Evolution of a bacterial pathogen:

major strategies

Common bacteral ancestor

Zenome reduction Gene acquisition Mutations,
by celetion events by HGT rearrangements

Intracellular bacterium, Extracellular bacterium, All lifestyles
obligate intracelular pathogen, facultative pathogen,
endosymbiont syrmibiont



| mpatto della plasticit”™ genomica n:

Commensal Pathogen Pathogen
bacterium (symptomatic infection) (persistent/asymptomatic
infection)
Acquisition of Loss of virulence genes
virulence genes Altered gene expression

Plasmids Point mutations
Bacteriophages Rearrangements
Genomic/Pathogenicity Deletions
islands
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Induction of host immune responses

Loacquisi zione di el ement i genetici m o
genomiche contribuisce all devoluzione
Durante | 6infezione, | a fluidit”™ genonm
mut azi oni punti for mi determina | 0insor

oppure determian una down -regolazione di alcuni geni . Nei ceppi persistenti
si nota un accumulo di mutazioni.



GenomadiE.coli : esempio di grande varniabilita

La sequenza dell 0dintero genoma di E.
Intraspecie estremamnte elevata

Sono disponibiliti 4 sequenze genomiche di E.coli

Analisi genomica comparativa ha rivelato che E.coli 0157 ha un genoma
di 1 Mb piu grande di quella di E.coli K12 e circa 25% dei geni non sono
conservati nel genoma di E.coli K12.

Molti dei geni presenti in 0157 si pensa siano stati acquisiti tramite
eventi di trasferimento orizzontale e tramite elementi genetici mobili
guali fagi, profagi e sequenze IS

Soltanto 3.000 geni sono in comune tra i 4 genomi di E.coli mentre
erano 4.000 tra E.coli K12 e 0157

| 3000 geni comuni presentano SINTENIA suggerendo una base di
trasmissione verticale



Adherence patterns of enteric E. coli.
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Shigella

Ais a Gram negative, facultative anaerobe

Ais an intracellular pathogen

Ais the etiological agent of bacillary dysentery, an
acute diarrheal disease

Acauses 160 million of episodes, determining 1.1
million deaths/year in children and infants in
developing countries .

Infection is spread
via fecal -oral route

Subgrouped into four ospecieso:
A\, .'/ 5 b\d

AShigella flexneri W o
AShigella dysenteriae P = ! Lﬁ
AShigella boydii '. ol ) *®
AShigella sonnei \*L / *[

Wy Ay
Due to the high level of genome homology, 23.C' R e

Shigella is now considered among E.coli —
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A'is an intracellular pathogen causing human
dissentery, a highly infectious disease

A'is able to invade epithelial host cells and to
manipulate the immune cell functions

A'is able to survive in the outer environment
and is acquired mainly from contaminated
water

A shares a high genome homology with E.coli
(belongs to the same pathovar)

A has a genome characterized by a large pINV
plasmid, acquired by HGT during the
transition towards pathogenicity



Shigella e ormai considerato uno dei modelli di E. coli patogeni

Organizzazione strutturale del genoma di Shigella

Un singolo cromosoma circolare di 4.599.354 basi
leggeremente piu piccolo rispetto ad E.coli K12 4.639.221

L'organizzazione riflette quella descritta per £.co/i0157 e per gli
E.coliUTL :

larghe regioni di colinearita interrotte da isole genomiche acquisite
per HGT (15 riarrangiamenti sup. alle 5 Kb)

7 operoni rRNA organizzazione alterata rispetto a E.coli K12
98 geni tRNA traiquali 3 copie di un nuovo cluster di 4 t1RNA
ciascuna inserita in un profago .

Ampie inversioni nelle regioni ORI e TER, probabilmente IS
mediate



Model for Shigella
Invasion of the colonic mucosa
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Shigella and E.coli genomes are highly homologous

The genome of Shigella

- Large regions of colinearity with the E. coli genome
- High percentage of IS ( 6.7% of the genome, 1.5% in E.coli )
- Extensive gene decay; high fraction of pseudogenes (8%)
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The number of proteins shared by Shigella and
Bl genes common to Shigella and E.coli E.coli is very high, confirming the presence of
B genes unique to Shighella an extensive common backbone



number of proteins

Nonostante le differenze vi
e un' elevato livello di
omologia tra Shigella e E.coli

Esistenza di un 'ossatura
centrale comune
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Distribuzione degli elementi IS

Gli elementi IS identificati costituiscono il 6.7% del cromosoma
(309.4 kb) in contrasto con gli altri batteri (0-4%).

InE.coli 1.5% inY.pestis 3%
Unica eccezione Archea Sulfolobus solfataricus 10% di IS

(genoma di 2.9 Mb)

108 151 dei 156 elementi coinvolti in

quali 46 con delezioni,inversioni o altri
sequenze riarrangiamenti genetici
direttamente

ripetute

evidenziabili



Quante isole ci sono?

37 isole che codificano almeno un gene ( non correlato ad IS)

Mostrano omologia con proteine presenti in diversi microrganismi
patogeni per piante, animali e con stili di vita diversi

Categoria funzionale N.Orf Specie con omologia

Virulenza 10 S.flexneri, ¥Y.pestis

Adesine 7 Salmonella, E.coli path, Actinomiceti
Regolazione 5 E.coli 0157, Salmonella

Metabolismo energetico 31 Listeria, Caulobacter, Salmonella
Cattura del ferro 12 Salmonella, E.coli path.

Res. a composti organici/ 7 E.coli path,Caulobacter, Agrobacterium
Inorganici

Trasporto 11 Salmonella, E.coli path

Struttura cellulare 9 Salmonella , E.coli path
Biosintesi/metaboliti centr 17 Salmonella, E.coli path, V.cholerae

Funzione sconosciuta 68 Salmonella, Pseudomonas, Synorizobium



Plasmidi

Grande plasmide di virulenza circa 218-220 kb
contiene tutti geni coinvolti nel processo di invasivita

2 piccoli plasmidi multicopie

In alcuni ceppi plasmide criptico di 165 kb simile al plasmide
R27-like di Sa/monella e al plasmide pMT1 di Y.pestis.



PSEUDOGENI

372 geni disrotti (8.1% genoma) ottenuti per :
'perdita di nucleotidi

*mutazioni puntiformi

-delezioni

* riarrangiamenti mediati da IS

879 geni di E.coli sono persi:

124 Trasporto
63  Struttura cellulare

62  Regolazione
58  Metabolismo



The evolutionary pathway from E.coli to Shigella: a good example
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Shigella
(pathogen)

The major event that gave rise tothe  Shigella /EIEC pathotype
has been the acquisition of the large virulence plasmid (pINV)



Gain of genes ¢

- Strategies adopted by Shigella to allow the expression
of plasmid -encoded virulence genes

Loss of genes &

- Silencing of genes involved in the polyamine pathways
- Loss of genes carried by a lysogenic phage



PINV of Shigella contains all virulence determinants
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virulence plasmid
(220-260Kbp)
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FIGURE 1 | Genctic map of the pINV of Shigalls and EIEC strains. The red
arrows indicate major virulence detamminants. Due to the vanability in position
and number, tha jpaH ganaes are not shown. The genetic organization of the
entry region is shown in detai, with dashed armow lines indicating known
transcriptional units. The antry regicn organization is based on the saegquanca
of plasmid pWH100 (Venkatesan et al., 2001) while the entire plasmid is fraoly
drawn to provide the layout of a typical plNV plasmid (the figura is not to
scala).



Salyers & Whitt, 1994

adapted from

lpaD

IpaB,
IpaC
Proteins involved in the
IcsA Invasion process, as well as
(VIrG) proteins of Type Il Secretion
System, are encoded by
the virulence plasmid (pINV)
csB and are expressed only at

the host temperature (37 AC)
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L'iniezione di IpaA nel citoplasma della cellula ospite altera
profondamenteil citoschelestro della cellula ospite
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I| sistema di esportazione di tipo III viene attivato dal
contatto della cellula batterica con la cellula bersaglio

Le proteine Mxi e
Spa formano la

struttura
11} i3

transmembranaria
del sistema di
esportazone

IpaB ed IpaC si
inseriscono nella
mebrana della
cellula bersaglio




Il sistema di esportazione di Tipo III di Yersinia :
elevata omologia con il TSS di Shigella
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Cross-talk between chromosomal and plasmid genes

H-NS
Ais a chromosomal
lobal regulator
%\negatively regulates
chromosome virF and virB at 30 AC

VirF
Alis the first plasmid
transcriptonal
activator of Shigella
expressed at 37 AC
Ais able to positively
regulate plasmid
virulence genes, virB
and icsA




Besides the acquisition of the large virulence plasmid

PINV, several pathogenicity islands have been
iIdentified on the Shigella chromosome

iron transport

toxin production

Keper, Nedean, Mobley, 200

cateqplext frove

adhesin
synthesis

Shi PAIs carry genes that contribute to virulent life style
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i Contengono uno o piu geni di virulenza

U Sono presenti solo nei ceppi patogeni

U Sono di grandi dimensioni 10 -200 kb

U Hanno un diverso contenuto in G+C (recente HTG)

U Sono spesso inserite in geni per tRNA

U Sono fiancheggiate da sequenze di DNA direttamente ripetute (DR)

U Sono associate a elementi genetici mobili

U Sono instabili

U Rappresentano strutture a mosaico
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St adi evoluti vi del |l a f or ma
Various
ﬁ microbes
EPEC, LEE,
S. typhim., SP11 . .
Formazione di
una PAIl come
parte del core
. UPEC, PAI .
Y. enterocolitica, HPI o genomico
E. coli, HPI Codoni di
D. nodosus, vap di
H pylori, Cag _ _
V. cholerae, VPI « /v Grandi deléXione
S. aureus, SaPl dei geni inattivati
Y. pestis, HPL
Y. pseudotuberculosis, HPI ) . .
Inattivazione/delezio
Various n int / ne dei geni mobili
microbes R vi
tRNz/ I\/Iuta_12|on|_
puntiformi
Integrazione  N€l geni
core di faai “0i ntegrasi
genome '1agl € tempo
plasmidi




Le Isole di Patogenicita si possono excidere dal genoma attraverso
ricombinazione tra le sequenze presenti nelle sequenze direttamente
ripetute (DR)

pai III (5.6 units) pai IT (97 units)
sfa tRNA hly prf t(RNA  fim
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Non soltanto Pathogenicity Island : il fenomeno coinvolge altri
gruppi digeni ) Genomic Island

e
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Symbiosis 17b
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10k —p | uti | i zMetabohglgland
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Caratteristiche generali delle Isole genomiche

ASono regioni di DNA acquisite tramite HGT inserite nelle
vicinanze dei tRNA.

ASono fiancheggiate da DR

AContengono diversi geni coinvolti nel processo di adattamento
AContengono elementi IS funzionali o difettivi

Acontiene geni legati alla motilita

ARuolo fondamentale svolto dal gene INT che codifica per

| INTEGRASI coil nvolta nell 0l nser zi one
DNA fiancheggiate da DR



Ruolo delle Isole di patogenicita

PINV i1 .
l <+ SHI-2 SHI-3 @
\ \ | \

\ '\ \ ‘\
. \
E. coli _ ™\ \\ \

N\
TS
Ml__> Shigella

SHI-1: codifica per enterotossina e una proteasi citotossica
SHI-2 e SHI-3: per un sistema di cattura del ferro e sistema di evasione
SHI-O: modi ficazione dell 0antigene

SRL : resistenza multipla



Shedding of genes which interfere with the

pathogenic lifestyle Shigella

ADDITIONS
O Virulence O Virulence
; I id | id
SHI-1  SHI-2 plasmi e plasmi
L4 7

Shigella
(virulent)

W G

ompT nad cad

DELETIONS

E.coli
ancestor
(harmless)

In Shigella gene acquisition by horizontal gene transfer
IS counterbalanced by the loss of native genes,
which may have become unnecessary or deleterious for intracellular life.
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Antivirulence genes are eliminated through
pathoadaptive mutations

aaaaaaaa

EREREE Patho(genicity) adaptive mutations

ompT  na

DELETIONS

A improve bacterial fitness in new host environments

A drive a microrganism towards a more pathogenic lifestyle

A Some examples pathoadaptive mutations in Shigella :
Aloss of cadaverine
A Loss of acetylspermidine
A Loss of surface protease OmpT

A Loss of ability to synthetize nicotinic acid
(QUINOLATE)



Effect of antivirulence genes of  Shigella on the invasive

process.
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Basic Polyamines are small T SN N
) polycationic molecoles present PV TN
. . *H, N NH*
functional in both, eucaryotic and " spemiin |,
role of prokaryotic cells.. N SINNNNAA

!jz Spermin

polyamines NN
Cadaverin

They stabilize the plasma membrane and control its permeability
They are involved in response to acid and oxidative stress

They are involved in several processes due to their ability to bind
nucleic acids.

A major role is played also in the biosynthesis of proteins:

4 N\

Polyamines bind to RNA favouring the
assembly of the 30S subunit and
increasing the fidelity of the
translation process

Polyamines exert also a more
target -specific action: they
affect the translation of several
genes, including a number of global
regulators, by facilitating the
formation of the translation
initiation complex



BIOFILM FORMATION EXPRESSION OF VIRULENCE
Yersina pestis Streptococcus pneumoniae
Vibrio cholerae Shigella/EIEC pathotype

Burkolderia pseudomallei

Polyamines and

bacterial virulence

EXPLOITATION OF HOST
CELL POLYAMINES EXPRESSION of T3SS

Salmonella Typhimurium (SP,SP,)

Aelicobacter pylori _
Pseudomonas aeruginosa (exsCEBA)

macrophage apoptosis, DNA damages
Legionella pneumophila

bacterial intracellular growth
-Francisella tularensis

disruption of the innate immunity response

Di Martino et al., 2013



Comparison of the polyamine biosynthesis pathways

In E. coli and Shigella reveals strong differences

L-Arginine L-Ornithine L-Metlhinnine L-Lysine
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How do the changes in the polyamine pattern
influence the Shigella invasive process?

nmol of polyamines/mg of proteins

Cadaverine and acetylspermidine are lost
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Through lysine decarboxylation at low pH

CadA synthesizes cadaverine, a small polyamine

low pH & lysine

periplasmatic

CadC protein
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positive lysine/cadaverine lysine
activator exchanger decarboxylase
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AA-decarboxylases

At low pH the release of

cadaverine protects the
cell from acidification




In Shigella /EIEC the lack of cadaverine synthesis is

obtained through a convergent evolution
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Convergent evolution : different strategies , one goal
buté.the cadC

r ietlye prefarénbal targetgpecaongergent evolution toward
the LCD- phenotype



Shigella:sonnel’ IS a new emergent pathogen,
often-associated with shigellosis
In industrial countries
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IS sequences have inactivated the - cadBA genes without inducing deletions.
Colinearity with the - E.coli K12 chromosome is maintained.



Among E.coli strains causing intestinal disease
all EIEC are unable to synthesize cadaverine

toxins
toxins hemolysin-like

EIEC strains share with
Shigella the same pathogenicity
process, but they exhibit a
higher metabolic activity since
they retain the ability to
catabolize substrates widely
used by E.coli




Lack of cadaverine activity in

E.coli

EIEC Is

Induced hy IS sequence insertions into the
regulatory gene- cadC
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Silencing of the =~ cadC gene is obtained by
different strategies: in one strain a single point
mutation in the promoter region
abolishes cadC expression

-35
ACCAATAATATGTAAATAAACCC%GGT
TGGTTATTATACATTTATTTGGG CCA 10

110
AAAAATAGGTGGTARETTCTICATTGCACATTCC — mutant | AATTCT
TTTTTATCCACCAC %ngAACGTGTAAGG wt | AATTAT

CTTTTCGAATGAGTTTCTAATCCAACAA
GAAAAGCTTACTCAAAGATARAGTTGTT



