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Molecular viral diagnosis

 Sensitive, specific, rapid detection
« Monitor antiviral therapy (viral loads)

» Distinguish active from latent infection
(e.g. herpes virus family)

 Directly determine drug resistance
genotypes (HIV, herpes simplex,
cytomegalovirus)






Molecular bacterial diagnosis

Rapid quantitative detection of pathogens
that are non-cultivatable or fastidious, slow
growing organisms or indistinguishable
from normal flora

Genotypic identification of bacteria/fungi for
speciation or epidemiological typing

Detection of virulence or antibiotic genetic
determinants



Molecular Approaches

1. Nucleic acid extraction (RNA or DNA)
+/- reverse transcriptase process (viral RNA ->
cDNA)

2. +/- nucleic acid amplication (duplication) (e.qg.
Polymerase chain reaction (PCR)

3. Detection of the nucleic acid product by-
— agarose gel electrophoresis
— nucleic acid probes
— real-time assays
— seguencing



1. Nucleic acid extraction

 Breaking open the cell/ nucleus

 Separation/ purification (DNA or RNA)
— ethanol precipitation
— spin columns

e +/- Assay



The Unusual Origin

of the Polymerase Chain Reaction

A surprisingly simple method for making unlimited copies of DNA
[ragments was conceived under un likely circumstances during
a moonlit drive through the mountains of California

2. Amplification (PCR-

to you when you are not lnoking

for it. Through an improbable
combination of coincidences, naiveté
and hucky mistakes, such a revelation
came 10 me one I'riday night in April.
1083, as | gripped the steering wheel
af my car and snaked aleng a moonlit
mountain road into narthern Califor-
nia's redwood cauntry. That was how 1
stumbled across a process that could
make unlimited numbers ol copies of
genes, a2 pracess now known as the
poivmerase chain reaction (PCR).

:"W ometimes a good idea comes

nucleic acid amplification

by Kary B. Mullis

tal lissuc specimen, from a single hu-
man hair, from 2 drop of dried blood
at the scene of a crime, from the tis-
sues of a murmitied brain or from a
40,000-vear old woolly mammoth fro-
zen ina glacier,

In the seven years since thal night,
dpplications for the PCR have spread
throughout the biological sciences:
more than LOOO reporis of its use
have heen published. Given the impact
of the PCR on biological researcl and
its conceptual simplicity, the fact that
it lay unrecognized for more than 15

it at randomn points along its length,
Cansequently, if the DNA 1s removed
from 1,000 identical cells, there will
be 1,000 copies of any given gene, but
each copy will be on @ DNA fragment
of differing length.

l'or years this prablem made it diffi-
cult to study genes. Then in the 1970
enzyines known as restriction ende-
nucleases were discovered: these en-
zvmes snipped strands of TINA at spe-
cilic points, The endonucleases niade
it possible to cut DNA into smaller,
sturcher, more identifiable pieces and



Polypropylene tube

Template DNA
(extracted from
specimen)

Primers

Taq polymerase

4 dNTPs
(ATP, GTP,
CTP, TTP)

Buffer

Constituents of PCR
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https://www.youtube.com/watch?v=JRAA4C2OPwg
https://www.youtube.com/watch?v=JRAA4C2OPwg

3. Detection of product

The old
way...
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https://www.youtube.com/watch?v=edJEY5g4X8k







Example 1:
Detection of pathogens

Bordetella pertussis growing on charcoal medium

e Clinical
e Culture



In-house pertussis real-time assay
example

Simple extraction

Target — Insertion sequence (IS) 481 (B. pertussis,
B. holmesii multiplexed with IS 1001 (B.
parapertussis)

Same day result

Internal amplification control to ensure:

— human sample present — a conserved human gene
sequence is selected

— Confirms that no inhibition of PCR reaction has
occurred



CoOCGCTTCA 50

G< PCR assay design:

EC a) software selects the

§ sequence to amplify

o (81 letters)

g b) Target sequence

c checked for specificity
|  against GENBANK

| (via web tool called

4 BLASTN- right)

GCCACCGCCG
CGGCCCGCTG
ACCAAGCCCA
GGTTCGTATG
GACCGACGGC
CCTCGGGCGA
TTCAAGGCCA
CAGCAACGTG

GCGACGAGAA GAJGAACGT

L

ACAACGTTCG
AACGTCGCTC
AGGCGAAGTT
ACTTCGAAGT
TGGTTCGGTG
CAAGTTCGGC
ACTCGTACAT
TTCGGTTCGT

TG
TGTCGTACGA
GACGCGACCC
CGTGAAGCTG
GCCAAGGCTA
GGCTTCGGCG
GGTCGGCCTG
GGCAGATGGT

CCAGCTGAAC
CGCGCAGCTA
GCTCTGGCCT
CCCGGTCGCC
TGAACACCTT
TCGGCCCCCA
TGACCCCAAG

CTCGCTGG GCTACACCTA

TCGACGL100
GCTCCT150
TTCGGAZ00

TTGATG350
CGGTAT400
TAAATG450
TGCCGC500
GTATCG550
GACAGCH00
GCAGAAGLS50
GCCTGC700
AACTCG750
GCAAAGBOO0
CCTCGA850
GCCAACI900
CATGGTS50
GCTACTLO00
GGCTTCO50
ACGTGAALL00
GCCTCGAACALLS0
CGGCCTCGGCL200
ACGCTCGCACL250
GTCACGCTGC 300
CGCTGACGG 350
TCGGCGECGL400

CGACCTGTCCL500

AAGCGCACCA ACCTGTACGC

CTACGG%TCG TACGCCAAGA
N mmm—

ACTTCGCGTTL550

CCTGGAAGAT GCCAAGTCGA
TCTAATCGGC TGCGGAACGC
GGGCCTCGTG CCCGCGCGAA
CTTTTGAATC ATGTTTCCGA

CCGCTGTCGG CGTCGGTATC
AAGTTCCGCT TCGATTCCAA
ARARAGCCGCC CTTCGGGGCG
GCGCTTGGGT TCAGCCGGAA

CGTCACCGCTL600
GCTGACGCGLE50
GCTTTTTTCA 700

1740

1

BLASTN 2.2.1 [Apr-13-2001]

Reference:

Altschul, Stephen F., Thomas L. Madden, Alejandro A. Schéffer,

Jinghui Zhang, Zheng Zhang, Webb Miller, and David J. Lipman (1997),
"Gapped BLAST and PSI-BLAST: a new generation of protein database search
programs", Nucleic Acids Res. 25:3389-3402.

RID: 993103336-9608-4469

Query=

(81 letters) /2 7/ Qam plCEnN

Database: nt

875,504 sequences; 3,367,259,498 total letters

If you have any problems or questions with the results of this search
please refer to the BLAST FAQs

Taxonomy reports

Distribution of 6 Blast Hits on the Query Sequence

Mouse-over to show defline and scores. Click to show alignments

Sequences producing significant alignments:

gi|48877 |emb|X58488.1|PBPORING B.pertussis gene for a porin...
gi|10581086|gb|AE005072.1|AE005072 Halobacterium sp. NRC-1 ...
gi 11095071[gbiACOB4622.1[CBRG44P2O Caenorhabditis briggsae...
919949809 [gb|AE004785.1 |AE004785 Pseudomonas aeruginosa PA. ..
gi|211223|gb|M26064.1 |CHKATPCA Chicken Ca2+ ATPase, complet...
gi|4520373|dbj |AB024601.1|AB024601 Pseudomonas aeruginosa d...

Alignments

>gi|48877 |emb|X58488.1|PBPORING B.pertussis gene for a porin protein
Length = 1740

Score =

161 bits (81), Expect = 7e-38
Identities = 81/81 (100%)
Strand = Plus / Plus




Pertussis assay validation

 Sensitivity: culture assay with dilution series :
estimated < 10 bacteria for a positive result

« Specificity: assay tested against many other
potential species that might be encountered in resp
samples — e.qg.

— B. pertussis isolates (15)

— B. parapertussis (1+)

— B. bronchiseptica

— B. holmesii

— Other bacteria and viruses that may be encountered



Example 2:
Quantification
and

genotyping

Mellors et al 1998 Scientific American

Survival at 10 years: 1,604 untreated HIV-infected men
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cd4 count

HIV management example

Highly active ARVS -->
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HIV resistance genotyping

by sequencing

PROTEASE INHIBITORS
DRUG Codons implicated in drug resistance (codons 1-99 sequenced)
PRIMARY (major)# SECONDARY (minor)? Genotypic Interpretation

Amprenavir M46l, IS0V none Resistant

Indinavir M46l, 150V none Resistant

Lopinavir M4e6l, 150V none Resistant

Nelfinavir M46], 150V none Resistant

Ritonavir M4e6l, 150V none Resistant

Saquinavir M461, IS0V none Resistant

REVERSE TRANSCRIPTASE INHIBITORS

DRUG Codons implicated in drug resistance (codons 1-324 sequenced)
PRIMARY (major) SECONDARY (minor) Genotypic Interpretation

Abacavir L74V, Y115F, M184V T215F Resistant
Didanosine L74V M184V Resistant
Lamivudine M184V none Resistant
Stavudine none T215F Possibly Resistant
Zalcitabine L74V M184V Resistant
Zidovudine T215F none Resistant
Delavirdine KI103N, Y181C none Resistant
Efavirenz K103N Y181C Resistant
Nevirapine KI103N, Y181C none Resistant




Multiple probe assays - S333318 59530 EEEEERRE z‘
> 50000 unique probes ChEsnEEN3353 1909233258055
on a small slide- can e L
detect all relevant drug 3391113088 yas s ans s
resistance mutations in Ri2d3d9a333T 190330424
one reaction 7

GENE CHIP FOR HIV
(bottom) contains thousands of unique DNA
probes (center), each of which glows (top) when
a matching sequence is detected.



Example 3: 16S ribosomal RNA
amplification and sequencing




VK, 66 yr female

11l for 3 months with high swinging fevers
steady weight loss over same period

change in bowel habit to 4-5 loose
stools/day from 2/d. No blood.

No abdominal pain or arthritis. No other
symptoms.

Examination normal



VK (2) Investigations

« ESR 100, CRP 137, Hb 101(NN), plt 524
e Gallium and white cell scan normal

 upper and lower endoscopies
macroscopically normal .....



EM x 33,000 and PAS x400

- PAS positive inclusions




16S rRNA gene Conserved regions [}

1400 1542

Bacterial 16S rRNA Gen

[9%)

i

0 200 400 600 800 1000 1200 400 1542

~904 |bp
P o b o e L o [0 S T 1 K Broad-range
p515FPL 475 bp F@ primers
i s et e -
pI1E pi3B |
284 bp
----- Primers specific for
pW3FE pW2RB Whipple's disease
16-S sequencing- PCR primers match conserved
regions and flank variable regions that have signature Reiman et al.
sequences that can identify the bacterial species by NEJM 1992:527,
comparison with a known database of sequences 293-301.

(GENBANK)
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[E Mycobacterium avium

L Mycobacterium kansasii

Mycobacterium chelonei
Rhodococcus equi

Nocardia asteroides

Faenia rectivirgula
Amycolatopsis fastidiosa
Frankia species

Streptomyces coelicolor

High G+C [ Streptomyces lividans

(Actinomycetes)

A

Actinomyces pyogenes
Rothia dentocariosa

rthrobacter globiformis

Micrococcus luteus

Terrabacter tumescens

Dermatophilus congolensis

Low G+C

Clostridium perfringens

l l I |

Bacillus subtilis

0.04 0.08

0.12

Evolutionary Distance

Corynebacterium renale

Pseudonocardia thermophila

Whipple’s disease bacillus

—

Nocardioforms

Streptomycetes

Actinobacteria

sequencing

Trophyrema
whipellii —
Identified
originally
only by



Other applications of
16-s rRNA sequencing
|dentification of unusual bacteria and new

species

Mycobacterial identification
Fungal identification (18-s rRNA)
Taxonomic studies

Rapid detection of multiple bacterial
pathogens In blood, tissue or normally
sterile fluids — “next generation sequencing”
used for this



J Vasc Surg. 2006 Nov;44(5):1055-60.
Bacterial diversity in aortic aneurysms determined by 16S
ribosomal RNA gene analysis.

BACKGROUND: Aortic aneurysms are common vascular conditions that cause considerable morbidity and mortality.
Understanding of the mechanisms involved in the pathogenesis of the condition remains limited. Recently,
infection has been suggested as possible contributor in the development of the disease. The aim of the present
study was to examine aortic aneurysms for the presence of bacterial DNA using polymerase chain reaction (PCR)
targeting the 16S ribosomal RNA (rRNA) gene, followed by cloning and sequencing. METHODS: Universal
eubacterial primers were used to amplify 16S rRNA bacterial genes in 10 specimens from arterial walls of aortic
aneurysms. Subsequently, PCR amplicons were cloned into Escherichia coli and sequencing of the cloned inserts
was used to determine species identity or closest relatives by comparison with known sequences in GenBank.

RESULTS: Sequences of Stenotrophomonas spp., including S. maltophilia (formerly Pseudomonas homology group V)
were detected in six aneurysm samples. Propionibacterium acnes was identified in five samples, and
Brevundimonas diminuta (formerly P. diminuta) in four samples. Other species previously assigned to the
Pseudomonas genus such as Comamonas testosteroni, Delftia acidovorans, Burkholderia cepacia, Herbaspirillum
sp., and Acidovorax sp. were also detected. Some clones fell into other environmental species, including
Methylobacterium sp. and Bradyrhizobium elkanii, and others represented bacteria that have not yet been
cultivated. DNA sequences from oral bacteria, including Streptococcus sanguinis, Tannerella forsythia, and
Leptotrichia buccalis were detected. Sequences from Prevotella melaninogenica and Lactobacillus delbrueckii,
which are commonly found in both mouth and gastrointestinal tract, were also detected. Additional species
included Dermacoccus spp. and Corynebacterium vitaeruminis.

CONCLUSIONS: A wide variety of bacteria, including oral bacteria, was found to colonize aortic aneurysms and may
play a role in their development. Several of these microorganisms have not yet been cultivated. CLINICAL
RELEVANCE: Although Chlamydophila pneumoniae has been detected in aneurysmal walls, its exact role in the
condition remains inconclusive. Overall, there is scarce information about the role of microorganisms in
aneurysmal disease. In the present study, we used molecular genetics to detect a diversity of bacteria in arterial
walls of aortic aneurysms. The presence of multiple microorganisms in aneurysmal disease may have implications
for chemoprophylaxis and antibiotic treatment if directed only at C.pneumoniae.
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APPLICATIONS  SYSTEMS  CLINICAL  SERVICES  SCIENCH
systems / MiSeq Benchtop Sequencer

Cluster Generation and Sequencing

MISEQ REAGENT KITWV2

READ LENGTH TOTAL TIME* OuUTPUT

1 x 36 bp ~4 hrs 540-610 Mb
2 x 25bp ~5.5 hrs 750-850 Mb
2 x 150 bp ~24 hrs 4.5-5.1 Gb

2 = 250 bp ~39 hrs 7.5-8.5 Gb

L



http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-
http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-
http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-
http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-
http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-
http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-
http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-
http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-
http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-
http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-
http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-
http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-
http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-
http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-
http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-
http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-
http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-
http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-
http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-
http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-
http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-
http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-
http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-
http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-
http://www.ebi.ac.uk/training/online/course/ebi-next-generation-sequencing-practical-course/what-you-will-learn/what-next-generation-dna-

What is it?

* All next generation sequencing techniques produce
millions of short fragments of DNA sequence from

the ~4.3Mbp C. difficile genome, from which the
"whole" genome must be reconstructed

— different sequencing platforms have different properties,
advantages and limitations; all produce this kind of data

Sarah Walker, ECCMID 2013
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Strategies for whole genome
reconstruction

* Reference-based mapping

— sequence data aligned to a specified reference Sanger
sequence (eg CD630, CD196)

— identify high quality variants (single nucleotide variants,
insertions, deletions) versus this reference

— non-repetitive "core genome”

* De novo assembly
— sequence data aligned to itself

— identify presence/absence of specific mobile genetic
elements

— "non-core/accessory genome"

* Classic tension between sensitivity/specificity




Strategies for whole genome
reconstruction

* Reference-based mapping

— sequence data aligned to a specified reference Sanger
sequence (eg CD630, CD196)

— identify high quality variants (single nucleotide variants,
insertions, deletions) versus this reference

— non-repetitive "core genome" l

ML ;e J0041 by b Joh01 20T Jeonl e N Jom il Py bP 4 Jann b BB b
TGOS T O TG AMG AT AT A TG T AAAL T T AT G GGG T TCAM T CCCALTCTCTOOSOCAGAAC AL TAMAGTALTTAMTATGETTRTALTTTI TETACTAGATGELGLAGGT)
(




Distribution of SNVs from each case to
closest previous case

—

&N

L=
1

0-2 SNVs expected between transmitted
samples separated by up to 123 days

=
L]
[
<
=
o
L8]
|-
LL

=
(=]
1

0-3 SNVs expected between transmitted
samples separated by up to 124-364 days

N — I — | — L —
g 111 12 13 14 15 16 17 1B 19

Single nucleotide variants to most closely
related previous case




Distribution of SNVs from each case to
closest previous case

Of 957 cases between April 2008 and March

2011, only 35% have a previous case within

2 5NVs, supporting recent transmission

— 19% hospital-based (mostly ward, but also
specialty & ward contamination)

— 3% share GP practice or postcode district

— 13% no hospital or community contact

150+
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Single nucleolide variants to most closely
related previous case
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cycle number by where the plot
crosses the solid horizontal line



65 PRSP S e

% Sl
i S
25

Calibration curve
created — can be
used to correlate
quantify with
threshold cycle
number

1E-10 1E-09 1E-08 1E-07 1E-06 1E-05 1E-04 1E-03 1E-02 1E-01 1E+00
Concentration



Utility of quantification

« Cytomegalovirus
— early diagnosis of CMV disease (plasma)

e Ebstein-barr virus

— diagnosis of lymphoproliferative syndromes
associated with Immunosuppression

» Disease pathogenesis



The study of the human
“microbiome”™

called for a “second
human genome project” that “would entail a
comprehensive inventory of microbial genes and
genomes at the four major sites of microbial
colonization in the human body: mouth, gut,
vagina, and skin.”

This approach, coupled with a “study of host
genome-wide expression analysis,” would yield

major “insights into the role of the endogenous
flora in health and disease.”



Microbiome (2)

« Total microbial found in association with humans
may exceed the total number of cells making up the
by a factor of ten-to-one. The total number of genes
associated with the human microbiome could exceed the
total number of human genes by a factor of

« 20% to 60% of the human-associated microbiome,
depending on body site, is uncultivable. Rapid gene
sequencing technologles enable description of the total
spectrum of genomes.

e The NIH Human Microbiome Project

— Studies of microbiomes in inflam bowel disease, obesity, skin with
different diseases etc.

— Cross species comparisons of gut microbiomes
— Studies of ‘viromes’ in children


http://en.wikipedia.org/wiki/Cell_(biology)
http://en.wikipedia.org/wiki/Human_body
http://en.wikipedia.org/wiki/Human_body
http://en.wikipedia.org/wiki/Organism
http://en.wikipedia.org/wiki/Organism
http://en.wikipedia.org/wiki/Organism
http://en.wikipedia.org/wiki/Organism
http://en.wikipedia.org/wiki/Organism
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http://upload.wikimedia.org/wikipedia/en/0/0a/Skin_Microbiome20169-300.jpg

Two approaches

Phenotypic approach

biological
amplification

slow

definitive
Identification
sometimes impossible

not feasible for many
pathogens

Molecular approaches

nucleic acid
amplification and
sequencing

rapid
sensitive
specific



Molecular diagnosis: the flip side

False positives

« Contamination

» Cross-reaction

« Poor assay design

Assay sensitivity issue

« Detection of NA from
dead micro-organisms

e Chronic viral
Infections

False neqgatives

NAA inhibitors

sample error during
extraction

wrong organism
sought
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