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Fire Blight: histor
+ g y

First reports in North East USA — 1780s

First cases outside North America in 1910 (New Zealand)
Arrived in Europe (UK) in 1950s

First reported in Switzerland in 1989
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http://www.info-acw.ch/prognosen/feuerbrand/karteakt.pdf

What is source tracking?

O

« Identification of the spatial/temporal origin of a bacterial strain/population
Where it comes from? When it's arrived?

* Requires characterization of the strain/population whose origin has to be
assessed

Morphological, biochemical or molecular methods

« Comparison with nearby strains/populations allows to establish the
source of the strain/population under investigation

» The difficulty of the task increases if the diversity among strains and/or
populations is low
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o Why source tracking?

 |dentification of inoculum sources and reservoirs
Targeted implementation of phytosanitary measures

 Protection of orchards and nursery production

In harmony with Hochstamm and other host plant cultivation
(e.g., ornamentals)

» Understanding disease epidemiology
Temporal and spatial spread of the disease
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¥, Molecular characterization

» Gene sequencing

Variation among DNA sequences: single nucleotide polymorphism (SNP), multiple locus sequence typing (MLST)

= EMa95-R_Z007-1205_ADd Fragment base #994_Base 904 of 072 =
A G O O A

4 A A G A A G G LC T A C & G A A G A A 4 G G T L ¢
T 1 T 14 AT 4T 1T dTTITTTITd 4T T T 1 d
= ENABE-R_Z2007-12-05_D04 Fragment base #330. Bas e 530 of 846 =
& A A G A A G G C T A C A GEEA & G & & A G C C A A GGET L A
T 1 T 1 d AT 4T ITATTITTT I d dTT 1 T
« Random molecular fingerprinting

RAPD (Random Amplification of Polymorphic DNA) AFLP (Amplified fragment length polymorphism)

i i - — S— —— Gu— " "

— - e — —
- — ) G Gd a4 s e s s G e —— -

| e e g e S e S e S b B BN S 8w aw ew L0

Agroscope

Euphresco Il - Phytfire Kick-off meeting
Fabio Rezzonico




the E. amylovora case

Source tracking

O
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o Diversity in Erwinia amylovora

* Whole genome comparison among the 1 US + 5 EU strains sequenced
« Extremely low variability among strains (>99.99% identity)
* On average less than 100 SNP per strain were found in each genome
Per strain this corresponds to about one SNP every 36’000 to 146’000 bases
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for diversity in E. amylovora

New methods must be found to look
' VNTRs & CRISPRs
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o Variable number tandem repeats (VNTRS)

* VNTRs are diversity hotspots in E. amylovora

They consist of tandem repeats of a short repetitive DNA sequence which is
present in variable number in different individuals/strains

.ATCCTAG..

AL

Strainl — T 1T 1 1 1 1 +—
Strain2 71771 71T T T T T T T T T T T T T
Localization of some VNTRs in CFBP 1430 genome
VNTR Location VNTR position Length Repeat length Consensus sequence Repeat number
A pEA29 26041 26084 44 8 ATTACAGA 5
B pEA29 14703 14726 24 8 TCAGCCTC 3
C Chrom. 457256 457298 43 6 ATTGTT 9
D Chrom. 1254077 1254165 89 6 TGGCAA 7
E Chrom. 1535272 1535523 252 18 TTCCACCGCCGGAGCTGC 14
F Chrom. 2668446 2668564 119 18 GGCAGCGTTAGTGCTAGT 6
P G Chrom. 2944996 2945030 35 6 TGATAT 5
3 H Chrom. 3517853 3517922 70 9 GCGTGATAT 7
@ | Chrom. 3591248 3591353 106 6 CTGGTT 16
g J Chrom. 3782324 3782457 134 9 GCTGTAA--TG 13
<
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Variable number tandem repeats (VNTRS)

Courtesy of Tanja Dreo

O

Primers designed on flanking regions and test with a panel of strains of wolrdwide origin

- Some VNTRs are better than others: VNTRs with no or very low variability are discarded!

Localization of some VNTRs in CFBP 1430 genome

VNTR Location VNTR position Length Repeat length Consensus sequence Repeat number
A pEA29 26041 26084 44 8 ATTACAGA 5
B pEA29 14703 14726 24 8 TCAGCCTC 3
C Chrom. 457256 457298 43 6 ATTGTT 9
D Chrom. 1254077 1254165 89 6 TGGCAA 7
£—C€hrom—1535272—1535523—252—— 18— FFCEACEGECEGGAGETGE—— 14—
F Chrom. 2668446 2668564 119 18 GGCAGCGTTAGTGCTAGT 6
G Chrom 2944996 2945036 35 6 FGATAT 5
H Chrom. 3517853 3517922 70 9 GCGTGATAT 7
4_@%__3591_248 2001252 1_nc: A r‘Tr‘f‘TT ’_I_R
3 Chrom: IFI2324 IF245F 134 9 GEFoFAA—TGS 13

o T
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¥ VNTRs: frequency distribution

Courtesy of Tanja Dreo
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(collection of worldwide E. amylovora isolates)

VNTRS
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Distance between strains expressed as number of different VNTR-systems (max
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+ VNTRs: comparison of two national populations

Courtesy of Tanja Dreo

A* B* C D F H
S|
N = 475
CH
N = 68

other
N =152
all
N =697

=) Substantial differences between populations in Slovenia and Switzerland
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o VNTRs: future approach

» Multiplexing of the PCR reactions and labeling with fluorescent primers

Setup of a fragment analysis protocol will allow to go from the isolates to the
results in just one PCR step, allowing automation

Isolates Cell lysis Labelled multiplex PCR  Fragment analysis Results

» Testing discriminatory power at national, regional and local level
Epidemiological studies and more appropriate phytosanitary measures
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o Clustered regularly interspaced short
palindromic repeats (CRISPRS)

» CRISPRs are diversity hotspots in E. amylovora

> Direct repeats (24-47 bp) separated by unique spacers of similar length
> Spacer sequences match sequences in plasmids or phage genomes

> Together with the CRISPR assiociated (cas) genes is part of an RNA
interference system present both in Archea and Bacteria

> Three CRISPR regions (CRR) are present in E. amylovora

DR Spacers
Leader (AT-rich) (24—-47bp) Degenerated DR

[ Leader | Lo DR ES ] il o] |

5 3
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How are CRISPRs assembled?

DR Spax:ers
Leader (AT-rich) (24 — 47 bp) Degenerated DR

5 [ Leader | | DR i—l H [ -}

 Actively evolving with new challenges (phages/plasmids)
> New spacers inserted polarily at the 5" end of the cluster next to the leader
> Older spacers are frequently common whereas newer spacers are unique
> Chronological record of past encounters with foreign DNA
> CRR-1 and CRR-2 are active and evolving, while CRR-4 seems inactive

Strain A B A B D E

Loss/duplication of
internal spacers

[T
i O
[]1]

a
axaaiinnninnann

FRRTTTTTTT N O

ebbE LTI ©

LTI [TTL]

3{

Strains that display recent incorporation of new spacers at 5’ end and/or deletions in
the central regions of the array can not be ancestral
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+ Typing results

Among the first 37 strains investigated

 CRR1 displayed 14 different genotypes _ o
_ _ 18 different combinations

 CRR2 displayed 13 different genotypes

 CRR4 displayed 3 different genotypes > No further discrimination

Total of 18 different genotypes

o o o o
2 g g | 8 - S| 8 gl 3| 8| g
2| 2| 2| 8| = g 8 5 gl 2 2| gl 2| g 2 g| 4| o| 8| L | g 2| Z| 3| 3 -
3 [t} | & o a 2 3} = @ B =1 = = o @Q o =] e o = = o =3 = o = = w
o o = o D g o s = = = © o @ = g o o . o a o <l Ll e = =] @ & = & & = o o
s =] T == a o o ke o g g 0 o [ I3} % = o | 2| & o < = [ @ =2 @ L3 P 2
2] é q B B 3| B % s2 2 el & B oz gl 2| R R S o= Z| o= B OE|E| R 2] % 3T ¥l 3 2l g @
5| w| wn| 6| &| 4| S «| & S| & & 5| &S| | 8| | &) &) &) G| o) &) S| 5| 5| &) | A S % S| = % o| w| =
Genotype CRISPR-1 B B B B B B B B B B B B D D D D D F c A E D B B G G| G L N H H | | J M K
Genotype CRISPR-2 b b | b | b|lb|b|b|b|b|b|b|b|b|b|b|blhb d c a b I e f g g |b |l k|[n|h h h h h h | m i
Genotype CRISPR-3 o o o a o o o o a o o o o a o o o o o o o o o o o o | a o 't o o o o o o T B
CRISPR Genotype [(2T2T2T2T2T22[2T2]2[2[2[4[a[4]a[a%c WG 1[5 1][7 [ ¢ [NONNONNON15 e 1111 [12]12]12
CRISPR group [1b [ 1b ] [H [ R ] [ R [ R |
17
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+ Typing results

Among the first 37 strains investigated

 CRR1 displayed 14 different genotypes
 CRR2 displayed 13 different genotypes
 CRR4 displayed 3 different genotypes > No further discrimination

18 different combinations

Total of 18 different genotypes

o o o o
f=1 =] =] ol 8 & o o ol o o
[} — o = ) = S0 3wl 1 =} 3 [} =} ] @
Bl &l 2 Bl & |88 .| &g = . B g 28 Blo 2| 2 2 B gl L] g g g B oglg,|x
o o = o o o o L = =| = © o @ = b ] o o . ] = o Ll = 2| 4 = 2 @ & 2 o =]
s =] T == a o [} e o g g o} o [ I3} % = o @| 2| & : @ =2 [ @ =2 @ L3 P 2
2] %ﬁ q B B 3| B % s2 2 el & B oz gl 2| R R S o= Z| o= B OE|E| R 2] % 3T ¥l 3 2l g @
S| w| d| &) &) 4| & «| @) S| S| & S| & & 8| & & &) b 4| &) &) o 5| 5] 6| | 4| 3 % S| = % o| w| <
Genotype CRISPR-1 B B B B B B B B B B B B D D D D D F c A E D B B G G| G L N H H | | | J M K
Genotype CRISPR-2 b b b b b b b b b b b b b b b b b d c a b I & f q gl bl k|ln]h h h h h h m i
Genotype CRISPR-3 o o o a o o o o a o o o o a o o o o o o o o o o o o | a o 't o o o o o o T B
CRISPR Genotype [(2T2T2T2T2T22[2T2]2[2[2[4[a[4]a[a%c WG 1[5 1][7 [ ¢ [NONNONNON15 e 1111 [12]12]12
CRISPR group [1b [ 1b ] [H [ R ] RI[ R ]
PCR ribotyping T 1 T 1T 1T [ Fa7+7 T [ [ [ T [ T+ [ [ [ [ [T [ T T [ T MT3T3[3 ]3Il |la]

> CRISPR-grouping correlate with PCR-ribotyping data (McManus & Jones, 1995; Donat et al., 2007)
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+ Typing results

Among the first 37 strains investigated

 CRR1 displayed 14 different genotypes
 CRR2 displayed 13 different genotypes
 CRR4 displayed 3 different genotypes > No further discrimination

18 different combinations

Total of 18 different genotypes

o o o o
2 g g | 8 - S| 8 gl 3| 8| g

2| 2| 2| | 8§ gl 8 gl gl 2 |8 gl g g 2 A I I I ] - B

3 [t} | & o a 2 3} = @ B =1 = = o @Q o =] e o = = o =3 = o = = w

o o = o D g o s = = = © o @ = g o o . o a o <l Ll e = =] @ & = & & = o o

[ =] : = 253 o o el o g g @ o I o] % = o | 2| & - % =] [ @ = @ e 5 =2

2] é q B B 3| B % s2 2 el & B oz gl 2| R R S o= Z| o= B OE|E| R 2] % 3T ¥l 3 2l g @
Genotype CRISPR-1 B B B B B B B B B B B B D D D D D F C A E D B B G G G L N H H | | | J M K
Genotype CRISPR-2 b b b b b b b b b b b b b b b b b d c a b | e f g g b k n h h h h h h m i
Genotype CRISPR-3 o o o a o o o o a o o o o a o o o o o o o o o o o o | a o 't o o o o o o T B
CRISPR Genotype [2 T 2T 2T 2T T 2Tzl 21 2T 22727 aJlaJaJaJaATes 5 M n[12]12] 12

CRISPR group

[T yra - Ty I rofr T I Ty Pt 7 [ 1

[ [ {T271) Jonde[ 1 TRqT 4[] T JTa7)T6l [ [ [ [ T T T T |

PCR ribotyping | | | ‘ | | | |
[2 T] 1 11 Al JTa]

PFGE Genotype [6 ] [ [ 1]

> CRISPR-grouping correlate with PCR-ribotyping data (McManus & Jones, 1995; Donat et al., 2007)
> Strains with the same PFGE genotype (Jock et al., 2002) could be separated using CRISPR analysis
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Clustering of strains
9 Correlation to geographic origin

O1SFR-B0 2,6,
ACW 635792, -, ]
Ea 209/pEL60[2,5, ]
CFEP2301(2,1,]
CFBP 3025 [2, -, ]
Ead$2[2,2,
CFEP 302012, ]
ACW 564002, -, ]
EaTid(2,1,4
CFEP 12327[2,1, 1]
CFBP 1430[2,3A.1) Group la
LebBEBIELBIR, -, ] Europe

UPN52TI4, 4,1) Mediterranean area,

CFBP 30984, - U.S. East coast
ACW 413204 - ] T New Zealand
LebA3pELBOL, - ]
ACW 6323004, ]

Ea263(6,2,

E20203,- ] ] | -1 1

Ea273[1, ather, 1] :l

Ea153[5,1,-

.:_ | L] Group Ib

CFEP 30498, -, ] N. America (Michigan, Ontario)

UTFer2pEU30E, - 1 Tl N
UTRJZIBEU30(9, 4, Group Il
CFBP 379210, - Western U.S. (Idaho, Utah)
H 310 lE 115, G, o " TTEEBLE 18
Ea7-061[18,- 1 T IH/Rubus
JLABSEU30 M - ] I
LA4TGIDEU30[1, -, il AR g )
OR2EIDEU30 [13 -, 3] H 1 T G_rOUp i
e wn : L U.S., mainly West coast
g e Ll Gregon wasingon
S e SRER S L but also Missouri, Alabama
b LADIZIOEU30 112, - 3] el ol
% Ea696r17 -, . '
< IL-5lcolE1 [14,-, 4 m | Rubus |sola_tes
¢ ¢ North America
CRR1 CRR2 CRRH{
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Original model for E. amylovora evolution based on CRISPRs

Rubus spp. (East coast)

Short amplicon on pEA29
Sixspacerson CRR3

Maloideae spp. (East coast)

»High diversity”

IL-5: long amplicon on pEA289, five spacers on CRR3
Shares 3'-terminal spacer on CRR2 with Malus strains

wLow diversity”

d

1==i
IH ?E;;iharjsz?-s-termlnal 52?:; Vo Convergent evolution
en e ' | until C1-10 & C2-24
with Malus strains L.
Common l
Loss of C1-23, C1-24 and C1-31 | ancestor Loss and rearrangement
Addition of C1-01 to C1-09 of most CRR1
and C2-19to C2-23
Anc. 1+ || Anc. I Western U.S.
Loss of C1-08 to C1-12 :
Europe, Middle East, and C1-15to C1-33 PEU30-induced spacer
boost on CRR1 and CRR2
New Zealand (starting from C2-24)
Group| Group i Group Il
Loss of C2-35
Worldwide spread to C2-44
Groupla Group la Group b
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Genome analysis reveals unique LPS cluster
for Rubus-infecting E. amylovora strains

Enterobacteriaceae
ancestor

Pantoea Erwinia
ancestor ancestor

/ Pathoadaptation

. e Rearrangement/replacement of single
E. billingiae genes in LPS cluster

Vv
Pathoadapted Erwinia ancestor

E. piriflorinigrans E. tasmaniensis E. pyrifoliae “E. amylovora” ancestor
Exchange of core region

of LPS cluster

Spiraeoideae- Rubus-infecting
infecting isolates isolates (R1, R2, R3)

) Malus infecting isolates can not derive from Rubus infecting isolates

Euphresco Il - Phytfire Kick-off meeting
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Evolutionary history of E. amylovora

Erwinia amylovora progenitor

Malus ancestor Divergence in Rubus ancestor
LPS genes

——leee® DBottleneck #1 ?

Divergence point
@2032 on CRR2
Loss of CRR1 \
except 1001 \

Bottleneck #2

N\

\,
N =
A2
N .

SLAPL3

Loss of CRR2 tail and ‘m

addition of 2301/2302 Few strains, wide diversity

Loss spacers

/ 1504-1506 & 2094

Internal CRR1 deletion

IH 3-1 Gr. Il MoE101b Gr. lll
o Worldwide
&
@ : : :
° Many strains, narrow dlverS|ty
<
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U CRISPR-based dissemination model for E. amylovora

Molecular clock calibrated on whole genome data

Wild apples

Malus x.domestica
/\ i b\wnd apples
e P Common E. pyrifoliae
Erwinia a m

E. amylovora 2

W
¥ ee
E. amylovora on wild
~10°000.y Maloideae and
Rosoideae population

E. tasmaniensis

a
o
@
2
<
Post-Ice age
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N 1
. E. amylovora on wild
*~ Maloideae and

oideae population
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17th-18t century
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Bottleneck #1
One or few major genotypes of E.
amylovora are transferred on Malus x

domestica from wild native Maloideae
population

N,

17th-18t century
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19t century

Moving westward with settlers
and domesticated apple trees
E. amylovora slowly
differentiates or incorporates
new genotypes from wild plants

¥ Group |
W Group Il
3 Group 111
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Bottleneck #2

9 A single genotype (belonging to Gr. 1a) is
found throughout the world, probably derived
from few dissemination events originating
from the North-American East Coast.

1957

Marshall help

1048-1051 L2,
& E. pyrifoliae
& V 2

E. tasmaniensis
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20t century
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© Worldwide dispersal of E. amylovora was shaped
by two evolutionary bottlenecks

Rezzonico et al. (2011) AEM 77:3819-3829

 Diversity of E. amylovora strains isolated from Rubus spp. in North America is
much higher if compared to strains isolated from Maloideae worldwide.

> Group Il genotype is closer to the common ancestor of Maloideae type of E. amylovora
> Strain from southeastern US are closer to the to ancestral Gr. Il genotype

> |H 3-1 genetically intermediate between strains on undomesticated plants and fruit tree isolates

* Diversity on Malus spp. is higher in the center of origin (North America)

> Maloideae strains enriched on Malus domestica from the pool present on undomesticated plants
> Yet unexplored diversity must be present on undomesticated plant in the center of origin

* CRISPR-based clustering agrees with hypothesis of first outbreak in
Europe/NZ caused by the dissemination of a single genotype from the U.S.

> East-coast type strain(s) closely related to group la genotype present in Europe
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+ Conclusions: VNTRs vs CRISPRs

« Both VNTRs and CRISPRs analysis are better suited to analyze the
diversity of E. amylovora strains with respect to the molecular
methods used so far

* VNTRs display more diversity and are suitable for source tracking at
national, regional and local level

* CRISPRs show smaller diversity, but comprehend substantial
chronological information that makes their use ideal for population
analysis on a global scale
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CRISPR Region 2

What does it tell us?

- oan T

mos -

Internal deletion leading to Gr. Ib

Divergence point between Gr. I+l and Gr. Il
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Group la (worldwide) +II (western US)

l— Group Ib (eastern US)

| | ’gﬁﬁ;‘ﬁ;" Group Il (North America)
AFRSZ
I I I H3 Malus (worldwide)

Presence of these spacers suggests that Gr. lll is closer to the ancestor with respect to Gr. I+l

This spacer places south-eastern US strains before western US strains
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These spacers indicate that IH 3-1 (Louisiana) separated before

Eafrd segregation of Malus isolates into three groups

EaB10

Rubus (North America)

N\

EaT3er
Eatd44
MET
Eafz0
Eaf46

Diversity among Rubus isolates much higher than in Malus isolates
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What does it tell us?

CRISPR Region 1

Internal deletions leading to Gr. Il
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+ Structure of cas/CRISPR-regions in Erwinia spp.

E. amylovora OR29 Skb
{CRISPR group 1)

cas3  csef cse2cse4¢asf1 cau‘.1
o5ed  cas2

Remnant of genomic island found
in Rubus infecting strains

E. amylovora CFBP 1430
{CRISPR group I)

CRR2 M CRR4

T T T T
csef cselcsedass| cast 2812 |m1-:| scnE zaaa| speDspeEl yack 2&:“2|m5'|-‘ mded hpf yadF

bio'¥ gor 2828 fadD  vrsB e:.‘f:fl

2E25 csed casd rcal yacl yacC 2801
E. coli type Y. pestis type
E. pyrifoliae DSM 121637 cRit
CRR1 CRR2 CRR:’.l CRR4

csyl o5yl cEpd resV mded hpf yadF

D051 casd eseiaseche‘fca\sﬁ cast 0BG reaC acng
csy3, 0OEB1

binY qormL fzdl vraE ech? ! m&l spelispeE | yack cast casd  D0BTY
[t v 00E45 csed  gasd yacC L 7| Lo

00850 yacl DOETD D0ETE

E. tasmaniensis Et1/99 CRES CRR4

ORI YO Y0 — - S - H- 10X

quor| fadD  vraB echi |maC zcnB |apeDapeE| yack 08370 cas1  cas? -m:»:| cayt |-.'.'ay3 \ -:.5.4?-:| resV mdeA  hpf yadF
08220 08260 yacl yacl 08410 cEyd cEpd OB480

Three separate CRISPR regions in E. amylovora
> PCR from the flanking genes and sequencing of the amplicon
> Cumulative data (spacer absence/presence) converted into a binary matrix

o
o
0
b
w
0
e
o
<

Euphresco Il - Phytfire Kick-off meeting 35

Fabio Rezzonico




L+ Evolution of Erwinia and Pantoea

Enterobacterial ancestor

HYPOTHESIS
v \ Other Enterobacteriaceae, including Pectobacterium,

based on genome data Brenneria and Dickeya
Ancestral Pantoea/Erwinia

' 4 N\

Ancestral Pantoea Ancestral Erwinia
v \ Other Pantoea spp. I \) Other Erwinia spp.
Pantoea ananatis Erwinia billingiae Ecoli CRR1+2/cas

f Ypest CRR3+4/cas

[\ Pathogenic Erwinia ancestor

Pantoea Pantoea vagans Ecoli+Ypest CRR/cas
agglomerans I Erwinia [* \, Ecoli
piriflorinigrans CRR1+2/cas
»rue® pathogenic ancestor Erwinia tasmaniensis

Ypest CRR3+4/cas

Ecoli+Ypest CRR/cas

Ypest lf‘[ \
CRR4/cas

Q
)
§ Erwinia amylovora Erwinia pyrifoliae
< Ecoli CRR1+2/cas CRR3 Ecoli+Ypest CRR/cas
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