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Two main themes

@ Recombination




Recombination
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driving force of evolution

Variation of intensity of recombination across a genome?
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For example

@ tbpB, an outer membrane protein in Neisseria
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Imported DNA fragments Linz (2000), Microbiology

Largely unknown in most species



Recombination

Method Relation to

diversifying selection

Application to Bacteriophage

10 bacterial species (virome)




Based on “chromosome painting”

@ reconstructs a ‘recipient’ haplotype as recombination-
derived mosaic of all the other donors
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Lawson et al (2012), PLoS Genetics, for human
— Yahara et al (2013), MBE, applied to bacteria

+ Limitation: only for the most recent recombination

N

Improved to infer intensity or frequency of
recombination at a nucleotide

Yahara et al (2014), Mol. Biol. Evaol.



Points of the method (“ordered painting”)

@ intensity of recombination along a genome at single-
nucleotide resolution —

- H.

.
- T tig Flami 5L i .
4 B o2 GeiE f i des Ges B: 5 ER.
e - Eo Py & Ay e pei. B SR Fwc -
- ‘—,: 'E‘% .? . L . Ll ﬁ.}; ﬁf—sé-‘: -
‘: -= ;—'!r e .-__ :

—

+ highly correlated with local recombination rate
+ applicable to both clonal and highly recombining species

< realized at population genetic level
influenced by selection

+ normalized for between-species comparison



10 species of public health importance

— N. gonorrhoeae

— N. meningitidis

ﬁ E. coli

S. enterica
H. influenzae

C. jejuni
C. difficile

S. aureus

{

S. pyogenes

S. pneumoniae

hundreds or thousands of genomes in Oxford
— broadly selected 50 strains per species

Yahara et al (2016), Mol. Biol. Evol. .



S. enterica vs E. coli

intestine inflammation
(safABC)

rfb fim

smaller hot regions than E. coli

highly variable even between related species



Two Neisseria spp.

® N. meningitidis

O N. gonorrhoeae

top A,B
outer membrane

2M

shared hot genes

Inter-species recombination

also in H. influenza

(Pbonf < 005)
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Universal pattern across functional gene categories?
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Universal pattern across functional gene categories?
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Yahara et al (2016), Mol. Biol. Evol. .



Recombination
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Yahara et al (2014), MBE

Relation to

diversifying selection
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Bacteriophage
(virome)

Yahara et al (2016), MBE
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Relation between recombination and selection

@ A central problem in evolutionary biology

@ Popular theory

+ recombination facilitates selection by creating
advantageous genetic combination

some evidence (e.g. eukaryotic immune system)

Variable (V) Diversity (D) Joining (J) Constant (C)
| B

\I D-to-J recombination

N —

DJ

Diverse antibody
\I V-to-DJ recombination O
o—-Im-a- - —— H — — ::>

vDJ
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However, throughout a genome,

@ Controversial in eukaryotes

+ “No effect of recombination on the efficacy of selection”
measured by dN/dS in primates
Bullaughey, Przeworski et al (2008), Genome Res

@ no quantitative study in bacteria
ﬁ utilizing the high genomic diversity and

recombination rate of H. pylori

1) How are codons under diversifying selection —
(dN/dS > 1) distributed in the genome?

2) Do such codons appear to be more
frequently subject to recombination ?
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Difficulties in recombining genome

@ Inference of dN/dS assumes a single specific tree,
but recombination can change tree topology | I'_ﬂ |ﬁ| —
+ a solution is to average it over

H : sequence data

® : model parameters
(e.g.. dN/dS)

P(H|©) = [ P(H|T,0)P(T)dT

@ Natural correlation between signatures of selection and
recombination

Detectability
of recombination

Diversifying

Observed T
selection

variation

16



@ ~0.2% of all the codons

Number of genes

1280000 \
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0

Codons and genes under diversifying selection

ori
1600000

160000
1440000,
320000

*& lipopolysaccharide
interaction site with

1120000 E the sugar donor SyntheSiS

specificity subunit
of restriction enzyme

significant enrichment
(P=0.01)

B 132% e 143% s 19.0% [ 6.8%

Host interaction/cell DNA replication, RM (restriction-|| Basic cellular functions
surface recombination, and modification)
repair
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Comparison of the intensity of recombination (H)

significantly
higher
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for “matched” nucleotides
carrying the closest level of diversity

Yahara et al (2016), DNA Research .



Recombination
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Bacteriophage

(virome)
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Phage and recombination (B0 OER%)

@ Most abundant and diverse biological entities
@ Recombination occurs between co-infecting strains

& ==

but recombination does not necessarily increase the
average fitness of offspring

Are signatures of recombination observed across
various phylogenetic groups of phages?

Investigation using Earth’s virome data (Paez-Espino 2016, Nature)

Meier-Kolthoff et al (2018), Sci. Rep.
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Phylogeny & population structure
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Phylogeny & population structure

gene flow (recombination) GWAS
H. pylori antimicrobial resistance
in Americas (Acinetobacter)
non-H. pylor food-borne disease

Helicobacter species (Campylobacter)




Phylogeny & population structure

@ Basis for various studies

+ population history & differentiation
¥ selection

+ GWAS ...

@ H. pylori : interesting material

+ phylogeographically differentiated
Falush (2003) Science, Moodley (2009) Science,
Moodley (2012) PLoS Pathogens ...

Pacific (hspMaori)

Taiwan (hspMaori)

East Asia (hspEAsia)

South America (hspAmerind)
North America (hspAmerind)
Central Asia (hpAsia2)
Australia (hpSahul)

New Guinea (hpSahul)
Africa (hpAfrica1)

Africa (hpAfrica2)
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Largely unexplored: Americas

@ Common view: American H. pylori are basically European

@ A known subpopulation: hspAmerind (Native Americans)

< but rare s

@ Latin America: high mortality rate -

¥ associated with genotypes of H. pylori '
but by only several genes ¢

Kodaman (2014) PNAS
American H. pylori differentiated from those in Old World?

Analysis of >400 genomes in various countries
by the chromosome painting and another improvement

24



Chromosome painting for population structuring
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data reduction
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Substructures in the Old World populations
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Distinct subpopulations in Americas

hspMiscAmericas * .-e
hspAfricalNicaragua * =
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‘.‘I h“'_u
hspEuropeColombia *
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Visualization of ancestry profile of each strain
Africa

1-@2-!.*"“

5 5 Ama and Oceania

H. pylori population
hspAfricalSAfrica
M hspAfricalWAfrica
B hpAfricaz
hspEuropeN
hspEurope$s

hspEuropeColombia ><

hspAfricalNAmerica 7
hspMiscAmericas —— |

hspAfricalNicaragua S

hpAsia2
hspEAsia 9.

hspAmerind——— 1

national gene pool in Nicaragua and Columbia
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Visualization using only Old World strains as donors

Africa
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each column (“palette”): each strain
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Phylogeny & population structure

gene flow (recombination) GWAS
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10.

11. 2 5. Asiaand Oceania

antimicrobial resistance
(Acinetobacter)

ssssssssss
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Thorell*, Yahara® et al (2017), PLoS Gen.

non-H. pylori food-borne disease

Helicobacter species (Campylobacter)
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H. pylori

H. acinonychis
H. cetorum

H. baculiformis
H. bizzozeronii
H. ailurogastricus
H. cynogastricus
H. felis

H. heilmannii
H. salomonis

H. suis

H. cinaedi

H. fennelliae
H. muridarum
H. canis

H. hepaticus
H. pullorum
H. bilis

H. cholecystus
H. trogontum
H. rodentium
H. typhlonius
H. mesocricetorum
H. pametensis
H. canicola
H. canadensis
H. apodemus
H. aurati

H. marmotae
H. winghamensis
H. equorum
H. macacae

H. magdeburgensis |

H. sanguini

Various other Helicobacter species

| gastric

entero

@ in the stomach of domesticated and wild mammals ‘ @ ‘&

diverged at > 1m years ago

Inter-species recombination
" among different species

' hepatic

nterofepe

....

co-infecting to a pet

\

/@
o
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Co-ancestry matrix by the chromosome painting

—————————————————————————————————

cat

_______ H. ailurogastricus

X [T T L LTI
dog H. salomoris
v --------
human | / . N
dog | H. bizzozeronii
cat |
mg'___j/ ______

Smet*, Yahara®* et al (2018), ISME
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Phylogeny & population structure

gene flow (recombination)

Africa
z 6. - B 1
B .-——N
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GWAS

antimicrobial resistance

(Acinetobacter)

Smet*, Yahara* et al (2018), ISME

food-borne disease
(Campylobacter)
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Antimicrobial resistance

@ 10 million deaths per year by 2050
¥ > cancer deaths!!
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AMR-Review.org (2014)

34



Carbapenem & Acinetobacter

@ last-resort antibiotic —
+ broad spectrum, critically important in medicine
SER o
@ carbapenem-resistance e

+ Enterobacteriaceae (BERHE FHlE)

+ Pseudomonas aeruginosa

+ Acinetobacter baumannii
surviving in a wide range of environments

notoriously difficult MULTIDRUE-RESISTANT
to control in hospitals [ Q” e AGINETI]BAI}TEII

AT LEAST THREE DIFFERENT L s
& NO LONGER
 RESISTANT ACINETOBACTER INFECTIONS
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A recent genomic study

@ 122 carbapenem-resistant and 110 carbapenem-susceptible
A. baumannii strains

+ first dataset of > 100 genomes + AMR metadata
available in PATRIC database

Resistant Genomes Susceptible Genomes

.

Relevant K-mers, "The Classifier”

1111
SCAATRTTTTICLCTTCAAL 1 ML R R CNTAL BT TRAGE T
TEILEE TGTISATC TS 3 AMUARRRMLELEEL T TET A TARARTA T

3 Predict resistance
I Ma-:hine W {/ ‘
A e l Unclassified Classified
Genome Genome

+ built a machine-learning classifier to predict resistance of
a strain, with accuracy approximately 95%
Davis et al (2016) Sci. Rep. modified
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My scope
@ The data included the commonly known features (e.g. blagy, »s)

+ prediction of resistance is obviously possible

@ More interesting: exploration of novel genetic elements
+ in strains lacking the commonly known resistance features

\
(e A

Susceptible Genomes

BTT 1
RGCAELTANTAALLITTAT 1

L Genome-wide association study (GWAS) /

identifying any kind of genetic variation (SNP, indel, gene)
enriched in resistant population

method in bugwas package, Earle et al (2016), Nature Microb.
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Bacterial GWAS methods

1) Breakdown genomes into words
to capture any kind of variation (SNP, indel, gene)

1=1 |1=2 i=
wordl | 1 0 0
word2 | O 1 1
AAAAAAAAATTATACAAGCTGTGTATACATA
AAATTGAGTAACTTTATCGCCAATCGCTTCT word3 | 1 1 0
s o = CAGATTTACTCGATAAAAGAAACAAACAAAG
e [ ARATATTGAAAARATCCTTGTTCCAAGCGAA wordd| 0 | O 0
(| e word5| 1 | O 1
e T word6 | 1 | 1 1
K-mer .-
enomes
9 (€., 31 bp) RorS| R | S
(different start positions) '
individuals

2) Statistical test of significance @

after accounting for phylogenetic relatedness of the strains
(not independent!!)




Top hit: three overlapping that were
>70% more frequent in the resistant strains

F {, across

multiple lineages

Cdz2

I
T P, S W

I i | W Resisn 10% higher than

1  Resistant

- O Suscepive Sheppard (2013), PNAS
P<10+
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Mapped to a putative adhesin gene horizontally transferred

1 | [] T |
/3619 aa

type | secretion”

mediates self-association Shé’ﬁock (2004)

and biofilm formation J. Bac.
resistant genome
=33 PMHD YD M B ™) » DEED) )

4 &dE 4 111- ( @ 1'- l.'l_ﬂ II 'MI'H.{'I ( G G

atypical nucleotide composition & gene tree topology
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Also found in other Acinetobacter species

A. baumanni ACICU
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| less frequent words

type | secretion

kb

Acinetobacter pittii & Acinetobacter oleivorans

89% and 88% sequence identity
over 100% and 95% of the alignment length of the locus
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Evolution of the gene in Acinetobacter spp.

g —

\

gain.
\

loss

I1

1 C=hm

A. pitti

————A\. olelvorans -
A. calcoaceticus

st

>

>

Jbaumannii

Jnosocomialis

inferred by
TreeBreaker

Anzari (2016),
Genetics
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Evolution of the gene and in A. baumanni
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recurrent evolutionary signals across different lineages
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Phylogeny & population structure

gene flow (recombination)
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Smet*, Yahara* et al (2018), ISME

Suzuki, ... ,Yahara (2016), Sci. Rep.

food-borne disease

(Campylobacter)

44



How do Campylobacter genomes change to
cause diseases in human?

%J | ﬁ# 5 Qm>/ Previously, “similar

J Discovery in two major lineages

@ Clinical isolate ST-21 complex ST-45 complex

@ Farm isolate | —
I e S el
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i 1045 7 1373 4
1375 4
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Disease-associated SNPs: 32-46% frequency increase (P < 5x104)



Validation: function revealed by knock-out
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Next direction
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National surveillance of antimicrobial resistance

@ JANIS Open Feport | A *  +

: + . "ﬂ € C @ hipsyjanismbhrgo jp/ "
Eonl T ® apan Nosocomial Infections Surveillance
@/ > C ] p_ N. I | t s |
I 't comPrehensive
"o R - at phenotype level
% ‘ L-}Mj‘nj i I:‘ J L] MENU £ 'I.l'-".!"“';‘n Open Report
+ & database Ls (Ghs12007
g~ feedback _ _
. all data of bacterial culturing and drug

susceptibilities form > 2000 hospitals

v

Collection and genome sequencing of isolates satisfying specific criteria

phenotype

patient’s
prognosis
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Hazard level in CDC and WHO priority list

HAZARD LEVEL Clostridium difficile
URGENT Carbapenem-R Enterobacteriaceae (CRE)
SISISIS J Cephalosporin-R Neisseria gonorrhoeae 15t (2009) &

a new type (2016)

Priority 1: CRITICAL I < £
e Acinetobacter baumannii, carbapenem-resistant

e Pseudomonas aeruginosa, carbapenem-resistant
e Enterobacteriaceae, carbapenem-resistant, ESBL-producing

Priority 2: HIGH

¢ Enterococcus faecium, vancomycin-resistant

e Staphylococcus aureus, methicillin-resistant, vancomycin-intermediate and
resistant

e Helicobacter pylor, clarithromycin-resistant

e Campylobacter spp., fluoroguinolone-resistant

¢ Salmonellae fluoroguinolone-resistant
Meisseria gonorrhoeae, cephalosporin-resistant
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Determinant of cephalosporin resistance

@ Altered penicillin binding protein
+ encoded by mosaic penA arising from recombination

1 200 Amino 400 600
| | acids | |

N gonorrhocae |
wild-type PBP2
N. cinerea PBP2 - TN _
N. perflava PBP2 [N B D

N.gonorhocae |
mosaic PBP2 , N
(reduced susceptibility) P .
,,’f \‘\‘
HO041 | ~ .| F89
# by
,k-’/ LY
N. flavescens PBP2 A501P ||

Ceftriaxone-resistant HO41 Ceftriaxone-resistant F89

Figure from David Whiley



How is it spreading and evolving in Japan
as a region of global health concern?

@ Surveillance has not been based on genome itg
: SERC i
@ Unanswered questions: ™
. i
NE

+ type & distribution of resistance determinants? @

+ the extent to which these determinants can explain the
observed phenotypic resistance?

¥ population structures at the genomic level?

sub-lineage exhibiting unusual drug susceptibility?

Yahara et al (2018), Microbial Genomics
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