probes. GoArray and
eArray targeted the 3’ region of the sequence, which is mainly because these
algorithms were implemented for gene expression microarray protocols
because cDNA fragments authentically represents the 3’ end as synthesis starts
from polyA tail of mRNA (Dufva et al., 2009). In microbial detection
microarrays, and particularly in this study, the methodology is different; targets
are fairly long, and binding at the 3’ end which is the surface-immobilised end
might be challenging as the target needs a reasonable degree of freedom to

reach the probe. However, approaches employed by the different software for
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selecting probes were important to understand and compare their
performance.

Target sequence detection involved the use of primers, which were designed
using Primer-BLAST, an automatic online designing tool provided by NCBI that
allows finding specific primers for a submitted query sequence.

The high numbers of oligonucleotide probes designed required the design of
primers that allows the amplification of a sequence from the genome
comprising several target sequences to prevent the use of a high number of
primer pairs, eventually multiplexing a minimum number of primer pairs and
knowing the limitations of the technique (Lindroos et al., 2002). Accordingly,
100 primer pairs were designed to amplify 400 to 1928 bp amplicons in which
1 to 47 probes were more likely to be present, for instance primers were
designed to specifically amplify a 1928 bp fragment of PEDV that is expected to
enclose nine viral probes (Fig. 3.5).

Virulence, ribosomal subunits and antibiotic resistance genes were the
selected genes for the probe design. Other species-specific regions on the
bacterial genome such as species-specific repeats (Koressaar and Remm, 2013)
could also be exploited for a more accurate identification.

Thermodynamic parameters (free energy and secondary structure formations)
of virus probes were predicted with M Fold (Markham and Zuker, 2005).
Overall, free energy values at 50°C varied from -8.30 to +1.46 kcal/mol and
were negative for 93.54% of probes and positive for 6.46% of probes. There

was no significant difference between free energies among probes.
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Oligonucleotides with negative free energy are more stable than with positive
energy (Forsdyke, 2007), implying that the majority of folded probes would be
unable to hybridise as conformational structures would inhibit access of targets
to the complementary probes (Binder et al., 2004). All virus probes had at least
one secondary structure with at least one hairpin, only 11.44% of virus probes
had only one secondary structure. The Spearman correlation test showed a
moderate positive relationship (r=0.580, P<0.01), between free energy and the
number of folding, indeed, free energy increases with number of folding.
Considering that the minimum free energy confers stability to bound base
pairs, the opposite is thus true; when the free energy tends towards positive
values; the DNA strand adopts non-stable bindings leading to a higher number
of elementary structures.

Secondary structures of single-stranded DNA can be predicted by computing
the minimum folding energy that represents the stability of the folding of the
sequence (Xia et al., 2010). Several conformations were possible with some
probes showing up to 12 molecular arrangements, where hairpins were the
most encountered structure. However, the occurrence of a particular structure
follows the Boltzmann distribution that showed that for all probes, the
structure that was more likely to appear corresponded to the conformation
with a minimum free energy.

The significance is that secondary structure formations prevent hybridisation
of probes to their targets, Scherr et al. (2000), demonstrated that to be

accessible for hybridisation, strands should be composed of more than a 10 nt
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consecutive sequence stretch that is not involved in loops, bulges, joint
sequences or a free end. Conversely, Riccelli et al. 2001 designed probes with
a hairpin of 16 bp duplex and a 5 base loop with a capture length of 32 bases
and compared hybridisation profiles with linear probes. Their results
demonstrated that target capture by hairpin probes was faster and
thermodynamically more stable than by linear probes.

Although the secondary structure and thermodynamic parameter predictions
were computed for free single strands in a solution, a microarray is a
completely different system that involves tethered monomers on a surface and
with a free strand in solution. However, many authors agree that the
thermodynamics can be a good criterion to rank probe candidates even though
they approve its approximation (Lemoine et al., 2009). In fact, in a previous
study, Fotin et al. (1998) showed that there was a positive correlation between
AGs of duplexes on a chip and in solution.

In terms of hybridisation predictions, two approaches have been carried out,
one based on binding free energy of probes and targets, and other on a
software that predicts the percentage of hybridised probe to the target in the
form of fluorescence intensity represented by intensity of yellow colour.

The use of the nearest-neighbour model to predict probe-target stability seems
to be an accurate tool to be utilised during the design of short and long probes
( Santalucia, 1998; Kibbe, 2007; Gharaibeh et al., 2010).

Thermodynamically, AG of probe-target duplexes was distributed between
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-7.1 to -72 kcal/mol, the difference not being significant when free energies
were ordered into categories.

Probe-target mismatches have been studied mainly to understand the effect of
mismatches on hybridisation signal intensity. One mismatch in a hybridised
long probe-target complex does not prevent the development of signal
intensity but will result in a significant lower signal than for a perfect match
duplex (Gharaibeh et al., 2010). Eventually more mismatches are more likely to
induce a less intense fluorescence signal. In this study, 28.9% of probes
matched perfectly their targets and a higher proportion (p<0.001) was
represented by mismatched duplexes (71.7%). In solution, duplexes with
mismatches tend to be less stable than their perfectly matched duplexes (Fish
et al., 2007) with free energies tending toward positivity. The Spearman
correlation test showed that free energies and the number of mismatches of
the duplex were strongly positively correlated (r=0.943, p<0.001), meaning that
the more mismatches are present in the formed duplex, the higher is the
predicted free energy value and consequently the less stable is the duplex.
Moreover, mismatches were defined according to their position in the duplex
whether at the 3’ terminal, 5’ terminal or positioned centrally. The impact of
their location on the binding free energies of the duplex was analysed by linear
regression, which showed clearly that mismatches affect the stability of the
probe-target duplex, but are more detrimental when they are in the central
area of the duplex. These results are in conformity with previous studies where

the smaller destabilising effect of mismatches situated in the probe ends was
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observed compared to the central area of the probe (Letowski et al., 2004, Wick
et al., 2006). Thus, long probes with mismatches in the central region are
expected to bind more likely to non-target sequences (He et al., 2005). Others
have stated that 18 or more random mismatches of 60-mer probes reduced
hybridisation signal to background level (Hughes et al., 2001). Moreover,
others have indicated that when mismatches are evenly distributed throughout
the probes, lower hybridisation signal intensities were reported than when
mismatches are randomly distributed (Deng et al.,, 2008). In fact, the
hybridisation process starts in the segments situated at the ends of the probe.
However, the fragments will remain bound for a shorter time compared with
fragments towards the centre of the probe (Jayaraman et al., 2007). For
optimal results, Poulsen et al. (2008) proposed to design 60-mer probes such
that the section close to the surface has a higher binding strength than the
central and distal part, nevertheless it is important to bear in mind that binding
to targets is not a definitive situation as perfect match and mismatch are
constantly formed during a hybridisation reaction (Dufva et al., 2009).

In silico hybridisation equilibrium prediction between probes and targets by
ChipCheck showed a relatively high negative correlation (p<0.01) with free
energy of binding of PEDV probes to their respective targets. However, there
was no relationship between experimental and predicted signal intensities for
PEDV. Similarly, the three parameters tested were not correlated for the other
virus probes. The negative correlation of free energy and predicted signal

intensity seems consistent with the hybridisation dynamics of two
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complementary strands. In effect, the free energy of a closed system tends to
adopt a state of formed DNA base pairs duplex when the free energy is minimal
(Linko and Dietz, 2013). The results in the present study show that the
effectiveness of predicted free energies cannot be associated with signal
intensities, consequently it seems realistic to conclude that predictions of
probe hybridisation are inaccurate; however these findings resulted from
testing only for five viruses and 38 probes. A higher number of probe
hybridisation results, in conjunction with a more controlled hybridisation
environment, should provide a more suitable substance to perform reliable
relationship comparison. Also in this study the hybridisation of probes to their
corresponding targets only were predicted. A simultaneous computation of
probes and targets of several organisms would allow the estimation of the
extent of cross-hybridisation, as well as the reliability of the application. The
use of a prediction tool prior to hybridisation assay is a useful mean to out-
distance properly the experiment so that only the best probes can be utilised
in the assay. Besides the cost engaged in the fabrication of the platform and
spotting of the probes can be reduced reliably as the microarray will be only
subjected to few optimisations regarding the hybridisation conditions and not
the probe specificity and sensitivity.

This programme may assist in microarray design by predicting its theoretical
performance (Siegmund et al., 2003). The advantages and disadvantages of
each of these software in terms of sensitivity and specificity will be covered in

the final discussion (Chapter 7).
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Chapter 4. Pathogen Detection Using PCR

4. 1. Introduction

Diagnosis of infectious agents in pathological samples from diseased
individuals involves detection of molecular markers such as whole genes or
gene sequences. PCR is a technique that allows the amplification of a specific
fragment of DNA using a pair of primers that recognise complementary
sequences in a mixture of extracted nucleic acid. Multiplex PCR is a
simultaneous detection of several targets using a set of specific primers in a
single reaction. Both PCR and multiplex PCR have already been shown to be a
good method to detect pathogens causing diarrhoea (Platts-Mills et al., 2012;
Sjoling et al., 2015).

Reference and clinical samples are a valuable resource for testing the detection
methods used in the laboratory. They also offer the opportunity to optimise
the assay allowing greater accuracy. For instance the use of designed primers
and optimisation of the annealing temperature are both important in the
success of the amplification.

In this chapter PCR reactions (monoplex and multiplex) were used to identify
pathogens in known reference samples and in diarrhoeic samples from cattle
and pigs. This was done for pathogens for which reference samples were
available. Also, In this study, monoplex PCR was regarded as the gold standard

method.
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PCR (multilplex followed by monoplex) detection was performed on clinical
samples for initial screening purposes. Samples showing the presence of
enteric pathogens by PCR were subjected to array hybridisation. The main
reason of adopting this approach was that the microbial status of the samples
was unknown, and for logistical reasons, this avoided the risk of processing
negative samples. This is a practical and economic reason to limit the number
of arrays used and their cost, because they are still expensive and we could not
use them systematically for all samples.

The use of designed primers in multiplex PCR led to similar PCR product sizes,

and multiplex analysis was thus followed by individual monoplex PCR reactions.

4. 2. Material and Methods

4.2.1. Samples

Total nucleic acid (DNA and RNA) was extracted together from bovine and
porcine faecal samples. Porcine faecal samples were kindly supplied by Dr M.
Le Bon, School of Biosciences (Chapter 2). Bovine faecal samples were sourced
from farms in Algeria. Samples were shipped using separate preservatives for
DNA and RNA (DNAStable and RNAStable, Biomatrica, USA).

Nucleic acid was also extracted from reference strains (bacterial cultures,

supernatant from infected cell cultures with viruses).

128



Chapter 4 Pathogen Detection Using PCR

4. 2. 2. Co-extraction of DNA and RNA from faeces using RTP®

Pathogen Kit

Nucleic acid extraction kits involve column purification that was developed to
replace phenol / chloroform extraction techniques (Yang et al., 2011). Dual
extraction of both pathogen RNA and DNA from biological samples necessitates
specific chemistries to provide the maximum recovery of each nucleic acid.
The principle of the Ready-To-Prep (RTP) kit (Stratec Molecular) is based on
sample lysis in a chemical environment at three different temperatures (with
lyophilised lysis buffer and proteinase K in the lysis tube), followed by binding
of nucleic acids to the spin filter. All reagents were supplied with the kit. Two
successive washings to remove contaminants and ethanol were then
performed with final elution of the nucleic acids.

Processing of faecal samples was performed according to Hofmann et al. (2012)
(adapted for the first time from use with human stools). Using a sterile loop, a
portion of faecal sample was picked and mixed with 500 ul of PBS. The solution
was vortexed and centrifuged at 11,000 x g for 5 min. A volume of 160 ul of VXL
Qiagen lysis buffer was mixed with 40 pl of the supernatant to which 200 ul of
Resuspension Buffer were added. The mixture was transferred into an
extraction tube L (lysis tube) and subjected to three consecutive incubations in
a thermomixer at different times and temperatures (10 min at 37°C, 10 min at
65°C and 8 min at 95°C). The binding step consisted of the addition of 400 pl of
binding solution followed by vortexing. The mixture was loaded in the RTA spin

filter set and incubated at room temperature for 1 min, then centrifuged at

129



Chapter 4 Pathogen Detection Using PCR

11,000 x g for 2 min. The spin filter was placed in a new tube after discarding
the filtrate and 500 ul of wash buffer R1 were added to the spin filter. The spin
filter with the tube was centrifuged at 11,000 x g for 1 min. A new tube was
placed under the spin filter to perform a second washing with 700 ul of wash
buffer R2 with centrifugation at 11,000 x g for 1 min. The filtrate was discarded
and the spin filter dried by centrifugation at maximum speed for 4 min. The
spin filter was placed in a 1.5 ml microcentrifuge tube to carry out the elution
by adding 55 ul of preheated (to 65°C) elution buffer and incubation for 3 min
at room temperature. Co-purified nucleic acids were recovered after

centrifugation at 11,000 x g for 1 min and stored at -20°C.

4. 2. 3. Preparation of extracted nucleic acid for transport at room

temperature

Only extracted nucleic acid using the RTP Pathogen kit was subjected to room
temperature transport. Eluted total nucleic acid (60 ul) was divided into two
equal volumes in two separate 1.5 ml microtubes. 7.5 pl of DNAStable and 20
pl of RNAStable were added to the DNA and RNA tubes, respectively. The
contents of each tube were mixed by pipetting, and then completely dried
overnight in a laminar hood at room temperature (22-25°C). The tubes were
placed in moisture-barrier foil bags supplied with the kit with the
accompanying desiccant packet (silica gel) and sealed for storage and

transport.
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4. 2. 3. 1. Sample recovery

Samples in DNAStable and RNAStable were stored at room temperature for a
period of 15 to 30 days. To recover nucleic acid from the samples, 30 pl of
nuclease free water (Qiagen) were added to each tube, mixed by pipetting and
left at room temperature to rehydrate for approximatively 15 min. After

recovery, all the samples were stored at -20°C until use.

4. 2. 4. Extraction using QlAamp® DNA Stool Mini Kit

A pea size (about 200 mg) sample of faecal matter was homogenised in 1.4 ml
of Buffer ASL supplied with the kit, vortexed for 1 min than heated in a
thermomixer (BioShake iQ — Quantifoil Instruments GmbH) for 5 min at 70°C.
Faecal particles were then pelleted by centrifugation in a bench centrifuge at
full speed for 1 min and 1.2 ml of the supernatant was transferred in a new
tube. Removing faecal inhibitors was carried out by adding one InhibitEX tablet
to the mixture and vortexing to form a suspension, which was then incubated
for 1 min at room temperature. The tubes were centrifuged at full speed for 3
min and the supernatant transferred to a new tube, which was centrifuged
once again at full speed for 3 min. A volume of 200 pl of the supernatant was
mixed with 15 pl of proteinase K and 200 ul of buffer AL and incubated at 70°C
for 10 min, then 200 pl of absolute ethanol were added to the mixture. The
complete lysate volume was transferred to the spin column placed in a
collection tube and centrifuged at full speed for 1 min. The filtrate was washed
twice, first with 500 pl of AW1 (both AW buffers supplied with the kit) and

centrifuged at full speed for 1 min, then a second washing was performed with
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500 pl of AW2, the tubes were centrifuged at full speed for 3 min. The spin
column was centrifuged once again with a new collection tube at full speed for
1 min. DNA was eluted twice in 60 pl of buffer AE, after incubating for 1 min at
room temperature and centrifuging the spin column at full speed for 1 min, it

was then stored at -20°C until used.

4. 2. 5. Viral RNA Mini Kit (Qiagen)

This technique was carried out only for BVDV RNA extraction from a sample of
medium supernatant containing BVDV. A volume of 560 pl of lysis buffer AVL
was added to 140 pl of supernatant followed by pulse-vortexing for 15 seconds
and incubated at room temperature for 10 min. The tube was centrifuged
briefly and then 560 pl of ethanol and the tube mixed vigorously and briefly
centrifuged. The binding step was performed by applying 630 ul of the solution
to a mini column then centrifuged at 6000 x g for 1 min - the filtrate was
discarded and a new tube was placed. This latter step was repeated once more.
The column was washed with 500 pl of buffer W1, centrifuged at 6000 x g for
1 min and the collection tube was discarded. The column was washed once
again but with 500 pl of buffer W2 followed by centrifugation at full speed
(20,000 x g) for 3 min. The column was then dried by centrifuging at full speed
for 1 min followed by the collection tube being discarded and replaced by a
new one. Elution was carried out by adding 40 ul of buffer AVE and incubating
the tube at room temperature for 1 min followed by centrifugation at 6000 x g

for 1 min. To increase the RNA yield, this later step was repeated.
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4. 2. 6. Genomic DNA extraction from tissue

Sections from small intestine wall and rectal wall were obtained from a
specified pathogen free (SPF) pig (kindly supplied by Dr Dan Tucker, Cambridge
Veterinary School). DNA extraction was carried out using a DNA Mini Kit
(Qiagen). Approximately 25 mg of intestine wall tissue were cut aseptically into
small pieces, to which 180 ul of buffer ATL and 20 pl of proteinase K were
added. The mixture was briefly vortexed and incubated at 56°C for 210 min in
a thermomixer at 600 rpm. A volume of 200 pl of lysis buffer AL was then added
and mixed by pulse-vortexing for 15 seconds. The tube was incubated at 70°C
for 10 min, then 200 ul of ethanol were added, mixed for 15 seconds and briefly
centrifuged. The lysate was then applied to a mini column and centrifuged at
6000 x g for 1 min. The filtrate was discarded after the tube was placed in a
new microcentrifuge tube. Washing step consisted of adding 500 pl of buffer
W1 and centrifugation at 6000 x g for 1 min. A second washing was performed
with 500 pl of W2 followed by centrifugation at 20,000 x g for 3 min. At each
step the filtrate with the collection tube were discarded and a new tube was
placed. Finally, the total DNA was eluted in 200 ul of buffer AE that was
incubated at room temperature for 1 min, centrifuged at 6000 x g for 1 min and
stored at -20°C.

Nucleic acid was quantified in all samples using using a NanoDrop8000 (Thermo

Scientific™).
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4. 2. 7. Sequence-specific amplification

4.2.7.1. Monoplex PCR

PCR reactions were performed in a 50 pl final volume. RNA samples were
subjected to reverse transcription for cDNA synthesis (detailed in section 5.2.3
— Chapter 5). The master mix comprised 35.5 pl of water, 1.5 pl of 50mM MgCl,,
5 ul of 10 x Mg-free buffer, 0.5 ul of 25mM dNTPs, 0.5 pl of Taq polymerase, 5
pl of cDNA or DNA sample, 1 pl of 10uM forward primer and 1 pl of 10uM
reverse primer (Appendix Il and IV).

For the confirmatory detection of pathogens in clinical samples, primers
published previously or designed in this study were used. PCR cycling
conditions and PCR product length are illustrated in Appendix Ill. A negative
control sample was included in each assay. PCR products (5 ul) were examined
by electrophoresis in 1% agarose stained for fluorescence with Nancy-520
(10%). The mixed infections in bovine and porcine samples were performed

using monoplex PCR reactions.

4.2.7.2. Multiplex PCR

Reactions were set up using a QIAGEN® Multiplex PCR Plus kit in a final volume
of 20 pl. Ten microliters of 2x Multiplex PCR Master Mix were mixed with 2 pl
of 10x primer mix (2uM of each primer), 6 pl of nuclease free water and 2 pl
of template (DNA, cDNA). The kit was designed for parallel detection with
multiple primers and without optimisation. Two cycling conditions were used

regardless of annealing temperature of each pair of primers (Table 4.1) for
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amplicon size of up to 500bp and up to 1.5kb. In both situations, reactions were

carried out for 40 cycles.

Table 4.1. Cycling conditions protocol for multiplex PCR

) Amplicon size up to Amplicon size up to
Cycling phase
500 bp 1.5 bp

Initial denaturation 95°C — 5 min 95°C — 5 min
Denaturation 95°C—-30 sec 95°C — 30 sec
Annealing 60°C —90 sec 60°C — 90 sec
Extension 72°C—-30sec 72°C—-90 sec
Final extension 68°C — 10min 68°C— 10min

4. 2. 8. Verifying the identity of donated reference samples
Monoplex PCR reactions were performed for 16 species of pathogens to

confirm their identity (see 4.2.7.1)

Multiplex PCR was also carried out with reference strains (see 4.2.7.2) prior to
hybridisation onto the array. Designed primers (Appendix IV) were used in both

reactions.
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4.2.9. Screening of samples (reference and clinical) with

published and designed primers

The literature was searched for published primers targeting pathogens
producing enteritis in cattle and pigs (Table 3.2 - Chapter 3). Primers were
designed in order to flank a sequence in the pathogen that covers a maximum
number designed probes. Amplicons resulting from PCR from designed primers
were expected to have a size of less than 2 kb. All primer sequences were
synthesised and desalted by Sigma-Aldrich, with a synthesis scale of 0.05
pmole.

Monoplex PCR reactions were performed for reference strains and clinical
samples using designed primers, while multiplex reactions were carried out
using published and designed primers, independently. Chronologically, clinical
samples were first screened with published primers, then with designed
primers in a multiplex PCR setting and finally with designed primers in
monoplex reactions.

The relatively high resolution and high number of multiplexing using the chip
regardless of similar amplicon sizes obviates the need for electrophoresis and
sequencing. The chip would act as a single platform for detection, identification
and analysis.

Monoplex reactions were performed to test the specificity of designed primers
for reference pathogen species. PCRs were carried out according to the
protocol described in this chapter, using thermocycling conditions for 30 cycles

as shown in table 4.2.
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The genes targeted with designed primers were 16S rRNA for S. Enteritidis, S.
Typhimurium, C. difficile (with tcdA) and Brachyspira pilosicoli, the 16S-23S
intergenic spacer for C. jejuni, FAac and faeG (F4 fimbrial major subunits

for E. coli F4), the K99 fimbrial subunit for E. coli F5, 18S rRNA for Eimeria
acervulina and Cryptosporidium spp., NS1 for Porcine bocavirus, VP2 for
Porcine parvovirus, VP7 for Porcine rotavirus, membrane, nucleocapsid,
envelope and polyprotein for respectively primer pairs 1 and 3 for PEDV, capsid
and the replicase for PCV2 and ORF1b for TGEV.

Table 4.2. Cycling conditions for monoplex PCR with designed primers

. Temperature - No
Pathogen Cycling phase Time cycles

S. Enteritidis - S. Initial o .
Typhimurium- C. jejuni- C. denaturation 94°C ~ 2 min 1
difficile (16S and tcdA)- Denaturation 94°C-30 sec
Por. bocavirus- Por. Annealing 60°C — 30 sec J 30
parvovirus- Por rotavirus — Extension 72°C—2 min
Cryptosporidium spp. —
E. coli F4 — PEDV — PCV2- Final extension 72°C—7 min 1
TGEV

Initial o .

denaturation 94°C ~ 2 min 1

E. coli F5

Brachyspira pilosicoli

. . Annealing 57°C-30 sec
Eimeria acervulina

Extension 72°C—-2 min
Final extension 72°C -7 min 1

Denaturation 94°C — 30 sec J
30

4. 3. Results

4. 3. 1. Reference sample identification

Twenty two known pathogen strains were kindly provided for this study either

as bacteria, nucleic acid (DNA, cDNA or RNA) or faecal samples positive for
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Bovine kobuvirus and Porcine torovirus. PCR reactions were performed as

previously described and the results are illustrated in table 4.3.

4. 3. 1. 1. Published primers

A number of reference strains were tested with published primers using the
cycling conditions shown in Appendix Ill. Primers targeted various genes: 18S
rRNA for Cryptosporidium spp., VP7 for Porcine rotavirus, ORF1 for PCV, 16S
rRNA for C. jejuni, C. difficile strains (630 and R20291), S. Enteritidis and S.
Typhimurium, toxins A and B for C. difficile, mdh for E. coli, 5’UTR, Npro and
capsid genes for BVDV (genotypes 1 and 2), spike gene for PEDV and TGEV,
RdRp gene for Bovine kobuvirus, NS1 for Porcine bocavirus and porcine
parvovirus and RdRp and capsid genes for Nebovirus. The appearance of a band
on the gel after electrophoresis (Fig. 4.1, 4.2, 4.3, 4.4, 4.5) corresponding to the
expected amplicon size was considered as a positive result confirming the

identity of the strain (Table 4.3).
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Table 4.3. Results of PCR reactions for reference strains with published

primers
Pathogen Expected amplicon size (bp) PCR
result
Cryptosporldlum spp (11 435 ]
strains)
Porcine rotavirus A 1062 *
PCV 1/2 646 +
E. coli F5 304 +
S. Enteritidis 574 +
S. Typhimurium 574 +
C. jejuni 857 +
C. difficile 630 643 (tcdA)- 399 (tcdB)- 900 (16S rRNA) +++
C. difficile R20291 643 (tcdA)- 399 (tcdB)- 900 (16S rRNA) +-+
BVDV ncp 1013 +
BVDV cp 1013 -
PEDV 650 +
TGEV 859 +
Bovine kobuvirus BV250 216 +
Bovine kobuvirus BV253 216 +
Porcine bocavirus 680 +
Porcine parvovirus 265 +
Nebovirus 1669
+ : Doubtful

The gel electrophoresis image in Fig. 4.1 did not reveal the expected
amplification for Cryptosporidium, while Fig. 4.2, 4.3, 4.4 and 4.5 showed DNA
bands at the expected molecular weight for PCV1/2, E. coli, S. Enteritidis, S.
Typhimurium, C. jejuni, C. difficile 630, C. difficile R20291, PEDV, TGEV, Bovine
kobuvirus BV250, Porcine bocavirus and P. parvovirus. Results for all strains of
Cryptosporidium showed an incorrectly low molecular weight band and with
two strains showing a clear smearing, BVDVcp, and Nebovirus. Multiple bands

were observed for Porcine rotavirus A, BVDVncp and Bovine kobuvirus 253.
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9810 11°=12 °13

Figure 4.1. Agarose gel electrophoresis of specific amplification of

Cryptosporidium.

1: Ladder (100 bp), 2: Negative control, 3: strain 19135, 4: strain 19136, 5: strain
19205, 6: strain 19270, 7: strain 19293, 8: strain 19310, 9: strain 19327, 10: strain
19330, 11: strain 19333, 12: strain 19334, 13: strain 19346. The size of the expected
PCR product was 435bp.

1kb

500bp

100bp

Figure 4.2. Agarose gel electrophoresis of specific amplification of Porcine
rotavirus, PCV2 and Campylobacter jejuni.

1: Ladder (100 bp), 2: Negative control, 3: Porcine rotavirus, 4: PCV2, 5: Campylobacter
jejuni. Only two strains show a band on the gel (PCV2 and C. jejuni with amplicon size
of 646bp and 857bp respectively). P. rotavirus (lane3) showed non specific multiple
band on the gel, with the top band corresponding to the expected amplicon size
(1062bp).
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500bp
-

100bp -
C. difficile 630 C. difficile R2091

Figure 4.3. Agarose gel electrophoresis of specific amplification of
Clostridium difficile.

1: Ladder (100 bp), 2: Negative control, 3: C. difficile 630/tcdA, 4: C. difficile 630/tcdB,
5: C. difficile 630/165 rRNA, 6: C. difficile R20291/tcdA, 7: C. difficile R20291/tcdB, 8: C.
difficile R20291/16S rRNA. C. difficile 630 was positive for tcdA, tcdB and 16S rRNA, C.
difficile R2091 was positive for tcdA and 16S rRNA with the expected amplicon sizes.

1kb

500bp

100bp

Figure 4.4. Agarose gel electrophoresis of specific amplification of BVDV
(ncp and cp), PEDV, TGEV, Bovine kobuvirus, Nebovirus, Bocavirus and
parvovirus

1: Ladder (100 bp), 2: Negative control, 3: BVDVncp, 4: BVDVcp, 5: PEDV, 6: TGEV, 7:
Bovine kobuvirus BV250, 8: Bovine kobuvirus BV253, 9: Nebovirus, 10: Porcine
bocavirus, 11: Porcine parvovirus. Expected amplicon size were obtained for PEDV,
TGEV, B. kobuvirus and P. parvovirus (lane 5, 6, 7 and 11), also a faint band can be
observed in lane 8 for B. kobuvirus but with the expected product size. Non specific
PCR bands were generated by BVDVncp and P. bocavirus primers (lane 3 and 10),
whereas no product was observed for BVDVcp and Nebovirus (Lane 4 and 9).
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1kb

500bp

100bp

Figure 4.5. Agarose gel electrophoresis of specific amplification of E. coli, S.
Enteritidis and S. Typhimurium

1: Ladder (100 bp), 2: E. coli F5, 3: S. Enteritidis, 4: S. Typhimurium, 5: Negative control.
E. coli and the two serovars of Salmonella showed the expected amplicon size of 304
bp and 574 bp respectively.

4.3.1. 2. Designed primers

Designed primers were tested by PCR on 12 pathogen species including S.
Enteritidis, S. Typhimurium, E. coli F4, E. coli F5, C. difficile (strain 630 and
R20291), C. jejuni, B. pilosicoli, Eimeria acervulina, Porcine parvovirus, Porcine
bocavirus, Porcine rotavirus A, PEDV, PCV and TGEV. The PCR results are
summarised in table 4.3. The gels showed that 13 out of 15 reactions were in
agreement with the expected product size (Fig. 4.6 and 4.7), whereas
amplification of Porcine parvovirus and Porcine bocavirus genes resulted in

non-specific products that did not match the correct expected amplicon size
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Table 4.4. Results of PCR reactions for reference strains with designed
primers

. . PCR
Pathogen Expected amplicon size (bp) result
S. Enteritidis 1500 +
S. Typhimurium 1492 +
C. jejuni 965 +
E. coli F4 760 *
E. coli F5 1120 +
C. difficile 630 1469 (16S rRNA)- 1437 (tcdA) +
C. difficile R20291 1469 (16S rRNA)- 1437 (tcdA) +
B. pilosicoli 1624 +
E. acervulina 1244 +
Porcine parvovirus 1158 -
Porcine bocavirus 1264 -
Porcine rotavirus A 521 +
PEDV (using 2 primer pairs) 1928 (PEDV-1) — 1647 (PEDV-3) +
PCV2 543 +
TGEV 1388 +

+ : Doubtful

3kb

1kb

500bp

Figure 4.6. Agarose gel electrophoresis of specific amplification of S.
Enteritidis, S. Typhimurium, E. coli F5, C. difficile (strain 630 and R20291), C.
jejuni, B. pilosicoli, E. acervulina, Porcine parvovirus, Porcine bocavirus and
Porcine rotavirus.

1: Ladder (1 kb), 2: Negative control, 3: S. Enteritidis, 4: S. Typhimurium, 5: C. jejuni, 6:
C. difficile R20291 16S rRNA 7: C. difficile R20291 tcdA, 8: E. coli F5, 9: C. difficile 630
16S rRNA, 10: C. difficile 630 tcdA, 11: B. pilosicoli, 12: E. acervulina, 13: Porcine
parvovirus, 14: Porcine bocavirus, 15: Porcine rotavirus A. All amplified PCR products
had the expected size, except from P. parvovirus (lanel3) and P. bocavirus (lane 14)
which should be 1158 bp and 1264 bp respectively.
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500bp

Figure 4.7. Agarose gel electrophoresis of specific amplification of PEDV,

PCV and TGEV

1: Ladder (1kb), 2: Negative control, 3: TGEV, 4: PCV2, 5: E. coli F4, 6: PEDV-1, 7: PEDV-
3. Lane 3, 4, 6 and 7, indicate the presence of the size of the PCR products. E. coli F4
amplification produced a faint band on lane 5, however with the expected amplicon
size.

4. 3. 2. Clinical sample screening

4.3.2.1. Bovine samples

Bovine clinical samples (129, among which, 123 from calves), from Algeria were
investigated for the presence of enteric pathogens with published and
designed primers, five samples from camels and one from a goat were also
included in this study. Among a total of 129 faecal samples, nearly 45% (n=58)
were negative by multiplex PCR assays using published primers (Appendix X).
Similarly, 42.63% (n=55) were negative for assays with designed primers. Also,

33 samples (25.58%) were negative by both assays.

a. Multiplex PCR
Results from the application of multiplex PCR with published and designed
primers to bovine samples showed variation between the same samples in

both reactions (Fig. 4.8, 4.9, 4.10 and 4.11) which led to performing array
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hybridisations to clarify the findings. The numbered tracks on the agarose gel
electrophoresis images represent the names of the samples.

One source of discrepancy was the product sizes which were very similar for a
few species, for instance 304 bp and 281 bp for E. coli and Bovine Parvovirus,
respectively, (indicated with an orange arrow — Figs. 4.8 and 4.10) and 1062 bp
and 1013 bp for Bovine and Porcine rotavirus and BVDV (indicated with a
yellow arrow- Fig. 4.8). Similarly, the molecular weight of Yersinia spp., Bovine
coronavirus and Bovine enterovirus amplicons were almost equal to 400 bp
(indicated with a white arrow — Figs. 4.8 and 4.10), which made gel reading
difficult.

N 01 03 05 06 07°08 09 10 11 12 13 14

—
—_—

+.01.03 05 06 07 08 09 10 ‘11 12 13 14

Figure 4.8. Agarose gel electrophoresis of pathogen detection in bovine
samples with published primers by multiplex PCR - Batch 2

Upper lanes represent amplicon size of up to 500 bp and lower lanes represent
amplicons size of up to 1.5 kb. L: Ladder (100 bp), N: Negative control, 01-14:
Samples.Orange arrow indicates either the presence of E. coli with an amplicons size
of 304 bp or B. parvovirus with an amplicon size of 281 bp. White arrow indicates an
amplicons of 400 bp that correspond to Yersinia spp. or B. enterovirus. Yellow arrow
indicates a PCR product of 1013 bp or 1062 bp corresponding to BVDV or B. rotavirus
respectively.
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The same drawbacks were faced when reading electrophoresis gels of
amplified products with designed primers in which the majority had a size
ranging from 1391 bp for Bovine enterovirus to 1447 bp for Cryptosporidium
spp., to 1458 bp for Salmonella spp. and 1475 bp for Bovine rotavirus (indicated
with a yellow arrow - Fig. 4.9). Another set of three pair of primers
(Coronavirus, Kobuvirus and EPEC eae) resulted in the same conflicting results
with respective expected amplicon sizes of 1617 bp, 1659 bp and 1569 bp

(indicated with a white arrow — Fig 4.11) (Appendix XI)

’

L N 01 03 05 06 07 08 69 10 11 12-13 14

1kb

500bp

100bp

Figure 4.9. Agarose gel electrophoresis of pathogen detection in bovine
samples with designed primers by multiplex PCR - Batch 2

All primers were designed to generate amplicons exceeding 1 kb. L: Ladder (100 bp),
N: Negative control, 01-14: Samples. Yellow arrow indicates an amplicon of 1617 bp,
1659 bp or 1569 bp corresponding to B. coronavirus, B. kobuvirus or EPEC eae
respectively.
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L N 3T 4T 6T 7T. 9T 13T 18T 20T 21T 25T L N 3T 4T 6T 7T 9T 13T 18T 20T 21T 25T

1kb

500bp >
—_—

100bp

Figure 4.10. Agarose gel electrophoresis of pathogen detection in bovine
samples with published primers by multiplex PCR- Batch 4
A: Less than 500 bp PCR product size, B: Up to 1.5 kb PCR product size

L: Ladder (100 bp), N: Negative control, 3T- 25T: Samples. Orange arrow indicates
either E. coli with an amplicons size of 304 bp or B. parvovirus with an amplicon size
of 281 bp. White arrow indicates an amplicons of 400 bp that corresponds to Yersinia
spp. or B. enterovirus.

L N 3T 4T 6T 7T 9T 13T 18T 20T 21T 25T

Y -
1kb
500bp

100bp

Figure 4.11. Agarose gel electrophoresis of pathogen detection in bovine
samples with designed primers by multiplex PCR - Batch 4

L: Ladder (100 bp), N: Negative control, 3T - 25T: Samples. All primers were designed
to produce amplicons size of more than 1lkb. White arrow indicates four possible
pathogens of 1391 bp (B. enterovirus), 1447 bp (Cryptosporidium spp.), 1458 bp
(Salmonella spp.) or 1475 bp (B. rotavirus).

In this section, few representative gel electrophoresis images illustrate the
pathogens detected by multiplex PCR using published and designed primers in
the same samples.
b. Monoplex PCR
The results from monoplex reactions with designed primers showed that
25.58% (n=33) of samples were positive, with 74.42% (n= 96) negative to the

targeted pathogens. Cryptosporidium spp. and E. coli F5 were detected
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relatively frequently with 40.91% and 38.64%, respectively. BVDV was present
in 11.36% of the positive samples, additionally the E. coli attaching effacing
gene (eae) and Bovine kobuvirus were both detected in 4.55% of the total
positive samples (Table 4.5).

Table 4.5. Detected pathogens in bovine samples

Pathogen Number Percentage (%)
Salmonella spp. - -*

E. coli F5 17 38.64

E. coli eae 2 4.55
Cryptosporidium spp. 18 40.91
BVDV 5 11.36
Bovine kobuvirus 2 4.55
Total 44 100

* : Data removed for non-specificity of Salmonella primers

With regard to mixed infections, which were all detected by monoplex PCR (Fig.
4.12), 25% (n= 11) of a total number of 44 positive samples contained at least
two targeted enteropathogens (they could be distinguished by separate bands
on the gel by monoplex and multiplex PCR using designed primers) with 16S
rRNA of Salmonella spp. present in nearly all positive samples. The highest co-
infection rate was represented by E. coli F5 and Cryptosporidium spp. (81.82%,
n=9 of positive samples), E. coli F5 and BVDV, and by E. coli eae and

Cryptosporidium spp. which showed 9.09% (n= 1) each.
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Figure 4.12. Distribution of mixed infection in bovine faecal samples

More than 80% of mixed infections were with E. coli F5 and Cryptosporidium spp.
Other mixed infections (E. coli - BVDV and E. coli — Cryptosporidium) were present in
9% only.

2.4.1.1. Porcine samples

Porcine samples were kindly donated by Dr M. Le Bon who conducted a study
on the use of probiotics in diarrhoeic piglets that have died during the first
week of their life. These samples had been already examined for the presence
of C. difficile and its toxin A and B and Porcine rotavirus A by enzyme
immunoassay by Le Bon’s team. A series of monoplex and multiplex PCRs were

applied to 34 porcine faecal samples, which tested positive either for C. difficile,

149



Chapter 4 Pathogen Detection Using PCR

C. difficile A and B toxins, Rotavirus A or all of them. Six additional samples were
included because they were negative by ELISA. Table 4.6 and 4.7 illustrate the
monoplex and multiplex PCR results respectively.

Table 4.6. Monoplex PCR results using published (P) and designed (D)
primers

Total of tested

Pathogen No %
samples

Porcine rotavirus A (P) 34 2 5.88

Porcine rotavirus A (D) 45 7 15.55

Porcine kobuvirus (D) 45 12 26.67

C. difficile 16S (D) 43* - -

*: The number of C. difficile positive using 16S rRNA were ignored due to the
lack of specificity of the primers.

Table 4.7. Multiplex PCR results using designed primers

Pathogen Total of tested No %
samples

Negative 14 35
C difficile 16S 16" -
C difficile tcdA 40 1 2.5
C difficile tcdB 9 22.5
Porcine kobuvirus 5 12.5
Porcine rotavirus A 9 22.5

*: The number of C. difficile positive using 16S rRNA were ignored due to the
lack of specificity of the primers.
The monoplex PCR results (Appendix XIl) showed that only 5.88% (2 out of 34)
of the samples contained Porcine rotavirus A when PCRs were carried out with
published primers, while 15.55% (7 out of 45) were positive when assayed with
designed primers. Only one sample result produced using published primers
was in agreement with the PCR using designed primers.
Multiplex PCRs were performed with designed primers (Appendix IV).These
showed that 9 (22.5%) of 40 samples were positive for C. difficile based on the

presence of tcdA and tcdB genes. All these samples contained tcdB and only
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one was tcdA positive. Rotavirus and kobuvirus were detected with respective
rates of 22.5% (n=9) and 12.5% (n=5).

Monoplex reactions were able to detect the presence of kobuvirus with higher
rates than multiplex reactions, with the exception of rotavirus where the same
rate of detection was observed.

Screening samples by multiplex PCR (n= 40) showed evidence of mixed
infections (Fig. 4.13). A frequency of 17.5%% (n=7) of infected samples was
attributed to mixed infections. The most frequently encountered co-infections
were C. difficile with rotavirus (3 samples, 43%), C. difficile with kobuvirus (2
samples, 14%), rotavirus and kobuvirus (1 sample, 14%) and C. difficile with
rotavirus and kobuvirus (1 samples, 14%). The multiplex was also able to detect
mono-infection where 5 samples (26.32%) were infected with C. difficile and

rotavirus alone and 2 (10.53%) were infected with kobuvirus alone.
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Figure 4.13. Distribution of mono-infections and co-infections in 19 porcine
faecal samples by multiplex PCR

The main pathogens found were C. difficile and rotavirus which were both detected
alone in 26.32%. C. difficile was in association with viruses in 31.58%. Mixed infections
were detected in 36.84% of the positive samples.
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4. 4. Discussion

For this project, published and designed primers were used to amplify target
genes for two main reasons, namely (i) to verify the identity of pathogens in
the donated reference samples and (ii) to assess the specificity of designed
primers. This was done for those pathogens for which reference samples were
available and was thus not an exhaustive study.

Although not all the same reference strains were tested evenly with designed
and published primers, the majority of the strains were detected successfully
with both categories of primers indicating the value of the primers for analysis
of the clinical samples by PCR. PCR reactions using published, but not designed,
primers were performed for Cryptosporidium strains, BVDV genotypes 1 and 2,
Bovine kobuvirus strains and Nebovirus. B. pilosicoli and E. acervulina were
done with designed primers only. The Porcine rotavirus VP7 gene was amplified
only using designed primers whereas published primers used to amplify the
same target generated multiple bands despite applying the recommended PCR
conditions. Likewise, the NS gene of Porcine bocavirus showed a positive
amplification with published primers, which was not the case for designed
primers targeting the same gene.

With some exceptions all strains showed a positive amplification with the
correct product size according to the known expected molecular size of
amplicons. However, a few strains exhibited a multiband pattern in the gel,
which can be caused by multiple annealing of the primers to the DNA resulting
in several amplicons of different molecular weight. Non-specific amplification
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is frequently the result of reduced annealing temperature (Lorenz, 2012). Also
no optimisation was carried out.

Unlike most of the other pathogens no amplification was observed for
Cryptosporidium strains, Porcine parvovirus and Nebovirus, which might be
due to the absence of DNA, a very low amount or degraded DNA due to
improper shipment conditions/storage during shipment. Two Cryptosporidium
samples produced smears on agarose gel of 435 bp. This is not surprising as
these samples were unfortunately held up during shipment and arrived late
without dry ice.

Amplification of porcine parvovirus with designed primers generated an
unexpected band of less than 500 bp (the desired product size was 1158 bp)
which can also be attributed to mispriming, this might have been be due to low
temperature stringency (Hecker and Roux, 1996), again despite using the
recommended/published PCR conditions.

Bovine clinical samples were screened for the presence of major enteric
pathogens with the purpose of identifying samples with which initial array
analyses could be carried out. The multiplex PCR with published and designed
primers showed that a number of pathogens were detected in reactions with
the published, but not the designed primers and vice-versa with almost the
same frequencies, 15.50% and 17.05% respectively. However, multiplex
reactions with both types of primers were able to detect genes in 39.53% of
the total number of samples. The multiplex PCR results of both assays were not

conclusive, as the PCR product sizes were almost comparable. Thus, the rate of
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agreement between the two assays was not calculated and consequently,
microarray experiments were used to differentiate between targeted genes
and further confirm the presence of a specific pathogen. The reasons for the
absence of amplicons using published primers could conceivably be due to
typographical errors in published primer sequences, or more practically due to
different reagents and equipment used to perform the PCR although this
remains to be demonstrated.

The amount of extracted DNA and RNA from clinical samples was not indicative
of high or low sensitivity or specificity of the PCR assays, as highly DNA/RNA-
rich samples did not necessarily result in the amplification of targeted genes.
This however, was largely dependent on the specificity of the primers and on
the qualitative aspect of the DNA. For example, PCV-2, a donated reference
virus, was detected using a pair of designed primers despite an amount of 5 ng
of DNA/ul. The clinical samples had a nucleic acid amount range of 41-129 ng/ul
for DNA and 34-100 ng/ul for RNA.

Monoplex PCRs were carried out using designed primers only. Initially, the
results showed that Salmonella spp. was identified in 72.87% of samples. A
BLAST search of the forward and reverse primer sequences (16S rRNA) showed
that they not only allowed amplication with Salmonella spp. but also with other
related members of the Enterobacteriaceae, such as E. coli 16S rRNA,
Enterobacter spp. 16S rRNA, Klebsiella pneumoniae 16S rRNA and Serratia spp.
16S rRNA. Primer-Blast claims to check the specificity of the primers by testing

the target-specific primers against several databases that include RefSeq mRNA

155



Chapter 4 Pathogen Detection Using PCR

database, RefSeq genome database and nr database. However, to prevent
time-consuming operations of the system, instead of checking the specificity of
each candidate primer, the software performs BLAST search for the entire
submitted query sequence that was submitted once for a BLAST search (Ye et
al., 2012), which clearly could have produced misleading results. A specificity
checking online tool, MFE primer-2.0

(http://biocompute.bmi.ac.cn/CZlab/MFEprimer-2.0/) (Qu et al., 2012), that

takes into consideration the specificity of both entered primers simultaneously
and their ability to produce amplicons, was utilised to explain the presence of
high proportion of Salmonella spp. in bovine faecal samples (data not shown).
This programme generated 1336 potential amplicons of 1458bp, with 780
amplicons for E. coli and 326 for S. enterica and S. bongori, probably explaining
here why things went wrong and how that was addressed. In theory, a primer
design tool should exclude primers that would amplify non-target sequence. In
this study, PCR products amplified by Salmonella spp. primers might therefore
not be the expected amplicons; they could be Salmonella spp. or E. coli.
Moreover, knowing the abundance of E. coli in the intestine compared to
Salmonella, it is highly probable that the amplified PCR products were E. coli,
either commensal or pathogenic as this was identified in most samples. Thus,
proportion calculations of pathogens in samples were done without
presumptive Salmonella identification, and the same approach was applied to
Clostridium difficile identification in porcine faecal samples. Among a total of

94 positive samples, 44 were strains of bacteria, viruses and parasites.
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Cryptosporidium spp and E. coli F5 were detected in 41% and 39% of samples,
respectively despite the difficulty in deciding on how far the Cryptosporidium
assessment was valid. Various studies reported lower rates for
Cryptosporidium infections in calves; in Algeria, a prevalence of 17% to 25%
was reported (Khelef et al. 2007; Ouchene et al.,, 2012). In other countries
almost similar general figures have been described (Swai et al., 2007; Maurya
et al.,, 2013; Qi et al., 2015), while others have recorded lower proportions
varying from 6% to 12% (Mallinath et al., 2009; Khan et al., 2010). However in
the former, the detection technique of oocysts was by Sheather’s sugar
floatation (Sheather, 1923) instead of molecular identification. Although
confirmation of a similar rate of isolation and thereby frequency of the
pathogen does not necessarily indicate the validity of the test. It is encouraging
that following in vitro evaluation results were obtained, which in all probability
reflects the true prevalence in the field. There seems no doubt that a molecular
approach, if the assay could be refined, would be a major step forward in
accurate diagnosis.

E. coli F5 is a major infectious agent in new-born calves (Martin et al., 2003).
In this study, 39% of positive samples contained E. coli F5, with lower
prevalence values reported in other studies varying from 5% to 10% (Younis et
al., 2009; Nguyen et al., 2011; Shams et al., 2012) and others recording higher
rates more in line with the results of the present study (Shahrani et al., 2014).
Acha et al. (2004) identified F5 fimbrial E. coli in both diarrhoeal and healthy

calves, but with a higher prevalence in calves with diarrhoea. Pathotypes EPEC
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(Donnenberg and Kaper, 1992), STEC (Gannon et al., 1993), EHEC (Tzipori et al.,
1995) and AEEC (Pearson et al., 1999) have all been reported to contain the eae
locus. The attaching effacing phenotype is genetically determined through the
locus of enterocyte effacement (LEE) (McDaniel and Kaper, 1997). Intimate
attachment to the intestinal epithelial cells surface causing attaching-effacing
lesions is characterised by the formation of pedestals (Paton and Paton, 1998;
Goosney et al., 1999). The eae gene has been detected in 2.13% of positive
samples with higher results obtained in other positive studies fluctuating from
10to 32% (Nguyen et al., 2011; Blanchard, 2012; Andrade et al., 2012; Shahrani
et al., 2014).

Mucosal disease is a fatal condition of BVDV infection due to the superinfection
of persistently infected calves with a cytopathic strain (BVDV genotype 2).
Calves can be infected with non-cytopathic BVDV through vertical
transmission. Once infected, they become persistently infected and shed and
excrete the virus for lifetime. Animals are generally clinically asymptomatic,
however a super-infection with cytopathic BVDV leads to fatal mucosal disease.
Brownlie (1990) reported that BVDV has an immunosuppressive effect on
calves, which increases their susceptibility to other enteric pathogens,
contributing to the apparition of enteritis.

Among positive samples, 11% contained BVDV-2 using designed primers,
considerably low prevalence rates were reported by the study of O’Connor et
al. (2007) where animals were tested for BVDV with an antigen capture ELISA.

A more recent study using PCR, identified virulent strains circulating in
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European cattle herds with a prevalence of 9.5% (Schirrmeier, 2014), which is
within the same range of values compared with our probably tentative figure.
In America, where genotype 2 is highly prevalent, a Brazilian serological survey
reported 32% - 42% of BVDV infected calves (Fernandes et al., 2016).

In this study bovine kobuvirus was detected by PCR with a low frequency
(4.55%), which is in contrast with a particularly higher prevalence, that has
been reported by Barry et al. (2011), where 77.8% of young calves were
infected. Others have reported a molecular detection of 6% to 17% (Yamashita
et al., 2003; Khamrin et al., 2008; Reuter and Egyed, 2009; Jeoung et al., 2011).
Kobuviruses have also been described in healthy animals, however their
presence at a higher rate in animals with diarrhoea (Khamrin et al., 2008)
suggested that they might play a role in intestinal infections in young calves. In
addition, it has been shown that infections with the virus is age related, and
predominated in calves under the age of 1 month (Khamrin et al., 2008; Jeoung
et al., 2011). Clearly more needs to be done here ideally with a reference
sample to validate the test before an assessment of the isolation frequency
from diseased and healthy animamls can be carried out accurately.

It is important to consider the contribution of presumably mildly pathogenic
organisms in mixed infections as unknown interactions may occur between
pathogens leading to an exacerbation of the symptoms with aggravation of the
condition. This has been demonstrated with human patients infected
simultaneously with HIV and M. tuberculosis (Pape et al., 1993) and which has

been suitably called a "danger-couple model" (Shankar et al., 2014). PCR is an
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accurate and sensitive tool that can allow the detection of the presence of
several pathogens in a clinical sample (Reller et al., 2007) although multiplexing
can limit discrimination where amplicons may be similar sizes thus emphasising
the need to ensure where possible that this is not the case. High throughput
technologies such as microarray (or NGS through metagenomics) have the
capabilities to allow a more extensive approach and permit inclusion of all
possible aetiological agents in the identification process irrespective of
amplicon size.

Virulence markers are important indicators of the arsenal of the causal
pathogen present in the sample because they can be easily related to the
symptoms observed during the development of the disease. Further to the
acquired broad knowledge in terms of virulence and antibiotic resistance
genes, the availability of their sequences in public databases allows oriented
and customisable pathogen identification through the design of a core genome
and broad pangenomic sets of oligonucleotides for an accurate microarray
detection or for simple use with PCR assays. These genes should differentiate
between two species with identical 16S rRNA, such as gyrA or gyrB (gyrase A or
gyrase B), tuf (elongation factor Tu), sodA (manganese-dependent superoxide
dismutase) and heat shock proteins (Reller et al., 2007).

A truly multiplex approach offered by microarrays would seem to be the best
way forward for studying mixed infections which may contain combinations of

any of the major or minor pthogens associated with enteritis.
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Isolation rates differ between studies and seem to be influenced by the
country where the study was conducted, farm management, hygiene and at
the scale of the laboratory, they might vary upon sampling and used detection
techniques. This small study using PCR rather than microarray indicates that
mixed infections are likely to be a common occurrence, in this case a
combination of C. difficile, Rotavirus and Kobuvirus in pigs and E. coli, BVDV and
possibly Cryptosporidium in Algerian calves.

Multiple infectious agents have been implicated in calf diarrhoea (Cho et al.,
2010). Among positive monoplex samples, 25% were mixed infections involving
E. coli F5/ Cryptosporidium spp. (81.82%), E. coli F5/ BVDV (9.09%) and E. coli
eae/ Cryptosporidium spp. (9.09%). Several studies reported a rate of mixed
infections varying from 15% - 58% (Snodgrass et al., 1986; Abraham et al., 1992;
de la Fuente et al., 1998; Garcia et al., 2000). In the present study, it clearly
appears that E. coli is present in association with viral or parasitic
enteropathogens. However, the detection rate seems to be the highest for E.
coli / Cryptosporidium spp., which is likely to be due to the high detection rate
of these two enteropathogens, as found similarly in the study of de la Fuente
et al. (1999) with the frequency of concurrent infection with E. coli F5 and
Cryptosporidium spp. being 27.8%. An investigation conducted in Algeria in
2011 showed that calves co-infected with E. coli F5 and Cryptosporidium spp.
represented the second most frequent mixed infections after rotavirus and
Cryptosporidium (Akam et al., 2011). Indeed the most common reported co-

infection by authors elsewhere was Cryptosporidium together with rotavirus

161



Chapter 4 Pathogen Detection Using PCR

(de la Fuente et al.,, 1999; Garcia et al.,, 2000; Akam et al., 2011). We
hypothesised two reasons that can attribute the lack of detection of rotavirus,
(i) efficiency of designed primers used for the identification of bovine
rotaviruses. However, in this study designed specific primers to rotavirus were
used in the diagnostic process with positive results. (ii) the nucleic acid
extraction methods used could be one of the causes alongside problems with
transport of preserved extracted nucleic acid. Together, these two situations
could have had an impact on the amount of viral RNA in the samples suggesting
that improving the transport of samples is an important factor to consider.

E. coli pathotype STEC possessing eae was also found in concomitant infection
with Cryptosporidium spp. with a frequency value of 9.09% and co-infections
involving these two pathogens have also already been reported in calves
(Moxley and Smith, 2010). Mixed infections with E. coli F5 and BVDV-2 have
also been recorded in 9.09% of positive samples in this study. Concomitant
infection with BVDV is known to exacerbate intestinal infection (Wray and
Roeder, 1987; Baker, 1990). The severity of the disease is also significantly
increased when several pathogens infect the animal (Moxley and Smith, 2010).
In porcine faecal samples, 22.5% were positive to C. difficile toxins. Scouring
due to C. difficile is very common in neonatal piglets (Norén et al., 2014),
particularly when infected with toxigenic C. difficile strains (Steele et al., 2010)
but has not been recognised in the UK as a major cause of pig enteritis thus far
and more needs to be done. Our results showed that all nine samples identified

as containing C. difficile possessed the tcdB gene, with one isolate possessing
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both tcdA and tcdB genes. Toxin A (TcdA) and B (TcdB) are major virulence
factors in C. difficile (Dubberke et al., 2011). However, in comparison with toxin
B, which seems essential for pathogenicity, the role of TcdA has not been
completely elucidated (Lyras et al., 2009). Recently it has been demonstrated
that TcdB alone causes severe damage to the intestine as well as systemic
organ dysfunction (Carter et al., 2015).

Rotavirus A was identified in multiplex and monoplex reactions, with a higher
proportion in a multiplex setting (22.5% versus 15.55%), which was not the case
for kobuvirus that was detected in 26.67% of samples by monoplex PCR versus
12.5% in multiplex. This could indicate a possible number of competitions for
nucleotides, primers and polymerase between pathogens in a multiple target
reaction (Dabisch-Ruthe et al., 2012). Some authors have showed a decrease
of amplification efficiency of 1 to 3 logl0 when amplifying one target in the
presence of several competitive targets (McElhinney et al., 1995; Jackson et al.,
1996). Rotavirus A is a very common and highly pathogenic cause of enteritis
in human and pig populations (Papp et al., 2013). In this study 22.5% of assayed
samples by multiplex PCR contained rotavirus A. In diarrhoeic samples from
young pigs, several studies have shown that rotavirus A was the major
pathogen found with high frequencies varying from 46% to 84% (Bora et al.,
2009; Midgley et al., 2012; Marthaler et al., 2014a). Much lower prevalences
have been cited in other studies from 4% to 27% (Wieler et al., 2001; Halaihel
et al.,, 2010; Midgley et al., 2012; Pham et al., 2014), which are more in the

range of the results in this study. Also, nearly all reports indicated that
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rotaviruses have also been detected in healthy pigs, but at significantly reduced
rates. Porcine kobuvirus has been identified in pigs with diarrhoea as well as
healthy pigs (Khamrin et al., 2010) and seems to be very prevalent even in
healthy animals with 87.3% of samples testing positive in asymptomatic pigs in
one study (Dufkova et al., 2013), whereas another study showed that the
Porcine kobuvirus infection was significantly correlated with the occurrence of
diarrhoea with 84.5% of diarrhoeic pigs and 19.3% non-diarrhoeic (Park et al.,
2010).

In this study, animals simultaneously infected with several pathogens counted
for 17.5% of positive samples, among which 43% were represented by C.
difficile with rotavirus and 29% with kobuvirus. C. difficile was present in all
detected co-infections; Yaeger et al. (2002), reported that 50% of pigs were co-
infected by C. difficile and rotavirus. Other authors have shown that lesions
caused by other enteropathogens can enhance enteric colonisation by
Clostridium (Songer and Uzal, 2005). Indeed the high proportion of this virus-
bacteria association is likely to be due to the combination of their virulence
mechanisms. It has been demonstrated that in vitro infection with rotavirus
enhances bacterial invasiveness of MA-104 cells with enterobacteria such as
Salmonella, Shigella and E. coli (Bukholm, 1988). When artificially infected with
rotavirus, followed by EHEC a few days later, piglets developed a more severe
enteric disease than when challenged with each agent separately (Tzipori et al.,

1980).
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Additionally, results in this study showed that infection by the trio C. difficile,
rotavirus and kobuvirus represented 14% of mixed infections, in addition to the
damaging consequences of both C. difficile and rotavirus, an additive
pathological consequence could thus occur when kobuvirus is present. In fact,
a recent study has shown that infected pigs with kobuvirus had specific
intestinal lesions that led to gastroenteritis (Yang et al., 2015). It may thus be
that combinations of pathogens have unique pathologies resulting from the

combined effects of their virulence attributes.
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Chapter 5. Design and Evaluation of Alere Microarray

5. 1. Introduction

In chapter 4, samples were identified by PCR with known pathogen content
prior to their evaluation using the Alere array, which is presented in this
chapter.

The Alere microarray, platform ArrayTube™ was used to detect enteric viruses
in samples. It comprises 201 probes and is a virus only microarray, with three
biotin markers (as internal controls). To assess the basic performance of the
microarray for selected pathogens, several tests were performed. Specificity
experiments, building on the data generated in chapter 4, aimed to show that
the microarray was able to correctly detect known organisms, without
identifying as false positive, organisms not present in any sample. Sensitivity
testing was also carried out to identify the detection limit of the arrays,
compared to PCR.

These array evaluations then led to the final step undertaken to identify
enteropathogens in clinical diarrhoeic samples of piglets and calves.

Prior to hybridisations, random and specific amplification strategies were
employed. The aim was also to compare the detection efficiency when using
the two types of amplification with known reference strains.

In the specific amplifications, multiplex and monoplex PCR using samples

identified as positive from chapter 4. were used to identify the presence of one
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or multiple pathogens, either with reference strains or in clinical samples that

were demonstrated to contain more than one pathogen.

5. 2. Material and Methods

5. 2. 1. Pathogen DNA extraction

Pathogen DNA was extracted from faecal samples using RTP®Pathogen kit. It
was also extracted with QJAamp®DNA Stool Mini kit from faeces or QlJAamp®

UCP Pathogen Mini kit from broth cultures.

5. 2. 2. Viral RNA extraction using RNeasy Mini Kit (Qiagen)

This kit was utilised only for viral RNA extraction from Bunyamwera virus,
Schmallenberg virus and Equine influenza A virus (H3N8).

Infected cultivated cell supernatants were used for the extraction of RNA from
the viruses using the RNeasy Mini Kit (Qiagen). A 200 pl aliquot of supernatant
was first mixed with 600 pl buffer RTL and vortexed for few seconds, then 800
pl of 70% ethanol were added and mixed with the lysate by pipetting. A volume
of 700 ul was transferred to a spin column and centrifuged at 8000 x g for 15
sec and the flow-through was discarded. Washing was carried out by adding
700 pl of buffer RW1 to the spin column and centrifuging at 8000 x g for 15 sec
and the flow through was discarded. The spin column membrane was then
washed twice with 500 ul buffer RPE, and centrifuged at 8000 x g but using two
different centrifuging times, 15 sec and 2 min respectively, and on both

occasions the flow through was discarded. To dry the membrane, an additional
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centrifugation was performed for 1 min at full speed. Finally the RNA was
eluted twice using 35 ul of RNAse-free water for a total volume of 70 pl.
Following RNA extraction, cDNA was synthesised (see 5.2.3), which was then

biotin-labelled involving random amplification (see 5.2.4).

5. 2. 3. Reverse transcription and first strand synthesis of RNA

samples

Viral RNA was reverse-transcribed using random primers. Two to five
microliters of template were mixed with 1 ul of 40 uM of the random
pentadecamer primer A (GTT TCC CAG TCA CGA TCN NNN NNN NNN NNN NN)
and 1 pl of 10mM dNTP mix (Life Technologies), and sufficient water was added
to reach a total volume of 13 pul. The tubes were heated to 65°C for 5 min in the
thermal cycler and kept on ice for 1 min. To each tube, 7 pl of a mix of 4 pl of
5x reverse transcriptase buffer (Life Technologies), 1 ul of 0.1M Dithiothreitol
(DTT) (Life Technologies), 1 ul of RNase inhibitor (40U/ul) (Life Technologies)
and 1 pl of Superscript Il reverse transcriptase (200U/ul) (Life Technologies)
were added. The mixture was incubated at 25°C for 5 min, followed by 1 hour

at 50°C and the enzyme was finally inactivated by incubation at 70°C for 15 min.
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5. 2. 4. Nucleic acid amplification and labelling

5.2.4.1. Primer extension and second strand synthesis reactions

(Round A)

a. For reverse transcribed RNA samples (cDNA)

Sample denaturation was performed in the thermal cycler at 94°C for 2 min
followed by cooling to 10°C for 5 min during which the reaction was paused
and 10 ul of a mixture of 1 ul of 10x Klenow buffer (Promega), 8.7 ul of water
and 0.3 pl of Klenow polymerase (5U/ul) (Promega) were added and the
reaction resumed by incubation at 37°C for 8 min. A second cycle was carried
out by heating the samples at 94°C for 2 min and cooling down to 10°C for 5
min during which 1.2 ul of diluted Klenow were added (1:4 in water). Tubes
were then incubated at 37°C for 8 min. For each set of reactions a negative

(non-template) control was introduced.

b. For DNA samples

A total volume of 10 ul of a mix was prepared with 1 ul of primer A, 1 pl of 10x
Klenow buffer and 2 to 5 pl of DNA sample. Three to six microliters of water
were added as required. Tubes were heated to 94°C for 2 min in the thermal
cycler and cooled to 10°C for 5 min during which the reaction was paused and
5.05 ul of a mixture of 0.5 ul of 10x Klenow buffer, 1.5 ul of 3 mM dNTP mix,
0.75 pl of 0.1M DTT, 1.5 ul of BSA (500 pg/ml), 0.5 ul of water and 0.3 pl of
Klenow polymerase were added. The reaction was resumed for incubation at
37°C for 8 min. The tubes were heated to 94°C for 2 min and cooled to 10 °C

for 5 min during which 1.2 pl of diluted Klenow were added (1:4 in water).
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Tubes were then incubated at 37°C for 8 min. For each set of reactions a
negative control was introduced.

DNA samples were either PCR products produced by specific or random
amplification.

5. 2. 4. 2. Amplification of Round A product (Round B)

A master mix was prepared with 1.5 pl of 50mM MgCl; (Invitrogen), 5 ul of 10x
Mg-free buffer (Invitrogen), 0.5 ul of 25mM dNTP mix, 0.5 pl of 100uM primer
B (GTT TCC CAG TCA CGA TC), 0.5 ul Taq polymerase (5 U/ul) (Invitrogen) and
3 to 7 ul of round A product. Water was added for a total reaction volume of
50 pl. The PCR reaction was performed using the programme : denaturation at
94°C for 10 sec followed by 35 cycles of 30 sec at 94°C, 30 sec at 40°C, 30 sec
at 50°C and 2 min at 72°C, with a final extension carried out at 72°C for 2 min.
The PCR amplification product was verified by running 5 ul of amplicons on a
1% agarose gel containing Nancy-520 (10%) (Sigma-Aldrich).

5. 2. 4. 3. Direct biotin labelling (Round C)

Five microliters of round B product were mixed with 32.5 pl of water, 1.5 ul of
50mM MgCl,, 5 ul of 10x Mg-free buffer, 5 pl of 10x Biotin (Roche) labelling mix
(1.0mM dATP, dCTP, dGTP, 0.65mM dTTP and 0.35mM Biotin-16-dUTP), 0.5 pl
of 100uM Primer B and 0.5 ul Tag polymerase, for a total reaction volume of
50 ul. A PCR reaction was carried out under the same conditions used for round

B, but in this case for 25 cycles.
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5. 2. 5. Array Tube hybridisation

Two hybridisation protocols were carried out. An In-house protocol which has
been applied for labelled reference strains (PEDV, TGEV, PCV-2, Porcine
parvovirus, Porcine rotavirus, Porcine bocavirus, Bovine kobuvirus, Porcine
torovirus and BVDV). The second protocol was the Alere protocol which was
adopted for all other hybridisations on array tubes, using the Hybridisation kit

(Identibac- Alere).

5. 2.5. 1. In house hybridisation protocol

The procedure involved incubation and mixing of liquids added and removed
(by pipetting) subsequently. All incubations and mixing steps throughout the
protocol were performed using a BioShake iQ thermomixer (Quatifoil
Instruments GmbH). The image of the hybridised array was captured and

analysed by the array reader ArrayMate (Alere Technologies GmbH).

e Array conditioning
The ArrayTube (AT) was first washed with 500 ul of water for 20 min at 30°C,
550 rpm then washed with 500 pl of pre-hybridisation buffer (5x SSC, 0.1% SDS,
4x Denhardt’s solution) for 30 min at 50°C and 550 rpm.

e Hybridisation
An aliquot of labelled DNA (10 pl) was mixed with 90 ul of 1x hybridisation
buffer (5x SSC, 1% SDS, 4x Denhardt’s solution) and denatured at 95°C for 3 min
on a thermal cycler (Applied BioSystems 2720), then kept on ice. The sample

was transferred into the AT to hybridise for 30 min at 50°C and 550 rpm.
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® Post hybridisation washings
After hybridisation, three consecutive washings were performed. The solution
was removed from the AT and 500 pl of wash buffer 1 (1x SSC, 0.2% SDS) were
added and incubated for 20 min at 50°C and 550 rpm. Buffer 1 was removed
and 500 pl of wash buffer 2 (0.1x SSC, 0.2% SDS) were added and incubated for
20 min at 40°C and 550 rpm. A final wash was carried out at 30°C for 20 min

and 550 rpm with 500 pl of wash buffer 3 (0.1x SSC).

e Blocking
After removing washing buffer 3, 100 ul of blocking solution (2% biotin-free
milk in PBS containing 1% BSA and 0.1% Tween 20) were added and incubated
at 30°C for 60 minutes with mixing at 300 rpm.

e Conjugation
Blocking solution was removed from the AT and 100 pl of the conjugation
solution (Streptavidin Poly-HRP conjugate (Thermo Fisher Scientific) diluted
1:100 in blocking solution) were added. The incubation was carried out at 30°C
and mixing at 300 rpm for 15 min.

e Post-conjugation washings
The conjugation solution was removed from the tube and three successive
washings were performed using the same conditions as for post-hybridisation

washes.
e Precipitation staining and detection
Washing buffer 3 was carefully removed from the AT and 100 pl of TMB/H,0;

staining solution, TrueBlue (TMB/H,0; Solution), (Insight Biotechnology LTD)
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were added and incubated at 25°C for 8 min without shaking. After incubation,
the TrueBlue was removed and up to six tubes were scanned using the
ArrayMate (Alere). Generated data consist of an image taken by the ArrayMate
and text file format (.txt) with raw data signal data. The data were exported in
an external storage device for further analysis.

b. Alere hybridisation protocol

Labelled round C products of the three viruses were hybridised to ATs using a
hybridisation kit (Identibac, Alere Technologies GmbH, Jena - Germany) from
Alere according to manufacturer’s instructions, but with few modifications. All

reagents were supplied in the kit.

e Array conditioning
The tubes were conditioned with 500 ul nuclease free water and incubated at
30°C for 5 min at 550 rpm in a thermomixer (BioShake iQ - Quantifoil
Instruments GmbH). The water was then removed and 300 pl of hybridisation
buffer C1 were added and the tubes were incubated at 55°C for 7 min at 550
rpm. After incubation the buffer was removed.

e Hybridisation
Avolume of 10 pl of each labelled product was mixed with 90 pl of hybridisation
buffer C1 for a final volume of 100 pl. A sample denaturation step was carried
out at 95°C for 5 min on a thermal cycler and the tubes were then kept on ice.
Hybridisation was performed in the thermomixer, the denatured sample was

pipetted into the tube and incubated 60 min at 55°C at 550 rpm.
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e Washings after hybridisation
The hybridisation solution was removed and two consecutive washings were

carried out using 500 pl of washing buffer C2 at 45°C for 5 min at 550 rpm.

e Streptavidin-horseradish peroxidase conjugation
The washing buffer was removed and 100 pl of streptavidin-horseradish
peroxidase conjugate solution (by mixing horseradish peroxidase conjugate
100x C3 and conjugate buffer C4 at a dilution of 1:100) was added. Incubation

was carried out at 30°C for 10 min at 550 rpm.

e Washings after conjugation
Two rounds of washings were performed with 500 pl of washing buffer C5 and
incubation at 30 °C for 5 min at 550 rpm. Finally the washing buffer was

removed and discarded.

e Staining and tube-scanning
A staining step of bound horseradish peroxidase conjugate was done by
pipetting 100 ul of pre-warmed (30°C) horseradish peroxidase subtrate D1 into
the tube and incubation at 30°C for 5 min without shaking. The ArrayTubes
were then scanned using the ArrayMate (Alere). Data generated were exported

in an external storage device.

5. 2. 6. Specificity of ArrayTube microarray

The specificity of the array involved the organisms that were represented by
the probes on the array (nine reference viruses: PEDV, TGEV, PCV2, PPV, BVDV,

Porcine rotavirus A, Porcine bocavirus, Bovine kobuvirus and Porcine torovirus)
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and organisms that are not targeted by the array (three reference viruses:
Bunyamwera virus (B1), Schmallenberg virus (S) and Equine influenza A virus
(H3N8)). Two viruses (TGEV and PCV2) were selected to examine the difference
between random and specific amplification on detection performance using
these two approaches.

The specificity of the AT microarray was also tested with products from two
multiplex PCRs. Ten species of bacteria, viruses and parasites were amplified
according to the method in Chapter 4 (4.2.7.2) using specific primers for
reference strains of TGEV, PCV2, S. Typhimurium, S. Enteritidis and C. difficile,
multiplexed in one reaction and B. pilosicoli, PEDV, Porcine rotavirus A, Eimeria
acervulina and Campylobacter jejuni in another multiplex PCR reaction.
Cytochrome b gene was also detected by PCR in host genomic DNA extracted
from healthy porcine intestine tissue and bovine faecal samples. The PCR
products were amplified randomly and biotin-labelled (see 5.2.4.1), then
hybridised to the ArrayTube to assess the extent of cross-hybridisation with
genomic host DNA and to identify the host of the clinical sample. All assays

were conducted in individual tubes.

5. 2. 7. Sensitivity of ArrayTube

Two viruses were selected to perform the sensitivity testing on the Alere Tube
platform; Porcine circovirus (PCV-2), which is a DNA virus and Transmissible
gastroenteritis virus (TGEV) which is an RNA virus. DNA and cDNA from these
two viruses were two-fold serially diluted and an aliquot from each dilution was

used for PCR detection of a sequence of 1388 bp of the TGEV polyprotein and
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a sequence of 543 bp of the PCV-2 replicase gene using designed primers. PCR
products from each dilution of the two viruses were analysed by
electrophoresis on a 1% agarose gel. They were then subjected to biotin
labelling (see 5.2.4) followed by hybridisation to the ATs (see 5.2.5) (Fig. 5.1).
Templates of PCR reactions contained host porcine genomic DNA spiked with

viral DNA/cDNA aiming at a ratio of 1% (v/v).
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NA Spiking for Viral array

sensitivity (ArrayTube)
Genomic pig RNA/DNA from
DNA Virus
Serial
dilutions
PCV2 TGEV
ND
20ng
ND 150;5
20ng In
10ng 1 ng
5ng :
n 0.5ng
. ng 0.25ng
g 0.125ng
0.5ng
0.062 ng
0.25ng 0.031ng
0.125ng 0.015 ng
0.0078 ng
0.0039ng
e/ e/
cDNA
v Synthesis
PCR
Template based Array
on 1% ratio hybridisation

(Viral//Genomic)

Figure 5.1. lllustration of the sensitivity protocol of ArrayTube

NA: Nucleic acid, ND: non-diluted
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5. 2. 8. Hybridisation of clinical samples to Alere platform

5. 2. 8. 1. Porcine clinical samples

Four porcine clinical samples positive by PCR to Porcine rotavirus, Porcine
kobuvirus and Clostridium difficile and its toxins (Table 5.1) were hybridised to
ATs using amplicons from two different amplification approaches: random (see
Round A — 5.2.4.1 and Round B - 5.2.4.2) and specific (Chapter 4 — 4.2.7.2)
amplification. The specific amplification did not include C. difficile and C.
difficile toxins, but only Porcine rotavirus A and Porcine kobuvirus were
amplified using specific primers. In this multiplex PCR reaction both published
and designed primers were utilised.

Table 5.1. Positive porcine faecal samples hybridised to Alere ArrayTubes -
Results of multiplex PCR (Published and designed primers)

Published Pr. Designed Pr.  Published Pr. Designed Pr.

Sample

P.rotavirus A P.rotavirus A  P.kobuvirus kobuvirus
Sample 7 - + + +
Sample 8 - + + +
Sample 13 - - + +
Sample 14 - + + -

Designed Pr.: Designed primers, Published Pr.: Published primers
Another set of porcine positive samples by multiplex PCR including C. difficile
and its toxins, Porcine rotavirus A and Porcine kobuvirus (Table 5.2) were

hybridised to Alere Tubes (ATs).
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Table 5.2. Positive porcine faecal samples hybridised to Alere ArrayTubes —
Results of multiplex PCR (with designed primers only)

C. Porcine Porcine
Sample difficile16S tcdA tcdB rotavirus  kobuvirus
rRNA A VP7 VP1
Sample 7 - - - + -
Sample 8 + - + - -
Sample 14 + - + - -
Sample C + - + + -
Sample D - - - - +
Sample G + - + + +
Sample 4B + - + - -
Sample 7B - - - - +

The 9 samples described above were hybridised individually on ATs according
to the protocol in 5.2.5 — b. Of note, PCR products were randomly amplified

and biotin labelled.

5. 2. 8. 2. Bovine clinical samples

Twelve clinical samples were selected for hybridisation on AT platform based
on their positivity to one of the targeted pathogens by multiplex PCR. Figures
5.2, 5.3, 5.4, 5.5 and 5.6 show the presence of PCR products using designed
primers in all selected samples from chapter 4. It was not possible to
distinguish the species of the amplified pathogen because molecular weights
were nearly similar (1021 bp to 1659 bp) (Table 5.3). Sample 25T was negative
to targeted species by multiplex PCR, but positive to BVDV by monoplex PCR
(Fig. 5.2 and 5.5). This sample was selected to see whether the random
amplification step prior to the biotin-labelling multiplex amplicon labelling) was
able to amplify the viral genome when present, but not detected by multiplex

PCR.
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Table 5.3. Product size (bp) of amplicons with bovine designed primers

Pathogen Product size (bp)
BvDV2_3 1073
Bovine kobuvirus 1659
Bovine enterovirus 1391
Bovine coronavirus 1617
Bovine rotavirus 1475
Bovine parvovirus 1021
Salmonella spp. 1458
ETECF_5 1120
EPEC_eae 1569
Cryptosporidium spp. 1447

B. Rotavirus A

Figure 5.2. Agarose gel electrophoresis of Monoplex PCR — Bovine clinical
samples

L: 100 bp DNA ladder, 25T: Positive sample — Batch 4, sample 25T was selected to be
hybridised to the microarray as it was positive for BVDV, showing a PCR product size
of 1073 bp.
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1kb

500bp

100bp

Figure 5.3. Agarose gel electrophoresis of Multiplex PCR — Bovine clinical

samples
L: 100 bp DNA ladder, NC: negative control, 13: Positive sample — Batch 1, selected to
be hybridised to the microarray

B2 1/3 - SfIn 191 193

JOH w0y e e e

Figure 5.4. Agarose gel electrophoresis of Multiplex PCR — Bovine clinical

samples
L: 100 bp DNA ladder, NC: negative control, B2 to 19.3: Positive samples (with bands
on the gel) — Batch 3, samples B2, 1/3, 5/7, 19.0 and 19.3 were selected to be

hybridised to the microarray.
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1kb
500bp

100bp

Figure 5.5. Agarose gel electrophoresis of Multiplex PCR — Bovine clinical
samples

L: 100 bp DNA ladder, NC: negative control, 6T to 25T: Samples — Batch 4, samples 6T,
9T, 20T and 25T were selected to be hybridised to the microarray.

Figure 5.6. Agarose gel electrophoresis of Multiplex PCR — Bovine clinical
sample

L: 100 bp DNA ladder, 1 and 55: Positive samples — Left image: Batch 6 with sample
1- Right image: Batch 9 with sample 55. Samples 1 and 55 were selected to be
hybridised to the microarray.

All samples revealed on the previous gels were hybridised to ATs according to

the protocol in 5.2.5 in this chapter.

5. 2. 9. Data analysis

Array images were analysed using Alere software lconoClust package which
normalises the signal intensities for each spot by using the equation

NI=1-(M/BG), where NI is the normalised intensity of a spot, M is the average
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spot intensity and BG is the local background intensity. Normalisation output
signals consist of values ranging between 0 and 1, where increasing values
within the range indicate positivity.

For array hybridisation analysis, the threshold above which a sample is
regarded as positive was calculated using the mean of background signal
intensity plus three times the standard deviation. For known strains, the mean
background intensity was calculated by averaging the highest 30 (Alere
platform) or 50 (Agilent platform) spot signal intensities of non specific probes.
For reference strains, probe intensities of viruses belonging to the same
family/genus, were removed when the calculation of the limit of detection was
performed, however they still appear on the figures.

Regarding clinical samples, cross-hybridising probes with the reference strains
(ie non-specific probes with high signal intensity above the cut-off) were not
considered in the calculation of the cut-offs. The background mean in this case
was calculated by averaging all spots generating a signal above 0, leaving the
highest signals of probes that showed a concordance with PCR findings as
labelled amplicons were hybridised to the array, or formerly confirmed by PCR.
The same approach was applied for the samples that were subjected to random
amplification, except that in both situations a pattern is generally identified,
where a number of specific probes correspond to the same pathogen.

Further to the array sensitivity tests of PCV and TGEV, a linear regression was
computed to investigate the relationship between the amount of hybridised

DNA and the signal intensity of the different probes using GraphPad Prism 7.01.
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All spot intensities from each array were plotted in the figures presented in this

chapter

5. 3. Results

5. 3. 1. Specificity and sensitivity testing of ArrayTubes

5. 3. 1. 1. Specificity of ArrayTubes with known strains

a. Array hybridisation with single reference strains

Reference strains, PEDV, TGEV, PCV-2, Porcine parvovirus, Porcine rotavirus A,
BVDV, Porcine bocavirus, Bovine kobuvirus and Porcine torovirus were
randomly-amplified, biotin-labelled and hybridised to the ATs. The
hybridisation signal intensity for the viruses are illustrated in Figures 5.7
(PEDV), 5.8 (TEGV), 5.9 (PCV-2), 5.10 (PPV), 5.11 (P. rotavirus A), 5.12 (BVDV),
5.13 (P. bocavirus), 5.14 (B. kobuvirus), 5.15 (P. torovirus) and 5.16 (negative
control).

Among the hybridised viruses, PEDV (Fig. 5.7), TGEV (Fig. 5.8), PCV-2 (Fig. 5.9)
and PPV (Fig. 5.10) were correctly detected by the microarray with signal
intensities for all or most of the spots higher than their respective threshold.
Only two probes among 9 specific to BVDV hybridised for BVDV (Fig. 5.12). P.
rotavirus A (Fig. 5.11), P. bocavirus (Fig. 5.13), Bovine kobuvirus (Fig. 5.14) and
P. torovirus (Fig. 5.15) showed no hybridisation with the array with most or all
of the pathogen-specific signals lower than the threshold. The negative control
sample (Fig. 5.16) produced a pattern where all pathogen-specific probe signals

were well below the cut-off point.
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One spot (indicated by an arrow) representing probe Por_rotA 3 (Fig. 5.11) had
an overall higher intensity in tested reference strains PEDV, PCV-2 and PPV
exceeding the cut-off. In the negative control (Fig. 5.16), where nuclease-free
water has been used as template, the signal intensity of this probe was 0.34. P.
rotaA_3 spot remained visible in the other arrays, but nevertheless with a
lower signal intensity,

One probe representing Sapovirus cross-hybridised with P. rotavirus A, also
two probes representing Porcine norovirus viruses, although below the

threshold showed relatively high signals (Fig.5.11).
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Figure 5.7. Normalised signal intensities of hybridised PEDV amplified by
random amplification

Orange spots correspond to PEDV probes — Red spots correspond to Biotin
markers. Arrow indicates Por_rotA_3. Signal cut-off of 0.29 is represented
by a dashed horizontal line. PEDV strain showed positive hybridisation with
all (n=9) PEDV probes with signal intensity values higher than 0.29. One
probe, Bov_cor_0227, had a signal intensity of 0.56 and was a coronavirus
probe designed from the polyprotein ORFla gene.
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Figure 5.8.Normalised signal intensities of hybridised TGEV amplified by
random amplification

Green spots correspond to TGEV probes — Red spots correspond to Biotin markers -
Signal cut-off of 0.4 is represented by a dashed horizontal line.

Signal spot intensities of the 5 TGEV probes were also high varying from 0.72 to 0.79.
One probe, corresponding to B. coronavirus showed positive hybridisation signals of
0.48. This probe represents a virus that belongs to the same family; nonetheless, its
signal value remained slightly above the threshold signal intensity.
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Figure 5.9. Normalised signal intensities of hybridised PCV-2 amplified by

random amplification

Blue spots correspond to PCV-2 and light blue spots to PCV-1 probes — Red spots
correspond to Biotin markers- Arrow indicates Por_rotA_3- Signal cut-off of 0.23 is
represented by a dashed horizontal line. All PCV -2 probes had higher signal intensities
than 0.23 and thus were regarded as positive. PCV1 probes were also present on the
array with four PCV1 probes (Por_cir_0521, Por_cir_0523, Por_cir_0525,
Por_cir_0529) (light blue spots) giving a positive signal. They were designed from the
rep gene, a highly conserved region among porcine circoviruses. However, three other
specific probes to PCV1 (Por_cirl_1, Por_cirl_3, and Por_cirl_4) exhibited lower
signals than the threshold limit value. Por_cirl_2 and Por_cir_0527 (turquoise spots)
have been also designed from the rep gene of a new type of PCV, which explains signal
intensities of respectively 0.74 and 0.65.
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Figure 5.10. Normalised signal intensities of hybridised PPV amplified by
random amplification

Purple spots correspond to PPV probes - Red spots correspond to Biotin markers -
Signal cut-off of 0.26 is represented by a dashed horizontal line.

Only three probes representing porcine parvovirus in the array hybridised with signal
intensities varying from 0.73 to 0.78. Only probe (B. norovirus) showed an intensity
higher than the cut-off.
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Figure 5.11. Normalised signal intensities of hybridised P. rotavius A
amplified by random amplification

Pink spots correspond to P.rotavirus A probes — Red spots correspond to Biotin
markers - Signal cut-off of 0.68 is represented by a dashed horizontal line.

Porcine rotavirus A is represented by 10 probes that showed no hybridisation, except
from Por_rotA_3, with a signal intensity of 0.47, although below the cut-off. This
particular probe was positive in almost all reference strains, PEDV, PCV2, PPV, and
negative control. P. rotavirus A from this sample cross-hybridised with one sapovirus
probe.
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Figure 5.12. Normalised signal intensities of hybridised BVDV amplified by
random amplification

Blue spots correspond to BVDV probes — Red spots correspond to Biotin markers.
Signal cut-off of 0.51 is represented by a dashed horizontal line. For BVDV, two probes
(BVDV_0160 and BVDV_0162) among nine showed high signal intensities of 0.77 and
0.52, respectively. Three probes, BVDV_0164, BVDV_0166 and BVDV2_2 (blue spots
below the dashed line), are clearly distinguished from the basal signal intensity values.

191



Chapter 5 Design and Evaluation of Alere Microarray

P.bocavirus

°
b °
0.4‘--------------------------------------------------. -------
g °
2 .
.
£ . .
0.2 o
°
° °
® ° ® [} [}
°
[ ] ’.. .O o9 * * ) ®
Oe® & o T o Y o a0 o ¢
R Y et N o

-0.2

Probes

Figure 5.13. Normalised signal intensities of hybridised P. bocavirus

amplified by random amplification

Green red spots correspond to P. bocavirus probes — Red spots correspond to Biotin
markers - Signal cut-off of 0.42 is represented by a dashed horizontal line.

The four P. bocavirus probes did not hybridise with the P. bocavirus reference sample,
with signal intensities fluctuating from -0.0023 to 0.0047.
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Figure 5.14. Normalised signal intensities of hybridised B. kobuvirus
amplified by random amplification

Khaki spots correspond to B. kobuvirus probes — Red spots correspond to Biotin
markers - Signal cut-off of 0.48 is represented by a dashed horizontal line.

All B. kobuvirus probes showed lower signal intensities to the detection limit value of
0.48, however the Porcine norovirus probe (P_nor_5) cross-hybridised with B.
kobuvirus genome.
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Figure 5.15. Normalised signal intensities of hybridised P. torovirus
amplified by random amplification

Light blue spots correspond to P. torovirus probes — Red spots correspond to Biotin
markers. Signal cut-off of 0.77 is represented by a dashed horizontal line. P. torovirus
is represented by 18 probes designed from the nucleocapsid, membrane and
hemagglutinin genes, which all showed negative hybridisation with the virus strain
used. Three TGEV probes showed relatively high signal intensity, which was pedictible
as they belong to the Coronaviridae family. Other Picornaviruses have also showed
cross-reaction with the torovirus genome, although below the cut-off limit.
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Figure 5.16. Normalised signal intensities of hybridised negative control
amplified by random amplification

Nuclease free water was used as template - Red spots correspond to Biotin
markers. Signal cut-off of 0.24 is represented by a dashed horizontal line. The
negative control showed that all hybridised probes had signal intensities of
around 0, the highest signal intensity below the detection limit, being 0.13,
achieved by Bovine kobuvirus probe Bov_kob_0008. P. rotavirus A is positive in
the negative control and many other virus hybridisation.
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b. Array hybridisation with multiplexed reference strains

Two multiplex PCR reactions were performed with five reference strains each,
comprising amplified genes from viruses, bacteria and parasites prepared by
mixing single reference samples in equal proportions. The aim of this
experiment was to test further the specificity of the array to discern the viruses
in @ mixture of strains. These consisted of two viruses (TGEV and PCV-2) and
three bacteria (S. Typhimurium, S. Enteritidis and C. difficile) for Multiplex_1
and two bacteria (B. pilosicoli and C. jejuni), two viruses (PEDV and P. rotavirus
A) and one parasite (E. acervulina) for Multiplex_2. The amplified PCR products
were subjected to biotin labelling involving a random amplification step.

The array hybridisation with Multiplex_1 and Multiplex_2 are illustrated in
figures 5.17 and 5.18 respectively.

In Multiplex_1, nearly all TGEV and PCV-2 probes correctly identified the
corresponding viruses. The AT did not contain bacterial probes. Multiplex_2
hybridisation results on the array showed more cross hybridisation with target
genes with less than half of the PEDV probes producing signals above the cut-
off point, whereas the response from the P. rotavirus probes was extremely

weak, equalling the background signal intensity.
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Figure 5.17. Normalised signal intensities of hybridised Multiplex_1.
Hybridised with TGEV, PCV2, S. Typhimurium, S. Enteritidis and C. difficile.

Red spots correspond to Biotin markers, Green spots correspond to TGEV and blue
spots correspond to PCV1/2. Signal cut-off of 0.24 is represented by a dashed
horizontal line. Amplification was specific followed by random biotin labelling.
Nearly all PCV probes hybridised positively to their targets except from Por_cirl_1 that
recorded a signal intensity of 0.12 (blue spot). One TGEV probe (green spot) was just
at the limit of the cut-off signal. Two probes corresponding to B. coronavirus
(B_cor_0229) and P. rotavirus C (P_rotC_8) cross-hybridised with the targets in the
multiplex mixture of genes with respective signal intensities of 0.56 and 0.48.
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Figure 5.18. Normalised signal intensities of hybridised Multiplex_2.
Hybridised with B. pilosicoli, PEDV, P. rotavirus A, E. acervulina and C. jejuni.

Red spots correspond to Biotin markers, Green spots correspond to PEDV and blue
spots correspond to P. rotavirus A. Signal cut-off of 0.69 is represented by a dashed
horizontal line. Amplification was specific followed by random biotin labelling.

PCV, P. norovirus, B. enterovirus and Nebovirus probes revealed relatively high
intensities which contributed to a higher detection limit. Four of the nine PEDV probes
were positive. Only one P. rotavirus A probe (P_rotA_3) was positive, however, high
signals were recorded in nearly all performed hybridisation assays. The signal values
of the eight remaining P. rotavirus probes being all around 0.
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5. 3. 1. 2. Specificity of ArrayTube using non-targeted viruses

The specificity of the AT microarray was also assessed using three viruses that
were not targeted by the array; Bunyamwera virus (B1), Schmallenberg virus
(S) and Equine influenza A virus (H3N8), and are shown in figures 5.19, 5.20 and
5.21 respectively.

Hybridisation of Schmallenberg and Bunyamwera viruses on the AT showed a
high level of cross-hybridisation. Eighteen probes showed high signal
intensities when hybridised with Schmallenberg virus and 12 probes with
Bunyamwera virus. Eleven probes hybridised with both viruses. However,
these probes intensities remain below the cut-off limit. Less hybridisation noise
was noted when Equine influenza A virus was hybridised to the array.
Por_rotA_3 probe hybridised with all of the three viruses, with a signal of 0.83

for Schmallemberg and Bunyamwera virus and 0.42 for Equine influenza virus.
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Figure 5.19. Normalised signal intensities of hybridised Schmallenberg virus

Red spots correspond to Biotin markers. Signal cut-0.91 is represented by a dashed
horizontal line. Amplification was random and hybridisation indicated a high
background consisting of non specific cross-reaction with probes corresponding to
other viruses. This has led to high threshold, higher than the biotin markers
signal intensity.
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Figure 5.20. Normalised signal intensities of hybridised Bunyamwera virus

Red spots correspond to Biotin markers. Signal cut-off of 0.84 is represented by a
dashed horizontal line. Amplification was random and hybridisation to the array
showed that Bunyamwera virus genome viruses cross-hybridised with the probes on
the array. The detection limit was also set to a signal value higher than the biotin
markers signal intensity.
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Equine influenza virus
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Figure 5.21. Normalised signal intensities of hybridised Equine influenza
virus

Red spots correspond to Biotin markers. Signal cut-off of 0.50 is represented by a
dashed horizontal line. Amplification was random, hybridisation showed no cross-
hybridising probes.

202



Chapter 5 Design and Evaluation of Alere Microarray

5. 3. 1. 3. Comparison of hybridisation after separate random and
specific amplification

PCV-2 and TGEV were subjected to two different strategies of amplification
prior to biotin-labelling. PCR products from both reactions were obtained using
random primer A, primer B (primer A tag) and primers specific for PCV-2 and
TGEV respectively with random and specific amplification. They were then
labelled with biotin and hybridised individually on ATs.

The hybridisation results of random and specific amplification of TGEV (Fig.
5.22) and PCV-2 (Fig.5.23), showed that hybridisation after random
amplification performed better than after specific amplification. Signal
intensities were clearly higher in the specific compared to the random
amplification and there were fewer non-specific probes giving signals
approaching or exceeding the cut-off. For TGEV, 5 out of 5 probes were positive
in the random amplification, whereas only 2 out of 5 were positive in the
specific amplification. As for PCV, the random amplification led to 10 out of 12
probes to generate signal intensities above the cut-off, whereas 5 out of 12
probes hybridised to PCV probes in the specific amplification.

In both PCV-2 and TGEV hybridisation results of specific amplification reactions,
a high background noise was noticeable, also a higher number of probes cross-
hybridised with the viruses. However signal intensities of positive probes were

relatively higher compared to the random.
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Figure 5.22. Hybridisation after Random and specific amplification of TGEV

Red spots correspond to Biotin markers and Blue spot to TGEV. Signal cut-off of 0.20
and 0.50 for the random and the specific assays are represented by a dashed
horizontal line. Five representative probes of TGEV were positive with intensities
varying between 0.72 and 0.79 in the random amplification compared to two probes
in the specific amplification. However, signal intensities of the positive probes in the
specific amplification (0.88 and 0.89) were visibly higher, exceeding the biotin markers
signal. All coronaviruses probes intensities (Coronavirus, PEDV and Toroviruses) were
not included in the calculation of the cut-off, as they belong to the same family than
TGEV and might have shared gene sequences .
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Figure 5.23. Hybridisation after Random and specific amplification of PCV-2

Red spots correspond to Biotin markers and Blue spot to PCV. Signal cut-off of 0.22
and 0.70 for the random and the specific amplification are represented by a
dashed horizontal line. All porcine circoviruses probes represent PCV-1 and PCV-2.
Hybridisation following random amplification showed that ten out of 12 probes were
positive compared to five positive out of 12 in the specific amplification. The major
difference between the two hybridisation settings is that signal intensities are
markedly higher in the specific amplification, with a lowest value of 0.48 and highest
value of 0.89. However in the random reaction, more representative probes were
positive.
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5. 3. 1. 4. Hybridisation with host genomic DNA

To assess cross-hybridisation of genomic host DNA with probes on the array,
PCR products of bovine and porcine cytochrome b were randomly amplified
and biotin labelled and subsequently hybridised to the AT.

Cytochrome b genes were amplified from porcine and bovine host DNA, Fig.
5.24 shows two distinct bands of 1074 bp for the bovine cytochrome b PCR

product and 1080 bp for porcine cytochrome b.
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Figure 5.24. Agarose gel electrophoresis of specific amplification of
Cytochrome b.

L: 100 bp DNA ladder, NC: Negative control, Bov: Bovine cytochrome B, Por: Porcine
cytochrome b — Bovine cytochrome b from bovine and porcine hosts were amplified
with amplicon size of 1074 bp and 1080 bp respectively as shown in lane Bov and Por.

Array hybridisation of bovine cytochrome b (Fig. 5.25) showed a low
background signal level. Only one probe of PCV hybridised to the bovine
genome but with a low signal intensity below the cut-off limit. However, the
signal was sufficient to generate a faded spot in the array. Porcine cytochrome
hybridisation to the AT showed a relatively different pattern compared to the
configuration of the bovine cytochrome b hybridisation (Fig. 5.26), with
background noise characterised by relatively high signal. Ultimately, probe

Por_rotA_3 (labelled in both figures) also showed a positive hybridisation.
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However, this cannot be attributed to cross-hybridisation as it was positive in

all ATs.
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Figure 5.25. Normalised signal intensities of hybridised bovine host
cytochrome b

Red spots correspond to Biotin markers. Signal cut-off of 0.32 is represented by a
dashed horizontal line. The highest signal intensity recorded corresponds to
Por_cir_0521 (0.30) which is just below the cut-off line. This signal intensity is below
the limit of detection.
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Figure 5.26. Normalised signal intensities of hybridised porcine host
cytochrome b

Red spots correspond to Biotin markers. Signal cut-off of 0.58 is represented by a
dashed horizontal line. Four probes had moderately higher signals. Por_cir2_3 with a
signal intensity of 0.47, Por_cir_0521 with 0.41, Bov_kob 0006 with 0.44 and
Por_kob_6 with 0.55. The spots on the array were darker for circovirus probes, but
invisible for kobuvirus probes despite the highest signal intensity that was reached by
Por_kob_6 probe.
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5. 3. 2. Sensitivity of the ArrayTube platform

Two-fold serial dilutions of PCV-2 DNA and TGEV RNA, were used in a specific
PCR to detect the viruses. The amplicons were randomly amplified and labelled
with biotin and then hybridised to the AT.

a. PCv-2

Figure 5.27, shows that the PCR reactions of diluted PCV2 DNA produced the
expected amplicon of 543 bp for the first four dilutions with their respective
copy numbers. The thickness of the bands is clearly diminishing along with the
dilutions. No bands were visible in lanes E to H with lower copy numbers

although surprisingly this was still 2.1 x 10° copies (2 ng).

Figure 5.27. Agarose gel electrophoresis of PCV-2 (Capsid - replicase)
amplification in two-fold serial dilution of DNA.

Amplicon size: 543 bp. L: 100 bp DNA ladder, NC: Negative control, A:2.065 x 10%%; B:
1.033 x 10%°, C: 5.164 x 10° D: 2.065 x 10°, E: 1.033 x 10°, F: 5.164 x 108, G: 2.582 x 108,
H: 1.291 x 10%. DNA concentrations are 20 ng, 10 ng, 5 ng, 2 ng, 1 ng, 0.5 ng, 0.25 ng
and 0.125 ng per pl, corresponding respectively to the copy number A to H.
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Hybridisations of labelled PCR products are illustrated in Figs. 5.28 — 5.35
(below). The twelve probes on the array represent both PCV genotype 1 and 2
(blue spots), among them, eight probes showed a positive hybridisation with a
signal intensity higher than 0.61 for the sample containing 2.065 x 10%° copies
of PCV2 genome (20 ng). Similarly, eight probes were able to hybridise with a
lower copy number (1.033 x 10%°). For the dilutions 5 ng and 2 ng,
corresponding to 5.164 x 10° and 2.065 x 10° copies, respectively, only five
probes hybridised to the targets, albeit with high signal intensities. For higher
dilutions (copy humbers: 1.033 x 10°, 5.164 x 108, 2.582 x 108 and 1.291 x 108,
equivalent to 1 ng — 0.125 ng), no probe showed a signal with intensity higher
than the cut-off. It should be noted that PCV targets cross-reacted with one of

the probes of Porcine kobuvirus and Bovine torovirus.
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Figure 5.28. Normalised signal intensities of hybridised 20ng / ul (2.065 x
10?° copies number) of PCV2

Red spots correspond to Biotin markers; Blue spots correspond to P. circovirus. Signal
cut-off of 0.61 is represented by a dashed horizontal line. Eight probes among 12
showed a higher signal intensity above the cut-off value.

PCV2_10ng
1.0 7
[ X J
08 » [ o .P. rotavirus )
..
> . o _____ e
= 0.6 Y
o
]
‘§ 0.4 ® . b ® °
= ° o o L
© [ J
[ J [ J
® 0.4 y ] o L4 () b °
» ° P o“o% . ° °
) o o® o 0 oo ® 4
L7 S SOTINRC . "y TP IS LS, ¥ SSUIPSe
-0.2
Probes

Figure 5.29. Normalised signal intensities of hybridised 10ng / ul (1.033 x
10'° copy number) of PCV2

Red spots correspond to Biotin markers; Blue spots correspond to P. circovirus. Signal
cut-off of 0.61 is represented by a dashed horizontal line. Eight probes showed a lower
signal intensity than the threshold of 0.61.
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Figure 5.30. Normalised signal intensities of hybridised 5 ng / pl (5.164 x 10°
copy number) of PCV2

Red spots correspond to Biotin markers; Blue spots correspond to P. circovirus. Signal
cut-off of 0.70 is represented by a dashed horizontal line. Only 50% of PCV probes
were able to hybridise to the array.
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Figure 5.31. Normalised signal intensities of hybridised 2 ng / pl (2.065 x 10°
copy number) of PCV2

Red spots correspond to Biotin markers; Blue spots correspond to P. circovirus. Signal
cut-off of 0.49 is represented by a dashed horizontal line. Five probes out of 12 were
positive with signal intensity varying between 0.67 and 0.83. In this assay, biotin
markers showed unusually low signal intensity.
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Figure 5.32. Normalised signal intensities of hybridised 1 ng / ul (1.033 x 10°
copy number) of PCV2

Red spots correspond to Biotin markers; Blue spots correspond to P. circovirus. Signal
cut-off of 0.4 is represented by a dashed horizontal line. No hybridisation of PCV
probes was recorded.

PCV2_0.5ng

0.8
b ° P.rotavirus ®

0.6
T « 5
: “ o
© 24 ® [ ] [ J L]
%02.‘»00' I ’ o ’: g . “V:.

L .‘M&&-&h’-’-uo'“h-'.,

Probes

Figure 5.33. Normalised signal intensities of hybridised 0.5 ng / pl (5.164 x
102 copy number) of PCV2

Red spots correspond to Biotin markers; Blue spots correspond to P. circovirus. Signal
cut-off of 0.46 is represented by a dashed horizontal line. All PCV probes had
lower intensity than the signal cutoff.
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Figure 5.34. Normalised signal intensities of hybridised 0.25 ng / pl (2.582 x
102 copy number) PCV2

Red spots correspond to Biotin markers; Blue spots correspond to P. circovirus. . Signal
cut-off of 0.34 is represented by a dashed horizontal line. No probe produced a signal
with intensity higher than 0.34, except from Por_kob_6 (indicated in the figure).
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Figure 5.35. Normalised signal intensities of hybridised 0.125 ng/ul (1.291 x
102 copy number) of PCV2

Red spots correspond to Biotin markers; Blue spots correspond to P. circovirus. Signal
cut-off of 0.58 is represented by a dashed horizontal line. The cut-off limit was
high as numerous probes contributed to high background noise, the biotin
markers intensity were relatively low compared to the usual 0.70-0.80.

213



Chapter 5 Design and Evaluation of Alere Microarray

b. TGEV

TGEV RNA was serially diluted in 2-fold steps, reverse transcribed and a
fragment of 1388 bp was amplified with specific primers for all the dilutions.
The electrophoresis gel image (Fig. 5.36) shows the expected amplicon size for
all dilutions with lane A being the non-diluted template (61.61ng). The
brightness fell with the dilutions and appeared to be proportional to the cDNA
concentration in the sample. The viral gene was detectable until the template
concentration reached 0.015ng, corresponding to 9.0308 x 10° copies (lane L).
A faint band was observable in lane M (0.0078ng — 4.84 x 10°). However, non-
specific amplification was also noticeable in the same lane. The same non-

specific PCR product is present in lane N.

1kb

500bp

100bp

Figure 5.36. Agarose gel electrophoresis of TGEV (ORF1b) amplification in

two-fold serial dilution of RNA

Amplicon size: 1388 bp. L: 100bp DNA ladder, NC: Negative control, A PCR product of
1388 bp was obtained after specific amplification. The 2- fold step diluted amount of
cDNA in the PCR reaction varied from 20ng/ul to 0.0078ng/ul, corresponding to lanes
A to N. Copy number were by lane A: 3.823 x 10°, B: 1.241 x 10°, C: 6.205 x 108, D:
3.103 x 108, E: 1.241 x 108, F: 6.205 x 107, G: 3.103 x 107, H: 1.551 x 107, I: 7.756 x 10°,
J:3.847 x 106, K: 1.924 x 106, L: 9.308 x 10°, M: 4.840 x 10°, N: 2.420 x 10°.
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The hybridisation on the AT of biotinylated TGEV PCR products obtained after
2-fold step dilutions are illustrated in Figures 5.37 to 5.50. Five probes
represent the TGEV genome on the array and the arrays were able to detect
TGEV in all diluted samples (Green spots) albeit not with all probes. Two TGEV
probes in particular (TGEV_0166 and TGEV_0168) performed well, with
relatively high signal intensities (0.40 to 0.88) throughout the hybridisation
assay to the array. The other probes did not perform well on this occasion in
contrast to earlier studies in this chapter, for example the comparison between
specific and random amplification (Fig. 5.22), where random amplified targets
hybridised with higher signal intensities. The hybridisation was positive for
these two probes with the minimum copy number (2.420 x 10°) attempted
here. The signal intensity decreased progressively with the level of serial
dilution for TGEV_0168, whereas it remained relatively high throughout the
decreasing copy number for TGEV_0166. The three other probes (TGEV_1,
TGEV_2 and TGEV_0163) performed poorly with signal intensities lower than
the detection limit, around the background intensity. Cross-hybridisations with
other probes on the array were also observed, in particular with Porcine
kobuvirus (P_kob_6). Other probes (Bov_cor_0229, Bov_cor_0229,
Bov_tor_0044 and PEDV_2) showed positive hybridisation with TGEV target
which however, can be attributed to the presence of shared genes as they are
all members of the family Coronaviridae.

Porcine rotavirus A probe Por_roA 3 gave a positive hybridisation with all

tested arrays in the sensitivity test assay with PCV-2 and TGEV.
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Figure 5.37. Normalised signal intensities of hybridised non-diluted TGEV

(61.61 ng/ul)

Red spots correspond to Biotin markers; Green spots correspond to TGEV. Signal cut-
off of 0.50 is represented by a dashed horizontal line. The corresponding copy number
in the sample was 3.823 x 10°.
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Figure 5.38. Normalised signal intensities of hybridised TGEV (20 ng/pul)

Red spots (A) and red letter B (B) correspond to Biotin markers; Green spots
correspond to TGEV. Signal cut-off of 0.47 is represented by a dashed horizontal line.
The corresponding copy number in the sample was 1.241 x 10°.
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TGEV_10ng
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Figure 5.39. Normalised signal intensities of hybridised TGEV (10 ng/pul)

Red spots correspond to Biotin markers; Green spots correspond to TGEV. Signal cut-
off of 0.44 is represented by a dashed horizontal line. The corresponding copy number
in the sample was 6.205 x 108,
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Figure 5.40. Normalised signal intensities of hybridised TGEV (5 ng/ul)

Red spots correspond to Biotin markers; Green spots correspond to TGEV. Signal cut-
off of 0.49 is represented by a dashed horizontal line. The corresponding copy number
in the sample was 3.103 x 108,
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Figure 5.41. Normalised signal intensities of hybridised TGEV (2 ng/ul)

Red spots correspond to Biotin markers; Green spots correspond to TGEV. Signal cut-
off of 0.45 is represented by a dashed horizontal line. The corresponding copy number
in the sample was 1.241 x 108.
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Figure 5.42. Normalised signal intensities (of hybridised TGEV (1 ng/ul)

Red spots correspond to Biotin markers; Green spots correspond to TGEV. Signal cut-
off of 0.37 is represented by a dashed horizontal line. The corresponding copy number
in the sample was 6.205 x 10’.
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Figure 5.43. Normalised signal intensities of hybridised TGEV (0.5 ng/ul)

Red spots correspond to Biotin markers; Green spots correspond to TGEV. Signal cut-
off of 0.38 is represented by a dashed horizontal line. The corresponding copy number
in the sample was 3.103 x 107.
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Figure 5.44. Normalised signal intensities of hybridised TGEV (0.25 ng/pl)
Red spots correspond to Biotin markers; Green spots correspond to TGEV. Signal cut-
off of 0.42 is represented by a dashed horizontal line. The corresponding copy number
in the sample was 1.551 x 10’.
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Figure 5.45. Normalised signal intensities of hybridised TGEV (0.125 ng/ul)

Red spots correspond to Biotin markers; Green spots correspond to TGEV. Signal cut-
off of 0.46 is represented by a dashed horizontal line. The corresponding copy number
in the sample was 7.756 x 10°.
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Figure 5.46. Normalised signal intensities of hybridised TGEV (0.062 ng/ul)

Red spots correspond to Biotin markers; Green spots correspond to TGEV. Signal cut-
off of 0.46 is represented by a dashed horizontal line. The corresponding copy number
in the sample was 3.847 x 10°.
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Figure 5.47. Normalised signal intensities of hybridised TGEV (0.031 ng/ul)
Red spots correspond to Biotin markers; Green spots correspond to TGEV. Signal cut-
off of 0.54 is represented by a dashed horizontal line. The corresponding copy number
in the sample was 1.924 x 10°.
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Figure 5.48.Normalised signal intensities) of hybridised TGEV (0.015 ng/pul)
Red spots correspond to Biotin markers; Green spots correspond to TGEV. Signal cut-
off of 0.41 is represented by a dashed horizontal line. The corresponding copy number
in the sample was 9.308 x 10°.
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Figure 5.49. Normalised signal intensities of hybridised TGEV (0.0078 ng/ul)
Red spots correspond to Biotin markers; Green spots correspond to TGEV. Signal cut-
off of 0.32 is represented by a dashed horizontal line. The corresponding copy number
in the sample was 4.840 x 10°.
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Figure 5.50. Normalised signal intensities of hybridised TGEV (0.0039 ng/ul)
Red spots correspond to Biotin markers; Green spots correspond to TGEV. Signal cut-
off of 0.38 is represented by a dashed horizontal line. The corresponding copy number
in the sample was 2.420 x 10°.
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Linear regression analysis between virus DNA amounts and signal intensities
data of the corresponding probes was determined. Eight probes and 2 probes
corresponding to the hybridised PCR product to the array respectively for PCV
and TGEV. The PCV curve (Fig. 5.51), indicated a significant non-zero slope with
a R?value of 0.62. The curve suggests consistency between signal intensity and

dilution, indicating a degree of reproducibility between repeat samples.
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Figure 5.51. Median signal intensity of PCV PCR-specific probes of

decreasing amount of DNA

Array hybridisation demonstrated an agreement between descending load of the virus
and decreasing signal intensity with a coefficient of determination (R?) of 0.62.

This was not the case with TGEV (Fig. 5.52). The curve indicated saturation for
some of the dilution range and the values for the four highest dilutions
examined did not show a reasonable slope indicationg either that an

insufficient number of dilutions were used or that the reproducibility was poor.

223



Chapter 5 Design and Evaluation of Alere Microarray

TGEV

1.0
>
2
‘@
o
]
2
£ 0.5
©
<
.50
(%]

0.0 T T T 1

0.04 0.03 0.02 0.01 0.00

Amount of DNA (ng/pl)

Figure 5.52. Median signal intensity of TGEV PCR-specific probes of the four
highest DNA dilutions.

The signal intensity decreased with descending amount of TGEV DNA with a relatively
high coefficient of determination (R?) of 0.86.
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5. 3. 3. Array hybridisation with clinical samples

Independent array hybridisations were performed with four pig faecal samples

and 12 calf faecal samples.

5. 3. 3. 1. Porcine clinical samples

The same porcine samples were subjected independently to random
amplification and specific amplifications, the latter to act as a reference with
which to compare the results of random amplification followed by biotin

labelling (Appendix XIV).

a. Random amplified samples

Figures 5.51 and 5.52 show the signal intensities of the four samples. The
results of random amplification of the samples clearly showed different
patternsin the four samples. Sample 7 appeared to show positive hybridisation
of PEDV and TGEV probes, sample 13 also showed positive signal intensities
mainly for TGEV probes whereas sample 14 had positive signals for two probes
for PEDV and four for TGEV. Sample 8 had the highest number of different
positive probes, it showed the presence of PCV, Bovine torovirus, sapovirus,
enterovirus and norovirus. Samples 13 and 14 were positive to PCV and Porcine
norovirus. Sapovirus and Porcine rotavirus A were positive only in sample 14.
As noted previously, the probe Por_rotA 3 (corresponding to P. rotavirus A -

labelled in the figures) was positive in the four samples.

225



Chapter 5 Design and Evaluation of Alere Microarray

Sample_7
1.0 1
°
0.8 ° ° °
- °
£ 0.67 .‘.
< [ ) P.rotavirus A
] °
R
- [ ]
; 0.271e o0 [ J
7 °
° ® o ° Qo ®
'o.”‘ e _© o o o ® ° @
001 @
-0.2
Probes
Sample_8
0.8
°
0'61. [ ] i P.rotavirus A
z * ¢
»
4 i
@ O ® e & e,
£
e 0.2 .: ) o °
o0
3 ° ot o °* o o
e 0 % o™ o o0 ® e 0‘ o ?
®
0.0 hslannpeo # aale e csuedl -

Probes

Figure 5.53. Normalised signal intensities of hybridised porcine clinical
samples 7 and 8 following random amplification

Red: Biotin markers, Blue: TGEV, Green: PEDV, Orange: B. torovirus, Pink: PCV, Grey,
B. enterovirus, Light pink: Sapovirus, Purple: P. norovirus. Signal cut-off of 0.39 and
0.34 for samples 7 and 8 respectively are represented by a dashed horizontal line.
TGEV probes showed high signals for sample 7 and 8 (4 probes and 3 probes out of 5
respectively), PEDV probes have also hybridised to the target in sample 8, however
this result was not confirmed by PCR.

226



Chapter 5 Design and Evaluation of Alere Microarray

Sample_13
1.0 7
°
0.8
3' 0.6 P.rotavirus A °
E b [ o
v
2
£ 0.44 [ ]
e e L L PP LT,
<
® 0, e @ ]
(%]
[} ) [ ]
J
0.0 1l o Wt NIt PN agato S A IO e,
-0.2
Probes
Sample_14
0.8 ° P.rotavirus A
°
p ° ° °
0.6 ° ...
- °
=
€ g4 """ TTTTmoossssssssso--oe- [ Sttt L e R
2 [ ] [ ] °
£ [
- °
e 0.27 °
5 i ° 0 °
28 o o ° ° G000 % %o
0o ®®
0.2
Probes

Figure 5.54. Normalised signal intensities of hybridised porcine clinical
samples 13 and 14 using random amplification

Red spot: Biotin markers, Blue spot: TGEV, Green spot: PEDV, Pink spot: PCV, Purple
spot: P. norovirus, Brown spot: P. rotavirus A. Signal cut-off of 0.34 and 0.42 for
samples 13 and 14 respectively are represented by a dashed horizontal line. Samples
13 and 14 showed the presence of TGEV (4 out of 5 in both samples). Two PEDV
probes had also high signal intensities. The PCR did not show the presence of these
two viruses.
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b. Sequence-specific amplified samples

The same porcine clinical samples previously used in the random amplification
were used to amplify specific fragments of Porcine kobuvirus and Porcine
rotavirus. P. rotavirus and P. kobuvirus were detected by multiplex PCR using
a set of designed and published primers, as shown in figure 5.53. This indicated
that samples 8, 13 and possibly also 7 and 14 contained P. kobuvirus and

samples 7, 8 and 14 contained P. rotavirus.

P

-

1kb

500bp .

-
. o —

s ’ - <— P. kobuvirus D.

- . - “ ’ <— P rotavirus D.
w——
~ o~

<— P. kobuvirus P.

100bp

Figure 5.55. Agarose gel electrophoresis of multiplex PCR detection of
Porcine kobuvirus and Porcine rotavirus

L: 100 bp ladder, NC: Negative control, 7-14: porcine clinical samples.

PCR product size:

Porcine kobuvirus designed (D) primers (VP1), labelled P. kobuvirus D.: 803 bp
Porcine kobuvirus published (P) primers (RdRp), labelled P. kobuvirus P.: 216 bp
Porcine rotavirus A designed (D) primers (VP7), labelled P. rotavirus D.: 521 bp
Porcine rotavirus A published (P) primers (VP7): 1062 bp
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The signal intensity after hybridisation of the above samples are illustrated in
Appendix XV. High signal (Fig. 5.54, and 5.55) showed the presence of P.
kobuvirus in samples 7, 8 and 13 (amplified with designed primers) (blue dots
for P. kobuvirus and light blue for B. kobuvirus). This finding was already
confirmed by multiplex PCR although this was less clear for sample 7 (Fig. 5.53).
Even though a strong band was seen in the PCR gel in sample 14 for P. rotavirus,
this was not confirmed by the array. None of the samples showed strong signals
for rotavirus, except from sample 8, where an average signal of 0.50 for two
specific probes to the porcine virus were registered. The other probes giving
signals just above or below the cut-off value. Additional spots from other
viruses including P. torovirus, P. enterovirus, BVDV, P. bocavirus and P.
parvovirus showed intensities slightly above the cut-off value.

In sample 7, the biotin markers showed a low signal intensity which should vary
between 0.70 to 0.80. It is only in this array that the signals were 0.19-0.25,
however the array successfully detected P. kobuvirus, as it was confirmed by

PCR.
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Figure 5.56. Normalised signal intensities of hybridised porcine clinical
samples 7 and 8 using multiplex amplification (samples 7 and 8 in Fig. 5.53)

Red spot: Biotin markers, Blue spot: P. kobuvirus, Light blue spot: B. kobuvirus, Yellow
spot: P. enterovirus, Green spot: P. rotavirus A, Light green spot: B. rotavirus A, Dark
green spot: P. rotavirus B, Lime green spot: P. rotavirus C, Pink spot: BVDV2, Orange
spot: P. bocavirus. Signal cut-off of 0.2 and 0.35 respectively for sample 7 and 8 are
represented by a dashed horizontal line. Sample 7 and 8 show a positive hybridisation
to P. kobuvirus probes, although the expected PCR product for P. kobuvirus was
weakly apparent (Fig.5.53). Surprisingly, none of P. rotavirus probes hybridised,
despite a strong band in the gel showing the presene of the virus in the sample. Sample
8 hybridisation results and multiplex PCR results are in accordance, as both show the
presence of P. rotavirus and P. kobuvirus.
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Figure 5.57. Normalised signal intensities of hybridised porcine clinical
samples 13 and 14 using multiplex amplification (samples 13 and 14 in Fig.
5.53)

Red spot: Biotin markers, Blue spot: P. kobuvirus, Light blue spot: B. kobuvirus, Brown
spot: B. torovirus, Pink spot: PCV, Orange spot: P. enterovirus, Purple spot: B.
norovirus, Green spot: B. rotavirus A, Limegreen spot: P. rotavirus C, Yellow spot: P.
sapelovirus, Grey spot: BVDV, Navy blue: P. parvovirus. Signal cut-off of 0.051 and 0.23
respectively for sample 13 and 14 are represented by a dashed horizontal line.
Sample 13 contains P. kobuvirus only, according to the multiplex PCR, it showed that
seven P. kobuvirus-specific probes hybridised with high signal among a total of 7
probes on the array. Other probes signals were slightly above the cut-off limit. Sample
14 shows no specific probes to P. kobuvirus or P. rotavirus despite the presence of P.
rotavirus in the sample. P. kobuvirus was evidenced by PCR using published primers
only.
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5. 3. 3. 2. Bovine clinical samples

Twelve bovine clinical samples consisting of positive samples to one or more
targeted pathogens identified by multiplex PCR, were labelled after a random
amplification, then hybridised to the AT platform. The results of hybridisation
signal intensities above the cut-off value of the 12 samples are illustrated in
Table 5.6 (cut-off indicated in the bottom column). The animals from which the
samples were taken were diarrhoeic and a number of probes generated signals
above the cut-off but none of them was particularly high with perhaps the
exception of samples 13, 19.1, 25T, 55 and B2 where the signals varied between
0.50 and 0.82. In these same samples, signals above the detection limit showed
the presence of PEDV (obviously cross-hybridising with Coronavirus genome)
for sample 13, norovirus for samples 19.1, 25T and 55, kobuvirus for sample B2
and Coronavirus for sample 25T. In most samples, targets hybridised to few
probes with intensities slightly over the cut-off. Ten samples out of 12 showed
positive hybridisation with one to two norovirus probes, which indicates that
the virus was present as it was detected in 10 samples out of 12. Also, the signal
intensities seem to indicate that in all the samples, two to three genetically
distant species of viruses were present, considering that probes can hybridise
to similar genome regions of viruses, belonging to genera of the same family,

or again to the same genus, but host-specific viruses.
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Table 5.4. Signal intensities above the cut-off of bovine clinical samples after specific amplification and hybridisation to the ArrayTube

Probes 1/3 6T 9T 13 19.1 1 5/8 19.3 20T 25T 55 B2

Bov Cor 0231 - - - - - - - - 0.330706  0.82129 - -
PEDV_2 - - - 0.652748 - - - - - - - _
TGEV_1 - - - - - 0.069363 - - - - - -
Bov tor_2 0.457790 - - - - - - - - - - _

Por tor_4 0.273196 - - - - - - - - - - -

Por tor_8 - - - - - 0.059333 - - - - - -

Por cir 0529 - 0.410279 - - - - - - - - - -
Bov kob_1 - - - - 0.135849 - - - - - - -
Bov kob 0008 - - 0.07249 - - - - - - - - -

Por kob_2 0.169803 - - - - - - - - - - R

Por kob_7 - - - - - - - - - - - 0.601767
Bovent_5 - - - - - - - - - - - 0.352354
Porsap_1 - - - - 0.148037 - - - - - - -

Por tes_2 - - - - - - - 0.07299 - - - -
Neb_1 - - - - - 0.090175 - - - - - -
Neb_3 - - - - - 0.079466 - - - - - -
Sap_1 - - - - - - 0.328633 - - - - -
Sap_5 - - - - - - - - - - 0.141356 -

SI Cut-off 0.15 0.17 0.05 0.15 0.16 0.04 0.09 0.07 0.08 0.21 0.14 0.3

Sl: Signal intensity
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Continued

Probes 1/3 6T 9T 13 19.1 1 5/8 19.3 20T 25T 55 B2

Bov nor_3 - - - - - - - - - - 0.515724 -
Bov nor_6 - - - 0.13904 - - - - - - - -
Bov nor_7 - 0.206271 - - - - 0.126667 - - 0.505862 - -
Bov nor_9 - - - - - - - 0.211044 - - - -
Bov nor_10 - - - - - - - 0.152611 - - - -

Por nor_6 0.305153 0.215609 0.109794 - 0.701679 - 0.129031 - - - - 0.382684
BovrotA_1 - - - - - - 0.150204 - - - - -
BovrotA_9 - - 0.067178 - - - - - - - - -
Bovrot A_10 - - 0.143591 - - - - - - - - -
PorrotA_4 - - - - - 0.051949 - - - - - -
PorrotC_5 - - - - - - - - - - - 0.350937
Bov par_2 - - - - - - - - - - 0.28329 -

SI Cut-off 0.15 0.17 0.05 0.15 0.16 0.04 0.09 0.07 0.08 0.21 0.14 0.3

SI: Signal intensity
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5. 4. Discussion

The studies in this chapter indicate the importance of good probe design
followed by their validation with reference samples. The experiments on
specificity and cross-hybridisation highlighted that a number of the probes
used had weaknesses and in the normal course of events and in future studies
would be removed or replaced where they were found to be unsufficiently
sensitive or specific or where their performance was inconsistent, although it
is suspected that this latter characteristic probably more accurately reflects a
need for greater stringency in the conditions of the PCR process. The TGEV
probes are a case in point where under some circumstances they performed
well, for example when tested against single reference samples, but did less
well when tested in a mixture of pathogens. They also performed well when
samples were diluted but in this situation not all the probes performed similarly
well.

A number of aspects of array strengths and weaknesses were assessed in a
preliminary way to begin to determine how far arrays of this sort might be used
for diagnosis and surveillance.

Specificity of the ArrayTube

The need for rational probe design and elimination of ineffective probes was
indicated initially by the fact that ArrayTube hybridisation, using the Alere
platform with reference viral species following random amplification, showed
that the probes on the array were able to identify the targets of five among

eight tested viruses. PEDV, TGEV, PCV-2, BVDV and PPV were identified
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correctly. However, Porcine rotavirus A, Porcine bocavirus and Porcine
torovirus were not detected. Only two probes out of 9 were positive for BVDV.
It is important to note that only PEDV, TGEV, PCV-2 and P. rotavirus A had their
identity confirmed by monoplex PCR with primers designed in this study, while
monoplex PCR using published primers was performed on Porcine bocavirus
and parvovirus only. In terms of discrepancies between the PCR and the
microarray, the results indicate that P. rotavirus A, P. bocavirus and B.
kobuvirus were not detected with the array, all of which were detected by PCR,
either using published or designed primers. This indicates that PCR technique
is a valuable tool for the detection of a sequence in a sample, with primer
specificity being an important component of the performance of the PCR
reaction, but it also suggests that these samples might have contained a viral
load below the detectable range of the Alere array.

Another important aspect is the quality of the sample is an important element
in the detection process, meaning that at this stage of the array development,
and particularly at the probes level, it is inappropriate to attribute the lack of
detection of the viral DNA/cDNA to the probe design or the microarray
platform, in this case, specifically for P. torovirus, a donated virus, which
identity was not verified).

Similarly the use of mixed nucleic acid species using two sets of multiplexed
reference strains, with set 1 including TGEV, PCV2, S. Typhimurium, S.
Enteritidis and C. difficile (Multiplex_1) and set 2 including B. pilosicoli, PEDV,

Porcine rotavirus A, E. acervulina and C. jejuni (Multiplex_2), showed that the
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array was able to identify the two viruses in Multiplex_1 mixture, whereas it
was only capable of detecting PEDV viral genes in Multiplex_2, and then with
only half of the probes. Probes of Porcine rotavirus demonstrated very weak
signal intensities that remained below the cut-off signal. A high level of noise
was observed in this array, probably due to the presence of similar regions with
DNA of amplified products from the 165/18S sequence of B. pilosicoli, E.
acervulina and C. jejuni with probes. It has been shown elsewhere that
increasing the complexity of the sample could lead to higher levels of cross-
hybridisation (Wick et al., 2006).

The assessment of non-targeted viral species did show a degree of cross
contamination, more with Bunyamwera and Schmallenberg virus than equine
influenza, again emphasising the need for good probe design and elimination
of probes which generate cross hybridisation. Cross-hybridisation generally
occurs when probes share high sequence similarity with a non-target molecule;
it thus depends on the sequence composition of the DNA of the hybridised
pathogen. BLAST search of sequence similarity for sequences from the three
viruses did not show an alignment with any of the viruses represented on the
array. However, considering the length of the sequences tested, it is
unquestionably preferable to check the specificity of each probe against all
sequenced genomes in the database. Eventually probes showing high
similarities with related and non-related organisms, or unexpectedly exhibiting

non-specific hybridisation should be removed from future array work/design
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It is important to note that the high background noise generated by the
hybridisation of Bunyamwera and Schmallenberg virus impacted the cut-off
which exceeded the biotin markers values, which rises the question whether
these assays are valid.

A certain level of cross hybridisation occurred with cytochrome b than with a
negative sample, although below the signal cut-off limit. It may be that a single
gene present in high amounts could give an unbalanced view of likely host
genes present, whereas the negative gut sample represents a wide range of
host genes generally present in much lower quantities. The cross hybridisation
observed with cytochrome b may therefore be assessed as less relevant than a
truly negative gut sample.

One probe P_rotA 3, was positive in nearly all arrays carried out. Similarly a
relatively high signal intensity (0.34) was observed in the negative control
(nuclease-free water as template), which might indicate possible biotin cross-
contamination during the spotting process of the microarray.

Specificity and Cross hybridisation

On the array, a 60-mer probe sharing more than 70 to 75% identity with non-
target sequences might lead to significant cross-hybridisation (Kane et al.,
2000; Hughes et al.,, 2001). Again because, long probes tolerate more
mismatches than short probes, partial hybridisation to non-target molecules
can generally lead to false positives. At the molecular level, a spot is a
combination of a multitude of identical probes that can hybridise to multiple

targets with perfect matches and mismatches, or one single probe can perfectly
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hybridise to a single target or with mismatches (Koltai and Weingarten-Baror,
2008). In both cases, hybridisation of a fraction of the probe can generate a
signal that may dramatically impact the specificity of the microarray.

The specificity of the microarray signifies whether it can identify correctly
targeted pathogens, it equally signifies that it should not identify a pathogen
that is not represented by the probe sets, unless it is related to that pathogen.
Cross hybridisation could also arise from a mere conformational interaction
between DNA molecules irrespective of sequence relatedness. This is to ensure
that the array delivers accurate and non-ambiguous results. Many microarray
detection studies have reported false positive results where cross-
hybridisation with non-intended species occurred (Volokhov et al.,, 2002;
Leinberger et al., 2005; Wong et al., 2007; Jarvinen et al., 2009)

Specific versus random amplification

Random amplification is an alternative to specific amplification for amplifying
targets when small amounts of nucleic acids are extracted from faecal material.
This method allows the amplification of highly divergent sequences without
prior knowledge of the microorganism sequence. However, as the
amplification requires the use of random primers, their binding to any nucleic
acid present in the sample is not governed by specificity. Consequently, the
most highly representative amplicons may be from the host, commensal
microrganisms rather than from enteric pathogens depending on the nature of
the sample e.g. faeces. One of the disadvantages of this amplification method

is that accidental cross contamination could lead to false positives resulting
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from contamination while performing any nucleic acid extraction, reverse
transcription or amplification procedure, although this did not appear to be a
major issue. Furthermore, contamination can conceivably arise following the
addition of each reagent (Kotilainen et al., 1998).

Two viruses, the TGEV and PCV-2 reference strains, were used to compare the
impact of random and specific amplification on the outcome of the array
hybridisation. Contrary to what was expected, our results showed that random
amplification was the best amplification strategy for PCV and TGEV
hybridisation. Higher number of virus-specific probes hybridised with signals
above the cut-off for both viruses. In the specific amplification approach, fewer
probes corresponding to the hybridised viruses registered signals above the
cut-off, however the intensity of the signal was remarkably higher than the
intensity of the probes when random hybridisation was carried out. This could
be explained by the characteristic of the PCR reaction that exponentially
amplifies a sequence of gene resulting in a considerable number of copies of
the same sequence which only favours probes that hybridise to the amplified
gene, whereas in the random amplification more probes have nearly the same
chance to hybridise to their targets. For both viruses, only probes that
hybridised to amplified genes were positive in the specific amplification with
40% and 42% of TGEV and PCV-2 probes that gave positive hybridisation
respectively, in the specific amplification, as opposed to 100% and 75% of

positive probes in random amplification.
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In the amplification strategy adopted in this study, the PCR products obtained
were subjected to random amplification to perform the biotin-labelling and this
step might have contributed to increasing the amount of non-specific targets
in the sample. This could have been further investigated by the use of biotin-
labelled primers to obviate the need for the random amplification step, but
would have been costly. In one study, using the same microarray platform as
used in this study, amplified pathogen targets with biotinylated primers,
resulted in comparable sensitivity to PCR, but less sensitivity was observed
compared with real time PCR (Giles et al., 2015).

Several other studies indicated that the use of amplification with random
primers as an amplification strategy resulted in low sensitivity rates compared
to specific PCR (Vora et al., 2004). Also in the study of Lin et al. (2006) the use
of specific amplification for clinical samples increased the sensitivity of the
microarray whereas random amplification showed a low sensitivity and high
specificity. However, in the latter study samples were treated for host DNA
removal prior to amplification.

It has already been demonstrated that microarray hybridisation using
specifically amplified products allowed highly sensitive and specific pathogen
identification (Wilson et al., 2002). In this study the background noise in the
random amplifications was much lower than in the specific.

Sensitivity

The sensitivity of the AT platform was assessed using two viruses PCV-2 and

TGEV. Two-fold dilutions of total nucleic acid of the reference strains were
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amplified by PCR, then biotin-labelled and hybridised to the probes. Array
results were then compared with the PCR reactions observed by gel
electrophoresis. Gel electrophoresis analysis of PCV PCR products, showed that
it could detect down to 2.065 x 10° copy number, meaning that the gel is able
to detect the presence of the virus in a sample containing at least 2 ng of PCV
genomic DNA. For TGEV, gel electrophoresis bands could be detectable clearly
at a concentration of 0.078 ng which corresponds in copy number to 4.84 x 10°.
Hybridisation sensitivity testing of PCV-2 showed that the sensitivity of the
ArrayTube was determined to be equal to gel electrophoresis sensitivity (2ng -
2.065 x 10° copy number).

For TGEV, the array had a sensitivity of 0.0039 ng (39 pg) or a minimal copy
number of 2.420 x 10° in this preparation as an initial amount of the virus in
the sample. The array is expected to detect lower amounts as evidenced by the
high signal intensity at the minimal copy number attempted in this study.
Linear regression was computed to determine the relationship between the
copy number of both viruses and the signal intensity of the probes. A high
coefficient of determination was found for PCV for most of the probes but not
for TGEV, which could be explained by the difference in the number of specific
probes for the two viruses. On the AT, only five probes correspond to TGEV,
whereas 12 probes correspond to PCV.

The obvious reason that can explain the difference between the array
sensitivity of PCV and TGEV is the primer amplification efficiency. In terms of

primer design, the forward primer of PCV2 (Por cir2_F_1, Appendix IV-a) shows
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that the length of the primers was 16 nucleotides, Alvarez-Fernandez (2013)
explained that primers shorter than 18 nucleotides perform badly with lesser
specificity than 18-25 nucleotide primers. The GC content is also an important
parameter in the design of primers. Imbalance in the GC content of the primers
was shown to have a big influence during the annealing (Mallona et al., 2011).
In this study the GC content of forward and reverse PCV2 primers were
respectively 68.75% and 52.38%, compared to TGEV primers which was 55%
for both primers. This also has an important effect on the melting and
annealing temperature of the primers. All these conditions could explain the
lack of amplification of PCV which and this might be worsened when the
amount of target DNA in the sample was low.

Using a similar platform than used in this study to detect pathogens, authors
reported very different detection limits, namely 1 ug for E. coli pathotype
detection (Anjum et al., 2007), 975 ng (2.66x108 copies) for Legionella
pneumophila (Zak et al., 2011), 100 genomes equivalent for four genes and 10
genomes equivalent for one specific gene of Coxiella burnetii (Schmoock et al.,
2014).

However, the detection limit of the array might vary with the length of the
probes and the amplification strategy used in the study. More sensitivity and
detection limit investigations should be performed with clinical samples to

objectively evaluate the performance of this array.
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Clinical samples

Random amplification in porcine clinical samples (7, 8, 13 and 14) was unable
to fully identify/detect the pathogens present in the samples, which were
screened by multiplex PCR and confirmed to contain Porcine rotavirus A, and
Porcine kobuvirus. In these samples multiplex PCR using designed and
published primers led to the identification of one to two viruses in the same
sample. Array hybridisation of multiplexed (specific amplification) samples 8
and 13 were in accordance with the multiplex PCR results. Sample 7 was
positive to Porcine rotavirus and weakly positive to Porcine kobuvirus by PCR,
whereas it was negative to Porcine rotavirus and positive to kobuvirus when
tested by microarray, creating an ambiguity in the results where more
sensitivity is expected from the array compared to PCR. Debaugnies et al.
(2014) suggested that co-infection with a great difference in the quantity of
pathogens could interfere with the analytical sensitivity of the microarray
leading to a false negative for the pathogen present on lower numbers. This
phenomenon has also been attributed to secondary structures of target DNA
that prevent hybridisation (Peplies et al., 2003). Others have reported that
secondary structures, such as hairpins, might also increase non-expected
hybridisation between targets and probes (McLoughlin, 2011).

In sample 14, multiplex PCR showed the presence of Porcine rotavirus with
designed primers and Porcine kobuvirus with published primers. When this
sample was hybridised to the array the results were negative for both viruses.

It is important to note that the amplicons of kobuvirus obtained with published
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primers did not hybridise to the array, possibly due to the absence of the
complementary sequences to kobuvirus probes in the amplified product, which
signifies that the published primers-PCR products did not contribute to the
specific array hybridisation. The presence of an unexpected band of
approximatively 300 bp in the multiplex reaction of sample 8 and less visible in
sample 7 possibly led to non-specific hybridisation of some probes on the array.
The twelve bovine clinical samples tested on the AT showed positive
hybridisation for only one to five probes per test. Members of the family of
Caliciviridae, in particular noroviruses may have been present in ten samples
among the total number of samples. However, as these samples were amplified
by multiplex PCR and none of the primers specific to caliciviruses were used in
the reaction, as stressed earlier, a random amplification step was performed
prior to biotin-labelling and that might have sensibly increased the number of
targets. The presence of PEDV and coronavirus in two samples signifies the
effective presence of coronavirus as these two viruses belong to the same
family of Coronaviridae and they might share a high degree of sequence
similarity.

Sample 25T was negative by multiplex PCR and positive by monoplex PCR for
BVDV, the results showed a positive hybridisation to two positive probes,
Bovine coronavirus and Bovine norovirus. The array was unable to detect BVDV
in the samples, as it was not detected by multiplex PCR, which was initially the
labelled material used in the hybridisation. This also indicated that random

amplification did not impact the amplification of target concentration of BVDV
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in this sample. Eventually it could be hypothesised that only a very low viral
load was present in the sample.

All bovine clinical samples were screened by PCR prior to hybridisation,
targeting pathogens by multiplex PCR that targeted not only viruses but also
bacteria and parasites. It is thus a possibility that amplified targets by PCR were
exclusively from bacteria and parasites. Yet again, the presence of only a very
low viral load in the sample might also be a reason for the failed amplification

of the viral targets.
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Chapter 6. Design and Evaluation of Agilent Microarray

6. 1. Introduction

The present chapter follows the same approach as the previous chapter,
specificity and sensitivity testing using known reference strains followed by its
evaluation using porcine and bovine clinical samples.

The Agilent platform used in this study consists of a high density microarray
slide that comprises four microarrays, with each microarray holding 44000
probes with appropriate controls.

A total number of 15993 probes were designed and spotted on the array in
duplicate using 2612 sequences corresponding to viral, bacterial, parasite and
host (bovine and porcine) genes. These probes include also all viral probes from
the ArrayTube microarray. This array was thus far more comprehensive for
initial laboratory assessment studies. A glass slide-based array would not be of
any practical value, but served to evaluate the detection of multiple microbial
species; however, the Alere array may form a practical platform for field studies
in the future.

The specificity of the microarray was evaluated by specific amplifications,
multiplex and monoplex PCR, either with reference strains or in clinical samples
that were demonstrated to contain more than one pathogen. This aspect of the
work was not designed to assess specificity in PCR-negative samples and
therefore, array analyses were not performed on these samples, essentially for

economic reasons.
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The sensitivity of the microarray was assessed by applying different
concentrations of the pathogen DNA to the array and identifying the detection
limit of the arrays, it was then compared to PCR, qPCR and for bacteria colony
count number.

Pathogens were finally identified in porcine and bovine faeces clinical samples,
in which the presence was confirmed by monoplex and multiplex PCR. All
hybridisation assays were carried out after specific amplification followed by a

random amplification to perform the labelling.

6. 2. Material and Methods

6. 2. 1. Extraction using QlAamp® UCP Pathogen Mini Kit from

broth

Bacterial DNA was extracted from overnight nutrient broth cultures by
centrifuging 200 ul at 10,000 x g for 10 min and the supernatant discarded. The
pellet was resuspended in 500 pl of lysis buffer ATL (with added DX reagent
that helps reducing foaming of lysis buffer) and vortexed for 2 min at maximum
speed; the tubes were then spun down. A volume of 400 pl of supernatant was
mixed with 40 pl of proteinase K, vortexed for 10 sec and incubated at 56°C for
10 min. A volume of 200 pl of lysis buffer APL2 was added; the tube was
vortexed and incubated at 70°C for 10 min. A total of 300 pl of absolute ethanol
were added and 600 pl of the mixture subjected to filtration in a QlAamp UCP
mini spin column placed in a 2 ml collection tube. The assembly was centrifuged

at 6,000 x g for 1 min. Two washings of the spin column were performed with
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600 pl of APW1 (both APW buffers supplied with the kit), the tubes were then
centrifuged at 6,000 x g for 1 min, followed by adding 750 pl of APW2 and
centrifuging at 20,000 x g for 3 min. To dry the column membrane, an additional
centrifugation at full speed and incubation of the assembly on a thermomixer
at 56°C for 3 min were performed. The column was placed in a new collection
tube in both operations.

Elution was done by adding 60 ul of buffer AVE, supplied with the kit, to the
spin column placed in a 1.5 ml microcentrifuge tube and incubation at room
temperature for 1 min, followed by centrifugation at 20,000 x g for 1 min.
Elution was repeated to increase the DNA yield by applying the eluted solution

once again to the membrane. The eluate was then stored at -20°C until used.

6. 2. 2. Fluorescent labelling (Round C)

Labelling with Cy-3 and Cy-5 dyes (GE Healthcare Life Sciences -
Buckinghamshire UK) was carried out using random amplification of PCR
products that were subjected beforehand to round A and B amplification
(Chapter 5- 5.2.4.1-b and 5.2.4.2). The reaction was performed in a 50 pul total
volume, the master mix consisting of 29 ul of water, 2 ul of 50mM MgCl3, 5 ul
of 10x Mg-free buffer, 5 pl of dCTP labelling mix (1.2 mM dATP, 1.2 mM dTTP,
1.2 mM dGTP and 0.6 mM dCTP), 3 ul of Cy3-dCTP and/or Cy5-dCTP (GE
Healthcate Life Sciences), 0.5 pl of 100 uM primer B and 0.5 ul of Taq
polymerase. A volume of 5 ul of round B product was added and the mixture
and subjected to 25 cycles of the same cycling conditions as in round B in the

thermal cycler.
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6. 2. 3. Hybridisation on Agilent slide

PCR products were random-amplified and labelled (5- 5.2.4.1-b and Chapter 6
— 6.2.3). Hybridisations were performed using an automated hybridisation
station (Tecan HS Pro 400™). The software (HS Pro Control Manager) was
programmed with the hybridisation conditions and bottles filled with the
necessary volume of reagents (Prehybridisation buffer, Washing buffer 1 and
Washing buffer 2) were connected appropriately in the station (Table 6.1). The
slide was then assembled and locked in the hybridisation chamber.

Hybridisation programme was then run.
6. 2. 3. 1. Sample preparation

a. Sample clean up

Samples were first cleaned up by applying 40 ul of round C labelled product to
a Millipore column (10 kDa) (Microcon®), to which 40 ul of nuclease-free water
were added and centrifuged for 15 min at 2400 x g. An additional 100 pl of
nuclease-free water were added and the column was centrifuged at 2400 x g
for 30 min. The sample was finally recovered by inverting the column in a new
1.5 ml microcentrifuge tube and pulsing briefly on a microfuge.

b. Hybridisation mix preparation

For each microarray, two samples were labelled separately with Cy3 and Cy5,
then mixed together prior to hybridisation. A volume of 14 pl of each sample
was mixed with 7 ul of 10 x blocking agent (Agilent) with a final volume of 35

pl, to which 35 ul of 2x GE hybridisation buffer were added and mixed by

pipetting.
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¢. Programming hybridisation

Agilent microarray slide was placed with the barcode up in the hybridisation
chamber of the hybridisation station. Hybridisation and washings were
performed according to the programme in table 6.1.

Table 6.1. Hybridisation programme

Hybridisation steps Temperature (°C) and duration (min/sec)

Pre-hybridisation 65°C for 2 min with soaking for 10 min

L 60 pl of sample injected by pipetting with the
Sample injection ) . o
station set at 65°C with agitation
Hybridisation 65°C for 4h with agitation

Washing 1(Agilent) 23°C for 2 min 30 sec with soaking for 1 min 30 sec

Washing 2 (Agilent) 37°C for 2 min 30 sec with soaking for 1 min 30 sec

Slide drying 30°C for 2 min (under nitrogen at 30 Hg)

d. Slide scanning

Slides were scanned immediately with a GenePix® 4000B scanner (Molecular
Devices — USA) with adjusted pixel resolution to 5 um. The arrays were scanned
using a dual laser system to scan two wavelengths simultaneously (532 nm and
635 nm). The scanner was equipped with GenePix Pro version software that
captured images, generated output scanning files and results files. Data were

exported for further analysis.

6. 2. 4. Specificity of Agilent microarray

A total of 12 individual reference strains of bacteria, viruses and parasites were
used for the specificity testing; bacteria included Salmonella Typhimurium, S.
Enteritidis, E. coli F4 and E. coli F5, C. difficile, C. jejuni and B. pilosicoli. Viruses
included Porcine rotavirus A, TGEV, PEDV and PCV-2. The coccidian parasite

Eimeria acervulina was included. All pathogens were amplified using primers
251



Chapter 6 Design and Evaluation of Agilent Microarray

specific for the 16S rRNA gene for all bacterial strains, except for E. coli F4 and
E. coli F5 for which the Fdac faeG and K99 fimbrial subunit genes were
amplified. The VP7 gene was amplified for Porcine rotavirus, ORF1b for TGEV,
the membrane-nucleocapsid-envelope for PEDV, the replicase gene for PCV2
and 18S rRNA for E. acervulina.

To assess the specificity of the array when multiple pathogens are present, two
multiplex PCR reactions were performed as described for AT in Chapter 5 -
5.2.6.

In addition, bovine and porcine genomic DNA was used as a template in a PCR
reaction to amplify the mitochondrial cytochrome b gene.

PCR products were then randomly amplified (Chapter 5- 5.2.4.1 and 5.2.4.2).
Labelling with Cyanine Cy3 and Cy5 was done so that strains from different
kingdoms were labelled to be easily differentiated from each other (Chapter 6-
6.2.3). Labelled products were cleaned up, then pooled together according to
table 6.2 and in each experiment, four samples were hybridised, each in a

separate microarray, onto the slide.
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Table 6.2. Samples hybridised on the Agilent array

Slide Samples Labelled with Cy3 Labelled with Cy5
Sample 1 Salmonella Porcine rotavirus A
Typhimurium
Slidel Sample 2 Clostridium difficile TGEV

Sample 3 Salmonella Enteritidis PEDV
Sample 4 Campylobacter jejuni PCV2

Sample 1 Multiplex 1 Multiplex 2

Slide 2 Sample 2 Bovine cytochrome b Porcine cytochrome b
Sample 3 E. coli F4 Brachyspira pilosicoli
Sample 4 E. coli F5 Eimeria acervulina

6. 2. 5. Sensitivity of Agilent microarray

The sensitivity testing of the Agilent array was carried out using one virus (PCV-
2) and a bacterium (E. coli F5). Viral DNA was two-fold serially diluted and
subjected to a PCR reaction for the detection of a 543 bp fragment by 1% gel
electrophoresis. E. coli F5 was cultivated in nutrient broth overnight at 37°C
and serially diluted 10-fold. Bacterial DNA was extracted from 20 pl of pelleted
bacteria from dilutions 103 to 108 of nutrient broth culture using QlAamp UCP
Pathogen Mini Kit (Qiagen) (see 6.2.1). Concurrently, 200 mg of faeces from
apparently healthy cows were spiked with pelleted bacteria from 20 ul of each
dilution after being centrifuged at 10,000 x g for 10 min. The DNA was then
extracted from spiked faeces with dilutions 10°* (4.17 x 10! copy number) to
10® (4.17 x 10° copy number) using QlAamp DNA Stool Mini Kit (Qiagen)
(Chapter 4- 4.2.4). Additionally, a non-spiked faecal sample was included. All
dilutions were plated out in triplicate on MacConkey agar and the CFU (Colony
Forming Unit) counted after 24h incubation at 37°C (Fig. 6.1). Specific PCR

reactions were carried out with DNA extracted from dilutions 103 (4.17 x 10°
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copy number) to 107 (4.17 x 10° copy number) and spiked faeces with dilution
10! (4.17 x 10! copy number) to 10° (4.17 x 10° copy number). The primers
used were to amplify the K99 fimbrial subunit gene. PCR products of 1120 bp
were visualised on 1% agarose gel electrophoresis stained for fluorescence
with Nancy-520 (10%).

PCR products obtained from gene amplifications of PCV-2 (2ng (2.065 x 10°
copy number), 1ng (1.032 x 10° copy number), 0.5ng (5.164 x 10% copy
number), 0.25ng (2.582 x 10% copy number) and E. coli F5 (spiked faeces with
dilutions 102, 103, 104, and 107, (respectively 4.17 x 10%°, 4.17 x 10°, 2.08 x
108, 4.17 x 107 copy number), were first randomly amplified (Round A and B —
Chapter 5 — 5.2.4.1-b and 5.2.4.2), labelled respectively with Cy-5 and Cy-3
fluorescent dyes (Round C - Chapter 6—6.2.3) and simultaneously hybridised to

the Agilent array.

6. 2. 5. 1. Quantitative real time PCR

To assess the detection sensitivity of the Agilent array, Real-time PCR was
performed for bovine faeces spiked with six dilutions (-1 to -6, 4.17 x 10! to
4.17 x 10° copy number) of E. coli F5. A negative control and a non-spiked
sample were introduced in the assay.

The reaction was carried out in triplicates in a total volume of 20 pl. The master
mix comprised 7 pl of water, 10 ul of probe master 2x concentrated (Roche), 1
ul of primer mix (5 uM), 1 pl of probe mix (2 uM) (Table 6.3) and 1 pl of
template. The amplification was performed in a sealed 96 multiwell plate

(Roche) in a qPCR LightCycler 480 (Roche). Cycling conditions were as follows:
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initial denaturation for 10 min at 95°C, 57 cycles of 95°C for 10 sec, 57°C for 30
sec and 72°C for 2 sec. The probe (1 OD- Purification: HPLC- Sigma Aldrich— Life
Science) was dual-labelled with a reporter at the 5' end (6-FAM™) and a
quencher at the 3' end (TAMRA™), Results were obtained from the LightCycler
480 software 1.5.0.

Table 6.3. Designed E. coli F5 qPCR primers and probes

Primer / Probe .
Sequence Primer / Probe sequence
name

Forward primer gPCR_E_coli F5 F GTGTCAGTGGAGATGGGATTAC
Reverse primer gPCR_E_coli_F5 R CCGCATATTTTATACCGCCAAG
Probe E_coli_F5_Probe ATGCCATTGGGAAAACGCCATGAC
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6. 2. 6. Hybridisation of clinical samples to Agilent platform slides

A total of eight porcine and bovine (4 each) faecal samples were hybridised to
an Agilent slide. Porcine samples consisted of samples 8, C, 4B and 7B cited in
table 5.2. Bovine samples (1/3, 20T, 1 and 55) were positive by multiplex PCR
showing 1 to 3 bands on electrophoresis gel. It was not possible to identify the
pathogens that were present in these samples because the amplified PCR
products have very similar molecular weights; however the size of all amplicons
was higher than 1000 bp. Only positive clinical samples were subjected to array
hybridisation, whereas all the samples were screened using monoplex and

multiplex PCR.

6. 2. 7. Data analysis

The Agilent raw data results were normalised using quantile normalisation
(Hicks and Irizarry, 2014) with a microarray data analysis software, GeneSpring
13.0 (Agilent). This was to reduce variation between arrays due to technical
conditions during the experiment that are difficult to control. Also prior to
normalisation, the software automatically averaged signal intensities of
duplicated probes, as well as a log; transformation.

The cut-off signal was determined in the same manner as for the Alere
platform. For bovine and porcine clinical samples, all probes originating from
ribosomal sequences were removed from the output data.

To determine which software generated the most specific probes, the number

of positive probes per software for each reference strain that was correctly
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identified were compared using Fisher’s test. Equally, the number of false
positive probes were compared using the same test.

In this chapter and in all figures, the number of plotted spot intensities per
array were dependent on the total number of probes per organism on the
array, but also on the extent of cross-hybridisation, as it was meant to show

probes with intensities that were close to the cut-off values.
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6. 3. Results

6. 3. 1. Specificity of Agilent platform

6. 3. 1. 1. Specificity for unique species/strain hybridisation

A total of 16 hybridisation assays were carried out to interrogate the specificity
of the Agilent platform. Four species of viruses (Porcine rotavirus A, TGEV,
PEDV and PCV2), seven species/strains of bacteria (S. Typhimurium, S.
Enteritidis, C. difficile, C. jejuni, E. coli F4 (K88), E. coli F5 (K99) and B. pilosicoli),
and one species of parasite (E. acervulina) were tested. Additionally, host
(porcine and bovine) DNA cytochrome b were fluorescently labelled and
hybridised to the array.

Porcine rotavirus A array hybridisation showed that only seven porcine
rotavirus probes out of 411 hybridised to target (Fig. 6.2 - A), and which were
above the cut—off of 6.75, with the highest signal intensities varying between
6.81 and 8.07. This, in general contrasts with the behaviour of the Alere array
where P. rotavirus performed poorly. More than half the probes were designed
with eArray (57.14%, n=4) and 42.82% (n=3) with UPS.

Fig. 6.2 — B, illustrates successful identification of TGEV on the array. Among
probes with highest signal intensities (4.78 to 8.02), a total of 129 out of 151
probes on the array hybridised with the TGEV genome; however, 33 were
above the signal cut-off (6.17). Host genome hybridised with cytochrome b
probes represented by a set of 35 probes and their signals varied from 2.87 to

5.85. The presence of host DNA in the sample might have resulted from DNA
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carry-over during the extraction process. Among all TGEV positive probes (n=
33),45.45% (n= 15) were designed with UPS, 36.36% (n=12) with Picky, 18.18%

(n=6) with eArray. None of the probes designed with GoArray was above the

cut-off.
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Figure 6.2. Normalised signal intensities following hybridisation of Cy5-
labelled DNA of P. rotavirus A (A) and TGEV (B) on Agilent platform

Probes specific to the pathogen are displayed in blue, grey spots are cross-hybridised
probes. Signal cut-off of 6.75 for P. rotavirus and 6.17 for TGEV is represented by a
dashed horizontal line. Seven and 33 probes have signals higher than the cut-off
respectively for P. rotavirus and TGEV. Only two probes (Teschovirus polyprotein and
integron integrase genes) cross-hybridised with TGEV target with signals of 6.53 and
6.49 respectively.
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The PEDV hybridisation result (Fig. 6.3 — A) showed a more uniform pattern of
positive probes corresponding to PEDV, with highest signal intensities starting
at 7.95. Of a total of 212 probes specific to PEDV, 178 PEDV probes were above
the intensity cut-off limit of 3.86 and only one probe was specific to C. difficile
toxin B (tcdB), below the cut-off limit, with a signal intensities of 3.19,.

The highest proportion of positive probes was represented by UPS- and eArray-
designed probes with 46.63% (n=83) and 28.65% (n=51), respectively, then for
GoArray and Picky at 15.17% (n=27) and 9.55% (n=17).

PCV2 hybridisation results (Fig. 6.3 —B) showed 241 PCV2/1 positive probes
with the highest signals ranging from 7.97 to 3.75. Among these positive probes
(with signals higher than 4.48), only two probes (U_L int_T3SS 16U and
P_S new_par_06, designed from type 3 secretion system and CMY-2 family
class C beta-lactamase genes) cross-hybridised with PCV2 with a signal intensity
of 4.72 and 4.50 respectively. Out of 129 positive PCV1/2 probes, 44.96% (n=
58) were designed by UPS, 31.78 % (n= 41) by eArray, 17.05% (n= 22) by Picky

and (n=8) 6.20% by GoArray software.
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Figure 6.3. Normalised signal intensities following hybridisation of Cy5-
labelled DNA of PEDV (A) and PCV2 (B) hybridised into Agilent platform

Probes specific to the pathogen are displayed in blue. Grey spots are cross-hybridised
probes. Signal cut-off of 3.86 for PEDV and 4.48 for PCV2 is represented by a dashed
horizontal line. A total of 178 PEDV probes and 91 PCV1/2 probes had signal higher
than their respective cut-off.
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When DNA from S. Typhimurium was hybridised on the array, a high level of
cross-hybridisation was observed with targets in Salmonella other than S.
Typhimurium (Fig. 6.4). In effect, the amplified target was specifically the 16S
rRNA, which led us to decide not to remoive the probes designed from this
ribosomal gene. Only three positive probes were specific to S. Typhimurium,
while 15 positive probes were specific to S. Enteritidis. Other probes (n=4)
designed from other Salmonella serovars such as S. Choleraesuis and S. Dublin
also showed positive hybridisation with S. Typhimurium. It is important to point
out that all positive probes were designed from the 16S rRNA region of
Salmonella genome. Three Yersinia enterocolitica probes cross hybridised with

S. Typhimurium, these also being sequences from the 16S rRNA gene.
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Figure 6.4. Normalised signal intensities following hybridisation of Cy3-
labelled DNA of S. Typhimurium on Agilent platform.

Blue spot: 16S rRNA of all Salmonella serotypes including S. Typhimurium, S.
Enteritidis, S. spp, S. Dublin, S. Choleraesuis, and S. Newport, Light grey : Y.
enterocolitica, Dark grey : C. jejuni. Signal cut-off of 4.23 is represented by a dashed
horizontal line. The figure shows 22 probes (blue spots) specific to Salmonella spp. and
three cross-reating Y. enterocolitica 16S probes (light grey spot).
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As for hybridisation with S. Enteritidis DNA (Fig. 6.5), 12 probes among 13 were
specific to S. Enteritidis, only one Choleraesuis serovar probe was represented.
Again this probe was specific to the 16S rRNA of S. Enteritidis. The signal cut-

off value was 4.69.
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Figure 6.5. Normalised signal intensities following hybridisation of Cy3-

labelled DNA of S. Enteritidis on Agilent platform

Blue spot: 16S rRNA of all Salmonella serotypes including S. Enteritidis, S.
Typhimurium, S. spp, S. Dublin and S. Choleraesuis. Light grey spot: Y. enterocolitica,
Dark grey: C. jejuni. Signal cut-off of 4.69 is represented by a dashed horizontal line.
Except one specific probe to S. Choleraesuis, the remaining 12 probes were designed
from Enteritidis 16S rRNA and have signals higher than the cut-off.

Among 35 specific probes to S. Typhimurium and Enteritidis with signals higher
than their respective cut-offs, 74.29% (n=26) were designed using eArray and
only 11.43% (n=4), 8.57% (n=3) and 5.71% (n=2) were computed with UPS,

Picky and GoArray respectively.
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Hybridisation signal intensities of C. difficile (Fig. 6.6) showed that 50% of
probes with signal intensities higher than the cut-off (4.78) were specific to C.
difficile. Eleven (50%) probes were positive to C. perfringens, although probes
and targets all originated from the 16S rRNA. In terms of probe design software
performance, eArray scored the highest number of positive probes with 13 out
of 22 (59.09%), GoArray and UPS recorded 22.73% (n=5) and 18.18% (n=4)

respectively.
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Figure 6.6. Normalised signal intensities following hybridisation of Cy3-
labelled DNA of C. difficile hybridised into Agilent platform

Blue spot: 16S rRNA of C. difficile and C. perfringens, Light grey spot: L. intracellularis.
Signal cut-off of 4.78 is represented by a dashed horizontal line. The 22 probes with
signals above the cut-off were in totality representative of the 16S rRNA of C.
difficile/perfringens.
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When C. jejuni was hybridised to Agilent microarray (Fig. 6.7), 71 C. jejuni
probes were positive. Probes corresponding to C. coli hybridised with C. jejuni
target, yet again because both probes and targets were from the 16S -23S
intergenic spacer. Minimal cross-hybridisation with other species was observed
with S. Dublin, S. Enteritidis, S. Typhimurium, C. difficile, C. perfringens and L.
intracellularis, the probes of these species corresponded to the 16S rRNA

genes.
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Figure 6.7. Normalised signal intensities following hybridisation of Cy3-
labelled DNA of C. jejuni hybridised into Agilent platform

Blue spot: 16S rRNA of C. jejuni and C. coli. Light grey spot: Salmonella spp., Dark grey:
Clostridium spp., Black spot: Lawsonia intracellularis. A total of 71 specific probes to
the ITS of C. jejuni/coli are above the signal cut-off of 5.36, which is represented by a
dashed horizontal line.
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Bovine and porcine cytochrome b genes were hybridised simultaneously to the
same array (using two different dyes, Cy3 for bovine cytochrome and Cy5 for
porcine cytochrome) to assess their specificity and to evaluate the extent of
cross hybridisation of the host genes with pathogen probes. The results (Fig.
6.8) showed that among a total number of 64 probes of bovine cytochrome b
on the array, 31 were above the 8.54 signal intensity cut-off, with a range of
relatively high signals between 8.54 and 9.38. Among these probes 87.10% (n=
27) were designed by eArray and 12.90% (n=4) by UPS. None of the probes
designed by Picky or GoArray, showed a signal intensity higher than the cut-off.
The bovine cytochrome b gene cross-reacted with one porcine cytochrome b

probe, one bovine enterovirus probe and one Campylobacter coli probe.
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Figure 6.8. Normalised signal intensities following hybridisation of Cy3-
labelled DNA of bovine cytochrome b gene amplicon

Blue spot: Bovine cytochrome b, Red spot: Porcine cytochrome b, Grey spots: cross-
hybridising probes. Signal cut-off of 8.54 is represented by a dashed horizontal line.
Only eight porcine cytochrome b probes reacted with bovine cytochrome b but they
remained lower than the cut-off. Two viral and bacterial probes registred intensities
higher than cut-off.
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A lower proportion of positive probes was specific to porcine cytochrome b
(Fig. 6.9), only 11 were above the cut-off of 8.66 (althought 42 out of 51
hybridised to the array). Positive specific probes to porcine cytochrome b that
were designed by eArray scored 45.45% (n=5) while other probes counted for
36.36% (n=4), 18.18% (n= 2) and 0% respectively for GoArray, UPS and Picky
software. Also, only two bovine cytochrome b probes cross-hybridised with the
porcine host DNA and no pathogen-specific probes hybridised with the porcine

DNA above the cut-off.
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Figure 6.9. Normalised signal intensities following hybridisation of Cy5-
labelled DNA of porcine cytochrome b gene amplicon

Blue spot: Porcine cytochrome b, Red spot: Bovine cytochrome b, Grey spots: Cross-
hybridising probes. Signal cut-off of 8.66 is represented by a dashed horizontal line.
Two bovine cytochrome b with signals of 9.05 and 8.70 were above the cut-off limit.
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Nucleic acid from the E. coli F4 and E. coli F5 reference strains were also
hybridised, but in separate arrays to prevent cross-reactions.

Hybridisation of E. coli F4 to the array (Fig. 6.10) showed that a total of 14
probes were positive for the F4 gene (Blue spots), 12 of which were above the
cut-off of 7.57. There were 136 positive probes (Red spots) corresponding to
19 virulence genes and 20 probes which were virulence-specific and above the
cut-off. These comprised heat stable enterotoxin 1 (astA), labile toxins a/b (LTa
and LTbh), cadaverine/lysine antiporter (cadB and cadC), usher /outer
membrane usher gene (aggR) and transposases. Twenty probes showed the
presence of antibiotic resistance genes (Green spots) and only one probe
representing class Il integron multidrug resistance had a signal of 7.92, higher
than the cut-off. It is likely that these virulence and antibiotic genes have a
plasmid origin. In fact, the targeted genes (F4 and F5) are located on a plasmid,

alongside enterotoxins and antibiotic resistance genes.
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Figure 6.10. Normalised signal intensities following hybridisation of Cy3-
labelled DNA of F4 gene of E. coli F4 (K88) to Agilent platform
Blue spot: E. coli F4, Red spot: Virulence genes, Green spot: Antibiotic resistance

genes. Signal cut-off of 7.57 is represented by a dashed horizontal line. Twelve probes
were specific to ETEC F4 (Blue spot) with relatively high signals of 7.70-9.21. Red spots
represent virulence genes including heat stable enterotoxin (astA), labile toxin a and
b (LTa/b), lysine/cadaverine antiporter (cadB and cadC) and transcriptional activator
of aggregative adherence (aggR).

As for E. coli F5, Figure 6.11 shows that 23 positive probes) were specific to F5
gene (Blue spots), nine of which were above the cut-off of 8.48. In addition,
three virulence genes (Red spots above the cut-off line) showed relatively high
signals (8.86 to 9.00), they included plasmid IS4 family transposase and RNA |
and Il genes.

Virulence genes or genes playing a role in the virulence mechanism of E. coli
have been identified through 58 probes (Red spots), in addition to 30 genes
specific to antibiotic resistance (Green spots). These sets of probes correspond
to genes that may frequently be carried by plasmids and have been amplified
during the labelling of the F5 gene amplicon that involved a random

amplification.
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Figure 6.11. Normalised signal intensities following hybridisation of Cy3-
labelled DNA of F5 gene of E. coli F5 (K99) to Agilent platform

Blue spot: E. coli F5, Red spot: Virulence genes, Green spot: Antibiotic resistance
genes. Nine ETEC F5 probes (blue spots) and three virulence probes (Red spots)
showed signals higher than the cut-off of 8.48 is represented by a dashed horizontal
line. ETEC F5-specific probes had a signal of 5.04 to 9.22.

Among the probes that correctly identified E. coli F5 (n=9) and F4 (n=12) genes,
33.33% (n=3) and 41.67% (n=5) were respectively designed by UPS software.
Picky-designed probes were 33.33% for F5 and F4 (n= 3 and n= 4 respectively).
Probes with eArray were represented by 22.22% (n= 2) for F5 probes and 25%
(n=3) for F4 probes, while GoArray probes represented only 11.11% (n=1) and

0% of the total fimbrial F5 and F4 probes, respectively.
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The PCR product of B. pilosicoli 16S rRNA bound to 147 probes derived from B.

pilosicoli, B. hyodysenteriae and Brachyspira spp. (Fig. 6.12). All probes were

specific to Brachyspira 16S rRNA (Blue spots), which explains the positivity of

B. hyodysenteriae probes. Only two probes represented by C. jejuni cross-

hybridised with B. pilosicoli (Grey spots), however with signal intensity below

the cut-off of 5.53.

A high proportion of probes specific to Brachyspira were eArray probes

(63.31%, n=96), GoArray probes recorded 29.93% (n=44) of the total number

of probes. The percentage of specific probes to Brachyspira spp. 16S with

signals higher than the cut-off counted only 3.40 (n=5) and 1.36 (n=2)

respectively for UPS and Picky.
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Figure 6.12. Normalised signal intensities following hybridisation of Cy5-
labelled DNA of 16S rRNA of Brachyspira pilosicoli to Agilent platform

Blue spot: B. pilosicoli, B. hyodysenteriae and Brachyspira spp., Grey spots:
Campylobacter jejuni. The signal cut-off of 5.53 is represented by a dashed horizontal

line. A total of 147 probes were specific to Brachyspira spp. 16S rRNA, with signals
varying between 5.56 and 7.37. Only two C. jejuni probes cross-hybridised with the

target.
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Hybridisation of E. acervulina 185 rRNA on the Agilent microarray (Fig. 6.13)
showed a relatively high number of positive specific probes (n=45), with signals
above the signal cut-off of 7.66. The targeted gene was 18S rRNA, which
confronted us with the same issue of bacterial 16S rRNA. As 18S rRNA is a highly
conserved sequence among eukaryotic organisms, to counteract its low
specificity, all probes corresponding to the parasite 18S rRNA as well as 16S
rRNA were removed from the data. Only one bacterial probe cross-reacted with
target DNA (EAEC_vagC_03) with a signal of 7.75.

Positive probes designed with eArray and UPS software were common among
specific probes to the 18S rRNA, 40% (n= 18) and 35.56% (n= 16), respectively.

GoArray and Picky probes resulted in 15.56% (n=7) and 8.89% (n= 4).
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Figure 6.13. Normalised signal intensities following hybridisation of Cy5-

labelled DNA of 18S rRNA of Eimeria acervulina to Agilent platform

Blue spot: Eimeria spp. 18S rRNA, Grey spot: Cross-hybridising probes. The signal cut-
off of 7.66 is represented by a dashed horizontal line. One probe specific to E.coli
showed a signal higher than the cut-off (grey spot above the dashed line). A total of
45 probes were specific to Eimeria 18S rRNA with signal varying from 7.66 to 8.77.
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6. 3. 1. 2. Specificity of multiple species/strains hybridisation

Multiplex_1 and multiplex_2 were two sets of five pathogens each multiplexed
and hybridised to the Agilent platform. Figure 6.14 illustrates the results of
hybridisation of amplicons from the five pathogens in multiplex 1 (S.
Typhimurium, S. Enteritidis, C. difficile, PCV2 and TGEV) to the array. For
Salmonella, the target was the 16S rRNA gene with which all Salmonella
serovars (Newport, Choleraesuis and Dublin), hybridised. Equally, the 16S rRNA
of Clostridium reacted with both C. difficile and C. perfringens. This led to
representing all Salmonella serovars and Clostridium species concomitantly in
Fig. 6.14. Results revealed a predominance of Clostridum and PCV with probes
showing the highest signals, probably due to the higher copy number of these
pathogens in the sample. A total of 212 probes higher than the cut-off (3.45)
hybridised to the array. A relatively low number of Salmonella and TGEV probes
were positive, again possibly caused by a reduced amount of targets in the
sample. Few non-specific hybridisation with probes representing other
pathogens with signals starting from 2.38 to 3.49 were recorded, they include

Eimeria, Coronaviruses and host cytochrome b.
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Figure 6.14. Normalised
signal intensities following
hybridisation of labelled
DNA from five pathogens
to Agilent platform
(multiplex PCR- 1st set).

Blue spot: PCV1/2, Orange
spot: C. difficile/ C.
perfringens, Pink spot: TGEV,
Green spots: All salmonella
serovars, Grey spot: Cross-
hybridised probes from other
pathogens— Scatter plot was
generated  with  TIBCO®
Spotfire®.

A high number of positive PCV
and Clostridium probes have
hybridised (71 and 84
respectively) with high signals.
Salmonella counted 46 probes
and TGEV 11 probes with
signals above the cut-off of
3.45, represented by a
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Table 6.4 demonstrates the number of probes detected per pathogen and
software. Among a total of 212 signal intensities higher than the cut-off,
37.74% (n=80) and 34.43% (n=73) were identified by eArray and UPS
respectively, then 17.92% (n=39) and 9.91% (n=21) of positive probes were
designed by GoArray and Picky, respectively. In this multiplex hybridisation,
only 13 probes cross-reacted with non-targets.

Table 6.4. Number of detected pathogens per software in multiplex_1

Software PCV Teev  © diff./ Salm.  Total
C.perf.

eArray 21 2 35 22 80

UPS 32 5 33 3 73

Picky 12 4 3 2 21

GoArray 6 0 13 19 39

Total 71 11 84 46 212

C. diff.. Clostridium difficile, C. perf.: Clostridium perfringens, Salm.: Salmonella

As for the Multiplex_2 hybridisation results, the multiplex reaction targeted
among others, the 16S rRNA of B. pilosicoli and B. hyodysenteriae and the 16S
rRNA of C. jejuni and C. coli. This led to taking into consideration all signal
intensity results for these four species. The results (Fig. 6.15) showed clear
detection of PEDV and Brachyspira species with corresponding probes
exhibiting the highest signal intensities. Only seven rotavirus probes hybridied
to the target. The majority of C. jejuni and Eimeria probes showed low signal
intensities compared to the other species. The total number of hybridised

probes with signals above the cut-off of 3.21 counted 488. The targets of the
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multiplex cross-hybridised with 11 probes that were specific to Picornaviruses,

Pestiviruses and Shiga-toxin E. coli.
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Figure 6.15. Normalised signal
intensities following
hybridisation of labelled DNA
from five pathogens to Agilent
platform (multiplex PCR- 2"
set).

Orange spot: B. pilosicoli/
hyodysenteriae, Green spot: PEDV,
Yellow spot: P. rotavirus, Purple
spot: E. acervulina, Blue spot: C.
jejuni/ coli, Grey spot: Cross-
hybridising probes from other
pathogens — Scatter plot was
generated with TIBCO® Spotfire®.
Slightly less than 50% of the total
number of probes were specific to
Brachyspira species (217), 136
probes were positive for PEDV, 6
for Rotavirus, 35 for Eimeria and
57 for C. jejuni/coli. The cut-off
(3.21) is represented by a
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Among all positive probes (n=488) (Table 6.5), 46.65% (n=209) of probes
designed with eArray were able to hybridise to targets, a proportion of 27.90%
(n=125) was achieved by UPS probes and 18.75% (n=84) by GoArray probes.
Only 6.70% (n=30) of probes designed with Picky were able to identify the
targets correctly.

Table 6.5. Number of detected pathogens per software in multiplex_2

P.
Software . pilo/ PEDV  rotavirus Eimeri.a C.jej/. ¢ Total
yo A acervulina coli
eArray 122 38 4 14 31 209
UPS 42 59 2 10 12 125
Picky 5 16 0 5 4 30
GoArray 48 23 0 6 7 84
Total 217 136 6 35 54 488
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6. 3. 1. 3. Probe performance by software.

Probe signal intensities were again compared according to their respective
software design. Table 6.6 shows the number of positive probes for each
reference strain tested per software, which were not significantly different.
However, it seems that eArray and UPS generated the highest number of
hybridised probes to their targets, with eArray probes being the best
performing probes followed by UPS, Picky and GoArray.

Table 6.6. Number of positive probes per pathogen and software

UPS Picky eArray Goarray
P. rotavirus 3 0 4 0
TGEV 15 12 6 0
PEDV 83 17 51 27
PCV 58 22 41 8
C. difficile/perfringens 4 0 13 5
S. Typhimurium/Enteritidis 4 3 26 2
C. jejuni/coli 31 12 16 12
E. coli F4 [F5 8 7 5 1
B. pilosicoli/ hyodysenteriae 5 2 96 44
Eimeria acervulina 16 4 18 7
Bovine cytochrome b 4 0 27 0
Porcine cytochrome b 2 0 5 4
Multiplex 1 pathogens 73 21 80 38
Multiplex 2 pathogens 125 30 209 84
Total 421 130 597 232

As indicated earlier, false positive probes were also compared by software
design In Table 6.7, are represented the number of false positive probes, which
are the result of cross-hybridisation.

Probes that showed the highest total number of cross-hybridisation (Table 6.7)
were the ones designed with UPS and GoArray, followed by Picky, then eArray.
Misidentifications between the software were not statistically different.
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The overall percentage of correct positive probes identified by UPS, Picky,
eArray and GoArray were 30.74%, 32.38%, 39.04% and 34.38% respectively.
Falsely positive probes totaled respectively 0.40%, 0.82% and 0.94% for UPS,
Picky and GoArray. No false positives were registered among eArray-designed
probes.

Table 6.7. Number of falsely positive probes per pathogen and software

UPS Picky eArray  GoArray
0

o

P. rotavirus

TGEV

PEDV

PCV

C. difficile/perfringens

S. Typhimurium/Enteritidis
C. jejuni/coli

E.coli F4/F5

B. pilosicoli/ hyodysenteriae
Eimeria acervulina

Bovine cytochrome b
Porcine cytochrome b
Multiplex 1 pathogens
Multiplex 2 pathogens
Total
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6. 3. 2. Sensitivity of Agilent platform

The sensitivity testing of the array was assessed using two enteric pathogens;
E. coli F5 (K99) and PCV2. Hybridisations were performed using labelled PCR
products of the F5 gene. The DNA was initially extracted from spiked faeces
with 10-fold dilutions 102 (4.17 x 10 copy number) to 10 (4.17 x 107 copy
number) of a culture of E. coli F5. For PCV, donated nucleic acid was two-fold
diluted, and amplified with specific primers, labelled and hybridised to the

array. Porcine host DNA was spiked with PCV2 samples and bovine host DNA
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with E. coli K99. The aim of the spiking was to mimic a natural infection,
eventually to observe whether any cross-reactivity with the host DNA could
occur during hybridisation. The results of PCV2 hybridisation was illustrated in
Table 6.8 which clearly shows that no detection of the virus was observed
beyond a template concentration of 2 ng that corresponds to copy number
2.065 x 10°, with a total number of 35 positive PCV probes .

Table 6.8. PCV sensitivity test of Agilent platform

2ng 1ng 0.5ng 0.25ng

No hybridised PCV probes with signal

intensities above the cut-off 35 0 0 0

Figure 6.16 shows the hybridisation profile with copy number 2.065 x 10° (A)
and 1.03 x 10° (B) of PVC2. With the sample spiked with host porcine DNA, only
one cytochrome b-specific probe among the highest signal intensity values
showed an intensity of 3.14 . At lower pathogen DNA concentrations (1 ng
(1.032 x 10°), 0.5 ng (5.164 x 108 and 0. 25ng (2.582 x 10%) (Fig. 6.16 -B and
6.17), only host DNA was detected with the highest signal intensities being
recorded with pathogen DNA concentration at 0.5 ng and 0.25 ng (5.164 x 108

and 2.582 x 108 copies respectively).

282



Chapter 6 Design and Evaluation of Agilent Microarray

8 PCV2_2ng
® °
° ° °

6 ° 1
z N ° °
‘@ Y ) [ ]
< %o ° ° ° ° oo °
2 e ° ° °

A = 47 ® P *

-  pPeecacacaca= - e - -—--ee o e e eeeeoce o oo oeooe- - - - -
hd ® o e % YT AL TS
oo
wv

2

0

Probes
6- PCV_1ng
°

5 ® o o L4 °
> ° [ [
7 ° °
S ° °

B £+ ‘

= °
© [} ° [ ] ¢ (X ] [ ] °®
c [} [ ) [ ]
= e ° . oo, ° R °
a1 e% oo . ¢

Probes

Figure 6.16. Normalised signal intensities profile following hybridisation
with 2 ng (A) and 1 ng (B) of PCV2 to Agilent platform

Blue spot: PCV, Green spot: Porcine cytochrome b, Grey spot: Cross-hybridising
probes from other pathogens. The probes showed high signal intensities when 2.065
x 10° copy number (2ng of PCV) were hybridised to the array (A). (B) shows only two
specific probes to the host DNA (Green spots). Signal cut-off of 3.58 for PCV_2ng and
5.83 for PCV_1ng is represented by a dashed horizontal line.
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Figure 6.17. Normalised signal intensities profile following hybridisation
with 0.5 ng (A) and 0.25 ng (B) of PCV2 to Agilent platform

Green spot: Porcine cytochrome b, Grey spot: Cross-hybridising probes from other
pathogens. No PCV was detected with a DNA concentrations of 0.5 ng (5.164 x 108
and 0. 25ng (2.582 x 108). However 9 and 5 host cytochrome probes had signals

above the cut-off for PCV-0.5ng and PCV-0.25ng respectively. The signal cut-off
of 4.08 for PCV_0.5ng and 4.43 for PCV_0.25ng is represented by a dashed horizontal

To test the sensitivity of the array compared to PCR, qPCR and bacterial culture,

spiked bovine faecal samples with E. coli F5 (K99) serial dilutions were used for
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the detection of the fimbrial subunit gene by PCR, gPCR and array
hybridisation; the bacterial count per ml was also determined. A negative
control and non-spiked faeces were also introduced in all assays with the
exception of the array hybridisation assay.

The PCR gel image (Fig. 6.18) shows three bands that correspond to the
expected product size of 1120 bp. Agarose gel electrophoresis was able to
detect the amplified fimbrial subunit gene down to a copy number of 4.17 x
10°. No visible bands were noticed after amplification of samples spiked with
K99 dilutions -4, -5 and -6. Equally no amplification was observed in the
negative (non-template) control sample and non-spiked faeces, indicating that

initially the faeces were free of E. coli F5.

1.5kb
1kb

500bp |

Figure 6.18. Agarose gel electrophoresis image of amplified fimbrial subunit
gene in serial dilutions of E. coli F5 in spiked bovine faeces

L: 1kb DNA ladder, NC: negative control, N.Sp: non-spiked, -1 to -6: serial dilution of
E. coli F5. PCR product size: 1120 bp. Copy number: -1: 4.17 x 10%, -2: 4.17 x 10%°, -3:
4.17 x10%,-4:2.08 x 108, -5: 4.17 x 107, -6: 4.17 x 10°. Two clear bands and a faint band
appeared for dilutions -1 and -2 and -3 respectively.

The real-time PCR results showed a specific amplification of the targeted gene
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F5 in spiked faeces with dilutions -1 to -6 (Fig. 6.19). The gene was detectable
at the 27t cycle for dilution -1, 30", 33" and 37t respectively for dilutions -
2, -3 and -4. No amplification of the F5 gene was noticed for the negative
control, non-spiked faeces and dilutions -5 and -6. The detection limit was 2.08

x 108 copies.

Cycles

Figure 6.19. Real-time PCR of amplified F5 gene in spiked bovine faecal
samples
Blue curve: dilution -1 (4.17 x 10! copies) , Orange curve: dilution -2 (4.17 x 10%

copies), Green curve: dilution -3 (4.17 x 10° copies), Yellow curve: dilution -4(2.08 x 108
copies), Dark green curve: dilution — 5 (4.17 x 107 copies), Red curve: dilution -6 (4.17
x 10° copies).

Array hybridisation of spiked faeces with dilutions -2 to -5 are illustrated in Fig.

6.20 and 6.21. A total number of 70 spotted probes were specific to the E. coli

fimbrial gene F5 on the array and were thus expected to hybridise. The overall
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signal intensities were relatively low compared to reference strain signals. In
the sample spiked with E. coli F5 dilution -2, only 12 probes showed signals that
varied from 3.81 to 6.06. For the spiked sample with dilution -3, 11 probes were
considered as positive. However for dilution -4 and -5, no detectable
hybridisation above the cut-off was observed when the faecal sample was
spiked with E. coli F5. Most of the probes that cross-hybridised with targets
were the 16S rRNA probe. For instance 30 probes out of 37 were 16S specific
probes that cross hybridised with E. coli F5 gene in dilution -4.

Four approaches were used to control the array-based detection of E. coli F5:
plate bacterial count, PCR, real-time PCR and array hybridisation. Viable
counting achieved the highest sensitivity, detecting 61 CFU at dilution -5,
followed by the real-time PCR that amplified the target gene with less than 2.08
x 108 copies, equivalent to dilution -4. The PCR amplicon was detected by
electrophoresis down to 4.17 x 10° copies, equivalent to dilution -3. The
microarray seemed to have comparable sensitivity to real-time PCR (dilution -
4 —2.08 x 108) of the target gene present in the sample detected. It is important
to note that the copy number was based on the amount of DNA in the sample

prior to amplification.

287



Chapter 6 Design and Evaluation of Agilent Microarray

E.coli_F5_Dilution -2

8
g [ ]
= ° ° °
-‘i ° . e o
c [ ]
] ° [ J [}
c 4
A :4 R e e g g i g
o
<
20 [ ]
wv
24
0
Probes
8 E.coli_F5_Dilution -3
[ J
6 -
- [ ]
= [
4 L] [ ] o ©
g [ ] ° [ ]
B R L R P i e
c ° °
=
(%]
2
0
Probes

Figure 6.20. Hybridisation profile on Agilent platform with amplified fimbrial
subunit gene in bovine faeces spiked with E. coli F5 at dilution -2 (copy
number 4.17 x 10°) (A), and -3 (copy number 4.17 x 10°) (B)

Blue spot: F5 specific probe, Grey spot: cross-hybridising probes from other
pathogens. Respectively 14 and 11 probes had signal intensities above the cut-off
(dashed horizontal line) of 3.81 (dilution -2 - copy number 4.17 x 10%) and -3 (copy
number 4.17 x 10°).
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Figure 6.21. Hybridisation profile on Agilent platform with amplified fimbrial
subunit gene in bovine faeces spiked with E. coli F5 at dilution -4 (copy
number 2.08 x 108) (A), and -5 (copy number 4.17 x 107 copies) (B)

Blue spot: F5 specific probe, Grey spot: cross-hybridising probes from other
pathogens. None of the PCV probes were positive although two probes showed signals
of 5.10 and 4.76 (blue spots (A)), still below the cut-off. Dashed horizontal line
represents a signal cut-off of 5.23 and 5.42 for dilution -4 (2.08 x 108 copies) and -5
dilution (4.17 x 107 copies), respectively.
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6. 3. 3. Hybridisation with clinical samples

6. 3. 3. 1. Bovine samples

Four faecal samples of diarrhoeic calves were subjected to array hybridisation
using the Agilent platform following hybridisation. All probes deriving from 16S
rRNA, 185 rRNA, 23S rRNA and ITS regions were removed from the data output.
The 16S rRNA gene is not precisely indicative of the presence of a specific
bacterial species in the sample. In fact, it might be the 16S rRNA of any bacteria
as the whole gene has been amplified, and not the most variable discriminatory
region of the gene coding for the small subunit of the ribosomes. Additionally,
all cross-hybridising probes with tested reference strains were eliminated from
the analysis.

These clinical samples were considered positive to a pathogen, when a set of
probes representing the same pathogens showed the highest signal intensities
(above the cut-off limit), with many probes specific to several genes of the

same pathogen and in particular to the amplified sequence.
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Hybridisation assay of samples 1/3 (Fig. 6.22) showed mainly the presence of
two species of bacteria hybridised to three probes and four virus probes,
although six probes had their signals below the cut-off. This sample, with only
one unique probe showing above cut-off signal, was considered as negative to
the targeted pathogens. The Yersinia-probe with a signal of 1.76 was specific

to type 3 secretion system needle.
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Figure 6.22. Normalised signal intensities of bovine faecal sample 1/3 on

Agilent platform

Probes represented by blue spots were designed from virulence genes for bacteria and
structural and non structural coding genes for viruses. It clearly appears that this
sample was negative to major enteropathogens. Very few representative probes were
present. Dashed horizontal line represents a signal cut-off of 1.55.
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Sample 1 hybridisation results (Fig. 6.23), revealed more consistent comparison
between the array and the PCR. Indeed, ETEC F5 probes were positive after
hybridisation symbolised by blue dots in the figure, the highest signal intensity
being 8.83. Among the 16 ETEC F5 specific probes, 14 had their signals above

the threshold of 3.25.
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Figure 6.23. Normalised signal intensities of bovine faecal sample 1 on
Agilent platform

Blue spot: ETEC F5, Grey spot represent viruses including BVDV, coronaviruses,
rotaviruses and noroviruses, they also include antibiotic resistance probes. High signal
intensities of ETEC F5 probes (blue spot) denote the presence of the pathogen in this
sample. A neat distinction of signal intensities of the first 14 probes (blue spots) is
observed, ranging from 6.75 to 8.83. Dashed horizontal line represents a signal cut-off
of 3.25.
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A confirmatory PCR was carried out for the detection of ETEC F5 in this sample.
Specific primers were used to obtain amplicons with a size of 1120 bp. Figure
6.24 shows the presence of the fimbrial unit F5 in sample 1 with the expected

PCR product size.

1.5kb
1kb

500bp

Figure 6.24. Agarose gel electrophoresis image of confirmatory PCR of
sample 1

L: 1kb DNA ladder, NC: Negative control, 1: ETEC F5. Sample 1 shows the presence of
ETEC F5 with an expected size of 1120 bp.

Two other samples (20T and 55) were hybridised to the array. Sample 20T
showed a more diverse presence of bacterial, viral and parasitic species (Fig.
6.25). Viral species included members of rotavirus, BVDV, parvovirus, circovirus
and coronavirus. Bacterial species comprised Clostridium difficile which was
identified based on toxin A tcdA only. For this particular bacterium, among 40
C. difficile-specific probes, 26 corresponded to tcdA, 7 to Clostridium antibiotic
resistance genes (Chloramphenicol, erythromycin and tetracycline). The
remaining 7 probes were specific to toxin B tcdB and binary toxin cdt.
Rotavirus was also a pathogen that has a significant number of probes (26) with

a signal intensity varying from 2.36 to 8.29.
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Other microorganisms were also detected in this sample, including Gram
negative aerobic and anaerobic bacteria, with a majority of facultative
anaerobic bacteria and E. coli. The probes were in this case hybridising to
virulence and antibiotic resistance genes that could be carried by any
commensal intestinal bacteria. Bovine cytochrome b was also identified with
eight positive probes.

Unfortunately none of these organisms was confirmed by PCR.
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Figure 6.25. Normalised signal intensities of bovine faecal sample 20T on

Agilent platform

At least ten different microbial species were present in this sample, however with
varying representative probes, C. difficile and Rotavirus were the most represented
pathogens. Other viruses such as BVDV, Parvoviruses, Circoviruses, Picornaviruses,
Caliciviruses and coronaviruses were identified, nevertheless by few probes. The high
background noise contributed largely in the low cut-off value represented by a dashed
horizontal line at a signal intensity of 2.22.
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In sample 55 (Fig. 6.26), hybridisation results showed a relatively large number
of ETEC F5 probes (16) with signal intensities of 4.76 — 2.06, with 14 probes
above signal cut-off 3.45. Other hybridised positive probes were represented
by viral species (rotavirus, coronavirus, circovirus, picornavirus and norovirus).
Interestingly, among pathogen specific probes, 11 probes corresponded to E.

coli attaching effacing gene (eae).
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Figure 6.26. Normalised signal intensities of bovine faecal sample 55 on

Agilent platform

Blue spot: ETEC F5. Grey spots represent E. coli eae genes, but also few probes from
viruses such as rotavirus, coronavirus, circovirus, picornavirus and norovirus, however
their corresponding signal intensities remain below the cut-off of 3.45, illustrated by a
dashed horizontal line.
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The same approach was adopted for sample 55, for which a confirmatory PCR
was carried out (Fig. 6.27). The gel image clearly demonstrated the presence of
the fimbrial unit F5 gene (1120 bp) in the sample which is in accordance with

the microarray results.

1.5kb
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Figure 6.27. Agarose gel electrophoresis image of confirmatory PCR of

sample 55

L: 1kb DNA ladder, NC: Negative control, 1: ETEC F5, 2: 16S rRNA. The figure shows
presence of ETEC F5 in sample 55 with an expected size of 1120 bp. The band in lane
2 corresponds to bacterial 16S ribosomal RNA amplicon of 1494 bp.
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6. 3. 3. 2. Porcine samples

A total of four porcine faecal samples were hybridised on the Agilent platform.
Piglets were diarrhoeic and a high mortality rate was recorded. The samples
were initially searched for major pathogens in a separate study using ELISA and
targeting Porcine rotavirus A and C. difficile. In addition to pathogens already
shown to be present by the provider using an ELISA, Porcine kobuvirus has been
serendipitously identified by PCR in some samples. The samples were subjected
to a multiplex PCR targeting Porcine rotavirus A, Porcine kobuvirus, C. difficile
16S rRNA, C. difficile toxin A (tcdA), toxin B (tcdB) and binary toxin (cdt). The
multiplex PCR products were labelled and hybridised to the array. As multiple
pathogens /genes were targeted in porcine samples and unlike the bovine
clinical samples, porcine samples contained specific pathogens that were
confirmed by PCR (Fig. 6.28) and by ELISA, consequently a higher number of
probes, above the cut-off have been considered in the identification of the
pathogens. Also all those considered positive and negative, were illustrated in
the figures to evaluate the extent of cross-hybridised probes, the latter could
also be assumed to belong to one of the PCR-targeted pathogens, particularly
bacterial, as many genes were more likely to have shared regions amongst the
bacteria and parasites. These can be transferred by transduction,
transformation and conjugation.

As mentioned before, a multiplex PCR reaction was performed with four
porcine samples (samples 8, C, 4B and 7B) and examined by electrophoresis on
a 1.2% agarose gel (Fig 6.28).
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The figure confirms the presence of C. difficile in samples 8 and particularly C
and 4B with an expected PCR product size of 1469 bp for the 16S rRNA, but also
the presence of a tcdA with a 1437bp expected amplicon size. These two PCR
products have nearly the same size, which means that although two clear
distinct bands were not visualised on the gel, they might have been amplified
but were overlapping, thus producing a unique band.

Sample 8 contained C. difficile and Porcine rotavirus A with the expected size
of amplicon, 1469 bp, 1437 bp and 521 bp respectively for C. difficile 16S rRNA,
tcdA and P. rotavirus.

Samples C and 4B appeared to contain the same pathogens; indeed the gel
electrophoresis image shows that both samples contained C. difficile. Two
unexpected bands (indicated with yellow arrows) were present and correspond
to 550-600 bp and 900-1000 bp.

Finally, sample 7B shows a single visible band (indicated with a white arrow)

corresponding to the expected PCR product size of Porcine kobuvirus (803 bp).
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Figure 6.28. Agarose gel electrophoresis image of confirmatory multiplex

PCR for porcine clinical samples

L: 1 kb DNA ladder, 8, C, 4B and 7B: samples. White arrow indicates a faint band
corresponding to P. kobuvirus product size, Yellow arrows indicate unexpected bands.
Samples 8, C and 4B show bands corresponding to C. difficile 16S rRNA (1469bp).
Samples 8 and 7B contain respectively P. rotavirus (521bp) and P. kobuvirus (803bp).
C. difficile 16S rRNA: 1469 bp, C. difficile tcdA: 1437 bp, C. difficile tcdB: 1266 bp, C.
difficile binary toxin cdt: 1774 bp, P. kobuvirus VP1: 803 bp, P. rotavirus VP7: 521 bp.

For the four porcine samples, the threshold values were calculated as
mentioned earlier. As indicated for bovine samples, signal intensity data from
specific probes of 16S, 23S and ITS probes have been removed as they would
affect the cut-offs considerably. This was carried out despite the hybridised

multiplex PCR products on the array comprised the 16S rRNA.
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The results of sample 8 hybridisation on the array (Fig. 6.29) suggested a high
dominance of C. difficile followed with 34 probes, Porcine rotavirus A with 29
probes and Porcine kobuvirus with 17 probes above the cut-off signal of 3.
Again, it is important to point out that all C. difficile probes in the figures are

representative of toxin A and binary toxin genes.
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Figure 6.29. Normalised signal intensity of hybridised sample 8 onto Agilent
platform

Blue spot: C. difficile tcdA and cdt, Orange spot: P. rotavirus A, Green spot: P.
kobuvirus, Grey spot: Gram negative bacteria. A total of 46 toxin A (tcdA) and binary
toxin (cdt) probes had a signal of 2.41 to 5.98. However 34 were above the threshold
of 3.00. Rotavirus probes counted 43 probes with 29 above cut-off and kobuvirus 21
with 17 over cut-off. Dashed horizontal line represents the signal cut-off.
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Array hybridisation of sample C displayed a total of 55 probes specific to
Clostridium toxin A and binary toxin (Fig. 6.30) with signal intensity fluctuating
between 2.23 and 5.26. Above cut-off (3.72), 26 and 5 probes were specific to
tcdA and cdt respectively. Other viral and bacterial species were also present
but their signal intensity remainded lower than the cut-off, except from one P
rotavirus probe. Four probes were specific to rotavirus with intensities varying

from 2.25 to 4.67.
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Figure 6.30.Normalised signal intensity of hybridised sample C onto Agilent
platform

Blue spots: C. difficile tcdA and cdt, Orange spot: Rotavirus, Green spot: Coronavirus,
Red spot: Norovirus, Brown spot: Picornavirus, Yellow spot: Bocavirus, Grey spot:
Circovirus, Light grey: Cryptosporidium, Light blue spot: Bacterial virulence markers,
Pink spot: Antibiotic resistance markers. More than 30 tcdA and cdt probes had their
intensities above the cut-off of 3.72, illustrated by a horizontal dashed line.
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Sample 4B array hybridisation (Fig. 6.31) also showed a substantial presence of
C. difficile with 49 positive probes composed exclusively of probes designed
from C. difficile toxin A and binary toxin. Interestingly, this sample exhibited the
presence of B. fragilis, and specifically the presence of the clindamycin
resistance gene (ermF) with 17 probes corresponding to the gene. In this
sample, the high background noise contributed noticeably to increase the cut-
off threshold which reduced the number of probes above cut-off signal
intensity to only eight, five of which were specific to toxin A and three to the
binary toxin. The remaining probes were specific to porcine cytochrome b,
bocaviruses, noroviruses and antibiotic resistance genes of E. coli. Eight probes
reacted with the host cytochrome b gene, this gene was not subjected to
specific PCR. Nevertheless it might have been amplified during the random

amplification step.
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Figure 6.31. Normalised signal intensity of hybridised sample 4B onto
Agilent platform

Blue spot: C. difficile tcdA and cdt, Orange spot: Host cytochrome b, Green spot:
Bocavirus, Purple spot: Rotavirus, Red spot: Norovirus, Grey spot: Circovirus, Light blue
spot: Bacterial virulence markers, Pink spot: Antibiotic resistance markers. Eight tcdA
and cdt probes had a signal over 4.57 (represented by horizontal dashed line), however
a total of 49 probes had an intensity between 2.26 and 6.08.
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Array interrogation with sample 7B (Fig. 6.32) revealed 38 Porcine kobuvirus
probes that hybridised to the virus genome. Probes with signals above the cut-
off of 7.49 counted 21. Also one probe vyielded a signal of 5.50 for Porcine
rotavirus A and five to C. difficile tetracycline resistance with relatively high
signals (4.93 — 6.51). As the previous sample, a high background noise was
observed for this sample which affected the cut-of value. Despite being below
the cut off, many probes showed signals from 4.91 to 7.25, with in total of six
species of viruses (Norovirus, coronavirus, parvovirus, bocavirus, circovirus,
and pestivirus). Seven probes were specific to bacterial virulence genes and 13

to antibiotic resistance genes.
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Figure 6.32. Normalised signal intensity of hybridised sample 7B into Agilent

platform

Blue spot: P. kobuvirus, Grey spot: Rotavirus, Red spot: Norovirus, Green spot:
Coronavirus, Orange spot: Parvovirus, Yellow spot: Bocavirus, Brown spot: Circovirus,
Purple spot: Pestivirus, Pink spot: Bacterial virulence markers, Light blue spot:
Antibiotic resistance markers. Above the signal intensity cut-off, a total of 21 probes
specific to P. kobuvirus had a signal between 7.59 and 9.11. Dashed horizontal line
represents the signal cut-off of 7.49.
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6. 4. Discussion

The development of an array-based approach to diagnosis and surveillance
requires a long term strategy involving the parallel development of a more
targeted smaller array suitable for high-throughput screening together with a
large pan-pathogen array containing a much wider selection of probes which
might be used for confirmation studies in outbreaks but also for a more refined
in depth analysis of individual samples and which may contain new genetic
combinations, including new pathogens.

The Agilent microarray platform supports high density oligonucleotides,
generally of 60-mer size. The format 4x44k has been used in this study with
15993 probes spotted in duplicates on a glass slide.

The validation of enteric probes using the Agilent platform in this study
followed the same approach as employed for viral enteric probes on the Alere
platform.

The specificity of the platform was assessed using four viruses, seven bacteria
and one parasite. Two multiplexed target genes for five different pathogens
each were also used to test the detection specificity of this platform. The
results showed that TGEV, PEDV and PCV were identified appropriately by
Agilent microarray. This was not the case for Porcine rotavirus A, for which only
seven probes were able to hybridise, however their signal intensities were the
highest (6.8-8.0). Porcine rotavirus A amplification produced a fragment of VP7
gene, which has been showed to encompass 27 G genotypes (Matthijnssens et

al., 2011). The probe design was based on all porcine genotypes sequences

304



Chapter 6 Design and Evaluation of Agilent Microarray

deposited in GenBank at the time of the design, but rotavirus VP7 might belong
to a non-covered genotype by the design and possibly the virus might have
been subjected to reassortment of the genome segment, an event that has
been reported by many studies (Trojnar et al., 2010; Lorenzetti et al., 2011;
Papp et al., 2013). The almost identical performance of P. rotavirus probes with
the Agilent array compared with the Alere array again suggests that closer
attention to probe design including elimination of poor performing probes is
an essential component of array improvement.

S. Typhimurium and S. Enteritidis showed a high level of cross-hybridisation, in
favour of S. Enteritidis, as the probes were more specific to it than to S.
Typhimurium. The main reason was that the hybridised target was nearly the
entire 16S rRNA sequence, an approximatively 1500 bp sequence coding for
the 16S ribosomal small subunit that has a high degree of conservation at the
genus level, but also among all members of the Enterobacteriaceae family
(Brenner, 1992). This downside was not observed in C. difficile and C. jejuni
hybridisation results where they have been more accurately identified with a
high number of species-specific probes for both species.

Host DNA is present in biological samples and represents a large amount of the
extracted DNA (Feehery et al.,, 2013), consequently it is present and
complicates downstream processes and reactions. Hybridisation of genomic
host DNA through mitochondrial cytochrome b was aimed mainly to assess
whether host DNA cross hybridises with non-host probes. The results showed

positive hybridisation to host specific probes. Some bovine and porcine probes,
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however, also cross-reacted with non-target probes, however their signals
remained below the cut-offs. Indeed the cytochrome b gene possesses a highly
conserved region of 359 bp and the identity of the whole sequence of bovine
and porcine cytochrome b was 86.64% (Erwanto et al., 2012). As indicated in
Chapter 5 it may be that host DNA containing a more balanced combination of
genes would have provided a better spread of weaker signals against which
pathogen signals could have been compared.

The E. coli fimbrial adhesins F4 and F5 array hybridisation led to simultaneous
detection of virulence and antibiotic resistance genes. This indicates that genes
that are harboured on the plasmid would, not surprisingly, also be amplified
when the sample was prepared for the labelling step. Several authors have
demonstrated that virulence factors as well as antibiotic resistance genes were
carried on the same plasmid than adhesins F4 and F5 (Gonzalez and Blanco,
1985; Harnett and Gyles, 1985). Moreover, according to Partridge (2015),
members of the Enterobacteriaceae family share considerable amounts of
genetic material, that consist of genes captured from chromosomes of
different species which are then transferred through plasmids. These plasmids
have been demonstrated to mediate horizontal transfer between different
species and genera of bacteria, depending on their host range (Thomas and
Nielsen, 2005).

Based on the above, for E. coli F4 and F5, all probes corresponding to the
Enterobacteriaceae family and other Gram negative/positive bacteria were

considered as positive, as the virulence or antibiotic resistance gene might be
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present on the plasmid. Eventually, if the gene is located elsewhere in the
bacterial genome, it could also generate a positive hybridisation since a random
amplification step was performed prior to labelling and can, to some extent,
increase the chances for other genes to be identified.

B. pilosicoli has also been identified accurately by the array. Similarly, E.
acervulina showed a high level of hybridised specific probes.

Amplicons from two multiplex reactions (multiplex_ 1 and multiplex_2)
containing a mixture of five DNA templates of different pathogens each were
hybridised onto the same array using Cy3 and Cy5 dyes. The results showed
that the ten targets were correctly identified, albeit unevenly; the hybridisation
clearly might be dependent on the amount of each DNA/cDNA in the sample
and sensitivity studies are thus important as a validation step. Rudi et al. (2003)
reported weak signal intensities when hybridised targets were diluted. It is also
essential to point out that a hybridisation solution with multiple targets is a
complex system where millions of targets are present and competition of
targets for the binding to the probes is thus to be expected.

Moreover, the number of existing probes on the array is essential as a higher
number of probes increases the chance of the target to be detected which then
leads to a philosophical investigation of the approach to pathogen detection in
terms of how many probes signify a positive detection. TGEV and Eimeria
showed a low number of spots as they were the least represented among the
10 pathogens on the array with 151 and 107 probes, respectively. This was not

applicable for all pathogens, since for instance the array carries 846 specific
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probes to Porcine rotavirus A, B, and C. However, only seven probes were
positive for Porcine rotavirus A. Interestingly, the same probes were positive
when the pathogen was hybridised following singleplex amplification. This
could be attributable to target single stranded DNA secondary structure that
might have notably impacted the hybridisation efficiency (Lane et al., 2004).

It was clear that some probes for certain pathogens gave a uniformly lower
signal intensity (e.g. TGEV). This could be explored in more detail in future in
terms of probe selection.

Although multiplex PCR was performed for only five pathogens, a higher
number with could be achievable with the necessary optimisations resulting in
targeting other major enteropathogens that might be present in the sample. It
Also offers the advantage of using smaller amounts of sample and to use fewer
microarrays which reduces considerably the cost of the detection. Many
studies have used multiplex PCR amplicons for microbial detection (Volokhov
et al., 2002; Wilson et al., 2002; Jaaskeldinen et al., 2006; Wang et al., 2011).
These authors reported low signal intensities, false positive, cross-
hybridisations and loss of sensitivity.

The use of specific amplification with multiplex PCR has been used in this
chapter for experimental purposes. The work from the Alere array indicates
advantages of using random over specific amplification, not least because we
are unable to presume to know what pathogens are in any clinical sample.
Non-specific hybridisation could arise from non-specific PCR products

generated during the multiplex reaction as no optimisation of the technique
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was performed. Additionally, the random amplification step carried out prior
to labelling might also increase the amount of non-target sequences in the
sample. The 16S rRNA cross-reactivity between all bacteria is also a problem
for this array design, which necessarily needs confirmatory post-hoc
experiments. Eventually, discriminative detection of pathogen could also be
based on amplified targets from other regions of the genome including specific
virulence and antibiotic markers of the pathogens.

The sensitivity of the Agilent platform in discriminating descending amounts of
viral (PCV-2) targets showed a low sensitivity of 2.065 x 10° copies as found
with the Alere array (chapter 5). This can be attributed to a low efficiency of
amplification in samples with less than 2 ng of viral RNA. Host DNA was spiked
with viral nucleic acids to simulate a natural infection. It appears that at lower
amounts of viral targets, porcine host DNA was more likely to hybridise to
corresponding host probes, disadvantaging PCV2 hybridisation. This might be
due to a competitive process for binding during hybridisation or may be the
result of biased priming kinetics.

The detection limit of the microarray when spiked bovine faecal sample with E.
coli F5 was hybridised seemed to be comparable to the gqPCR technique
detection limit of 2.08 x 108 copy number (dilution -4), followed by the PCR
technique with 4.17 x 10° copy number (dilution -3). This was disappointingly
poor and would have resulted in a repeated investigation given more time but
certainly merits clarification in terms of technical faults which most likely is the

basis of the poor sensitivity. The highest sensitivity was attained by the plate
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count but this was also poorer than expected. The low sensitivity of the PCR
might be the result of poor primer selection. Also, no optimisation was
performed, as indicated earlier.

Further array evaluation was based on interrogation with four porcine and four
bovine clinical samples. For what was a preliminary investigation the samples
were subjected to multiplex PCR targeting major enteric pathogens in the
bovine species and C. difficile and its toxins, Porcine rotavirus A and Porcine
kobuvirus in the porcine samples.

All bovine sample hybridisation data analysis was based only on probes from
virulence and antibiotic resistance genes and those designed from viral
structural and non-structural gene sequences. Ribosomal specific probes,
which were non-discriminatory for bacteria and parasites were removed from
the data output.

Sample 1/3 showed the presence of only one probe corresponding to a type 3
secretion system, this is visibly not conclusive to assert the causality of the
intestinal infection. On the contrary, samples 1 and 55 clearly showed the
presence of E. coli F5 with the highest probe signal intensities which was also
confirmed by PCR. Several studies demonstrated that the most common cause
of neonatal diarrhoea in calves is E. coli that possesses adhesion antigen F5
(Younis et al., 2009, Bartels et al., 2010; Picco et al., 2015; El-Seedy et al., 2016).
Sample 20T showed a multiple presence of species, with signal intensities
higher than the cut-off. In terms of the number of representative probes of

pathogens, it seems that C. difficile and Rotavirus counted the highest number
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of probes, however, as no confirmatory PCR was carried out, it is consequently
hypothethised that this sample might contain these two pathogens.

In porcine samples, six pathogens/toxins were targeted, Porcine rotavirus A
(VP7), Porcine kobuvirus (VP1), C. difficile (16S rRNA), C. difficile toxin A (tcdA),
toxin B (tcdB) and binary toxin (cdt). The array successfully identified the
pathogens, with samples 8 containing C. difficile and its toxins, A (tcdA) and
binary toxin (cdt), Porcine rotavirus and Porcine kobuvirus. Both samples C and
4B contained C. difficile, although only eight C. difficile toxin-probes were
present in sample 4B. This sample has also showed a high proportion of probes
specific to clindamycin resistance genes (ermF). As for sample 7B, the presence
of Porcine kobuvirus has been observed although with high background noise.
The multiplex PCR reaction of these four samples confirmed the array results.
However, it failed to detect Porcine kobuvirus in sample 8, which clearly
appeared on the array. In this sample, a faint band is visible for C. difficile toxin
A which presence was again indicated by the array. Moreover binary toxin
amplification was not visible on the gel but seemed to be present in samples 8,
C and 4B. The C. difficile toxin A gene might have been amplified by the PCR,
however its molecular size made it undistinguishable from the 16S rRNA gene
amplicon. The non-specific bands in the multiplex PCR possibly played a role in
the high background noise observed in samples C and 4B, but this does not

adequately explain the background noise in sample 7B.
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A high prevalence of C. difficile has already been reported by many recent
studies and it was believed to cause neonatal diarrhoea in piglets (Squire et al.,
2013; Moono et al., 2016). Moreover, a highly virulent strain has been detected
recently in piglets with diarrhoea (Wu et al., 2016). Porcine rotaviruses A are
considered as very important epidemiologically and clinically in pigs and many
authors described their presence in young piglets with diarrhoea (Chandler-
Bostock et al., 2014; Lorenzetti et al., 2016; Theuns et al., 2016). Simultaneous
detection of C. difficile and P. rotavirus has already been reported in diarrhoeic
piglets (Farzan et al., 2013), others have found co-infection of pigs with C.
perfringens and type A Porcine rotavirus (Cruz Junior et al., 2013).

Porcine kobuvirus has been isolated in both diarrhoeic and asymptomatic pigs,
and the role of this pathogen in intestinal infections pathogenesis is still
unclear. However, many authors have isolated this virus from pigs in European
countries (Debast et al., 2009; Di Profio et al., 2013; Zhou et al., 2016). In China,
Porcine kobuvirus was the first isolated causal viral agent of diarrhoea in pigs
(zhao et al., 2016).

Ideally, a successful hybridisation of a sample to an array would be a
hybridisation where only the target(s) is/are present. However, this situation is
less likely to be realistic in a clinical sample where a mixture of pathogens,
commensal flora and host DNA are present. Extraction techniques are generally
non-selective for microbial DNA. The detection of specific genes to targeted
species is thus essential for the accuracy of the identification. The use of the

whole sequence of the 16S rRNA as a target resulted in a high level of cross-
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hybridisation between bacterial ribosomal 16S sequences, and this has
eventually compelled us to remove the totality of ribosome gene-specific
probes. Thus misidentifications could easily occur as there is only 0.17% of
diversity among 16S rRNA genes in bacterial genomes (Stewart and Cavanaugh,
2007). Equally, poor quality sample where nucleic acid is degraded or in a
minute amount can affect the amplification efficiency and consequently the
microarray detection ability.

Despite the poor performance of the microarray in this study for the pathogen
detection in 50% of bovine clinical samples, it performed successfully in
identifying the reference strains. Moreover, the use of array hybridisation
made the distinction between multiplex PCR products easier as it was not
possible to differentiate between amplicons of similar size. It performed much
better with the porcine samples. The reason for this is currently unclear but a
closer examination of the probes and their performance leading to elimination
of poor performing probes should improve this. This is validation by use, an
approach which has been used by Dr. Malcom Banks at APHA, Weybridge in
the past (pers. comm. to P. Barrow).

Probe design is an important step undertaken when developing a microarray
as a diagnostic tool. Four probe design software (UPS, eArray, Picky and
GoArray) were utilised based on published pathogen nucleotide sequences in
GenBank. For each software, the same sequences were used, resulting in an
output probe sequence set that relied on the strategy of the software used for

selecting the best probes. Although statistically not significantly different,
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probes designed with different software performed equally well. However,
eArray, followed by UPS, yielded the higher detection rates compared to the
other software. However, UPS, Picky and GoArray probes misidentified some
of their targets; nonetheless they remained in a small proportion. Although
GoArray and eArray 3’ selection probes primarly for transcriptional analyses,
which can lead to selective amplification of rRNA (Huang et al., 2014), in this
study this was clearly not a problem.

The behaviour of the different probes cannot be totally predicted.
Thermodynamic models might be good predictors of the binding behaviour of
the probes. However, samples are generally sufficiently complex in structure
prohibiting full modelling of the hybridisation behaviour of the probes. If
parameters that include this particular complexity of the sample exist alongside
hybridisation dynamics and all interactions that probes undergo with target
and non-target sequences, their folding potential and formation of secondary
structures, the modelling of probe hybridisation prediction, might then be fully

applied.
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Chapter 7. General Discussion and Conclusions

Several DNA-based microarray studies were carried out aiming at developing
an array for the detection and identification of infectious microorganisms in
clinical enteritis samples (Wang et al., 2002; Wattiau et al., 2008; Hauser et al.,
2011; Jiang et al., 2010; 2011). In the field of infectious disease, microarrays
have the potential to revolutionise research disease management (Bryant et
al., 2004). The technology is regarded as highly reliable and offering a great
rapidity of execution (Hong et al., 2004; Mao et al., 2008).

Intestinal disorders due to a microbial aetiology are the most important life
threatening disease, particularly in young animals. Anamnesis and clinical signs
are not sufficient for pathogen diagnosis. Molecular techniques are known to
be reliable, precise and sensitive. However, the most challenging task in enteric
infections diagnosis is the detection of multiple pathogens concomitantly
present within a faecal sample.

The specific aim of this study was to design and develop and carry out
preliminary evaluation of a DNA-based microarray for the detection of enteric
pathogens in cattle and pigs. The microarrays developed in this study are
considered the first to cover a broad range of pathogens causing enteric
infections in cattle and pigs but not in humans. It is also the first study to assess
the performance of two platforms with a common set of probes and with
probes designed by four different software from common sequences on a

single platform. Three main groups have developed a microarray detection for
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enteric pathogens, they include Han et al. (2007) who used an in-house glass-
spotted probes of 8 antigen O Salmonella serogroups genes. The second study
by LeBlanc et al. (2009, 2010), showed the detection of four pestivirus species
using microarray magnetic beads using array slides fabricated by GE Healthcare
(LeBlanc et al., 2009). The same team carried out a microarray detection of
pestiviruses using a suspension microarray coupled with real time PCR
detection, using a Luminex platform (LeBlanc et al., 2010). In a third study (Jiang
et al.,, 2010), the authors developed a microarray for the detection and
genotyping of Porcine circovirus and differentiation between PCV-1 and PCV-2
in pigs; the microarrays were printed in-house on glass slides. All these studies
were optimised to allow specific and sensitive detection.

The quality of the sample is an important parameter in pathogen identification,
in particular when using molecular techniques that necessitate an
irreproachable integrity of the DNA or RNA. Faeces remain one of the most
difficult specimens for nucleic acid extraction due to the inhibitors contained
in this material (Monteiro et al., 1997). Dependent on the host health condition
and diet, faeces are a mixture of substances such as proteins, polysaccharide
complexes, lipids, haemoglobin, bile salts, bilirubins, phenolic compounds and
food degradation products (Nantavisai et al., 2007; Gongalves et al., 2008).

It has been shown that incomplete removal of inhibitors reduces the sensitivity
and specificity of molecular assays such as PCR or RT-PCR (Monteiro et al.,
1997; Wilson, 1997; Das et al., 2009) by 1000-fold (Harris and Barletta, 2001;

Ward and Wang, 2001). To avoid false negative results due to PCR inhibitors
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present in faeces, it is essential to remove inhibitors from specimens by using
reagents that degrade or absorb inhibitors as part of the extraction protocol.

In this study, all techniques used preceding hybridisation were amplification-
based using enzymes for the extension phase. Inhibitors can affect enzyme
activity or bind directly to DNA preventing amplification. False negatives are
often the result of a lack of amplification, and in this study, false negative
results in the bovine samples might have been due to the utilisation of a kit
(RTP Pathogen kit — Stratec Molecular) that offers the advantage of
simultaneous extraction of pathogen DNA and RNA, but lacks a consideration
of the specific nature of faecal material. However, it has been adapted by Fast-
Track Diagnostics Ltd., Malta, for human stool (personal communication).
Stratec uses a non-chaotropic technology unlike the majority of extraction kits
that use guanidine to disrupt proteins, but which also may lead to nucleic acid
denaturation. The benefit of the non-chaotropic salts is to ensure that enzymes
in the mixture remain active and lytic. However, the drawback of this
technology is undoubtedly its application for faecal specimens where nucleases
are degrading DNA and RNA, and the problem is probably compounded when
the DNA or RNA are single stranded, which is the case of most of diarrhoeic
viral pathogens. The unsuitability of the Stratec kit for faecal sample nucleic
acid extraction was questioned when microarray sensitivity, with spiked faeces
experiments was assessed. Indeed, spiked bovine faecal samples with pelleted
bacteria of descending dilutions of E. coli F5 were subjected to DNA extraction

with Stratec followed with PCR detection using confirmed working primers that
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are specific to the fimbrial subunit gene of E. coli F5. The PCR results (data not
shown) were unanimously negative. This issue was overcome simply by
changing the extraction kit to the QlAamp DNA Stool Mini Kit (Qiagen) which
comprises a step where co-extracted PCR inhibitors with DNA were removed
by adding an InhibitEX tablet (Included in the extraction kit) to the sample.
After carrying out DNA extraction with the Qiagen kit, the F5 gene was
amplified in dilutions -1, -2 and -3 (Fig. 6.18), with negative non-spiked faeces
and negative control samples. This led to the conclusion that negative PCR
results obtained using DNA extracted with the RTP kit might be an amplification
failure due to PCR inhibitors, rather than an absence of the targeted gene in
the sample.

Absence of pathogens in a diarrhoeic sample could also be the result of an
excessively diluted specimen where the sample is watery; a calf with diarrhoea
could lose up to seven litres of water per day (Smith and Berchtold, 2014). On
the other hand, in this study extracted nucleic acid was transported and kept
at room temperature in a preservative substance (DNAStable and RNAStable,
Biomatrica). Most of studies that carried out testing of the stability of nucleic
acid subjected to accelerated ageing involved DNA and the majority showed
that DNAStable was effective for the preservation of DNA at room temperature
(Lee et al., 2012; Ivanova and Kuzmina, 2013; Howlett et al., 2014). However,
long fragments of DNA (500-1000 bp) are more susceptible to degradation
(Howlett et al., 2014). In other studies, preservation of RNA in RNAStable

showed nearly the same preservation efficiency as freezing samples for RNA
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extraction from human blood (Seelenfreund et al., 2014) and total RNA from
human cells (Stevenson et al.,, 2015). However, no study has evaluated
microbial RNA and DNA stabilisation extracted from a mono- or poly-infected
specimen at room temperature. Hernandez et al. (2009) reported that the
drying step in the sample preparation is critical for the thermic stability of the
RNA.

It must also be remembered that diarrhoea in calves can also have a nutritional
origin not involving infectious agents (Wenge et al., 2014) which would also
generate negative signals.

Molecular techniques such as PCR have been used extensively for microbial
diagnosis in clinical samples. With the limitations of PCR and multiplex PCR
regarding the number of targets, microarray is one of the methods of choice
for multiple detection. Indeed, a single experiment allows the simultaneous
detection of a wide variety of infectious disease markers including almost the
whole genome of viruses, virulence factors for bacteria and parasites, antibiotic
and drug resistance markers.

Two different amplification strategies were used in this study, random and
sequence-specific. The combined use of specific PCR followed by random
amplification allows the identification of specific targets in addition to any
other non-targeted sequences whereas the use of random amplification
reduces the likelihood of obtaining sufficient quantities of the specific target

that might be present to be detectable on the array.
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These two amplification approaches were compared using the ArrayTube
platform. Array hybridisation with reference strains resulted in more specific
detection following random amplification compared to the sequence-specific
amplification. However, signal intensities were higher when specific
amplification was performed. Surprisingly, the random amplification failed to
identify the viruses in porcine clinical samples, which were shown to be positive
to Porcine rotavirus and Porcine kobuvirus by PCR.

Random amplification has been described as simple, inexpensive, rapid and
useful technique for typing low number of microbial strains (Gravesen et al.,
2000) and several authors reported an increased analytical sensitivity of real
time quantitative reverse transcription when random primers were used
compared to gene specific primers (Stahlberg et al., 2004; Nardon et al., 2009).
Its main advantage is that it does not require a priori knowledge of the
organism genome for its identification (Vora et al., 2004). However, non-
specific target sequences have the same chances to be amplified than the
target sequence of interest, the former including host DNA or commensal DNA
present in a complex sample like faeces. This can undeniably lead to a matrix
of amplified targets that could compete against binding sites during
hybridisation. Wang et al. (2010) showed that this method was less sensitive
than amplification via multiplex PCR, unless when pure cultured bacteria were
used at the required concentration, which is probably the case in this study

where reference strains were hybridised.
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Although sequence-specific amplification prior to array hybridisation was
demonstrated to be specific and sensitive (Vora et al., 2004; McLoughlin, 2011),
in the absence of additional sequencing, it does not lead to the discovery of
novel species or the detection of variant strains of known species (McLoughlin,
2011).

It was clear from the work with the Alere array that random amplification is the
ideal option for diagnosis and surveillance. However, considerable technical
improvements are required before this can become a reality and this was not
explored with the Agilent array. If this platform is used for confirmation and
other more targeted studies but utilising the wider spread of probes, then
specific amplification may be more appropriate for the slide array.

Further work should be directed towards improving technologies which will
allow specific removal of host DNA. In clinical samples this is always likely to be
a feature, less so, with enteritis which involves fluid secretion, as induced by
ETEC strains, in comparison with those caused by for example, Salmonella,
where considerable intestinal tissue destruction may follow infection.
However, it is appreciated that removal of host NA could also bring down
pathogen nucleic acid affecting sensitivity.

It is relevant after this study to explore the role of microarrays in diagnosis and
surveillance given that although, in theory, they can resolve mixed infections
resulting from involvement of a number of pathogens, in this study, specific
amplification was used and samples were pre-analysed by PCR including

multiplex PCR, in this case, to ensure that the relevant DNA species were
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present prior to application to the array. However, if this is rolled out into a
field situation it is pertinent to discuss the value of the array if equally valid
results are obtainable by multiplex PCR. Although the sensitivity of the PCRs
done here left something to be desired, the array appeared nevertheless to be
of greater sensitivity than the straight PCRs. From this point of view further
exploration of the role and strength/weakness of random versus specific
priming would be of value.

Hybridisation to the array clearly showed cross-hybridisation with almost all
probes corresponding to the 16S rRNA of different species of bacteria. The 16S
ribosomal RNA (rRNA) is a genomic marker that has been utilised extensively
for bacterial detection and identification by PCR in a range of samples, from
environmental to clinical and from commensal to pathogenic flora. The
bacterial 16S rRNA has conserved and variable regions (Van de Peer et al.,
1996) that can be used successfully in identifying related bacterial species
(Bertilsson et al., 2002; Becker et al., 2004). Nonetheless, strain discrimination
is often difficult when diagnosis is based on 16S rRNA detection only. For
instance, the 16S rRNA of pathogenic E. coli (0157:H7) is indistinguishable from
commensal E. coli (K12) (Weinstock, 2012). In a recent study, the utilisation of
meta-taxonomics (16S rRNA marker gene sequencing) was able to identify
bacteria only at the species level (Hilton et al., 2016). In fact, two species are
considered identical when their respective 16S rRNA sequences are at least
97% identical (Stackebrandt and Goebel, 1994). Recently, a new threshold of

98.65% has been proposed based on the sequencing results of 6787 genome
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sequences (Kim et al., 2014). In this study bacterial reference species were
identified using 16S rRNA specific primers. For this main reason, 16S
sequencing, is being gradually abandoned in favour of whole genome
sequencing, where thousands of microrganisms are identified through millions
of their specific genes. This has predominantly been applied to study the gut
microbiota in humans, as it also allows detection of members of different
kingdoms.

In terms of disease detection, the composition and the abundance of specific
markers in the gut metagenome, have revealed differences between healthy
and ill individuals. In animals, and pigs in particular, sequencing of the total
extracted DNA was used to understand the association between the intestinal
microbiome and a particular condition such as stress, diet and antibiotics. Also
few studies have estimated the variation of the bacterial and viral proportions
in healthy versus diarrhoeic pigs.

In this study, the whole sequence of 16S rRNA, which is approximatively 1.5 kb,
was targeted entirely using primers that were designed from the 3’ and 5%’
conserved regions of this gene. However, to prevent massive cross-
hybridisation events, all signal intensities results of ribosomal probes were
removed from the data, which allowed consideration of virulence gene and
antibiotic gene specific probes only for the characterisation of bacterial
species.

Hybridisation signals depend highly on experimental parameters such as probe

length and density (Reldgio et al., 2002; Chou et al., 2004; Jayaraman et al.,
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2007; Singh et al., 2009), temperature (Taroncher-Oldenburg et al., 2003; Lee
et al., 2004; Poulsen et al., 2008), time (Dorris et al., 2003; Sartor et al., 2004),
ionic strength of the hybridisation buffer (Gong and Levicky, 2008), washing
stringency (Drobyshev et al., 2003; Li et al., 2004) and other reagents (Ku et al.,
2004) included in the hybridisation solution. Hybridisation temperature and
salt concentration, which together define the stringency, are the important
parameters to consider. Extremely high and low stringency conditions lead to
washing-off the specific signal and to non-specific binding, respectively.
Stringency levels must be high enough to prevent non-specific binding, but not
so high that specific signal is removed by the washings (Korkola et al., 2003).

It is clear from the discussion sections in chapters 5 and 6 that probe design is
a crucial step in genotyping microarray development; its efficiency determines
the specificity of the probes and impacts the microarray performance. In this
study, design of long probes was chosen as they constitute a balance between
specificity and sensitivity, indeed long probes have higher sensitivity (Reldgio
et al., 2002; Fenart et al., 2013) and less specificity (Harrington et al., 2008)
than short probes. They also tolerate more mismatches during the formation
of duplexes with targets, which is a critical limitation of this approach when
using genus- and family-specific probes such as the 16S rRNA or 18S rRNA. Thus
the design of probes from these particular genes should present a reasonable
diversity for improved discriminatory abilities. The choice of the region of the

genome for probe design should allow a specific identification for unambiguous
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results; this can be achieved by using species/strain specific genes such as
virulence or antibiotic resistance genes.

In this study it was challenging to design probes specific to closely related
species (Enterobacteria for instance) as it has resulted in a high level of cross-
reactivity. To avoid cross-reactivity of the probes with non-targets that might
be present in the sample, it is important to perform an in silico specificity test
using the NCBI BLAST programme, independently of the design software that
has a built-in feature to test the probes via an external link to BLAST. Probes
should then be categorised based on their uniqueness. Further to this, probes
with similar melting temperatures should be selected to be able to control the
stringency of hybridisation (Barra et al., 2013).

Thermodynamic calculations should also allow selecting probes that are less
prone to secondary structures formation and those which show a perfect
match with their respective targets, favouring duplexes with the lowest free
energies.

As with all diagnostic techniques, microarrays have weaknesses. Potential
difficulties in the reproducibility of microarrays have been reported due to
technical reasons such as slide heterogeneity, printer-pin variation, and spot
size differences (Bryant et al., 2004), presence or absence of attachment
spacers (Loy et al., 2002) and batch effects which refers to a systematic error
resulting from microarray processing at one site over a short period of time

(Chen et al., 2011).
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In this study, the 15993 designed probes covered 54 pathogen
species/serotypes. Virus probes (n= 201) designed with UPS software were
spotted onto Alere microarray platform. All other probes, including the Alere
probes were printed onto 4x44k Agilent platform. Probes for Agilent
microarray platforms were designed using the four software. In terms of
software design-based comparison, which was based on the hybridisation
results of reference strains, although not statistically different, the best
performing probes were eArray probes followed by UPS, GoArray and Picky.
Equally with regard to falsely positive probes, UPS, Picky and GoArray
registered the highest number of misidentified probes. It is important to point
out that the number of probes per pathogen and per software should be taken
into consideration. Furthermore, as eArray was the probe design software of
Agilent, it was expected that these probes would achieve the highest
performance among the other software.

The evaluation process included specificity and sensitivity testing that will allow
a further reduction in the number of designed probe via eliminating probes
showing poor or no signal during array hybridisation.

In this study the ArrayTube platform showed a relatively good level of
specificity with five out of eight reference viral species identified by the array.
Additionally, the hybridisation of multiplexed TGEV and PCV-2 with three
species of bacteria (Multiplex_1), and PEDV and Porcine rotavirus A with two
bacteria and one parasite (Multiplex_2) resulted in a successful detection of

TGEV, PCV-2 and PEDV. A relatively acceptable sensitivity was achieved by the
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ArrayTube microarray for the detection of PCV-2 and TGEV, with a 2.06 x 10°
and 4.84 x 10° copy number detected respectively. It is likely that the number
of virus particles and therefore copies would exceed this in diarrhoea.
However, issues of sensitivity of such assays and how the pathogen count (copy
number) relates to the production of disease is highly relevant since not only
can host genetic background affect susceptibility and therefore the number of
virus particles likely to be present but the presence of pathogens in a healthy
animal must also be considered. The numbers of individual pathogen cells
required to produce disease may also vary depending on whether single or
mixed infections are involved. However, these are more philosophical
discussions which must be addressed once the more technical aspects of array-
based diagnosis are dealt with.

To the best of our knowledge, this is the first study where an Agilent microarray
was used to detect intestinal infection in cattle and pigs. Hybridisation results
of four viral species to the microarray showed that TGEV, PEDV, PCV-2 were
detected, whereas only seven probes were positive for Porcine rotavirus A,
which also showed no hybridisation with the ArrayTube platform. Among
hybridised reference strains of bacteria and parasites to the Agilent platform,
C. difficile, C. jejuni, E. coli F4, E. coli F5 and B. pilosicoli, Salmonella and E.
acervulina were correctly identified. Furthermore, when two multiplex PCR
targets (Five pathogens each) were hybridised to the Agilent microarray, the
ten pathogens were identified accurately. The sensitivity of the array was on

occasions poor and reflected the PCR results which requires further

327



Chapter 7 General Discussion and Conclusions

investigation to determine whether this was the result of a technical
shortcoming.

Microarrays are reported to lack reproducibility. The requirements due to
manufacturing, hybridisation and labelling, data acquisition and normalisation
methods have led to discrepancies in array results. In this study PCV detection
of diluted DNA indicated a reliable reproducibility compared to TGEV. The
reproducibility reflects the quality and printing consistency of the array. The
fact that PCV indicated a reasonable good reproducibility, while TGEV did not,
suggest that further dilutions of TGEV DNA would be needed to clarify this
point.

With clinical samples, the ArrayTube microarray was able to detect Porcine
kobuvirus, but failed to identify Porcine rotavirus A in the same sample.
Similarly in the same sample, these two viruses were detected by the Agilent
microarray, alongside C. difficile, C. difficile toxin A and binary toxin. These
findings appeared to show the presence of mixed infection in piglets,
represented by two viruses and one bacterium with two toxins. Co-infected
piglets with C. difficile and P. rotavirus A were reported (Chan et al., 2013), and
no such co-infection of pigs with three pathogens has been reported in the
literature.

While microarray represents a useful technology for use in pathogen detection,
particularly in multi-aetiological infectious disease such as enteritis, in this
study one of the major limitations that was faced consisted firstly of the high

level of cross-hybridisation between 16S rRNA and 18S rRNA probes with
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bacteria and parasites respectively. Secondly, the probe design was definitive
and not easily updated, unless more designed probes are included onto the
platform and new microarrays are produced. This is problematic and would be
costly to keep-up-to date in terms of the involvement of infectious pathogens
or potentially new discovered pathogens that play a minor or major role in the
disease dynamics. For instance, it was recently demonstrated that a new
neonatal diarrhoea caused by Enterococcus hirae (Larsson et al., 2014, 2015;
Jonach et al., 2014; Hermann-Bank et al., 2015) - has emerged in the porcine
population in Europe. This bacterium was considered as a prevalent causative
agent of enteritis in pigs in this study shortly after the gene database was
constructed and the probes designed in this study. A recently discovered
enteric virus consists of a new member of the Coronaviridae family, porcine
deltavirus, that has been detected in pigs with diarrhoea (Sinha et al., 2015;
McCluskey et al., 2016).

Probes designed with UPS (and spotted in Alere microarray platform
ArrayTube) were tested thermodynamically. Among 13 porcine virus probes,
nine probes showed comparable high signal intensities in both ArrayTube and
Agilent microarray platforms. The general signal intensity trend showed
proportionality between the two platforms.

The folding minimal free energy predictions varied between +0.46 and -7.16
kcal/mol with nine probes recording a free energy below -4. When the free
energy tends towards low negative values, probes have an increased likelihood

to form stable secondary structures (interior loop, hairpin and bulges mainly).
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Very few probes performed well, in terms of hybridisation, even though the
folding free energies were low. However, the highest signal intensities were
registered by probes with free energies tending towards 0. This might also
indicate that free energy variation should be relatively high to impact the
hybridisation efficiency, for instance a probe showed a free energy of -7.16
Kcal/mol but, nevertheless, recorded a relatively high signal intensity.
Moreover, it is possible that the probe was sufficiently long to allow
interactions involving self-folding to form a secondary structure and being
simultaneously fully or partially hybridised to yield a detectable signal. A higher
number of probes should be assessed thermodynamically for a better
interpretation, as the actual data might seem subjective due to the low number
of probes compared.

As part of the current study, comparison of in silico hybridisation prediction
and wet/experimental hybridisation testing using sequences from some of the
viruses indicated that there was no agreement between the two methods.
Both laboratory hybridisation assays and computer-based thermodynamics
should allow a better selection of the best probes for microarray development,
although more hybridisations and more probe and probe-target duplex
stability predictions are clearly necessary. Indeed, it is practically impossible to
test individually all 15993 designed probes, although in silico specificity,
secondary structure prediction of the probes, coupled with duplex formation
prediction is a perfectly achievable task. Although computational modelling can

certainly not be comparable to laboratory experimental assays it has the
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potential to assist in evaluating the probes and the platforms in terms of
hybridisation efficiency.

In any technological development work, experimental optimisation is an
important step to undertake before performing the assay. Many authors
(Bowtell, 1999; Peplies et al., 2003; Rouse et al., 2008) stressed the vital
necessity of optimisation of experiment parameters, thus resulting in a decisive
outcome of such approach. In this study, no excessive optimisations of the
microarray hybridisation were performed. In-house and commercial protocols
were used by this research group at Nottingham Veterinary School. The results
obtained in this study were achieved without optimisation, which means that
the performance of the microarray technique components (specificity and
sensitivity) could undoubtedly be improved further. Optimisations commonly
involve improvements of each step performed, including probe design (highly
species specific, design of sets of probes with approximatively the same melting
temperature, high GC content in the central area of the probe) and
hybridisation temperature optimisation by attempting touch-down
hybridisation.

The speed with which sequencing and next generation sequencing is evolving
nowadays, has resulted in a similar development and improvement of the
sensitivity of microarray platforms in comparison with sequencing platforms.
Much effort has been concentrated on labelling strategies, where fluorescent
semi-conductor quantum dots (QDs) appear to be increasingly used as they are

20 times brighter and 100 times more stable than organic dyes (Chan and Nie,
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1998). Also metal colloid labels using principally gold and silver have been used
in microarray and detected with optical and electrical devices (Francois et al.,
2003; Zhao et al.,, 2010). Some recent research studies have focused on a
reduced number of sample preparation steps involving label free detection,
based only on accumulated negative charges during hybridisation, which are
subsequently measured by electrochemical impedance spectroscopy (Henihan
et al.,, 2016). Others have integrated the microarray platform in a compact,
portable microfluidic device with label free biosensor (Sun, 2015) that can also
be utilised for point of care testing (sample-to-result). However, none has been
developed for stool/faecal samples. This is clearly an opportunity for further
translational developments which would be a natural outcome of the present
work and towards which further work will be directed. In terms of a universal
microbial detection solution, Axiom microbiome, a high density microarray
genotyping platform from Affymetrix, seems to offer a good alternative for
microbial identification in a multitude of biological samples such as urine, stool,
tonsil and serum.

For future array work, the 16S rRNA probes should either be removed from the
platform or combined with additional discriminatory probes from variable
region of the 16S rRNA and other pathogen-specific sequences on the
respective genomes. Furthermore, probes that successfully pass the BLAST
test, thermodynamics and the melting temperature filters would be spotted on

a future version of the array. We would recommend exploiting the flexibility of
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Agilent microarray platform to accommodate and test emerging sequences as
a single array which would significantly reduce the cost.

The issue of cut-off values to determine whether samples were positive was
also a majorissue during this study. Many probes were clearly cross-hybridising
and would be de-selected for future work. Additional approaches were used in
this study consisting of the identification of probes that gave signals higher than
the mean added to three times the standard deviation of the background
signals. In this study the cut-offs were valid as the PCR products of the clinical
samples were hybridised to the array, meaning that the probes giving valid
signals were expected to belong to the pathogen that was detected by PCR.
There are other approaches which could be considered and related to the
number of probes designed and utilised for each pathogen. Problems
sometimes occur with arrays used both for diagnosis/detection and also for
gene expression analysis, and that is that within any cluster of genes or related
probes, the interpretation of the occurrence of a positive result arising from
just a small proportion of these genes/probes requires considerable thought.
Thus, there is an approach whereby the occurrence of positive signals from a
high proportion of probes for any pathogen might be considered as a positive
for that pathogen. This then leads to the question of what proportion should
be used and this also presents problems for small genome pathogens such as
viruses compared with bacteria. However, this is worth consideration for future

work and analysis.
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More testing using a larger panel of reference strains will be necessary to
facilitate refinement of a probe set which produces discriminatory results of
adequate sensitivity. Likewise, more clinical samples, confirmed to have an
infectious origin should be tested with the microarray for the identification of
the aetiological agent(s).

The investigation carried out in this study would ideally also form part of the
pipeline for future development of a portable all in one device for enteric

pathogen detection.
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Appendix I. Faecal samples

I.1. Porcine faecal samples with amount of DNA and RNA in ng/pul

Batch Lab Batch Lab
No Sample ID | sample | DNA | RNA No Sample ID sample DNA | RNA
ID ID

PM1B278 1 - - PM9A495 9 48.45 | 38.64
PM2A3 2 - - PM9A497 9' 17.94 | 14.41
PM2A1 3 - - Batch PM13A468 13 35.02 | 27.44
PM2B269 4 93.91 | 75.35 3 PM15B69 15 10.63 | 9.14

BaICh PM2A2 5 - - PM16A128 16 93.83 | 77.38
PM2B266 6 - - PM4B77 A 28.86 | 22.01
PM2B262 7 101.7 | 76.25 PM5A421 B 40.39 | 31.87
PM3B1 8 - - PM16A137 C 40.44 | 33.47
PM4A221 9 85.08 - PM17B167 D 30.39 | 23.61
PM2B271 1 99.87 | 79.03 BaZCh PM21A500 E 33.83 | 26.94
PM4A231 2 113.4 | 89.49 PM22A216 F 2479 | 21.58
PM4B472 3 141.3 111 PM23A398 G 35.07 | 27.82
PM5A416 4 111.3 | 89.29 PM23A407 H 36.19 | 28.12
PM8B3 5 97.2 | 77.05 PM24A237 | 29.26 | 22.27
PM8B48 6 105.1 | 84.34 PM5A417 5A 65.92 | 85.94

Batch PM17A416 7 96.26 | 79.48 Batch PM9A1 9A 29.89 | 3.10

) PM17A418 8 128.6 | 102.2 5 PM15A444 15A 1915 | 11.74
PM17A420 9 109.3 | 86.35 PM15B1 15B 63.84 | 112.0
PM17A421 10 110.5 | 89.47 PM17A422 17A 101.9 | 38.86
PM17A428 11 114.4 | 90.09 PM8A2 1B - -
PM18A447 12 98.79 | 78.06 PM18A450 2B - -
PM18A451 13 108.5 | 84.7 PM8A3 3B - -
PM21B157 14 104.8 | 83.51 Batch PMB2271 4B - -
PM23A392 15 96.97 | 77.47 6 PM1A1 6B - -

Batch | PM8A469 8A 38.17 | 30.28

3 | PvsBa4 8B | 80.63 | 64.91 78 ) )

-: not performed
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1.2. Bovine faecal samples with amount of DNA and RNA in ng/pul

Lab Lab Lab Lab

Batch | Sample Batch | Sample Batch Batch | Sample

sample | DNA RNA sample | DNA RNA Sample ID sample | DNA RNA samp | DNA | RNA
No ID No ID No No ID
ID ID ID leID
2bis 2b 145.8 | 42.28 1906 6 11.15 | 74.11 6/5 6/5 - - 18T 18T 96.11 | 462.8
6? 6? 94.93 1551 1907 7 125.1 | 1954 91011 9 - - 20T 20T 111.8 | 759.5
11 11 11.45 1030 1908 8 51.91 | 249.2 12/07/01 12 - - 25T 25T 1179 | 367.1
12 12 39.83 | 143.3 1909 9 34.67 | 237.7 12/07/02/4 12 - - 29T 29T 101.5 | 587.4
13 13 230.7 | 254.1 Ba;Ch 1910 |10 88.94 | 184.2 | gatch | 161111 161 - - 30T 30T | 88.48 | 648.4
14 14 56.17 | 96.76 1911 11 28.37 | 157.5 3 162312 162 - - 31T 31T 86.39 | 1459
Ba:d‘ 26 26 36.67 | 2002 1912 |12 1282 | 1459 165022 165 i i Ba:Ch 35T 35T | 70.90 | 222.5
27 27 56.04 | 91.15 1913 13 20.15 | 140.5 190186 19.1 - - 38T 38T 70.95 | 559.8
37 37 77.96 | 163.3 1914 14 109.2 | 211.2 1905623 19.2 - - 40T 40T 80.90 | 340.8
58T 58 89.58 | 291.3 Bes 1 B1 - - 1905624 19.3 - - 41T 41T 81.24 | 485.7
59 59 52.40 | 69.48 Bes 2 B2 - - 3T 3T 100.2 | 353.2 42T 42T 83.58 | 294.3
60T 60 24.08 | 196.3 HEM Hem - - 4T a7 165.9 | 174.6 43T 43T 136.5 | 201.3
Batch
63T 63 14.67 | 116.9 3 1/3 1/3 - - Batch | 6T 6T 150.8 | 571.2 45T 45T 142.3 | 371.3
1901 1 148.1 102 2/8 2/8 - - 4 Al 7T 256.2 | 294.5 S1 S1 27.92 | 197.3
Batch Batch

) 1903 3 98.63 | 1235 3/10 3/10 - - 9T 9T 120.3 | 361.3 5 S2 S2 295.6 | 195.8
1905 5 84.03 | 122.2 5/8 5/8 - - 13T 13T 126.4 | 441.9 S3 S3 191.0 | 152.0

: not performed
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Continued

Batch | Sample Lab Batch | Sample Lab Batch Sample Lab Batch | Sample Lab
No D sample DNA RNA No N sample | DNA RNA No D sample | DNA RNA No D samp | DNA RNA
ID ID ID leID
S4 54 31.27 | 89.98 C1 C1 968.9 | 117.2 | Batch7 | C18 C18 108.6 | 106.6 44T 447 41.58 | 73.47
Ba;ch S5 S5 165.5 | 782.7 C2 C2 281.6 | 202.4 Va Va 56.79 | 157.7 47 47 79.25 | 161.9
S6 S6 146.6 | 252.8 c3 c3 232.6 | 212.8 Sva Sva 42,75 | 157 | Batch | 49 49 265.1 | 565.7
1 1 340.7 | 188.3 c4 c4 162.6 | 232.3 V1 V1 185.7 | 135 9 53 53 247.5 | 473.3
2 2 285.8 | 355.6 c5 c5 59.69 | 265.4 V2 V2 189.8 | 131.3 54 54 56.09 | 92.44
3 3 270.7 | 268.6 C6 C6 59.99 | 168.5 | Batch 8 | Vel Vel 96.87 | 86.28 55 55 32.99 | 48.74
4 4 131.7 | 296.3 c7 c7 57.37 | 220.2 Ve2 Ve2 150.4 | 98.76 1Tl 1Tl - -
5 5 138.6 | 122.6 | Batch c8 c8 463.6 | 295.2 3266 32 144.4 | 78.54 2Tl 271 - -
6 6 135.6 | 189.1 7 C10 C10 22.04 | 641.7 9475 94 125.5 | 63.79 3Tl 3Tl - -
Ba::h A A 230.7 | 912.1 c11 |jc1i1 117.7 | 422.9 1520960 | 15 1413 | 117.4 | Batch | 4Tl 4Tl - -
B B 1262 | 938.5 C12 €12 605.5 | 266.0 Caml Caml 132.2 | 1231 10 5Tl 5Tl - -
C C 264.9 | 592.6 C13 €13 386.6 | 246.0 Cam2 Cam2 57.01 | 34.97 6Tl 6Tl - -
D D 220.4 | 496.5 Ci4 C14 565.5 | 693.5 Batch 9 Cam3 Cam3 98.41 | 73.37 Al 7 - -
E E 47.37 | 215.5 C15 C14 1259 | 655.7 Cam4 Cam4 95.82 | 220 8Tl 8Tl - -
F F 77.21 | 690.0 C16 C16 593.2 | 429.7 Cam5 Cam5 110.5 | 83.77
G G 259.5 | 85.85 Cc17 Cc17 27.49 | 80.46 Cap Cap 122.5 | 104.1

-: not performed
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Appendix Il. Published primers sequences

Microrganism / Host Target gene Forward primer sequence 5'->3' Reverse primer sequence 5'->3'
Bovine / Porcine kobuvirus RdRp ATGTTGTTRATGATGGTGTTGA TGGAYTACAAGTGTTTTGATGC
Nebovirus RdRp and capsid GTGATTTAATTAGAGAAGGAAAC CGTAGCAGCACTAGCCATA
Bovine/Porcine parvovirus BParVgpl CTACAATGATTTGGTGGTACATTT TAGAAAGCATCATGACTAACCAGT
BVDV Generic 5'UTR, Npro, C CTCTGCTGTACATGGCACATG CGTCGAACCAGTGACGACT
Bovine /Porcine Rotavirus A VP7 GGCTTTAAAAGAGAGAATTTCCGTCTGG CTGGTCACATCATACAATTCTAATAAG
PEDV Spike TTCTGAGTCACGAACAGCCA CATATGCAGCCTGCTCTGAA

TGEV Spike GTGGTTTTGGTYRTAAATGC CACTAACCAACGTGGARCTA
Porcine circovirus 1 and 2 ORF1 GAGGTGGGTGTTCACCCT CACACAGTCTCAGTAGATCATCC
Porcine Bocavirus NS ACAGGCAGCCGATCACTCACTAT CTCGTTCCTCCCATCAGACACTT
Porcine parvovirus NS1 AGTTAGAATAGGATGCGAGGAA AGAGTCTGTTGGTGTATTTATTGG
Salmonella spp. 16S rRNA TGTTGTGGTTAATAACCGCA CACAAATCCATCTCTGGA
Escherichia coli mdh GGTATGGATCGTTCCGACCT GGCAGAATGGTAACACCAGAGT
Clostridium spp. 16S rRNA ACACGGTCCAAACTCCTACG AGGCGAGTTTCAGCCTACAA
Clostridium spp. tcdA GCATGATAAGGCAACTTCAGTGG GAGTAAGTTCCTCCTGCTCCATCAA
Clostridium spp. tcdB GGTG GAGCTTCAATTGGAGAG GT GTAACCTACTITCATAACACCAG
Campylobacter spp. 16SrRNA ATCTAATGGCTTAACCATTAAAC GGACGGTAACTAGTTTAGTATT
Cryptosporidium spp. 18S rRNA AAGCTCGTAGTTGGATTTCTG TAAGGTGCTGAAGGAGTAAGG
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Appendix lll. Cycling conditions for published primers

Pathogen Target P'roduct Gen- Cycling conditions No of Primer name Author
gene size (bp) | ome cycles
In. Denat. | 94°C for 3 min Fwd : UNIV-
Bovine/ Denat. 94°C for 30 sec kobu-F
Porcine RdRp 216 ssRNA | Ann. 49°C for 1 min 30 sec 40 Reuter et al. (2009)
kobuvirus Ext. 72°C for 1 min Rse : UNIV-
Fin.Ext. 72°C for 10 min kobu-R
In. Denat. | 94°C for 2 min
RdRp Denat. 94°C for 30 sec Fwd: NBcap-F3
Nebovirus and 1669 ssRNA | Ann. 56°C for 30 sec 35 Han et al. (2004)
Capsid Ext. 72°C for 1 min 30 sec Rse : NBcap-R
Fin.Ext. 72°C for 10 min
In. Denat. | 95°C for 2 min
. Denat. 95°C for 1 min
Bovine BParVer | g1 | ssDNA | Ann. 58°C for 30 sec 30 . Bae et Kim (2010)
parvovirus 1 -
Ext. 72°C for 1 min
Fin.Ext. 72°C for 5 min
, In. Denat. - Fwd:
SNL;-IE’ Denat. 94°C for 30 sec PanBVDVpcrF
BVDV and 1013 ssRNA | Ann. 50°C for 30 sec 45 Decaro et al. (2012)
Capsid Ext. 68°C for 1 min Rse:
Fin.Ext. 68°C for 10 min PanBVDVpcrRb

Fwd: Forward, Rse: Reverse
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Continued

Pathogen Target P.roduct Geno Cycling conditions No of Primer name Author
gene size (bp) me cycles
In. Denat. -
Bovine / Denat. 94°C for 1 min Fwd: Beg9
Porcine VP7 1062 dsRNA | Ann. 45°C for 1 min 35 Gouvea et al. (1991)
rotavirus A Ext. 72°C for 1 min Rse : End9
Fin.Ext. 72°C for 10 min
In. Denat. 94°C for 5 min
Denat. 94°C for 30 sec 5
Ann. 55°C for 30 sec
Ext. 72°C for 30 sec Fwd: P1
PEDV Spike 651 ssRNA - Kim et al. (2001)
Denat. 94°C for 30 sec Rse : P2
Ann. 53°C for 30 sec 30
Ext. 72°C for 30 sec
Fin.Ext. 72°C for 7 min
In. Denat. 94°C for 5 min
Denat. 94°C for 30 sec 5
Ann. 55°C for 30 sec Furd: T1.
TGEV Spike 850 | ssRNA |- 72°Cfor 30 sec Kim et al. (2001)
Denat. 94°C for 30 sec Rse : T2
Ann. 53°C for 30 sec 30
Ext. 72°C for 30 sec
Fin.Ext. 72°C for 7 min

Fwd: Forward, Rse: Reverse
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Continued

Pathogen Target P.roduct Geno Cycling conditions No of Primer name Author
gene size (bp) me cycles
In. Denat. - Fwd:
Porcine Denat. 94°C for 1 min ORF1.PCV1.52
circovirus ORF1 646 ssDNA | Ann. 53°C for 1 min 35 Ouardani et al. (1999)
PCV1/2 Ext. 65°C for 3 min Rse :
Fin.Ext. 72°C for 7 min ORF1.PCV1.AS6
In. Denat. | 94°C for 6 min
. Denat. 94°C for 30 sec
Porcine NS1 680 | ssDNA | Ann. 52°C for 30 sec 35 | Fwd: Pbov-F Liu et al. (2014)
bocavirus Rse : PboV-R
Ext. 68°C for 90 sec
Fin.Ext. -
In. Denat. | 95°C for 5 min
. Denat. 94°C for 30 sec
Porcine NS1 265 | ssDNA | Ann. 56°C for 30 sec 30 | Fwd:PPVF Xu et al. (2012)
parvovirus Rse : PPVR
Ext. 72°C for 45 sec
Fin.Ext. 72°C for 10 min
In. Denat. -
salmonella Denat. 92°C for 20 sec Fwd: 16SF1
spp. 16S rRNA 574 DNA | Ann. 56°C for 20 sec 35 Lin and Tsen (1996)
Ext. 72°C for 30 sec Rse : 16Sll
Fin.Ext. 72°C for 2 min

Fwd: Forward, Rse: Reverse
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Continued

Pathogen Target P.roduct Geno Cycling conditions No of Primer name Author
gene size (bp) me cycles

In. Denat. 94°C for 10 min
Escherichia Denat. 92°C for 30 sec Fwd: mdh.269F Tarretal.
coli mdh 304 DNA Ann. 55°C for 30 sec 35 (2002)

Ext. 72°C for 45 sec Rse : mdh.530R

Fin.Ext. 72°C for 7 min

In. Denat. 98°C for 30 sec
Clostridium 16S Denat. 98°C for 10 sec Darkoh et al.
difficile RNA 900 Ann. 60°C for 10 sec 36 - (2011)

Ext. 72°C for 10 sec

Fin.Ext. 72°C for 1 min

In. Denat. -
Clostridium Toxin A Denat. 55°C for 10 min Fwd: YT-28 Tang et al.
difficile (tcdA) 634 Ann. 55°C for 30 sec 40 (1994)

Ext. 72°C for 30 sec Rse: YT-29

Fin.Ext. -

In. Denat. -
Clostridium Toxin B Denat. 55°C for 10 min Fwd: ¥T-17 Gumerlock et al.
difficile (tedB) 399 Ann. 55°C for 30 sec 40 (1993)

Ext. 72°C for 30 sec Rse: YT-18

Fin.Ext. -

Fwd: Forward, Rse: Reverse
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Continued

Pathogen Target P'roduct Gen- Cycling conditions No of Primer name Author
gene size (bp) ome cycles

In. Denat. | 95°C 10 min

Campviobacter 165 Denat. 95°C for 30 sec Fwd: MD16S1

. py RNA 857 DNA Ann. 59°C for 1.5 min 35 Denis et al. (1999)

Pp- Ext. 72°C for 1 min Rse : MD16S2

Fin.Ext. 72°C for 10 min
In. Denat. | 95°C 3 min

Cryptosporidium | 18S Denat. 94°C for 45 sec E\;’VS:DIAGF

Sp’;p p A 435 | DNA | Ann. 55°C for 45 sec 35 | pess Johnson et al. (1995)
E'xt. 72°Cfor 1 m!n CPB-DIAGR
Fin.Ext. 72°C for 7 min

ssRNA: Single stranded RNA, ssDNA: Single stranded DNA, dsRNA: Double stranded RNA, In. Denat. : Initial denaturation, Denat.: Denaturation,

Ann.: Annealing, Ext.: Extension, Fin.Ext.: Final extension, Fwd: Forward, Rse: Reverse.
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Appendix IV. Designed primers

Forward Product
Primer ID Sequence (5’->3’) length Gene
Reverse
(bpO
B_frag_bft_F Forward CCCTCTGGTAGTCTAGGCGT 1470 Metalloprotease
B_frag_bft_R Reverse CGCTGCTCTTTTTCCGTTCC enterotoxin
B_frag_16S_F Forward AGGGGCATCAGGAAGAAAGC
1954 16S rRNA
B_frag_16S_R Reverse ACTTTCTTTTATCGCCAGGGA
B_frag_cepA_F | Forward CCCGGGTATACGGGACGA
1313 Beta-lactamase (cepA)
B_frag_cepA_R | Reverse GTAGCCGGTTTTGTTATCGGG
B_hyod_16S_F | Forward TGGAGAGTTTGATTCTGGCTC
1494 16S rRNA
B_hyod_16S_R | Reverse CACACCTTCCGGTACGGC
B_hyod_nox_F | Forward AAGCAACCATAGTCATCCAAGA
1320 NADH Oxidase
B_hyod_nox_R | Reverse ACCATGCTGGTACATGGGC
B_pilo_16S_F Forward AAAGGAGGTGATCCAGCCAC
- 1624 16S rRNA
B_pilo_16S_R Reverse AAGTTCGGAGACCTAAACGC
B_Pilo_cut_F Forward TGATTTGCTAGAAGTGACAGAAAAA 1204 F
cu
B_Pilo_cut_R Reverse ACTTTGAGGAACCCCAGGTG
B_Pil_o137_F Forward GCTGTAGTTCCTGCTACAAAATGT 964 Class D beta-lactamase
B_Pil_0137_R | Reverse ACTCCGCAAAAATATCAAGGATTAT (OXA-137)
B_Pil_OX_F Forward ACTGAAGCTGTCCTTGCTGT
1165 Beta-lactamase
B_Pil_OX_R Reverse GGGCGGGCGTTAACATTTC
B_sp_NADH_F | Forward CTTTGGGTTGGCGGAGTAGT
919 NADH oxidase (nox)
B_sp_NADH_R | Reverse CAGACCATCCAGTAGAAGCCA
C_coli_16S_F Forward ATCCTGGCTCAGAGTGAACG
1450 16S rRNA
C_coli_16S_R Reverse CTTCACCCCAGTCGCTGATT
Enterochelin ABC
C_col_ceuE_F Forward TGCAGCAGCGTTAGTTTTAGC transporter,
840 periplasmic
C_col_ceuE_R | Reverse | AGCTTAATTTTAACAGCTTGCGA S:gf;?;he"”'b'”d'”g
C_coli_alp3_F Forward TGCAAGGAACAGTGAATTGGAG 969 Aminoglycosidase
C_coli_alp3_R Reverse TGGACAGTTGCGGATGTACT aphA
C_jj_1623S_F Forward GAATCAGCGACTGGGGTGAA 965 165-23S intergenic
C_jj_1623S R Reverse AAGCTTCTTGACAGCTCCCC spacer
C_jej_cdt_1_F | Forward AGCAGCTGTTAAAGGTGGGG 1142 Cytolethal distending
Cjej cdt 1 R | Reverse | TGTGCAACAAGGTGGAACAC toxin cdt
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Continued

Forward Product
Primer ID Sequence (5’->3’) length Gene
Reverse
(bp)
C_jej_iam_F Forward | CGTTGCCTGATGGAGTCGTT Invasion  ~ associated
502 marker  (iamA  and
C_jej_iam_R Reverse TGTGGTAGACGAGCGATGTT 420nte)
Class | 420ntegrin
C_jej_aadE_F | Forward | TCTGGAATGTAACCCCCTATGT aminoglycoside
1498 adenyltransferase
(aadA2) and plasmid
C_jej_aadE_R Reverse GTTCAGCTAAGCGGCTGTCT aadE
C_dif_16S_F Forward TAGATAATCGGCTTCGGGCG
1469 16S rRNA
C_dif_16S_R Reverse ACAAGAAACAAACCATAAAGCCAGA
C_df_cdtAB_F Forward GGGAAGGACAAGCACTGTCT
1774 Binary toxin
C_df_cdtAB_R Reverse TTCCACTTACTTGTGTTGTTTCTAA
C_dif_tcdA_2_F | Forward TGCTATTGCTGCGACTCATCT
. 1437 Toxin A
C_dif_tcdA_2_R | Reverse CCAGGGGCTTTTACTCCATCA
C_dif_tcdB_3_F | Forward TGAAGAGAACAAGGTATCACAAGT
1266 Toxin B
C_dif_tcdB_3_R | Reverse ACAGTATTAGCTGGTGCAAAGT
C_dif_gyAB_F Forward TGATGAACTGGGGTCTTTCCT 450 gyrase subunits (gyrA
C_dif_gyAB_R Reverse TGGGTCCATTCTACATCAGCA and gyrB)
C_perf_16S_F Forward GACTTCACCCCAATCGCTGA
1427 16S rRNA
C_perf_16S_R Reverse GGCGTGCTTAACACATGCAA
C_per_cpr_F Forward TGAAAACAGAGTTTTTAAATGGTGC 415 p|asmid_encoded beta 2
C_per_cpb2_R | Reverse | TTGAAAGTTTCTCCTGAACCTAGA toxin cpb2
C_perf_cpe_F Forward TCCAATGGTGTTCGAAAATGC .
876 enterotoxin (cpe)
C_perf_cpe R | Reverse | ACAAGAACATATTGTCCAGCATC
C_per_ermB_F Forward TTAAGAAGATAGCGCACGAGT 960 methylase (ermBP) and
C_per_ermB_R | Reverse | ATAGCCACAACCCGTGACTT methylase (ermQ)
EAEC_aggA_F Forward CGGGTTGAGAAGCGGTGTAA 729 Aggregative adherence
EAEC_aggA R Reverse GATCGAGGGGGATAAGCTGC fimbria aggA
EAEC_aggR_F Forward GCGAAAGCGGATGCGATATTT 118 Aggregative adherence
EAEC_aggR_R Reverse ACCGCCCTAACGGAAAATTG fimbria aggR
EAEC_astA_F Forward TGCTGACTGAACTGAAAAACCG Enteroaggregative heat-
220 stable enterotoxin 1
EAEC_astA_R Reverse TCTTCCGTGGGAGCCTGATA

(astA)
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Continued

Forward Product
Primer ID Sequence (5’->3’) length Gene
Reverse

(bp)
EPEC_eae_F Forward | AACATTATCGGGCAGCCGTT

1569 Intimin eae
EPEC_eae_R Reverse TTTTATTTTCCGGGATTTGAGATGT
EPEC_bfp_F Forward | CTTGGCACTTGCGTGTCTTT ) -

1353 Bundle forming pili bfp
EPEC_bfp_R Reverse | AAGTATGCAGAGCACACCCC
ETEC_F4_F Forward | TGGTTCGGTCGATATCGGTG

760 ETEC F4ac FaeG gene
ETEC_F4_R Reverse AGTTATTGCTACGTTCAGCGG
ETEC_F5_F Forward | CGTTGCAACCAGCTACACTG

1120 K99 fimbrial subunit
ETEC_F5_R Reverse ACTGACTTAGTCGCTCCCTG
ETEC_F6_F Forward | CGGAGCCCTAGAGCCAATTT

1760 fimbriae 987P subunit
ETEC_F6_R Reverse CAATGGCTAGTCGCCAAGGA
ETEC_F18_F Forward TGTCTGTGTTTGCGTCTACTCT

848 F18 fimbrial adhesin
ETEC_F18_R Reverse CTCGAAAACAATGGGCACCG
ETEC Lta_F Forward CAACCTCTGACTGATAGTCTGAAAA

798 Heat labile toxin a
ETEC_Lta_R Reverse TGGCGTTATCTTTTTCCGGATTG
ETEC_LTb_F Forward | GCTCCCTGTAGTGGAAGCTG

642 Heat labile toxin b
ETEC_LTb_R Reverse GGAGACCCAGAATCTGAGCA
ETEC_ST_F Forward | ATAACGGAAGCCGCGTGTAT

886 Heat stable toxin
ETEC_ST_R Reverse CCGTGAAACAACATGACGGG
ETEC_AntTx_F Forward | ACAAGTCTGTCCGTTAAATGCC

686 toxin of toxin antitoxin
ETEC_AntTx_R Reverse TCTCAAAGGTGCGTTATGCCT
STEC_ShgTx F | Forward | CAGACCGGCAACAACTGACT Shiga toxin subunit A

1375 and shiga toxin subunit
STEC_ShgTx_R Reverse CTTCAGGGGGTGGAGGATGT B
EC_ATB_aad_F Forward | TGTACTGGTACTGGTTTCGGG

961 aadA and aadB
EC_ATB_aad_R | Reverse AGTCTTCCCCAGCTCTCTAA
EC_ATB_bla_F Forward | AGACGTCAGGTGGCACTTTT

1139 Betalactamase
EC_ATB_bla_R Reverse TGACGCTCAGTGGAACGAAA
EC_AT _dfrA_F Forward | ACGCCTAGAGATGCTTGTTT )

957 Class l integron
EC_AT_dfrA_R Reverse AGGGGCTCACACTTCTGGTA
EC_AT _ereA_F Forward | TCTGTGAGCCGGGTTATTGG 1326 Class Il 421ntegrin
EC_AT ereA R | Reverse | TTCGCAGGTTATGCTCCCTC multidrug resistance
EC_ATB_vim_F Forward | GTTCAAACACGCCAGGCATT

961 Resistance genes
EC_ATB_vim_R Reverse CATTCAGCCAGTTATGCCGC
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Continued

Produc
. Forward t
I_> ’
Primer ID Reverse Sequence (5’->3’) length Gene
(bp)
L_intr_16S_F Forward GGCGTGCTTAACACATGCAA
1491 16S rRNA
L_intr_16S_R Reverse GTTCCCCTACGGCTACCTTG
L_intr_16S_F Forward GGCGTGCTTAACACATGCAA
1491 16S rRNA
L_intr_16S_R Reverse GTTCCCCTACGGCTACCTTG
L int_fliM_3_F Forward | TCCCTACAGCTTGAAGTCTTG Flagellar
1499 biosynthesis
L_int_fliM_3_R Reverse TGCAATGGATGGTGCAGGTA protein flhA
L_int_T3SS_1_F Forward GCCATTTCTTCAGCTGTCTGG 1069 Type 3 secretion
L_int_T3SS_1 R Reverse ATGGTGCAGCCAGTGTCTTT system
S_chl_GMx_1_F Forward CTTGCTGCTTTGCTGACGAG
1460 | 16SrRNA
S_chl_GMx_1_R Reverse TAAGGAGGTGATCCAACCGC
S_chl_GMx_5_F Forward CAAGCGCGATGGAAATCTGG
1477 gyrB
S_chl_GMx_5_R Reverse TCCGTAATGGATGATGGCCG
S_chl_GMx_7_F Forward ATCGCCGGATTAACGCAGTA
1499 Flagellin fliC
S_chl_GMx_7_R Reverse ATACAAACAGCCTGTCGCTG
S_chl_GMx_8_F Forward ACGTAACAGAGACAGCACGTT
1489 Flagelin
S_chl_GMx_8_R Reverse GTCGCTGCTGACCCAGAATA
S_chl_aadS_1 F Forward | TCCGTTTTGGCTTCTGGTTCT Aminoglycoside
942 resistance protein-
S chl_aadS_1 R Reverse GCTTAGTGCATCTAACGCCG aadA2
S_chl_intZ_F Forward GGGTTGGATCCATCAGGCAA 1321 Drug_resistance
S_chl_int2_R Reverse TGCGTACTGATTCCGAGTTCA protein int2
S_der_GnMx_1 F Forward TTACGGTGAGAAACCGTGGG .
Phase 1 flagellin —
1598 flic
S_der_GnMx_1_R Reverse CAATCGCCGGATTAACGCAG !
S_der_GnMx_4_F Forward AAACGTATTCGTAAGGATTTTGGT 1833 RNA polymerase
S_der_GnMx_4_R Reverse CGCCTGAGCGATAACGTAGT beta-subunit- rpoB
i—der—aadA—dhfr— Forward | CTAACGCTTGAGTTAAGCCGC
1477 aadAl and dhfr
;—der—aadA—dhfr— Reverse | CAACGATGTTACGCAGCAGG
S_der_intl_F Forward GATGCCCGAGGCATAGACTG
1206 Class 1 integron
S _der_intl R Reverse ATGGAGAAGAGGAGCAACGC
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Continued

Forward Product
Primer ID Sequence (5’->3’) length Gene
Reverse
(bp)
S_dub_16S_F Forward | TGATCATGGCTCAGATTGAACG
1559 16S rRNA
S_dub_16S_R Reverse GTGAGCACTGCAAAGTACGC
S_dub_siAB_2_F Forward | AGTGATCCCCAACTGAAGCG 1185 Cell invasion
S_dub_siAB_2_ R Reverse | GGCGTCGATAAGAAAACGGC protein SipC
S_dub_aph_ble_F Forward | ACAGGATGAGGATCGTTTCGC Kanamycin
kinase aph and
1259 bleomycin
S_dub_aph_ble_R Reverse CCATCCACGCAGTGACCTC resistance protein
ble
S_dub_Blac_R Forward | TATCCTGGGCCTCATCGTCA 1301 Beta-lactamase
S_dub_Blac_F Reverse ACACACGTGGAATTTAGGAAAAACT bla and
S_ent_16S_F Forward | GCTCAGATTGAACGCTGGC
1500 16S rRNA
S_ent_16S_R Reverse GGTTCCCCTACGGTTACCTTG
S_ent_sABC_1_F Forward | AACCAGTGTATTTCACTCTGGAA 1274 Fimbrial protein
S_ent_sABC_1 R Reverse CTTCGGTGTTTGTCTGAGCG sefC
S_ent_sABC_2_F Forward | CGGTACAAAGCACCGAAGGA
740 Fimbrial subunit
S_ent_sABC_2_ R Reverse ATCGACTCGTAGATAGCCGC
S_ent_aadA_F Forward | TCGCTCCTTGGACAGCTTTT
957 aadA5
S_ent_aadA_R Reverse GAACGCCGAGTTAGGCATCA
S_ent_Blac_2_F Forward ATCAGTTTGCCCCAACCACA 1282 Betalactamase —
S_ent Blac_2_R Reverse | ACACTGATTTCCGCTCTGCT bladha-1
S_ent_BIac_4_F Forward AGACGTCAGGTGGCACTTTT Beta-lactamase
1132
S_ent_Blac_4_R Reverse | CAGTGGAACGAAAACTCACG TEM-1 blaTEM-1
dihydrofolate
reductase dfrA25
S_ent_dfrA_qacE_F Forward TCCAGAACCTTGACCGAACG 1256 and quaternary
ammonium
resistance protein
S_ent_dfrA_gacE_R | Reverse | TCGAAGAAGGAGTCCTCGGT gacEdeltal
S_ent_estX _sat2_F Forward CATCAGCGGGTGACAAAACG
986 Esterase- estX
S_ent_estX _sat2_R Reverse CTCACCGGAAAATTGCGAGC
S _newp_16S_F Forward AAACGGTGGCTAATACCGCA
1210 16S rRNA
S_newp_16S_R Reverse TCACCGTGGCATTCTGATCC
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Continued

Forward Product
Primer ID Sequence (5’->3’) length Gene
Reverse
(bp)
S_new_gyrA_F Forward CAATAAACGCCGAGACCACG
1017 Gyrase A —gyrA
S_new_gyrA_R Reverse TGCCTTCCACGCGTTTATCT
S_new_strB_F Forward GAGTCCCGTCTGGCAATGAA 1182 Streptomycin resistance
S_new_strB_R Reverse | GATTTGCCGGTGCTTCTGTC protein StrA
S_spp_16S_F Forward | TCCTGGCTCAGATTGAACGC
1458 16S rRNA
S_spp_16S_R Reverse ACAAAGTGGTAAGCGCCCTC
S_spp_fliC_F Forward | CTGTCGCTGTTGACCCAGAA
1397 Flagellar antigen fliC
S_spp_fliC_R Reverse GCGCGAGACATGTTGGAAAC
S_spp_invA_F Forward GCCGGTGAAATTATCGCCAC . o
1450 Invasion protein invA
S_spp_invA_R Reverse TATAACGCGCCATTGCTCCA
S_typh_16S_F Forward | ACACATGCAAGTCGAACGGT
1492 16S rRNA
S_typh_16S_R Reverse TAAGGAGGTGATCCAACCGC
S_typh_bIT_F Forward | GCAACCGGGGTCTGACG
1151 Beta-lactamase blaTEM
S_typh_bIT_R Reverse AGACGTCAGGTGGCACTTTT
S_typh_Int_1_F Forward | AGTTATCGGGAATGGCCCTG 1303 Class | 424ntegrin —
S_typh_Int_1 R Reverse | TGGTGATCTCGCCTTTCACG dfrAl and aadAl
S_typh_GMx_1_F Forward | GGCGCCCCTTATTTCAAACG Aminoglycoside
848 adenyltransferase A
S_typh_GMx_1_R Reverse GCGTCGGCTTGAACGAATTG aadA1l
Multidrug exporter
(resistance to quaternary
S_typh_qEd_sul_F Forward | TGAGCTCAGGCGTTAGATGC 915 ammonium compound)
gacEdeltal and
sulphonamide resistance
S_typh_qEd_sul_R | Reverse ATTCCTTCACGCTGGCAGAA prot. Sulldeltafusion
S_typhs_GMx_2_F | Forward CGCTATCGAGCGTCTGTCTT
1344 Phase 1 flagellin fliC
S_typhs_GMx_2 R | Reverse GCGCGAGACATGTTGGAAAC
Y_ent_16S_F Forward | TGGCTCAGATTGAACGCTGG
1487 16S rRNA
Y_ent_16S_R Reverse CCTTGTTACGACTTCACCCCA
Y ent ail_1 F Forward | AAATGGCTCGATGGGACGTT Attachment invasion
1331 protein
Y _ent_ail_1 R Reverse ACTTCACTCGGATCAGGGCT ail
Y_ent_invA_F Forward | CTTAATATCGGCGCTGGGGT
1302 Invasin invA
Y_ent_invA_R Reverse ACGCGGAACAAAGGTGAGTA
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Continued

Forward Product
Primer ID Sequence (5’->3’) length Gene
Reverse

(bp)

Y_ent_yopE_F Forward AACAACAAAAACAGCAGCGG 283 £
o

Y_ent_yopE_R Reverse GGGGAAACACTACCCCCTTG yop
z—e”—y—ORF—yStB— Forward | TCTCAACTTTTTGGACACCGC Heat stable

289 enterotoxin type B
;—e”—y—ORF—yStB— Reverse | ATGCCTAGCAACCCGCACA ystB
Y_ent_blaA_F Forward | TGAAGCACTCTTCGCTACGG

857 Beta-lactamase A
Y_ent_blaA_R Reverse GGTCGCAGAGGCCAATACAT
Crypto_16S_F Forward ACCTGACTTTATGGAAGGGTTG

1447 18S rRNA
Crypto_16S_R Reverse TTCAATCGGTAGGAGCGACG
Crypt_COWP_F Forward GCCTGAAAAGGCTTGTCCAC 484 Oocyst wall protein
Crypt_COWP_R Reverse ACCTGGGGGACATACAGGTT cowp
Crypt_hsp_F Forward TGACTCACAGCGTCAAGCAA Heat shock protein
Crypt_hsp_R Reverse | GGCAGAGGATTGCTCACCAT 70 HSP70
Crypto_p23_F Forward GGGTTGTTCATCATCAAAGCCA 440 Sporozoite surface
Crypto_p23_R Reverse | AAAGTATACAAGGGAACTCCCAG antigen p23
Cry_ATPbdC_F Forward | ACAATCAGCAGAGGAGGATGG 1680 ATP binding cassette
Cry_ATPbdC_R Reverse | ACCATAACTCCCTCAATTTCTCCA subfamily C
Eim_18S_F Forward | ACCCACTTAGTGTGGAGTCCT

1244 18S rRNA
Eim_18S_R Reverse CGTGCAGCCCAGAACATCTA
Giar_giard_F Forward CTATGTTCACCTCCACCCGT o

- - 788 Beta-giardin
Giar_giard_R Reverse GCCCTGGATCTTCGAGACG

) rRNA-small subunit
Gia_U_IT_L_F Forward | CTCCCCAAGGACGAAGCCAT ribosomal RNA and

1564 . .

' internal transcribed
Gia_U_IT_L_R Reverse TTCGAGGATCGGTGCTTCTC spacer 1 ITS-1
|_suis_18S_1 F Forward | CCTCAGGAAGGGCAGTGTTT 1534 rRNA-18S ribosomal
|_suis_185 1 R Reverse | TTTCCATCTCGGGCACGAAC RNA
T suis_18S_2_F Forward | ATACATGCCTCGAAGCTCGG 1498 rRNA-18S ribosomal
T suis_18S 2 R Reverse | CCTGTCCCAGTCACGAGAAC RNA
B_hSt_Cytb_F Forward AAACAATGCATTCATCGACCTTCC 1074 Bovine Cytochrome
B_hst_cytb_R Reverse ACTGTGCCGGCTGTTGGTATTA b
P_hst_cytb F Forward ACGCATTCATTGACCTCCCA 1080 Porcine Cytochrome
P_hst_cytb_R Reverse GGTTGTTTTCGATGATGCTAGTGA b
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Continued

Forward Product
Primer ID Reverse Sequence (5’->3’) length Gene
(bp)

Bov cor_F_4 Forward | GCTAAGGTCAAAAATACCAAGGTT Spike
Bov cor_R_4 Reverse | ACCTTGGCCTGTAATACCATAAAGA 1617
PEDV_F_1 Forward | CTTGAGTGGCTCAACCGAGT Loy | Membrane- Nucleocapsid-
PEDV_R_1 Reverse | GTGGGTACAGCGTTGTTTGC envelope
PEDV_F_3 Forward | TTATGTTGCCAGCCGTTTGC )
PEDV R 3 Reverse | ACAGCTCCACCAACATTACA 1647 | Polyprotein
TGEV_F_4 Forward | GTGCTGTTGCTGAGCATGAC
TGEV_R_4 Reverse | ACGAGCTCTTGCCTTACCAG 1388 ORF1b
Bovtor_F_ 1 Forward | TTGCCCTGAACACCTCATCC
Bovtor R 1 | Reverse | GAGTTGCAAAACCCACAGCA 1617 | polyprotein 1ab
Por tor_F_1 Forward | TGTGGCTACTTGGGTGTTGC
Portor R 1 | Reverse | TTACACAGTGGAGCCAGAGG 702 | Nucleocapsid
Porcirl_F_1 Forward | CAGCGTCAGTGAAAATGCCA
Porcirl_R_1 Reverse | TTGCAAAGTAGTAATCCTCCGA 851 Capsid - replicase
Porcir2_F_1 Forward | CACTTCGGCAGCGGCA
Porcir2 R 1 | Reverse | GTCTTCCAATCACGCTTCTGC 543 | Capsid - replicase
Bov kob_F_2 Forward | TGCTTCCGAACGGTGTTGAA
Bovkob R 2 | Reverse | TGGGTTGGGAGTAGGCAGTA 1659 | Unamed protein product
Por kob_F_2 Forward | CTGACACCAACCTACAGCGT
Por kob_R_2 Reverse | GTTGAGACCAAAGCGGGAGA 803 VPl
Bovent_F_1 Forward | TTTAAAACAGCCTGGGGGTTG
Bovent R_1 Reverse | AGGGTCCCCTGGTGGAATTT 1391 S'UTR
Porent_F_6 Forward | CTCCCTTCCACACAGAACGG '
Porent_R_6 Reverse | AGGGATCCAGTTGCAAAATGAAA 432 >UTR
Porsap_F_1 Forward | GCACCCGACAAGGAAGAAGA
Porsap R 1 | Reverse | CACCAGTTTCAGCTGCTGTC 1561 | Capsid- VP2
Portes F_1 Forward | GCTTGGACTCCCCAAGGTTT
Portes R_1 Reverse | CCCAGGGCGTGGACAAAATA 1062 VPl
Bovnor_F_1 Forward | GGACGAACTTGTTGCTCCCA
Bovnor_R_1 Reverse | GACCTCAGGAGGGAGGACTT 1085 RdRp
Por nor_F_2 Forward | CCACCCACAGTTGAGTCCAA
Pornor R_2 | Reverse | GGAAAGGGAGGTTGACTGGG 1577 | RdRp-VP2-VP1
Neb_F_1 Forward | GGCTAGTGGCTTGGTGGG
Neb_R_1 Reverse | CAGTCCAAGTGATGCCCGTA 1448 | RdRp- Capsid
Sap_F 4 Forward | GCTTGCCCGGATGTCCCTA )
Sap_R 4 Reverse | CCCTTGCTAGGGGTCACAC 1820 | Capsid
BovrotA_F 4 Forward | GGTTCGCTTGCGTACTTGTT
Bov rotA_R_4 | Reverse | ACTAATCCGCATCGTAGTGTT 1475 VP4
BovrotB_F_1 Forward | TCAGAGATGCCGTTGCCATT 758 VP7
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Continued

Forward Product

Primer ID Reverse Sequence (5’->3’) length | Gene
(bp)

BovrotB_F_1 | Forward | TCAGAGATGCCGTTGCCATT
BovrotB_R_1 | Reverse | AGTCCTCTTTATGCTCGCGG 758 VP7
BovrotC_F_2 | Forward | CGTCAGCTGATATCCCAGAACT
BovrotC_R_2 | Reverse | TCCTGCTGTCATAAACCAACCA 1308 VP4
Por rotA_F_3 Forward | AAAAGGATGGCCAACAGGGT
Por rotA_R_3 Reverse | CGGTTTTTGGTGCAGTGGTT >21 VP7
PorrotB_F_1 Forward | TACGCTGCTTCTCGTCCTTG
PorrotB_R_1 Reverse | CTTTATGCTCGCGGTTCTGC 741 VP7
Por rotC_F_2 Forward | CACCTTATAGCGGACGCACT
PorrotC_R_2 Reverse | AGCCCGATGTCTCGGAGT 882 VP7
Orthoreo_F_1 | Forward | CAGCTACCTCCACTGAGCAC
Orthoreo_R_1 | Reverse | CCGCTCCATACTTCTCCCAC 948 L1
BVDV2_F_1 Forward | CTCGTATACGGATTGGGTGTCA '
BVDV2 R 1 | Reverse | CTGTATTCCTTCGGTGCCGT 1225 1 S'UTR - Npro
BVDV2_F_3 Forward | AGAGTGGTAGCAATGACAGCA _
BVDV2 R 3 | Reverse | GTCTGATACCCGACGTAGCC 1073 | Polyprotein
Bov par_F_1 Forward | GAGCCTGCCCCAGATATCAC )
Bovpar R 1 | Reverse | CCATGGGCATTGGACCTTCT 1021 | NSP-Capsid
Por boca_F_1 | Forward | TCAGTTCTGGCATGGAGCAA
Por boca_R_1 | Reverse | TGTGTTCTGTTTTCCCGCCT 1264 NS1
Porpar_F_1 Forward | CACCCAGGGTCTAAACCACC
Porpar_R_1 Reverse | TGGTCCACCATTGGAGTATTCA 1158 VP2
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Appendix V. Probe design software parameters

UPS Picky GoArray eArray
Probe length 60 Probe length 58-62 | Probe length 60 Probe length 60
No probes/seq 5 No probes/seq 5 No probes/seq 17 No probes/seq 3
Salt 0.58M" Salt concentration 500mM | Salt concentration 1" Salt i
concentration ' i concentration
Maximum match 15" Subsequence length 57
b ) length
angenomic Minimum match length * Min space between sub- .
level 10 20
Among  non- sequences
Prc?be redundant Maximum GC content 70" Max space between sub- 60"
uniqueness NCBI sequences
Sucleotide Minimum GC content 30" | Step for specificity search 1"
database I\./Im.lmgm trigger 75 Length for random sequence 6
similarity -
Minimum T° difference 15" Min Tm 83"
DNA concentration 1InM* | Max Tm 93"
Screen only forward X Max Tm for secondary structures -
No 63
strands
Degenerate . Preferred shared oligo No* Folding temperature (0-100°C) 50"
No
probes allowed ) ) i Database name NCBI*
Compute Picky oligo using the . .
i Max length for identity 15
better salt effect concentration - — .
lonic conditions [Mg**] 0
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Appendix V legend

*: By default

#: BLAST executable were downloaded in January 2014
T°: Temperature

Tm: Melting temperature
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Appendix VI. Number of designed probes per pathogen
and software — Agilent platform

. No of

Pathogen UPS Picky | GoArray | eArray probes
Bovine coronavirus 75 39 24 72 210
Porcine epidemic diarrhea virus
(PEDV) 115 30 46 117 308
Transmissible gastroenteritis
virus (TGEV) 46 45 15 45 151
Bovine torovirus 73 35 29 81 218
Porcine torovirus 97 19 35 105 256
Porcine circovirus (PCV1, PCV2) 119 45 41 108 313
Bovine kobuvirus 45 18 16 42 121
Porcine kobuvirus 87 38 29 87 241
Bovine enterovirus 71 63 27 57 218
Porcine enterovirus 103 85 26 123 337
Sapelovirus 113 35 37 81 266
Teschovirus 118 113 44 129 404
Bovine norovirus 110 59 41 129 339
Porcine norovirus 133 52 44 123 352
Nebovirus 27 19 8 18 72
Sapovirus 93 71 26 72 262
Bovine rotavirus (A, B, C) 278 196 93 225 792
Porcine rotavirus (A, B, C) 250 213 83 300 846
Porcine orthoreovirus 73 55 24 72 224
Bovine parvovirus 20 16 8 9 53
Porcine Bocavirus 87 69 28 78 262
Porcine parvovirus 50 42 21 75 188
Bovine viral diarrhea virus
(BVDV1, BVDV2) 261 157 82 243 743
Bacteroides fragilis 174 91 46 120 431
Campylobacter (coli, jejuni) 469 227 144 378 1218
Clostridium (difficile, perfringens) 383 130 123 333 969
Escherichia coli (EPEC, ETEC,
STEC, EAEC) 567 310 149 321 1347
Salmonella (Choleraesuis, Derby,
Dublin, Enteritidis, Newport, 1102 795 313 501 2711
Typhimurium, Typhisuis)
5;;;2?3/://;er (hyodysenteriae, 219 67 93 231 610
Lawsonia intracellularis 86 77 24 33 220
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Continued

Pathogen UPS Picky | GoArray | eArray No of

probes
Yersinia enterocolitica 125 63 43 99 330
Trichuris suis 41 10 17 51 119
Cryptosporidium spp. 108 56 27 78 269
Giardia spp. 172 17 38 114 341
Eimeria spp. 51 10 13 33 107
Isospora suis 8 10 3 9 30
Host - Bovine 20 1 10 33 64
Host- Porcine 16 1 10 24 51

Total 5985 | 3379 1880 4749 15993
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Appendix VII. Number of designed probes per pathogen
and software — Alere platform

Pathogen No probes

Bovine coronavirus 11

Porcine epidemic diarrhea virus (PEDV)

Transmissible gastroenteritis virus (TGEV) 5
Bovine torovirus 11
Porcine torovirus 18
Porcine circovirus (PCV1, PCV2) 12

Bovine kobuvirus

Porcine kobuvirus

Bovine enterovirus

Porcine enterovirus 11

Porcine sapelovirus

Porcine teschovirus 6
Bovine norovirus 10
Porcine norovirus 8
Nebovirus 4
Sapovirus 9
Bovine rotavirus (A, B, C) 18
Porcine rotavirus (A, B, C,) 23

Orthoreovirus

Bovine viral diarrhea virus (BVDV2)

Porcine bocavirus

2
9
Bovine parvovirus 3
4
3

Porcine parvovirus
Total 201
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Appendix VIII. Free energies of folding virus probes

Probe Delta Probe Delta Probe Delta Probe Delta Probe Delta Probe Delta

name G name G name G name G name G name G
Bov cor_1 -1.33 | PEDV 0203 -0.61 | Portor_1 -2.35 | Porcirl_1 -3.35 | Bov kob 0006 -1.5 Porent_4 -4.61
Bov cor_2 -0.41 | PEDV 0205 -0.56 | Portor_2 -2.66 | Porcirl_2 0.46 | Bov kob 0007 -1.86 | Porent_5 -2.06
Bov cor_3 -6.43 | TGEV_1 -2.47 | Portor_3 -1.18 | Porcirl_3 -3.77 | Bov kob 0008 -3.76 | Porent_6 -2.58
Bov cor_4 -1.72 | TGEV_2 0.46 | Portor_4 -1.71 | Porcirl_4 -4.15 | Por kob_1 -8.1 Por ent_7 -7.43
Bov cor_5 -1.9 | TGEV 0163 -0.65 | Portor_5 -2.28 | Porcir2_1 -2.43 | Por kob_2 -2.89 | Porent_8 -4.01
Bov cor_6 -2.61 | TGEV 0166 -1.69 | Portor_6 -1.92 | Porcir2_2 -5.63 | Por kob_3 -4.17 | Porent_9 -3.27
Bov cor_7 -2.67 | TGEV 0168 -1.85 | Portor_7 0.13 | Porcir2_3 -1.03 | Por kob_4 -5.64 | Porent_10 -2.1
Bov cor_8 -1.23 | Bovtor_1 -0.86 | Portor_8 -2 Por cir 0521 -0.1 | Por kob_5 -3.24 | Porent_11 -4.96
Bov Cor 0227 | -6.06 | Bov tor_2 -7.02 | Portor_9 -4.88 | Por cir 0523 -3.71 | Por kob_6 1.46 Por sap_1 -2.52
Bov Cor 0229 | -2.35 | Bovtor_3 -4.15 | Portor_10 | -5.21 | Por cir 0525 -3.23 | Porkob_7 -2.36 | Porsap_2 -1.66
Bov Cor 0231 | -2.35 | Bovtor0001 | -2.09 | Portor_11 -5.1 | Porcir 0527 -1.73 | Bovent_1 -3.67 | Porsap_3 -1.57
PEDV_1 -1.69 | Bovtor 0002 | -1.23 | Portor_12 -5.51 | Por cir 0529 -1.04 | Bov ent_2 -1.92 Por sap_4 -6.77
PEDV_2 -3.39 | Bov tor 0003 0.15 | Portor_13 -4.47 | Bov kob_1 -8.3 | Bovent_3 -1.14 Portes_1 -3.45
PEDV_3 -7.16 | Bov tor 0004 -0.1 | Portor_14 -1.39 | Bov kob 0001 -1.06 | Bovent_4 -3.27 | Portes_2 -2.11
PEDV_4 -0.15 | Bovtor 0005 | 0.46 | Portor_15 -0.95 | Bov kob 0002 -1.65 | Bovent_5 -3.71 | Portes_3 -1.32
PEDV 0197 -1.95 | Bovtor0039 | -1.08 | Portor_16 | -2.08 | Bov kob 0003 -1.36 | Porent_1 -7.86 | Por tes_4 -0.57
PEDV 0199 -2.89 | Bov tor 0040 0.3 Por tor_17 -1.45 | Bov kob 0004 -0.7 | Porent_2 -5.81 | Portes_5 -0.71
PEDV 0201 -0.22 | Bovtor0041 | -2.35 | Portor_18 -3.69 | Bov kob 0005 -2.98 | Porent_3 -2.59 Por tes_6 -2.96
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Continued

Probe Delta Probe Delta Probe Delta Probe Delta Probe Delta Probe Delta
name G name G name G name G name G name G
Bov nor_1 -3.97 | Neb_1 -2.95 | BovrotA_6 -0.71 | PorrotA_6 -0.35 | Orthoreo_1 -2.28 | Porpar_1 | -0.58
Bov nor_2 -4.24 | Neb_2 -5.7 Bovrot A_7 -2.01 | PorrotA_7 0.36 | Orthoreo_2 -1.31 | Porpar_2 | -0.28
Bov nor_3 -4.7 | Neb_3 -3.33 | BovrotA_8 -3.15 | Porrot A_8 -4.34 | BVDV2_1 -5.54 | Porpar_3 | -1.04

Bov nor_4 -2.95 | Neb_4 -5.51 | BovrotA 9 -0.32 | PorrotA_9 -3.39 | BVDV2_2 -7.69
Bov nor_5 -0.52 | sap_1 -1.59 | BovrotA_10 -3.81 | PorrotA_10 | -5.73 | BVDV2_3 -0.79
Bov nor_6 -1.21 | sap_2 -3.42 | BovinerotavirusB_1 | -0.89 | PorrotB_1 -0.8 | BVDV2_4 -5.7

Bov nor_7 0.06 | Ssap_3 -5.59 | BovrotB_2 -1.52 | PorrotB_2 -1.45 | BVDV 2_5 -1

Bov nor_8 -2.06 | Sap_4 -4.43 | BovrotB_3 -0.26 | PorrotB_3 -0.91 | BVDV 0160 -4.49
Bov nor_9 -1.09 | sap_5 0.03 | BovrotB_4 -6.03 | PorrotB_4 -0.39 | BVDV 0162 -0.73
Bovnor_10 | -2.64 | Sap_6 -2.74 | BovrotB_5 -3.24 | PorrotB_5 -1.03 | BVDV 0164 -2.33
Por nor_1 -4.73 | Sap_7 -0.33 | BovrotC_1 -3.24 | PorrotC_1 0.1 BVDV 0166 -3.93
Por nor_2 -1.39 | Sap_8 -3.8 | BovrotC_2 -3.86 | PorrotC_2 -2.44 | Bov par_1 -1.74
Por nor_3 0.22 | sap_9 -0.87 | BovrotC_3 -0.18 | PorrotC_3 -0.56 | Bov par_2 -7.46
Por nor_4 -4.57 | BovrotA_1 -1.98 | PorrotA_1 -1.9 | PorrotC_4 -0.89 | Bov par_3 -1.79
Por nor_5 -0.75 | BovrotA_2 -1.33 | PorrotA_2 0.04 | PorrotC_5 -0.82 | Por boca_1 -0.51
Por nor_6 -2.49 | BovrotA_3 -0.92 | PorrotA_3 -0.6 | PorrotC_6 -0.47 | Por boca_2 -1.22
Por nor_7 -4.57 | BovrotA_4 -1.63 | PorrotA_4 -4.69 | PorrotC_7 -1.24 | Por boca_3 -6.08
Por nor_8 -4.07 | BovrotA_5 -1.73 | PorrotA_5 -2.27 | PorrotC_8 -1.22 | Por boca_4 -1.26
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Appendix IX. Free energies and mismatches of hybridised probes with targets

DeltaG No DeltaG No DeltaG No DeltaG No

Probe ID kcal/ of Probe ID kcal/ of Probe ID kcal/ of Probe ID kcal/ of

mole mis mole mis mole mis mole mis

Bov_cor_1 -59.2 0 PEDV 0201 -59 0 Bov tor 0040 -56 0 Por tor_16 -7.7 26
Bov_cor_2 -65 0 PEDV 0203 -57.8 0 Bov tor 0041 -59.1 0 Por tor_17 -7.9 25
Bov_cor_3 -58.1 1 PEDV 0205 -62.9 0 Por tor_1 -47.6 4 Por tor_18 -52.2 4
Bov_cor_4 -55.3 2 TGEV_1 -62.6 0 Por tor_2 -43.9 7 Porcirl_1 -67 0
Bov_cor_5 -56.8 2 TGEV_2 -48.9 1 Por tor_3 -48.9 5 Por cirl_2 -61.5 0
Bov_cor_6 -43.5 5 TGEV 0163 -59.1 0 Por tor_4 -38.1 9 Por cirl_3 -66.8 0
Bov_cor_7 -54.6 1 TGEV 0166 -53.6 2 Por tor_5 -46.4 6 Porcirl_4 -70.5 0
Bov_cor_8 -55.5 1 TGEV 0168 -52.6 1 Por tor_6 -48.1 5 Porcir2_1 -69.7 0
Bov Cor 0227 -64.4 0 Bov tor_1 -50.9 6 Por tor_7 -55.8 1 Por cir2_2 -44 15
Bov Cor 0229 -56.1 0 Bov tor_2 -46.6 7 Por tor_8 -41.5 7 Por cir2_3 -68.3 4
Bov Cor 0231 -58 0 Bov tor_3 -59 0 Por tor_9 -51.2 3 Por cir 0521 -57.6 0
PEDV_1 -62.6 0 Bov tor 0001 -59 0 Por tor_10 -53.5 3 Por cir 0523 -66.5 0
PEDV_2 -63.3 2 Bov tor 0002 -58.8 0 Por tor_11 -49 5 Por cir 0525 -69.1 0
PEDV_3 -62.9 0 Bov tor 0003 -59.8 0 Por tor_12 -29.2 11 Por cir 0527 -66.3 0
PEDV_4 -52 0 Bov tor 0004 -51.4 0 Por tor_13 -41.1 8 Por cir 0529 -58.7 1
PEDV 0197 -59.5 0 Bov tor 0005 -55.4 0 Por tor_14 -35.7 10 | Bovkob_1 -53.7 7
PEDV 0199 -53.3 0 Bov tor 0039 -60.3 0 Por tor_15 -51.4 4 Bov kob 0001 -59.4 0
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Continued

DeltaG | No DeltaG No DeltaG | No DeltaG | No
Probe ID kcal/ | of Probe ID kcal/ of Probe ID kcal/ | of Probe ID kcal/ of
mole | mis mole mis mole | mis mole mis
Bov kob 0002 -62.4 0 |Porent_3 -28.7 12 | Bovnor_3 -47.1 10 | Sap_2 -9.9 40
Bov kob 0003 -63.6 O | Porent_4 -8.1 38 | Bovnor_4 -28.1 15 | Sap_3 -54 5
Bov kob 0004 -58.7 0 |Porent_5 -8.9 36 | Bovnor_5 -8.4 38 | Sap_4 -23.3 14
Bov kob 0005 -62.9 O | Porent_6 -62.5 0 Bov nor_6 -41.8 10 | Sap_5 -20.5 19
Bov kob 0006 -62.6 0 | Porent_7 -55.3 4 Bov nor_7 -34.1 12 | Sap_6 -30 12
Bov kob 0007 -63.4 0 | Porent_8 -54.9 5 Bov nor_8 -8.8 44 | Sap_7 -42.6 7
Bov kob 0008 -65.7 O | Porent_9 -46.2 6 Bov nor_9 -8.3 38 | Sap_8 -50.5 7
Por kob_1 -49.5 5 | Porent_10 -48.2 5 Bov nor_10 -9.4 40 | Sap_9 9.1 37
Por kob_2 -59.6 2 | Porent_11 -55.5 3 Por nor_1 -19.2 21 | BovrotA_1 -62 0
Por kob_3 -39.4 9 |Porsap_1 -39.6 9 Por nor_2 -43 9 | BovrotA_2 -32.8 12
Por kob_4 -30.7 13 | Porsap_2 -36.6 9 Por nor_3 -10 40 | BovrotA_3 -24.7 15
Por kob_5 -34.8 11 | Porsap_3 -47 5 Por nor_4 -10.8 36 | BovrotA_4 -20.2 14
Por kob_6 -23.2 14 | Porsap_4 -22.1 17 | Por nor_5 -9.9 38 | BovrotA_5 -18.9 19
Por kob_7 -27.7 12 | Portes_1 -21.2 14 Por nor_6 -50.9 8 | BovrotA_6 -14.1 20
Bov ent_1 -28.4 17 | Portes_2 -7.1 35 Por nor_7 -10.8 36 | BovrotA_7 -65.3 0
Bov ent_2 -38.6 10 | Portes_3 -14 16 Por nor_8 -65.6 O | BovrotA_8 -10.6 39
Bov ent_3 -39 14 | Portes_4 -61.4 0 Neb_1 -56.4 2 | BovrotA_ 9 -12.1 39
Bov ent_4 -26.9 15 | Portes_5 -16.7 15 Neb_2 -72 0 | BovrotA_10 -15.3 29
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Continued

DeltaG | No DeltaG No DeltaG No DeltaG No
Probe ID kcal/ of Probe ID kcal/ of Probe ID kcal/ of Probe ID kcal/ of
mole mis mole mis mole mis mole mis
Bovrot A_2 -32.8 12 Bovrot C_3 -56.1 2 PorrotC_1 -21.9 19 BVDV 0162 | -60.5 0
Bovrot A_3 -24.7 15 PorrotA_1 -31.5 12 Porrot C_2 -62.8 0 BVDV 0164 | -56.6 0
BovrotA_4 -20.2 14 | PorrotA_2 -35.4 13 | PorrotC_3 -10.2 16 | BVDV 0166 | -60.7 0
Bovrot A 5 -18.9 19 PorrotA_3 -15.2 22 PorrotC_4 -27.9 14 Bov par_1 -11.6 40
Bovrot A_6 -14.1 20 PorrotA_4 -36 9 PorrotC_5 -63 0 Bov par_2 -12.9 36
BovrotA_7 -65.3 0 Porrot A_5 -9.3 40 | PorrotC_6 -8.2 34 | Bovpar_3 -68.2 0
Bovrot A_8 -10.6 39 Porrot A_6 -19.4 16 Porrot C_7 -21.6 15 Porboca_1 | -54.3 1
BovrotA 9 -12.1 39 | PorrotA_7 -52.3 3 PorrotC_8 -21.3 17 Porboca_2 | -25.6 13
Bovrot A_10 -15.3 29 | PorrotA_8 -13.5 21 | Orthoreo_1 -54.6 5 Porboca_3 | -62.1 3
Bovine rotavirus B_1 -30 11 | PorrotA_9 -25.2 13 | Orthoreo_2 | -29.7 14 | Por boca_4 -8.5 38
Bov rot B_2 -56 0 Porrot A_10 -39.3 8 BVDV 2_1 -25 16 Por par_1 -61.2 0
BovrotB_3 -32.4 11 | PorrotB_1 -28.8 9 BVDV 2_2 -34 9 Por par_2 -58.5 0
BovrotB_4 -11.1 36 Por rot B_2 -9.9 39 | BVDV2_3 -9.8 37 Por par_3 -59 1
BovrotB_5 -63.9 0 PorrotB_3 -41.2 8 BVDV 2_4 -67 1
BovrotC_1 -60.1 1 Porrot B_4 -35.4 11 | BVDV 2_5 -25.5 15
Bov rot C_2 -59.5 3 PorrotB_5 -45 10 BVvVDV 0160 -60.4 0
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Appendix X. Detected pathogens with published primers in bovine samples

Sample Detected pathogens

2bis E.coli/Parvo -

6? E.coli/Parvo

11 E.coli/Parvo Rota/BVD

12 Rota/BVD

13 E.coli/Parvo Noro/Campy

14 E.coli/Parvo

26

27 E.coli/Parvo

37 E.coli/Parvo

58 E.coli/Parvo

59

60

63

68 NP NP NP NP NP NP NP NP

1

3 E.coli/Parvo Yer/Corona

5 E.coli/Parvo

6 E.coli/Parvo Yer/Corona

7 E.coli/Parvo Rota/BVD Yer/Corona

8 E.coli/Parvo Yer/Corona

9 Yer/Corona
10 E.coli/Parvo
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Continued

Sample Detected pathogens

11

12 E.coli/Parvo Rota/BVD Toro/Campy

13 Yer/Corona

14 E.coli/Parvo Rota/BVD Toro/Campy

Bl E.coli/Parvo/Calici Entero/Corona/Bact Crypto | Yersinia

Hem Kobu
1/3 E.coli/Parvo/Calici Rota/BVD Yersinia | Kobu
5/7 E.coli/Parvo/Calici Rota/BVD

2/8 E.coli/Parvo/Calici Yersinia | Kobu
3/10 E.coli/Parvo/Calici

6/5

4)

09 Rota/BVD

12

12' Rota/BVD

161 E.coli/Parvo/Calici

162 E.coli/Parvo/Calici Rota/BVD

165

19.1 E.coli/Parvo/Calici Rota/BVD

19.2 E.coli/Parvo/Calici Rota/BVD Entero/Corona/Yer

19.3 E.coli/Parvo/Calici Rota/BVD Entero/Corona/Yer

3T

aT
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Continued

Sample

Detected pathogens

6T

E.coli/Parvo

Entero/Corona/Yer

7T

9T

E.coli/Parvo

13T

18T

20T

E.coli/Parvo

21T

E.coli/Parvo

25T

29T

30T

E.coli/Parvo

31T

E.coli/Parvo

35T

E.coli/Parvo

38T

40T

41T

427

43T

45T

Entero/Corona/Yer

S1

S2

E.coli/Parvo

Entero/Corona/Yer

S3

E.coli/Parvo

Entero/Corona/Yer

sS4

S5

E.coli/Parvo
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Continued

Sample Detected pathogens

S6 E.coli/Parvo

1 E.coli/Parvo

2 E.coli/Parvo

3 Entero/Corona/Yer
4 E.coli/Parvo

5

6

A

B2

C

D

E

F E.coli/Parvo

G Entero/Corona/Yer
Cl1

Cc2 E.coli/Parvo

Cc3

ca

(o E.coli/Parvo

cé6

c7 E.coli/Parvo

c8 E.coli/Parvo
Cc10 Kobu
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Continued

Sample

Detected pathogens

Cl1

C12

C13

Cl4

C15

C16

C17

C18

Va

Sva

V1

V2

Vel

Ve2

32

94

15

Caml

E.coli/Parvo

Cam2

E.coli/Parvo

Cam3

E.coli/Parvo

Cam4

E.coli/Parvo

Cam5

E.coli/Parvo

cap
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Continued

Sample Detected pathogens
44
47
49
53 E.coli/Parvo
54
55 E.coli/Parvo
Ti1 E.coli/Parvo
TI2 E.coli/Parvo
TI3 E.coli/Parvo
Tl4 E.coli/Parvo
TI5 E.coli/Parvo
Tle E.coli/Parvo
TI7 E.coli/Parvo
TI8 E.coli/Parvo

E.coli : Escherichia coli, Entero: Enterovirus, Parvo: Bovine parvovirus , Bact: Bacteroides fragilis, Yer: Yersinia, Calici: Calicivirus,
Corona : Coronavirus, Crypto: Cryptosporidium, Rota : Rotavirus A, Toro : Torovirus, BVD: BVDV, Kobu: Kobuvirus, Noro : Norovirus,
Campy : Campylobacter, NP: Not performed.
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Appendix XI. Detected pathogens with designed primers in bovine samples

sample Designed primers
Multiplex Sample Monoplex

2bis 2bis

6? 6?

11 11

12 12

13 Corona/kobu/EPEC eae Crypto/Rota/Entero 13 Salm
14 14

26 26

27 Corona/kobu/EPEC eae 27 Salm
37 Corona/kobu/EPEC eae 37

58 Corona/kobu/EPEC eae Crypto/Rota/Entero 58 Salm
59 59

60 60

63 63

68 68
1 1 Salm
3 Corona/EPEC eae Kobu 3 Salm
5 5 Salm
6 6
7 Corona/EPEC eae 7 Salm
8 8
9 9




Continued

sample Designed primers
Multiplex Sample Monoplex
10 Corona/EPEC eae 10 Salm | E.coli F5 | Crypto
11 11
12 Corona/EPEC eae 12 Salm
13 13
14 Corona/EPEC eae Kobu 14 Salm | E.coli F5
B1 Corona/EPEC eae B1 Salm
B2 Corona/EPEC eae B2 Salm
Hem Hem
1/3 Corona/EPEC eae 1/3 Salm
5/7 Corona/EPEC eae 5/7 Salm
2/8 2/8
3/10 | Corona/EPEC eae 3/10 | Salm
6/5 6/5
4) 4)
09 Corona/EPEC eae 09 Salm Crypto
12 12
12 Corona/EPEC eae 12 Salm
161 Corona/EPEC eae 161 Salm | E.coli F5
162 Corona/EPEC eae 162 Salm
165 165
19.1 Corona/EPEC eae 19.1 Salm Crypto
19.2 Corona/EPEC eae 19.2 Salm Crypto
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Continued

sample Designed primers
Multiplex Sample Monoplex
19.3 Corona/EPEC eae 19.3 Salm Crypto
3T 3T Salm
a7 a7 Salm
6T Corona/EPEC eae 6T Salm
T T Salm
aT Corona/EPEC eae aT Salm
13T 13T Salm
18T 18T Salm
20T Corona/EPEC eae 20T Salm
21T Corona/EPEC eae 21T Salm
25T 25T Salm BVD
29T 29T Salm Crypto
30T 30T Salm
31T 31T Salm
35T Corona/EPEC eae 35T Salm
38T 38T Salm
40T 40T Salm
41T 41T Salm
427 42T Salm
43T 43T Salm
45T Corona/EPEC eae 45T Salm
S1 S1

446




Continued

sample Designed primers
Multiplex Sample Monoplex
S2 S2
S3 Corona/EPEC eae S3 Salm Crypto E.coli eae
S4 sS4
S5 Corona/EPEC eae S5 Salm
S6 Corona/EPEC eae S6 Salm
1 Corona/EPEC eae Crypto/Salm/Entero 1 Salm
2 Corona/EPEC eae Crypto/Salm/Entero 2 Salm
3 3
4 Corona/EPEC eae 4 Salm
5 5
6 Corona/EPEC eae 6 Salm Crypto
A A
B2 B2
C C
D D
E Corona/EPEC eae E Salm BVD
F Corona/EPEC eae F Salm E.coli eae
G G
C1 Cl1
Cc2 Cc2 Salm BVD
c3 Corona/EPEC eae c3 Salm




Continued

sample Designed primers
Multiplex Sample Monoplex
Ca Corona/EPEC eae Ca Salm E.coli F5 BVD
C5 Corona/EPEC eae C5 Salm Crypto
cé6 cé6
c7 Corona/EPEC eae c7 Salm
Cc8 Corona/EPEC eae Cc8
C10 C10
C11 Corona/EPEC eae C11 Salm Crypto
C12 Corona/EPEC eae C12 Salm
C13 Corona/EPEC eae C13 Salm
Ci4 Corona/EPEC eae Ci4 Salm
C15 Corona/EPEC eae C15 Salm BVD
Cle Cle Salm
C17 C17
C18 Corona/EPEC eae C18 Salm
Va Corona/EPEC eae Va Salm
Sva Corona/EPEC eae Sva Salm
Vi Vi Salm Kobu
V2 Corona/EPEC eae V2 Salm Kobu
Vel Corona/EPEC eae Vel Salm
Ve2 Corona/EPEC eae Ve2 Salm
32 Corona/EPEC eae 32 Salm
94 Corona/EPEC eae 94 Salm
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Continued

sample Designed primers
Multiplex Sample Monoplex

15 Corona/EPEC eae 15 Salm

Caml | Corona/EPEC eae Kobu Caml Salm E.coli F5

Cam2 | Corona/EPEC eae Kobu Cam2 Salm E.coli F5

Cam3 | Corona/EPEC eae Kobu Cam3 Salm E.coli F5

Cam4 | Corona/EPEC eae Kobu Cam4 Salm E.coli F5

Cam5 | Corona/EPEC eae Kobu Cam5 Salm
cap Corona/EPEC eae cap Salm
44 Corona/EPEC eae 44 Salm
47 Corona/EPEC eae 47 Salm
49 49 Salm
53 53 Salm
54 54 Salm
55 Corona/EPEC eae Salm/Entero 55 Salm E.coli F5
Ti1 Corona/EPEC eae Ti1 Salm E.coli F5 | Crypto
TI2 Corona/EPEC eae TI2 Salm E.coli F5 | Crypto
TI3 Corona/EPEC eae TI3 Salm E.coli F5 | Crypto
Tl4 Corona/EPEC eae Tl4 Salm E.coli F5 | Crypto
TI5 Corona/EPEC eae TI5 Salm E.coli F5 | Crypto
Tl6 Corona/EPEC eae Tle Salm E.coli F5 | Crypto
TI7 Corona/EPEC eae TI7 Salm E.coli F5 | Crypto
TI8 Corona/EPEC eae TI8 Salm E.coli F5 | Crypto
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Appendix Xl legend

E. coli: Escherichia coli, Entero: Enterovirus, Campy: Campylobacter, Parvo: Bovine parvovirus, Bact: Bacteroides fragilis, Yer : Yersinia,

Calici: Calicivirus, Corona: Coronavirus, Crypto: Cryptosporidium, Rota : Rotavirus A, Toro: Torovirus, BVD: BVDV, Kobu: Kobuvirus, Noro:

Norovirus, NP: Not performed.
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Appendix XIl. Detected P. kobuvirus and C. difficile by

monoplex PCR in porcine samples (Designed primers)

Porcine kobuvirus Clostridium difficile
Designed Monoplex Designed Monoplex
Batch Sample ID sal;:ﬁle VP | Batch Sample ID sal;:zle 165 REISIZTtS
No ID 1 No D rRNA
PM1B278 1 NP PM1B278 1 - -
PM2A3 2 NP PM2A3 2 - -
PM2A1 3 NP PM2A1 3 - -
PM2B269 4 - PM2B269 4 + +
Batch I"or 102 5 | np | Batch Moypono 5 i -
! PM2B266 6 - ! PM2B266 6 + +
PM2B262 7 NP PM2B262 7 - -
PM3B1 8 NP PM3B1 8 - -
PM4A221 9 - PM4A221 9 - +
PM2B271 1 - PM2B271 1 - +
PM4A231 2 - PM4A231 2 NP +
PM4B472 3 - PM4B472 3 NP +
PM5A416 4 - PM5A416 4 + +
Batch "o\ 18p3 5 — | Batch "oyvige3 5 i -
2 PM8B48 6 - 2 PM8B48 6 + +
PM17A416 7 - PM17A416 7 + -
PM17A418 8 + PM17A418 8 + +
PM17A420 9 - PM17A420 9 + +
PM17A421 10 - PM17A421 10 + +
PM17A428 11 - PM17A428 11 + +
PM18A447 12 - PM18A447 12 + +
PM18A451 13 + PM18A451 13 + +
PM21B157 14 - PM21B157 14 + +
PM23A392 15 - PM23A392 15 + +
PM8A469 8A - PM8A469 8A + +
PM8B44 8B - PM8B44 8B + +
PM9A495 9 + PM9A495 9 + +
Ba;Ch PM9A497 | 9 - Ba;‘:h PM9A497 9 ¥ ;
PM13A468 13 - PM13A468 13 + +
PM15B69 15 - PM15B69 15 + +
PM16A128 16 - PM16A128 16 + +
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Continued

Porcine kobuvirus

Clostridium difficile

Designed Monoplex

Designed Monoplex

Batch Lab Batch tab | o | Elisa
No Sample ID | sample | VP1 No Sample ID | sample FRNA Results
ID ID
PM4B77 A + PM4B77 A + .
PM5A421 B ] PM5A421 B + +
PM16A137 | + PM16A137 | ¢ + +
PM17B167 D + PM17B167 D R +
Batch "onvo1as00 | ¢ ~ | Batcha | PM21AS00 | + N
M VITTOIT: F + PM22A216 F + +
PM23A398 | g + PM23A398 | G + +
PM23A407 | H ] PM23A407 | H + +
PM24A237 | + PM24A237 | + +
PM5A417 5A - PM5A417 5A - -
PM9A1 9A - PM9A1 9A - -
Ba;':h PM15A444 | 15A - | Batchs | PM15A444 [ 15A + -
PM15B1 158 - PM15B1 158 - -
PM17A422 | 17A - PM17A422 | 17A - -
PM8A2 1B - PM8A2 1B NP -
PM18A450 | 2B + PM18A450 | 2B NP -
Batch | PM8A3 4B + PM8A3 4B NP -
6 |PvB2271 | 5B | Bach® oe2o71 | se | wp N
PM1A1 6B - PM1A1 6B NP -
- 78 + ; 7B NP -
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Appendix XIll. Detected C. difficile and toxins, P.
kobuvirus and P. rotavirus A by multiplex PCR in porcine

samples (Designed primers)

Lab C.diff P. .
Batch No Sample ID sample 16S tcdA | tcdB | rotavirus kobuvirus
ID rRNA A
PM1B278 1 NP NP | NP NP NP
PM2A3 2 NP NP | NP NP NP
PM2A1 3 NP NP | NP NP NP
PM2B269 4 - - - - _
Batch1 | PM2A2 5 NP NP | NP NP NP
PM2B266 6 - - - . -
PM2B262 7 NP NP | NP NP NP
PM3B1 8 NP NP | NP NP NP
PM4A221 9 - - - . _
PM2B271 1 NP NP | NP NP NP
PM4A231 2 NP NP | NP NP NP
PM4B472 3 NP NP | NP NP NP
PM5A416 4 NP NP | NP NP NP
PM8B3 5 NP NP | NP NP NP
PM8B48 6 - - - . _
PM17A416 7 - - - + _
Batch2 | PM17A418 8 + - + - i
PM17A420 9 + - - - -
PM17A421 10 + - - - -
PM17A428 11 + - . - _
PM18A447 12 + - . - _
PM18A451 13 - - R - _
PM21B157 14 + - + - _
PM23A392 15 + - + + _
PM8A469 8A - . i i _
PM8B44 8B - - - - -
PM9A495 9A + + + R +
Batch3 | PM9A497 9A' + R - _ _
PM13A468 13 + - + _ _
PM15B69 15 + _ + _ _
PM16A128 16 + - + . _
PM4B77 A _ - B _ _
Batch4 | PM5A421 B R - R R _
PM16A137 C + . + + i
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Continued

C.diff

P.

BatchNo | SampleID sample 16S tcdA | tcdB | rotavirus kob:\./irus
ID rRNA A
PM17B167 D - _ _ i N
PM21A500 E + - - - -
PM22A216 F - - - - -
Batch4 o \123A398 G " T s " "
PM23A407 H - - - - -
PM24A237 | + - - + +
PM5A417 5A - - - + B
PMO9A1 9A - - - - -
Batch5 | PM15A444 15A - - - + -
PM15B1 15B - - - + -
PM17A422 17A - - - + -
PM8A2 1B - - - - -
PM18A450 2B - - - - B
Batch 6 PMB8A3 4B - - - - B
PMB2271 5B - - - - -
PM1A1 6B - - - - -
- 7B - - - _ A

C.diff 16S rRNA: C. difficile 16S rRNA, tcdA: Clostridium difficile toxin A, tcdB:
Clostridium difficile toxin B, P. Rotavirus A: Porcine rotavirus A, P. kobuvirus:
Porcine kobuvirus. +: Presence, -: Absence
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Appendix XIV. Signal intensities of samples 7, 8, 13 and

14 subjected independently to random amplification

followed by biotin labelling

Probe Sample 7 Sample 8 Sample 13 | Sample 14
Biotin-Marker_2,5uM | 0.777516 0.58222 0.539063 0.703152
PEDV_2 0.512336 0.029444 -0.00519 0.670467
PEDV_3 0.651884 0.030987 0.002217 | 0.584162
PEDV_4 0.553188 0.005721 0.003182 | 0.339779
PEDV 0205 0.625129 0.204608 0.236088 | 0.123653
TGEV_1 0.58269 0.662393 0.565891 | 0.75443
TGEV_2 0.744684 0.240547 0.567729 | 0.597346
TGEV 0163 0.005532 0.364991 0.003432 | 0.023453
TGEV 0166 0.808646 0.250895 0.90033 0.5587
TGEV 0168 0.463134 0.588739 0.551669 | 0.595406
Bov tor_2 0.001743 0.422587 0.004313 | 0.041721
Porcirl_1 0.004643 0.438041 0.005579 | 0.049717
Porcir2_3 0.32647 0.55522 0.563785 0.477116
Por sap_2 0.241373 0.431514 0.233712 | 0.403965
Biotin-Marker_2,5uM | 0.751347 0.604388 0.56949 0.703964
Por nor_6 0.191531 0.370048 0.404596 | 0.416366
Porrot A_2 0.065285 0.000901 0.005522 | 0.529528
Porrot A_3 0.45605 0.52998 0.579532 | 0.746426
Biotin-Marker_2,5uM | 0.766016 0.535529 0.592841 | 0.712436
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Appendix XV. Signal intensities of samples 7, 8, 13 and 14

subjected independently to sequence-specific

amplifications followed by biotin labelling

Probe Sample 7 Sample 8 i:;mple Sample 14
Biotin-Marker_2,5uM | 0.25523 0.605423 0.70478 0.750074
Por tor_17 0.412285 0.010308 0.004957 | 0.001956
Bov kob 0007 0.058732 0.752405 0.786338 | 0.001867
Bov kob 0008 0.533254 0.377577 0.089959 | 0.00739
Por kob_1 0.004536 0.217717 0.446591 | 0.019242
Por kob_2 0.004653 0.813343 0.781785 | 0.006831
Por kob_3 -0.002622 | 0.336804 0.050383 | 0.05531
Por kob_4 0.829349 0.817955 0.817275 | 0.008906
Por kob_5 0.814598 0.737643 0.804912 | 0.001838
Por kob_6 0.671922 0.725688 0.731479 | 0.057226
Por kob_7 0.446721 0.802566 0.801338 | 0.004725
Porent_9 -0.003159 | 0.619681 0.013805 | 0.000006
Porent_10 0.514808 0.008306 0.006267 | 0.005633
Biotin-Marker_2,5uM | 0.288307 0.588566 0.682867 | 0.727981
Bovrot A_8 -0.000651 | 0.400272 0.010227 | -0.003261
Porrot A_3 0.505123 0.501735 0.012585 | 0.759454
PorrotA_4 0.048656 0.501292 0.002088 | 0.002934
PorrotB_5 0.032838 0.424105 0.005609 | 0.006421
Porrot C_1 0.003328 0.469986 0.001097 | 0.010394
BVDV 2_2 0.004713 0.56514 0.00617 0.050906
BVDV 0160 0.002155 0.00999 0.001932 | 0.460424
Por boca_4 0.026241 0.477027 0.00209 0.00461
Por par_3 0.008684 -0.004357 0.00411 0.534588
Biotin-Marker_2,5uM | 0.164145 0.623102 0.717679 | 0.781124
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