Molecular epidemiology & transmission: exemplified
by campylobacteriosis



Please register for an account on @?&
PubMLST.org

* https://pubmist.org/site-accounts

 You will also need to register for the
Campylobacter jejuni/coli database:

hitps://pubmist.org/organisms/campylobacter-
lejunicoli
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PUubMLST: data analysis, curation, & dissemination

* Sequence data input:
— individual gene sequences;

— de novo assembled draft genomes;
— finished genomes. F I G U RES

* PubMLST (BIGSDB) functions:

— annotation of loci;

— linkage to provenance/phenotype information
(metadata);

— comparative analyses.

 Data reporting, sharing, and

Bratcher, H. B, Corton, C., Jolley, K. A., Parkhill, J., and Maiden, M.
C. (2014) A gene-by-gene population genomics platform: de novo
assembly, annotation and genealogical analysis of 108




pubMLST applications
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Campylobacter @c

« Gram negative Ssshaped rods.
— Microaerophilic, unipolar flagella, highly maotile.
— Do not ferment sugars, high growth temperature (42°C).

* Widely distributed but do not grow in the
environment, difficult to isolate,

— viable, non-culturable (VNC) bacteria?

* One of the four key gastrointestinal pathogens
globally,

— the most common bacterial cause of gastroenteritis (800
million cases annually).

Man, S. M. (2011). The clinical importance of emerging Campylobacter species. Nature reviews Gastroenterology &

mfact-sheets/detaiI/campvlobacter



http://www.who.int/news-room/fact-sheets/detail/campylobacter

Campylobacter transmission e
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Global
campylo-
bacteriosis
outbreaks
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Campylobacter epidemiology &8s
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« Widely distributed,
— essentially ubiquitous in mammals and birds globally;

— extremely large population sizes.

« Highly diverse,

— ?Ii_glgg_ll_e)vels of sequence variability, exacerbated by frequent horizontal genetic exchange

— phenotypically diverse, including phase variation.

» Multiple routes for human infection,
— but human-to-human transmission rarely reported.

Goddard, M. R., O'Brien, S., Williams, N., Guitian, J., Grant, A., Cody, A., Colles, F., Buffet, J. C.,
Adlen, E., Stephens, A., Godfray, H. C. J. & Maiden, M. C. J. (2022). A restatement of the natural

science evidence base regarding the source, spread and control of Campylobacter species causing




Campylobacter epidemiology

* Point source outbreaks:

— relatively uncommon and highly localised, e.g. wedding
receptions.

e continuous source outbreaks:

— usually associated with contaminated water, lower
incidence, and infection rate.

» Diffuse outbreaks:
— often individual cases;
— occur over alarge area;

— frequently, associated with widely distributed food
products, may have low infection rate;

— difficult to detect unless its an unusual genotype —
reported for pathogenic E coli and Salmonella, but
extent of occurrence in Campylobacter unknown.




First-generation sequence based typing @sc
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Campylobacter Seven-locus STsummarises 3,309bp of data as an allelic profile, e.qg:
¢ ST45: 4-7-1G 4-1-7-1

This is 0.2% of the genome.
* 14,211 SIsfrom 134,967 isolates in PUDMLST database (May 2024).

F I G U RES o 2428585 alleles over 7 loci,

 each locus exhibits many polymorphisms.

 Variable antigen genes can add
discrimination,

» e.g.flaA, porA

Dingle, K. E., Colles, F. M., Wareing, D. R. A., Ure, R, Fox, A. J., Bolton, F. J., Bootsma, H. J., Willems, R. J.L.,
Urwin, R. & Maiden, M. C. J.(2001). Multilocus sequence typing system for Campylobacter jejuni. J Clin Microbiol
39, 14-23.



Polymorphisms in the uncA MLST locus s
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Relationships among STs: clonal fecdc

complexes

Isolates are classified as
belonging to the same clonal
complex if they share at least
4/7 identical loci with a pre-
defined ‘central genotype’.

These central genotypes are
numerous, persistent, and
widely distributed.

The clonal complex is named
after this central genotype ST
e.g. ST45 clonal complex’ or

‘cc4b’

NOTE: Allelic changes do not
correspond to nucleotide (nt) changes.
This is because HGT (recombination)
contributes more frequently to
diversity than de novo mutations.
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Long-term potential outbreaks, MLST
& AGST
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Emerging Infectious Diseases 14, 1620-
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Campylobacter clonal complexes: assodation with isolation @&;C
source e
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Number of isolates: 814'I 17 clonal comglexes in totali 5 shown. Emeg Infect Dis 8i 949-955,
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Campylobacter source attribution
studies

FIGURES

Multiple potential sources. Different hosts have different Campylobacter
genotypes so disease source can be attributed.

Sheppard, S. K., Dallas, J. F., Strachan, N. J.,
MacRae, M., McCarthy, N. D., Wilson, D. J.,
Gommley, F. J., Falush, D., Ogden, |. D., Maiden,
M. C. & Forbes, K. J.(2009). Campylobacter

genotyping to determine the source of human
nfection. Clindnfect Dis. 48. 1072-1078




Attribution of Campylobacterto chicken &D
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Chicken is a global source of human
infection
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Campylobacter: a food-born
pathogen
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The UK Campylobacter
problem
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&2
Campylobacter|05|s in Oxfordshire -

John Radcliffe Hospital Microbiology laboratory,

— ~600 Campylobacter isolates per year.

« Catchment area contiguous,
— population ~600,000, about 1% of UK total.

+ Ongoing surveillance since 2003,
— 12,162 isolates (May 2024).

 Routine genomic surveillance of Campylobacter
Isolates since June 2011,
— 9,251 WGS (May 2024).

Cody, A. J., McCarthy, N. M., Wimalarathna, H. L, Colles, F. M., Clark, L., Bowler, I. C., Maiden, M. C. & Dingle, K. E. (2012). A longitudinal six-year study of the molecular
epldemlology of clinical Campylobacter /solates in Oxfordsh/re UK JClin Microbiol 50, 3193-3201.

burg, M., Isinkaye, T., Bentley, S., Parkhill, J., Dingle, K. E., Bowler, I. C., Jolley, K. A. & Maiden, M. C. (2013). Rea-time genomic
cterlsolates usmg whole genome multilocus sequence typing. JClin Microbiol 51, 2526-2534.




Campylobacter case reports per
vear
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Oxford Data: Enhanced molecular-based surveillance and source attribution of Campylobacter infections in the UK;
https://doi.org/10.46756/sci.fsa.ksj135



http://www.gov.uk/government/publications/campylobacter-infection-annual-data/campylobacter-data-2010-to-2019

Oxfordshire isolates in the national
context

FIGURES
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study of the molecular epidemiology of clinical Campylobacter isolates in Oxfordshire, UK. Journal of Clinical Microbiology 50, 3193-3201

Cody, A. J., McCarthy, N. D., Jansen van Rensburg, M., Isinkaye, T., Bentley, S., Parkhill, J., Dingle, K. E., Bowler, I. C., Jolley, K. A., and Maiden, M. C.
(2013) ReakHtime genomic epidemiology of human Campylobacter isolates using whole genome multilocus sequence typing. Joumnal of Clinical
Microbiology 51, 2526-2534




Oxfordshire human disease &
iIsolates
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Source attribution of Oxfordshire
campylobacteriosis isolates

Enhanced molecular-based surveillance and source attribution of Campylobacter infections in the UK,
https://doi.org/10.46756/sci.fsa.ksj135

FIGURES




Whole genome sequencing

First generation ‘Next generation’

FIGURES FIGURES

Complete, assembled closed genomes
with annotation, available from public
databases (e.g. IMGD




Whole genome sequence pipeline

{ Isolate growth ] Bacterial cells

[ DNA Extraction ] Purified DNA

[ Sequencing

(llumina) ] Short-read sequences

de novo assembly Assembled contiguous
(VELVET) sequences

Database deposition Phenotype & provenance
(BIGSDB) linkage and annotation

Autotagged, web
accessible
sequences

‘Plain language’

Bratcher, H. B., Bennett, J. S. & Maiden, M. C. J. (2012). data

Evolutionary and genomic insights into meningococcal biology.




Population genomics: the gene-by-gene approach

Bratcher, H. B, Bennett, J. S. & Maiden, M. C. J.(2012). Evolutionary and genomic insights into meningococcal biology. Future
Microbiol 7, 873-885.
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Bacterial Isolate Genome Sequence Database &3

Jolley, K. A. & Maiden, M. C. (2010). BIGSdb: Scalable analysis of
bacterial genome variation at the population level. BMC



Resistance to fluoroquinolones and ecd
tetracycline




Antimicrobial resistance varies by clonal complex @&Sc
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A single amino add change resulting in
fluoroquinolone resistance

DNA gyrase amino acid sequence (part)

Sensitive 1. wild_type PHEBEA VY
position
86
Resistant 2. T8sl PHEB 1 AVY| 48.6% of isolates (n =933/ 1,917)
Resistant 3. Teev PHEBVAVY| 0.1% of isolates (n =2/ 1,917)




Fluoroquinolone resistance @&;C

5
position position
86 104
1. Wild_type PHEBTAvYBAaLvRuA@BFEuR v PE  FIBE 99% of resistant isolates; 105 alleles
2 T86l PHER  avYBAaLvRunaA@BrEvR Yy PE FEE 1isolate, ST230 (ST45CC), allele 661

Finland, Scotland, England (2012-18)

3. T8BA Pl iavyBaLvRnABBrEBurveE FE8E 2isolates, allele 1510: USA2018, Italy
2023. 1 isolate allele 2298, unique

T86V: n=257 on PubMLST, 93% C. lari

3
4. T88V ." -v AV Y.A L vlu A- F.M.Y- | - 47 isolates, ST1441 (UIA), allele 45 (98%)
UK, France 2006-23
¥ g

5. T861_P104S .u- I AVY.A LVRM A-Fl"lY- |- 1 isolate, ST-6175 (21CC), allele 176

England, France, Luxembourg 2016-23




Some fluoroquinolone resistant lineages have @&;C
3 expanded globally

2. 1886l PHED | AV Y|

cgMLST: 6 sub-lineages
(different at 5 loci or less)




UK & France: SI'50 (cc21), gyrA-20, agMLST (sub- lineage 2)

2. T8sl PHEBR 1 AVY|

2010-2022
26 study isolates, 489 PUbMLST isolates

17.5% of isolates 0.2% of isolates

76.7% of isolates




Campylobacter jejuni and Campylobacter coli @&;
human disease core genome MLST scheme V1

Reference genome Draft genomes
NCTC11168 — | Cjejuni2,207
1,643 loci BIGSdb C. coli 265

software l

o | — — [ 1380

paralogues (95% cut-off)

Cody, A. J., Bray, J.E., Jolley, KA.,
McCarthy, N. D., and Maiden, M. C. J.
(2017) Core Genome Multilocus
Sequence Typing Scheme for Stable,

: Comparative Analyses of Campylobacter
CgMLST scheme version 1 Jejuni and C. coli Human Disease Isolates.

1,343 loci JClin Microbiol 55, 2086-2097
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agMLST v1 reported not to work robustly for all datasets @&;C

- DISEASE RECE TéFO
> J Clin Microbiol. 2017 Jul;55(7):2086-2097. doi: 10.1128/JCM.00080-17. Epub 2017 Apr 26. I = = =
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agMLST v1 works well on well-assembled genomes

35,637 FSIS genomes 76.9% ogST assigned

25,618 FSSgenomes 96.7% ogST assigned
filtered: <=100 contigs

11,657 FSISgenomes 00,9/ oo
Filtered: <=50 contigs 9% ogST assig




Phase 1 review (obvious issues): 93 loci removed

* Internal stop codons (phase variable).
« Missing stop codons.

» Completely missing in some genomes
(Gene Presence tool).

* Frequently unassigned: designated in
<90% of 79,527 public genomes.

225
0>O
g%g
22z
6<n

BIGSdb.Gene Presence.tool.used.on
small subset of records



Phase 2 review - manual check of every locus assignhed i 05c

ENTIG
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<98% of public genomes with <=100 contigs: 108
. Freq!gﬁﬂf ﬁcmﬂ)\@ec!broken by  Improved BIGSdb scan tools

contig ends).

[_J Hunt for nearby start codons @
[ Hunt for stop codons within 5 v % length difference of match @

* Internal stop codons in subset of

) i First i
genOmeS Orientation cit((]):n De:l'gl‘:te
37416 38738 h 1321 O
. . . .y extract @ CDS
 Fixfor inconsistent start positions. 56189 37256 qum | 1066 0
extract @ CDS
33851 36160 = |2308
. . . extract @ CDS
» Fixfor multiple consecutive start 0731 32032 g | 1300
codons, e.g. ATGATGATG. 06 0597 qum |4406 .
extract @
22936 2t4381 - 144
extract @ CDS
 Allow rare start codons, e.g. AIA. 230 2955wy | 574
extract @ CDS




ogMLST v2: 201 fewer loci than v1 but more robust @&SC

- EEEEEEEEEEEEEE
OOOOOOOO

Version 1 Version 2

* 1343 loci * 1142 loci

50 missing loci allowed « 25 missing loci allowed

 Assigned in 76.9% F3IS genomes * Assigned in 93.2% FSIS genomes

* Assigned in 96.6% public genomes  Assigned in 99.0% public genomes
with <=100 contigs with <=100 contigs



Locus differences among pairwise comparisons
of 309Campylobacter isolates: ogMLST v1 loci

228/47,586 pairwise comparisons differ at 20 loci or fewer

FIGURES
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Outbreak resolution with
ogMLST vl

FIGURES

Pairwise comparisons, GenomeComprator

Femandes, A. M., Balasegaram, S., Willis,
C., Wimalarathna, H. M., Maiden, M. C.,
and McCarthy, N. D. (2015) Partial failure

Neighbor Joining Tree from nucleotide sequences of of milk pasteurization as a risk for the
ogMLST alleles: transmission of Campylobacter from cattle
® 23 potential outbreak isolates to humans. Clinical Infectious Diseases 61,

R s eese ieolates ity



PHYLOVIZ analyses of cgMLST v1
data

Outbreak
Contemporaneous

FIGURES

Fernandes, A. M., Balasegaram, S., Willis, C., Wimalarathna, H. M., Maiden, M. C., and McCarthy, N.
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PubMLST Work Flow

(1) data collection & integration

 Collect provenance, phenotype time,
— Who, what, where, when.
 Collect specimens,
— Clinical and environmental isolates and or DNA sources.
* Process specimens,
— Sequencing ,assembly of DNA.
* Deposit information in to PUbMLST,

— automated annotation,
— associate records with a project/task.




PubMLST Work Flow

(2) data analysis and distribution

e Choose and view data,
— Searches, new or predefined, customisable dashboards.

» Check data quality and completeness,
— built-in tools e.g. number of contigs, scheme completeness.
e Summary statistics,
— dashboards and ad hoc data break down.
e Custom analysis,
— clustering, trees.
 Data output,
— export data or resuilts.




Worked example 1 (1) Oxfordshire @
Human Surveillance Project -

» Goto https://PUbMLST.org& log in: choose 'My Account..

* Choose ORGANISMS, Campylobacter jejuni/coli

(https://pubmist. org/organ S

s/ca

» Choose isolate collection, view and explore dashboard.

pylobacter-jejunicoli)

» Choose PROJECTS, Public projects

» Clickon "1, Oxfordshire Human Surveillance, Dashboard

— explore the data — what do they tell you?




Worked Example 1 (2) .-
Inspecting isolate data o

e (Choose SEARCH, Search database

— aproject is already chosen

Click on SEARCH,

— this gives you all the Oxfordshire isolates

Scroll down to the isolate records, click on id 5858
— Isolate OXC1

Inspect the data

— How good are they?
— What do they tell you?




Worked BExample 1 (3) Sub-
setting the data

» (5o back to the isolate collection,
— you can use the browser ‘back’ button.

» Under ‘Isolate provenance/primary metadata fields’, choose
‘vear type 2011 in the box click on SEARCH,

— you now have a subset of the data,
— review the data.

 Scroll to the bottom of the webpage,
— under Third Party: click. on ‘Grapelree’.




Worked Example 1 (4) &
€CO0C

* Onthe GrapeTree web page:
— under ‘Recommended schemes’ choose ‘C. jejuni/ C. coli ogMLST v2’;

— under ‘Include Fields’ choose ‘month’, sex, ST (MLST) and ‘clonal complex
(MLST);

— click on SUBMIT (you will have to wait) ...

* Click on ‘Launch Grape Tree’:
— under ‘Rendering’ choose ‘Dynamic’

— under “Tree Layout: set ‘Node Size % to “150’, you can colour the nodes by
the provenance and phenotype data chosen above.




Worked Example 1
“Here’s one | did earlier’:
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Worked Example 1 o %‘

"Here’s one | did earlier”:

- male [398]
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ST (MLST)
B 21164] @
[ ]501[49] ; C(S
Worked Example 1 B €00C
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clonal comple ST)

. ST-21 compl
Worked Example 1 Hormr o OC
O e amp e .ST—257 complex e
( [ ] ST-353 complex [46]

“H ) I d 'd I . ., [ [ ST-464 complex [41]
ere S One I ea r I e r n 1 p DST—4800mpIex[40]

s 7J / [ ST-206 complex [34]

[ ] ST-45 complex [34]

C O n a CO l I l p I eX . ST-443 complex [25]

|| ST-354 complex [24]

B ST-61 complex [21]

[ ] ST-574 complex [19]

[ ] ST-658 complex [19]

[ ]ST-403 complex [14]

[ ST-573 complex [14]
[ ]ST-22 complex [13]
o, & [ ] ST-52 complex [13]
\ : [ ] sT-42 complex [9]
3 S % . [] ST-508 complex [9]

- = [ ] ST-1034 complex [8]

7, ey [ 5T-460 complex [6]

. e, T [l ST-607 complex [6]
o~ s / o ' Qe I ST-283 complex [5]
//O/ : A/ \ s % [ sT-692 complex [3]
7 : \ ; B ST-581 complex [2]

// [ ST-1150 complex [1]
&

/ [ ] ST-1332 complex [1]
/ @ [ ] ST-179 complex [1]
f . ST-362 complex [1]
[ ] ST-433 complex [1]
|| ST-446 complex [1]




Worked Example 2 Outbreak
assodated with milk

Data from: Femandes, A. M., Balasegaram, S., Willis, C., Wimalarathna,

H. M., Maiden, M. C., and McCarthy, N. D. (2015) Partial failure of milk
pasteurization as a risk for the transmission of Campylobacter from cattle
to humans. Clinical Infectious Diseases 61, 903-909

« (Goto the PUDMLST Campylobacter jejuni/coli search page.
— Click on ‘Modify form’, choose ‘Filters’

* Inthe ‘Publication’ box select ‘Femandes et al. 2015 Clin Infect Dis 601:
903-9’ click on SEARCH

— Review Data Quality

* Run GrapeTree with ‘C. jejuni/ C. coli ogMLST v2’
— ensure you check ‘Region’ and and ‘fluoroquinolone genotypes 2" under

‘Include Fields’



Worked Example 2
Outbreak associated with milk: regign

B Oxfordshire [82]
[ | Hampshire [23]




Worked Example 2
Outbreak associated with milk: sex

B male [47]
[ ]female [32]




Worked Example 2
Outbreak associated with milk: year

B 2011 [48]
[ ]2012[34]




Worked Example 2
Outbreak associated with milk: month

month

[ ]114]
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[ ]
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Worked Example 2 ecoC
Outbreak associated with milk: clonal complex

clonal complex (MLST)
B ST-21 complex [101]
[ ] ST-257 complex [1]
[ ] ST-353 complex [1]
[ ] ST-42 complex [1]




Worked Example 2 o

EUROPEAN CENTRE FOR
DEEASE PREVENTION
DDDDD oL

Outbreak associated with milk: fluoroqumolone

e genotypes
B T86- [63]
[ ]T861[19]




Worked Example 3 Outbreak
assodated with water

Data from: Gilpin, B. J., Walker, T., Paine, et al. & Jones, N. (2020). A
large scale waterborne campylobacteriosis outbreak, Havelock North,
New Zealand. JInfect. 81, 390-395.

Go to the PUDMLST Campylobacter jejuni/coli search page.
— Click on ‘Modify form’ choose ‘Filters’

In the ‘Publication’ box select ‘Gilpin et al. 2020 JInfect Dis 81: 390-395’
click on SEARCH

— check data quality

Run GrapeTree with ‘C. jejuni/ C. coli ogMLST v2’
— Under ‘Include Fields’ ensure you include ‘region’, ‘age yr’, 'sex, ‘disease’,
source’,.along.with. ST.(MLST).and. clonal.complex-MLST.




Worked
Example 3

Outbreak
assoclated
with
water:
region




Worked
Example 3

Outbreak

associated AN
with ‘
water:

disease




Worked
Example 3

Outbreak

associated Iy
with -
water:

Sex




Worked
Example 3

Outbreak
associated

with
water:
age

[ ]104]
[ 1111
[ 1411
[ ]1512]
[ ]1713]
[ ]1913]
[ ]211

[ ]2001]
[[]2112
[[]2212]
[[]2411
[]2612
[]2711
[ ]300
L3112
3311
3412
3513
382
| B
| EXRN
4214
| B2
4503
4512
| Byl
W42
W5

[ ]Others[48]

age yr
0[1]
7 @

EUROPEAN CENTRE FOR
DISEASE PREVENTION
AND CONTROL




Worked
Example 3:

Outbreak
assoclated
with
water:
source




Worked
[ sT-42 co:@
[ []sT-21co e@é C
[} . ST-354 compl [ EUROPEAN CENTRE FOR
al I I p e - [ ST-48 compiefg] e
. [ sT-61 complex [6]

[ ] ST-45 complex [2]

[l ST-206 complex [1]
[ ]ST-257 complex [1]
[ ST-353 complex [1]

Outbreak

associated

with A
water:
clonal

complex

S
\.



ST (MLST)

42152

[ ]3610[22] N~ ~
Worked B €00C

Q [ ]52018] 5%
W 1517 7]

Example 3 oo
W65

[ ]6964 3]

B 19012

[]4512
B 8398 2]

[]11s511]

Outbreak =

O [ ]42 1013[1]

associated - Ben

L5311

with 0! ——— e
water:




Acknowledgements

The creation of this training material was commissioned by ECDC to Institut Pasteur with the direct involvement of Pr. Martin Maiden.





