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“Reductionist experiments are powerful, but the lure of their yes/no results can keep
us from doing discovery experiments that may be complicated and messy, but also more
biologically realistic and practically relevant. Familiar examples include studies focusing on
single genes rather than multigenic traits, model systems instead of natural hosts, sterile
potting mix in place of natural soil, seedlings rather than mature plants, and controlled rather
than field environments. Every researcher struggles to balance experimental feasibility with
biological meaning, but a convenient and familiar assay can give deceptive results that hide a
more interesting truth.”

Allen, C., Bent, A., and Charkowski, A. 2009. Underexplored niches in research on plant
pathogenic bacteria. Plant Physiol. 150:1631-1637
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1 Abstracts

1.1 Summary in English

Pectinolytic bacteria from the genera Pectobacterium (former Erwinia carotovora)
and Dickeya (former Erwinia chrysanthemi) are casual agents of blackleg and soft rot
diseases. They cause crop damages and high economic losses. For example, losses caused by
pectinolytic bacteria are evaluated at about 2 to 10% of the potato yield, depending on the
year. In 2009, the value of potato losses in Europe was estimated to reach 250 million Euros.
During the last years, Dickeya strains have been more and more often isolated from diseased
plants in Poland, France and other European countries. The genus Dickeya is a highly
diverse group, which according to the present nomenclature contains seven species:
D. aquatica, D. chrysanthemi, D. dadantii, D. dianthicola, D. paradisiaca, D. solani and
D. zeae. Recent results, obtained in different European countries, indicate that a new species
— Dickeya solani can efficiently infect potato plants and cause disease symptoms in
temperate climate. The D. solani strains are considered as more aggressive than other
blackleg causing bacteria. Preliminary analysis suggested that they need lower optimal
temperatures for disease development as well as lower inoculum levels for infection
spreading. They seem to have a greater ability to colonize potato plants roots and to spread
through the plants’ vascular system. D. solani strains produce a wide range of plant cell-wall
degrading enzymes which are the main virulence factors.

The aims of the study were: 1) phenotypic and genotypic characterization of the
D. solani strains isolated in countries with different climatic conditions: Poland, Finland and
Israel; 2) study of the potato tuber extract influence on the expression of selected D. solani
genes: pelD, pelL, tssK, IfaA; 3) comparative genomics of ten D. solani strains, performed
on 4 genomes sequenced for this study and 6 genome sequences available in the GenBank
databases.

The results showed that the strains from different climatic conditions have identical rep-PCR
profiles (three different primers sets were used — ERIC, REP and BOX) and Restriction
Fragments Length Polymorphism-Pulse Field Gel Electrophoresis (RFLP — PFGE) profiles,
but they do differ phenotypically, especially in the activity of plant cell-wall degrading
enzymes. Polish strains have higher activities of pectinolytic, cellulolytic and proteolytic

enzymes than Finnish and Israeli strains.
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D. solani mutants in the pelD, pelL, tssK, IfaA genes were obtained by the means of site-
specific mutagenesis. The highest induction by plant extracts was observed for the IfaA gene.
The pelL expression was also induced by plant derived signal(s), contrary to pelD and tssK.

Comparative genomics analysis has elucidated the pangenome shape of 10 D. solani strains.
Ten D. solani genomes are encoding 41 947 proteins. The D. solani genes form 10 analysed
genomes were grouped into 5 045 Orthologous Groups, 3 809 belonging to the core genome,
413 to the accessory genome and 823 to the unique genome. The analysis of the protein
sequences of pathogenicity-related genes (9 cell wall — degrading enzymes) as well as their 19
regulators (chosen on the basis of knowledge available for D. dadantii 3937, the most studied
Dickeya strain belonging to a closely related species) showed 100 % sequence homology

within the 10 genomes.

All genenomic studies proved that D. solani strains form a very homogenous group. On the
other hand, the phenotypic analysis showed some variability among strains from different
climatic conditions. The key to the observed variations in the phenotypic traits can be
a different regulation of the expression of the genes encoding virulence factors, which can be
influenced by temperature, pH, iron deprivation or oxygen and nitrogen availability, as well

as the presence of specific plant tissue compounds.
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1.2 Summary in French

Les bactéries pectinolytiques des genres Pectobacterium (ancien nom Erwinia
carotovora) et Dickeya (ancien nom Erwinia chrysanthemi) sont les agents des maladies de la
jambe noire et de la pourriture molle. Ils provoquent des dommages aux cultures et des pertes
économiques élevées. Les pertes causees par les bactéries pectinolytiques sont évaluees a
environ 2 a 10% du rendement de pommes de terre, en fonction de I'année. En 2009, les pertes
en pommes de terre en Europe ont été estimées a 250 millions d'euros. Au cours des dernieres
années, des souches de Dickeya ont été de plus en plus souvent isolées de plantes malades en
Pologne, en France et d'autres pays européens.

Le genre Dickeya est un groupe trés diversifié, qui, selon la nomenclature actuelle contient
sept espéces: D. aquatica, D. chrysanthemi, D. dadantii, D. dianthicola, D. paradisiaca, D.
solani et D. zeae. Les résultats récents, obtenus dans différents pays européens, indiquent
gu'un nouveau groupe de souches de Dickeya peut infecter efficacement les plantes de pomme
de terre et causer des symptdémes de la maladie en climat tempéré. Les souches de D. solani
sont considerés comme plus agressives que les autres bactéries causant la jambe noire. Une
analyse préliminaire a suggéré qu’elles ont besoin de plus faibles températures optimales pour
le développement de la maladie ainsi que de niveaux d'inoculum inférieurs pour la
propagation de l'infection. Elles semblent avoir une plus forte capacité a coloniser les racines
de plantes de pomme de terre et a se propager a travers le systéeme vasculaire de la plante. Les
souches de D. solani produisent une large gamme d’enzymes dégradant de la paroi cellulaire
végétale, qui sont les principaux facteurs de virulence.

Les objectifs de I'etude étaient les suivants: 1) la caractérisation phénotypique et génotypique
des souches de D. solani isolées dans des pays ayant des conditions climatiques différentes:
Pologne, Finlande et Israél, 2) I'étude de I’influence d'extraits de pomme de terre sur
I'expression de quelques genes sélectionnés de D. solani: pelD, pell, tssk, IfaA,
3) la géenomique comparative de dix souches de D. solani, basée sur 4 genomes séquencés
pour cette etude et 6 séquences génomiques disponibles dans la base de données GenBank.
Les résultats ont montré que les souches isolées de différentes conditions climatiques ont des
profils identiques en rep-PCR (trois amorces différentes ont été utilisées — ERIC, REP,BOX)
et en RFLP-PFGE, mais ils different phénotypiquement, en particulier dans l'activité des
enzymes dégradant la paroi cellulaire végétale. Les souches polonaises ont des activités plus
élevés que les souches finlandaises et israéliennes pour les enzymes pectinolytique,

protéolytiques et cellulolytiques.
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Des mutants de D. solani dans les genes pelD, pellL, tssk, IfaA ont été obtenus par mutagenese
spécifique. La plus forte induction par des extraits de plantes a été observée pour le gene IfaA.
L'expression de pelL est également induite par des signaux dérivés de la plante, contrairement
a pelD et tssk.

L’analyse de génomique comparative a élucidé la structure du pangénome de 10 souches de
D. solani. Ces 10 génomes codent 41 947 protéines qui ont été classées en 5 045 groupes
orthologues, 3 809 appartenant au génome cceur, 413 au génome accessoire et 823 spécifiques
de génome unique. Des genes liés a la pathogénicite, ainsi que leurs régulateurs ont été choisis
sur la base des connaissances disponibles pour D. dadantii 3937, la souche la plus étudiée de
Dickeya appartenant a une espéce proche. Une analyse de leur séquence protéique n'a montré

aucune différence dans les 10 souches.

En conclusion, toutes les études génomiques ont montré que les souches de D. solani forment
un groupe trés homogene. Cependant, leur analyse phénotypique révele une certaine
variabilité entre les souches provenant de différentes conditions climatiques. La raison des
variations observées dans les traits phénotypiques peut étre liée a la régulation de I'expression
des genes codant les facteurs de virulence qui peuvent étre influencés par la température, le
pH, la carence en fer ou en oxygeéne et la disponibilité en azote, ainsi que par la présence de

composeés spécifiques des tissus végétaux.
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1.3 Summary in Polish

Bakterie pektynolityczne z rodzajow Pectbacterium (dawniej Erwinia carotovora)
i Dickeya (dawniej Erwinia chrysanthemi) powoduja choroby takie jak czarna nozka oraz
mokra zgnilizna. Choroby te, w zalezno$ci od warunkéw klimatycznych, powoduja straty
od 2 do 10% plonow. W 2009 roku warto$¢ strat plonéw ziemniaka, spowodowanych przez
bakterie pektynolityczne w Europie, zostata oszacowana na 250 milionow Euro. W ciggu
ostatnich kilku lat, szczepy bakterii z rodzaju Dickeya byly coraz czgsciej izolowane
z chorych tkanek roslinnych w wielu krajach europejskich. Rodzaj Dickeya jest wysoko
zroznicowang grupa bakterii, ktdra zgodnie z obowigzujaca klasyfikacja obejmuje siedem
gatunkow: D. aquatica, D. chrysanthemi, D. dadantii, D. dianthicola, D. paradisiaca,
D. solani oraz D. zeae. Ostatnie doniesienia z wielu krajow europejskich wskazujg, ze
bakterie nalezace do ustanowionego w 2014 roku gatunku D. solani moga efektywnie
infekowa¢ 1 wywotywa¢ symptomy chorobowe na roslinach ziemniaka w strefie klimatu
umiarkowanego. Szczepy D. solani sg bardziej agresywne niz bakterie z gatunku
D. dianthicola. Przeprowadzone badania wykazaty, ze maja zdolno$¢ do infekowania roslin
w temperaturze typowej dla klimatu umiarkowanego a takze iz stosunkowo niski poziomu

inokulum bakteryjnego moze wywotywa¢ objawy chorobowe.

Wykazano takze, iz bakterie z gatunku D. solani maja lepsza zdolnos¢ do kolonizacji
korzeni roslin ziemniaka a takze rozprzestrzeniania si¢ poprzez tkanke naczyniowa roslin.
D. solani, podobnie jak inne bakterie pektynolityczne wytwarza szerokia game zakres

enzymow degradujacych sktadniki §cian komorkowych ro$lin.

Celem przedstawionej rozprawy doktorskiej byta: 1) fenotypowa oraz genotypowa
charakterystyka szczepdw D. solani pochodzacych z réznych stref klimatycznych,
izolowanych w takich krajach jak: Polska, Finlandia oraz lzrael; 2) zbadanie wptywu
ekstraktu otrzymanego z bulw ziemniaka na ekspresj¢ w komoérkach D. solani wybranych
gendw : pelD, pelL, tssK, IfaA; 3) genomika poréwnawcza dziesieciu szczepow D. solani,
przeprowadzona na sekwencjach genomowych czterech szczepdéw sekwencjonowaniach
w ramach niniejszej pracy i réznigcych si¢ poziomem wirulencji, oraz na sekwencjach

genomowych szesciu szczepdw D. solani dostepnych w GenBank.

Whyniki analizy geno- oraz fenotypowej wykazaly, ze szczepy pochodzace z roéznych

warunkéw klimatycznych posiadajg identyczne profile rep-PCR (badania przeprowadzono

12

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0087/these.pdf
© [M. Golanowskal, [2015], INSA Lyon, tous droits réservés



z uzyciem starterow REP, ERIC oraz BOX) a takze identyczne profile restrykcyjne uzyskane
w analizie przeprowadzonej metoda elektroforezy pulsowej (RFLP-PFGE), ale réznig sig
cechami fenotypowymi, w szczeg6lnosci w poziomem aktywnosci enzymoéw degradujacych
Sciany komorkowe. Szczepy D. solani wyizolowane w Polsce wykazywaty wyzsza aktywno$¢

pektynaz, celulaz oraz proteaz niz szczepy wyizolowane w Finlandii czy Izraelu.

W kolejnym etapie pracy do gendéw kodujacych czynniki odgrywajgce istotng role w rozwoju
infekcji wprowadzono kasety z genem reporterowym GUS, w celu sprawdzenia wplywu

ekstraktu otrzymanego z bulw ziemniaka na ekspresj¢ zmutowanych genoéw.

Przeprowadzone badania wykazaty, iz ekstrakt tkankowy najefektywniej induje ekspresje
genu IfaA. Ekspresja genu pelL byta rozwniez indukowana przez ekstrakt, jednak poziom
indukcji byt nizszy niz w pryzpadku genu IfaA. Natomiast ekspresja gendw pelD oraz tssK nie

byly indukowane przez ekstrakt roslinny.

Analiza poréwnawcza genomow 10 szczepOow bakterii D. solani pozwolita na opisanie
pangenomu tego gatunku. W genomach 10 szczepéw D. solani zidentyfikowano 41 947
genow. Geny te zostaty zgrupowane w 5 045 grup ortologicznych (ang. Ortologous Groups);
3 809 nalezy do tzw. rdzenia genomu (ang. core genome), 413 do genomu dodatkowego (ang.
accessory genome) a 823 to tzw. genomu unikatowego (ang. unique genome). Analiza
sekwencji biatkowych dziewigciu enzymow degradujacych sktadniki $cian komodrkowych
oraz dziewigtnastu regulatorow ekspresji gendw kodujacych wspomniane biatka (wybranych
na podstawie badan D. dadantii 3937), wykazata 100 % homologii sekwencji badanych

biatekw obrebie 10 analizowanych genomoéw D. solani.

Wykonane w ramach niniejszej rozprawy badania wykazaty, iz szczepy z gatunku D. solani
tworza bardzo jednolitga genetycznie grupe bakterii. Z drugiej strony, badane szczepy
wykazaly pewne zroznicowanie cech fenotypowych. Postawiono hipoteze, iz kluczem do
obserwowanych r6znic fenotypowych jest zroéznicowana, iz regulacja ekspresji genow
kodujacych czynniki wirulencji. Na réznice w ekspresji gendw kodujacych czynniki
wirulencji mogg wplywacé takie czynniki jak na przyktad: temperatura, anaerobioza, pH
srodowiska, ograniczenie dostepnosci zelaza a takze obecno$¢ réznego rodzaju zwiazkOw

pochodzenia roslinnego.
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2 List of abbreviations

AHL acyl-homoserine lactone
ANOVA Analysis Of Variance

approx. approximately

bp base pair

CBD cellulose-binding domain

CD catalytic domain

CFU colony forming unit

CMC carboxymethylcellulose

CRP CAMP receptor protein

CVP crystal violet pectate

DNA deoxyribonucleic acid

dNTP’s deoxynucleotide triphosphates
DKI 5-keto-4-deoxyuronate

Dsp Dickeya spp.

Eca Erwinia carotovora

Ech Erwinia chrysanthemi

EDTA Ethylenediaminetetraacetic acid
EG endoglucanase

EPS Exopolysacharide

ERIC Enterobacterial Repetitive Intergenic Consensus
GUS B-glucuronidase

IM inner membrane

KDG 2-keto-3-deoxygluconate

LA Luria Agar

LB Luria Broth

LR linker region

LS-BSR Large scale Blast Score Ratio
min minute

MLSA Multi Locus Sequence Analysis
OCA 0-coumaric acid

oD optical density

0G Orthologous Group

ORF Open Reading Frame

oM outer membrane
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Pba
Pcc
PCA
PCWDE
PCR
PE
Peh
Pel
PFGE
PG
PGA
Pme
PNP
PNPU
PL
PSB
Pwa
REP
RFLP
RGI
rpm
RTX
SRE
TCA
TS
TSA
TSB
T1SS
T2SS
T3SS
T4SS
T5SS
T6SS
UP
Vim

viv

Pectobacterium atrosepticum
Pectobacterium carotovorum subspecies carotovorum
p-couramic acid

plant cell-wall degrading enzymes
Polymerase Chain Reaction
potato tuber extract
polygalaturonase

pectate lyase

Pulse Field Gel Electrophoresis
polygalacturonate
polygalacturonic acid

pectin methyl-estrerase
p-nitrophenol

p-nitrophenyl-f- D-glucuronid
pectate lyase activity

dry weight of bacteria
Pectobacterium wasabiae
Repetitive Extragenic Palindromic
restriction fragment length polymorphism
rhamnogalacturonan |
revolutions per minute
repeats in toxin

Soft Rot Enterobacteriaceae
t-coumaric acid

Type Strain

tryptone soya agar

tryptone soya broth

Type | Secretion System

Type Il Secretion System

Type 111 Secretion System
Type IV Secretion System
Type V Secretion System
Type VI Secretion System
unsaturated products

Virulence factor regulating

volume/volume
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3 Introduction

Pectinolytic bacteria from the genera Pectobacterium (former Erwinia carotovora,
Eca) and Dickeya (former Erwinia chrysanthemi, Ech) are casual agents of blackleg and soft
rot diseases (Perombelon and Kelman 1980; Toth et al., 2003). They are in a group of top ten
bacterial pathogens causing great damage to different crops (Mansfield et al., 2012). For
example, potato yield reduction caused by Dickeya spp. was evaluated as about 20 to 25% in
Israel (Tsror et al., 2009). During recent years, Dickeya spp. strains have been more and
more often isolated from diseased plants in Poland, Finland, France, the Netherlands,
Switzerland, other European countries and Israel (Laurila et al., 2008; Tsror et al., 2009;
Stawiak et al., 2009ab; Toth et al., 2011).

The genus Dickeya is a highly diverse group, which according to the present
nomenclature contains seven species: Dickeya aquatica, Dickeya chrysanthemi, Dickeya
dadantii, Dickeya dianthicola, Dickeya paradisiaca, Dickeya solani and Dickeya zeae
(Samson et al., 2005; Brady et al., 2012; Van der Wolf et al., 2014b; Parkinson et al., 2014).
Recent results, obtained in different European countries, indicate that a new group of
Dickeya spp. strains can efficiently infect potato plants and cause disease symptoms in
temperate climate (Toth et al., 2011). This new group of Dickeya spp. strains — D. solani was
already proposed in 2009, but established only in 2014, because it is genetically different
group from other Dickeya (Slawiak et al., 2009b; Van der Wolf et al., 2014b). The
D. solani strains are considered as more aggressive than other blackleg causing bacteria. The
performed analysis suggested that the Type Strain of D. solani - IPO 2222 needs lower
optimal temperatures for disease development as well as lower inoculum levels for infection
spreading. D. solani IPO 2222 also has a greater ability to colonize potato plants roots and to

spread through the plants’ vascular system (Toth et al., 2011; Czajkowski et al., 2012).

3.1 The enemy - Soft Rot Enterobacteriaceae

Bacteria from genera Dickeya and Pectobacterium form a group called Soft Rot
Enterobacteriaceae or Soft Rot Erwiniae (SRE). They all belong to family Enterobacteriaceae.
The SRE are found worldwide and have been isolated from plants of more than half of

angiosperm families as well as from soil, rivers, ground water, insects, mollusks and
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nematodes (Perombelon and Kelman 1980; Pérombelon and Salmond 1995; Ma et al., 2007,
Laurila et al., 2008; Nykyri et al., 2014; Parkinson et al., 2014). They are Gram negative, rod-
shaped, facultative anaerobes that produce a wide range of plant cell-wall degrading enzymes
(PCWDE) and cause diseases such as blackleg and soft rot. They possess a wide range of
hosts including 16 dicotyledonous families of plants in 11 orders and 10 monocotyledonous
families in 5 orders (Samson et al., 2005; Ma et al., 2007). Soft rot losses may occur in the
field, garden, greenhouse, or after harvest during transit, storage, or marketing. The SRE have
a climatic distribution that reflects their host diversity and growing temperatures.
Pectobacterium atrosepticum - Pba (formerly Erwinia carotovora subsp. atrosepticum, Eca)
is mainly restricted to temperate climates and almost exlusively to potatoes. Pectobacterium
carotovorum subsp. carotovorum - Pcc (formerly Erwinia carotovora subsp. carotovora, Ecc)
infects a wide diversity of plants and is found in both temperate and tropical zones, causing
soft rot to potatoes and many fruits and vegetables (Elphinstone 1987; Toth 2003). Dickeya
spp. (formerly Erwinia chrysanthemi, Ech) affect a wide diversity of tropical and subtropical
plants, including potatoes, many ornamental plants, maize, rice and pineapple. D. dianthicola
causes disease of many ornamental plants worldwide, but also has played an important role in
potato losses in Europe since 1970s (Toth et al., 2011). In Table 1 the exemplary hosts of
different SRE have been presented.

Table 1. Characteristics of the Dickeya spp. and Pectobacterium spp. host species

Species name Host range References
Dickeya aquatica Isolated from water, Parkinson et al. 2014
host plant not determined
Dickeya chrysanthemi Chrysanthemum spp., Samson et al., 2005
bv. chrysanthemi Cynara scolymus,
Cichorium intybus, Helianthus
annuus
Dickeya chrysanthemi Lycopersicon esculentum, Samson et al., 2005
bv. parthenii Parthenium argentatum

Philodendron spp.

Dickeya dianthicola Dianthus spp., Samson et al., 2005
Cichorium intybus,
Cynara scolymus,
Dabhlia variabilis,
Kalanchoe blossfeldiana,
Lycopersicon esculentum.
Solanum tuberosum.
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Dickeya dadantii
subsp. dadantii

Pelargonium capitatum,
Ananas comosus,
Dianthus spp.,
Euphorbia pulcherrima,
Ipomoea batatas,
Musa spp.,
Philodendron spp.,
Saintpaulia ionantha,
Zea mays

Samson et al., 2005

Dickeya dadantii
subsp. dieffenbachiae

Dieffenbachia spp.,
Lycopersicon esculentum,

Brady et al., 2012

Ananas comosus,
Brachiaria ruziziensis,
Chrysanthemum morifolium,
Musa spp.,
Nicotiana tabacum,
Oryza sativa,
Solanum tuberosum,

Musa spp.
Dickeya paradisiaca Musa spp., Samson et al., 2005
Zea mays
Dickeya solani Solanum tuberosum Van der Wolf et al., 2014
Dickeya zeae Zea mays, Samson et al., 2005

Pectobacterium
atrosepticum

Solanum tuberosum,
Solanum lycopersicum,
Cichorium intybus

Gardan et al., 2003

Pectobacterium
betavascularum

Beta vulgaris

Gardan et al., 2003

Pectobacterium
carotovorum subsp.
carotovorum

Solanum tuberosum,
Beta vulgaris

Hauben et al., 1998

Pectobacterium
carotovorum subsp.
brasiliense

Solanum tuberosum

Hauben et al., 1998

Pectobacterium
carotovorum subsp.
odoriferum

Solanum tuberosum,
Cichorium intybus

Hauben et al., 1998

Pectobacterium wasabiae

Armoracia rusticana,
Solanum tuberosum

Gardan et al., 2003

The most recent taxonomy of SRE states that those bacteria belong to the kingdom of
Bacteria, phylum Proteobacteria, class Gammaproteobacteria, order Enterobacteriales, family
Enterobacteriaceae. Since 1998 SRE have been divided in two genera: Pectobacterium and
Dickeya (Hauben et al.).
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The taxonomy of SRE has been changing over the past decades. For the first time the
genus Erwinia was described in 1917 - it comprised all members of the Enterobacteriaceae
that were pathogenic to plants, including both pectinolytic (e.g. Erwinia carotovora and
Erwinia chrysanthemi) and non-pectinolytic (Erwinia amylovora) species (Winslow et al.,
1917). The name was chosen after of one of the first phytopathologists — Erwin Smith.
In 1953, Burkholder and colleagues assigned E. chrysanthemi to the genus as a pathogen of
chrysanthemum. Later studies proved that E. chrysanthemi cause disease on a wide variety of
plant hosts (Samson et al., 2005; Ma et al., 2007; Table 1). In 1984, Lelliott and Dickey, on the
basis of host specificity subdivided the species E. chrysanthemi into six pathovars, namely
pvs chrysanthemi, dianthicola, dieffenbachia, paradisiaca, parthenii and zeae. In 1987,
Samson and colleagues developed a biovar system based on some biochemical characteristics.

The moving of pectinolytic erwiniae into a new genus Pectobacterium based on their
ability to produce pectinolytic enzymes was already proposed by Waldee in 1945, but it was
not done until 1998 when 16S rDNA analysis provided more data for this proposal (Hauben et
al., 1998). Whilst the potato pathogens P.c. subsp. carotovorum (syn. E c.subsp. carotovora)
and P. atrosepticum (syn. E.c. subsp. atroseptica) remain within this genus, further analysis
of P. chrysanthemi using 16S rDNA, DNA-DNA hybridization and biochemical
characterization showed that it forms a distinct clade from Pectobacterium spp., so a new
genus, Dickeya, was proposed (named after the microbiologist Robert S. Dickey) (Samson et
al., 2005). Then, Brady and colleagues (2012) reclassified D. dieffenbachiae into D. dadantii
subsp. dieffenbachiae. In 2014 two new species of Dickeya were proposed: D. aquatica and
D. solani (Parkinson et al., 2014, Van der Wolf et al., 2014). All currently accepted species

and subspecies of SRE are presented in Table 1.

3.2 Softrot and Blackleg symptoms - what are we dealing with?

SRE cause blackleg and soft rot diseases. They are often present in latent infections on
many host crops (Perombelon and Kelman, 1980). The symptoms of soft rot are similar on
most plants. The disease starts on leaves, stems, and/or underground parts as small, water-
soaked, translucent lesions which rapidly enlarge in both diameter and depth. The host tissue
softens and becomes squashy or watery. Slimy masses of bacteria and cellular debris

frequently seep out from cracks in the tissues. In optimal conditions, within 20 to 72 hours,
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entire fleshy fruits, roots, tubers, stems and rhizomes, bulbs, corms, buds, leaf stalks, and
leaves may rot and collapse, sometimes leaving only the outer “skin” intact. The decaying
tissue, may be opaque, white, cream-colored, gray, brown, or black and is always wet.
Sometimes characteristic putrid odor occurs, caused by secondary invading bacteria that are
growing in the decomposing tissues (Agrios 2005).

Infected potato tubers may rot in wet soil, so then no new plants apear. Shoots arising
from infected tubers become watery, wilt, and then collapse. This potato disease is commonly
called blackleg. Blackleg is soft rot that spreads from infected seed tubers into the stems of
new potato plants (it is a seed-borne disease). If the soil moisture level is lowered, the base of
the shoots may become soft, brown to inky-black, and shriveled. The leaves on such shoots
are dwarfed, stiff, curled upward, and are yellowish, red, or bronzed. Affected shoots are also
stunted, more upright, and pale in color. Such plants often die prematurely or their yield is
reduced (RPD No. 943 July 1990). In Figure 1 are presented examples of soft rot on different
hosts and blackleg of potato.
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Figure 1. Symptoms of soft rot on different hosts and example of blackleg on potato.
A. Potato tuber. B. Chicory roots. C. Arabidopsis thaliana plant. D. Carrot root. E. Tomato fruit. F and
G. Green and red pepper. H. Cabbage. Photo from Reverchon and Nasser 2013.
I. Potato plant: i. Leaf wilting. ii. Blackleg. J. Soft rot of potato section. Photos made by M. Potrykus.

3.2.1 SRE disease cycle

For disease development the compatibile interaction has to be established between the
bacterial strain and the host plant. In addition the environmental conditions have to be optimal
for disease development. There is not only plant and pathogen interaction, but also an
influence of the environment. Under favorable conditions (i.e. for SRE high humidity and
optimal temperature) the disease can develop.

SRE can live as epiphytes or as saprophytes in soil on the plant debris until they encounter
a susceptible host. They are strong competitive bacteria that exclude other microbes by
contact-dependent growth inhibition mechanisms involving type V and type VI secretion
systems (Aoki et al., 2010; Koskiniemi et al., 2013, Pedron et. al 2014). SRE can also infect
insects, which may then serve as dissemination vectors (Grenier et al., 2006). Nykyri and
colleagues (2014) also showed that nematodes can serve as a vector spreading SRE. The three
main steps of plant infection by SRE are: 1) adhesion to the plant surface and penetration in
the plant tissues, either via wounded sites or through natural openings such as stomata,
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2) invasion of the apoplasts and 3) plant cell wall degradation. SRE can reside in the vegetal
intercellular spaces, causing a latent infection without any symptoms (Lebeau et al., 2008).
If the bacteria encounter advantageous conditions, such as favorable temperature, high
humidity levels and poor oxygen availability, then a shift to disease occurs (Pérombelon and
Kelman, 1980; Pérombelon and Salmond, 1995). Each of these disease stages requires the
detection of information from the environment, the host and the pathogen population. In the
minireview of Reverchon and Nasser (2013) there is presented a list of genes involved in
disease development that have been studied mostly in D. dadantii 3937strain (Table 2). This
strain has been isolated from Saitpaulia ionantha (Kotoujanski et al., 1982) and most of the
genetic studies and virulence factors analyses have been performed on this strain, therefore it
has been accepted by a scientific community as a model for molecular study of Dickeya spp.

Dickeya spp. disease cycle on potatoes is presented in Figure 2. During the spring, Dickeya
spp. are commonly found on or in the seed tubers, which represent the primary inoculum.
In the late spring and in summer, bacteria from infected seed spread into young stems and
roots. Bacteria multiply in intercellular spaces, degrade the plant cell walls and liquefy the
mother tuber. Progeny tubers may become contaminated with Dickeya spp. as they develop in
the late summer and early fall. Emerging bacteria may migrate through the soil in water and
infect the neighbouring plants. Soft rot occurs when the bacteria gain access to the tuber
through wounds and other entry points. Wounds caused during harvest and handling provide
multiple points of entry into the tuber, so the infection may spread within the storage
containers during storage. Discarded rotten tubers may allow dispersal of Dickeya spp. in
environment (in soil and water). Bacteria from different species of Dickeya and
Pectobacterium are able to grow and produce virulence factors in different temperatures. For
example, Perombelon and colleagues (1987) showed that soil temperature of 20 °C was an
important transition point, above which E. carotovora subsp. atroseptica (currently
P. atrosepticum) and below which E. chrysanthemi (currently Dickeya spp.) were not
apparently pathogenic. During winter, Dickeya spp. can survive in association with plant
residues in the soil. During the whole disease cycle, insects could be involved in disease
development either because they cause wounds on plant organs on which they feed or deposit
their eggs and these allow bacteria to enter the plant, or they transfer bacteria to other plants

where they might cause disease (Reverchon and Nasser 2013).
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Figure 2. Dickeya spp. disease cycle. Reverchon and Nasser 2013.

Recently, Reverchon and Nasser (2013) described a wide range of genes that may play a
crucial role in different stages of plant-microbe interactions. Genes encoding proteins playing
important roles in epiphytic interaction, early, intermediate and late stage of infection are
listed in Table 2.

Table 2. Genes involved in Dickeya spp. disease development. After Reverchon and Nasser 2013.

Gene name Stage of Description
infection
bcsABCD Epiphytic Cellulose microfibrils synthesis, adhesion to plant
surface
wza-wzb-wzc Epiphytic Exopolysaccharide synthesis, adhesion to plant
surface
hecBA2/cdiBA2 Epiphytic Type V autotransporter contact-dependent inhibition system
contributing to bacterial adhesion to plantsurface
rhsA Epiphytic Intercellular competition system
rhsB Epiphytic Intercellular competition system
rhsC Epiphytic Intercellular competition system
impBCGHJKAL Epiphytic Type VI secretion system involved in Rhs secretion
rhlA Epiphytic Biosurfactant synthesis, colonization of plant surface
motABcheAWDRBYZ Epiphytic and Flagella motor and chemotaxis, entry into plant
other apoplast
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cfa Early Cyclopropane fatty acid synthesis, resistance to
acidic pH
asr Early Acid shock periplasmic protein, resistance to acidic pH
arnB-T Early Enzymes involved in LPS modification, resistance to
cationic antimicrobial peptides
sapABCDF Intermediate Antimicrobial peptide import system, resistance to
antimicrobial peptides
ohr Intermediate Thiol peroxidase, resistance to lipid hydroperoxide
sodA Intermediate Superoxide dismutase, resistance to oxidative stress
sodC Intermediate Superoxide dismutase, resistance to oxidative stress
katG Intermediate Catalase-peroxidase, resistance to oxidative stress
katE Intermediate Catalase-peroxidase, resistance to oxidative stress
ahpCF Intermediate Alkyl hydroperoxide reductase, resistance to
oxidative stress
indABC Intermediate Indigoidine biosynthesis, resistance to oxidative
stress
msrA Intermediate Methionine sulfoxide reductase, resistance to
oxidative stress
acsF-A Intermediate Achromobactin synthesis, iron scavenging
cbrABCD Intermediate Achromobactin transport system, iron scavenging
fct-chsCEBAP Intermediate Chrysobactin synthesis and receptor, iron scavenging
ftnA Intermediate Maxi-ferritin, iron storage, iron homeostasis
bfr Intermediate Maxi-ferritin, iron storage, iron homeostasis
dps Intermediate Mini-ferritin, iron storage, iron homeostasis
sufABCDSE Intermediate Iron-sulphur cluster assembly system
iSCRSUA Intermediate Iron-sulphur cluster assembly system
hrpA-hrpE Intermediate Type Il secretion system
hrpN Intermediate Harpin secreted by type 111 system
hrpw Intermediate Harpin secreted by type 111 system
dspEF Intermediate Type |1 effectors
budAB Intermediate Butanediol fermentative pathway
iaaMH Intermediate Auxin production
Late
pelA-pelE-pelD Late Pectate lyases involved in pectin degradation
pelB-pelC Late Pectate lyases involved in pectin degradation
pelL Late Pectate lyases involved in pectin degradation
ganEFGABC Late Degradation of galactan, a major component of the ramified
regions of pectin
celz Late Cellulase involved in cellulose degradation
outC-outO Late Type |l secretion system required for pectate lyases and
cellulase secretion
prtG-inhprtDEFBCA Late Proteases G, A, B, C and their type | secretionsystem PrtDEF
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3.3 Armory - virulence factors of SRE

SRE use a combination of different compounds, such as plant hormons (auxin), pectin
metabolites, acyl-homoserine lactones, and organic acids that regulate expression of genes
encoding pectate lyases and other virulence factors at both transcriptional and
posttranscriptional stages and it is possible to interfere with soft-rot pathogenicity by
disrupting these signaling cascades (Charkowski, 2009, 2012). The main weapon in the SRE
arsenal is the coordinated production of high levels of multiple exoenzymes, including
pectinases, cellulases and proteases, which break down plant cell walls and release nutrients
for bacterial growth (Barras et al., 1994; Py et al., 1998; Thomson et al., 1999; Pérombelon,
2002; Hugouvieux-Cotte-Pattat et al., 1996 and 2014).

3.3.1 Plant cell wall degrading enzymes (PCWDE)
3.3.1.1 Pectinases produced by Dickeya spp.

The activity and regulation of pectinases produced by D. dadantii 3937 was described
by Hugovieux-Cotte-Pattat and colleagues in 1996 and reviewed in 2014. The term
‘pectinases’ describes different enzymes cleaving the glycosidic linkages or the methyl-ester
bonds of the pectic polymers. Many of these pectinases - pectate lyase (Pel), pectin lyase
(Pnl), pectin methyl esterase (Pme) and polygalacturonase (Peh) exist in multiple forms
(isoenzymes) encoded by independent genes that, in some cases at least, are clustered and
appear to be derived from successive rounds of gene duplication (Barras et al., 1987;
McMillan et al., 1994). The D. dadantii 3937 strain produces two pectin methylesterases, at
least nine pectate lyases, a polygalacturonase, and a pectin lyase.

Historically, pectate lyases isolated from various organisms were often named as PelA, B, C
or Pel-1, 2, 3, et cetera, depending on either their order of discovery or their characteristics
(i. e. their isoelectric point in the case of the first enzymes described in D. dadantii 3937,
Bertheau et al., 1984). With such a nomenclature, orthologous pectate lyases often have
different names in various strains or SRE species. Pectate lyases (Pels) are the main
pectinases in pathogenesis and, as with other exoenzymes, their number varies between
species, subspecies and strains. Pectate lyases generally have basic pH (from 7.3 to 9.5)
optima and an absolute requirement for a divalent cation (Ca?* in most cases). They
preferentially cleave polygalacturonate (PG) or partially methylated PG. However, the
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enzymatic properties can differ significantly among the different pectate lyases. For instance,
the optimal PG methylation level varies from 0 to 50 % among the D. dadantii3937 pectate
lyases (Table 3). There are generally five major Pels which are grouped in two families (Pel A,
D, E and Pel B, C) and at least four secondary Pels (Pel I, L, Z and X) in D. dadanti 3937.
The secondary Pels have a lower enzymatic activity than the major ones, but appear to play an
important role in either the early phase of infection or host specificity (Lojkowska et al., 1995;
Pissavin et al., 1996; Shevchik et al., 1997; Jafra et al., 1999). Additional isoenzymes of Pel,
Pnl, Pme and Peh are also induced in minimal medium in the presence of both pectate and
pectin (McMillan et al., 1994). Pectinases are secreted through the commonly named Out
secretion system (Type Il Secretion System, T2SS). In Figure 3 the scheme of pectinolytic
enzymes actions is presented. For better understanding the scheme in Figure 3, the original

explanation from Hugouvieux-Cotte-Pattat and colleagues 2014) is shown under the figure.

Table 3. Characteristics of D. dadantii 3937 pectate lyases and related proteins. After
Hugouvieux-Cotte-Pattat et al., 2014

Name PL family | Substrate (optimal | Optimal Cation(s) Cell location
(subfamily) methylation) pH (secretion system)

Pelz 1(2) PG (0 to 20%) 8.5-9.0 Mn (Ca) external (Out)
PelB 1(3) PG (0 to 40%) 9.0-9.5 Ca external (Out)
PelC 1(3) PG (0 to 20%) 9.0-9.5 Ca external (Out)
PelA 1(6) PG (0%) 8.5 Ca external (Out)
PelD 1(6) PG (0%) 8.5 Ca external (Out)
PelE 1(6) PG (0%) 8.0 Ca external (Out)
PniH 1(8) OM (Stt)

Pelw 2(2) G3,G4,PG (0 to 8.5 Co, Mn, Ni cytoplasm

60%)

Hrpw? 3(1) external (Hrp)
Pell 3(5) PG (0 to 50%) 9.2 Ca external (Out)
RhiE 4 (4) RGI 6.2 no external (Out)
PelL 9(1) PG (0 to 30%) 8.0-9.0 Ca external (Out)
PelN 9(1) PG (0 to 90 %) 7.4 Fe external (Out)
PelX 9(1) G4to G7,PG (0 to 8.0-8.5 Ca (Mn, Co, periplasm

20%) Ni)
OGL 22 G2, G3,uG2, uG3 7.3-7.7 Mn, Co, Ni, cytoplasm
Fe

a - This protein possesses a PL3 domain that binds to PG, but has no enzymatic activity.
Abbreviations: PG, polygalacturonate; G2, G3 etc, saturated di-, tri- galacturonates; uG2, uG3 etc,
unsaturated di-, tri- galacturonates; DKI, 4-deoxy-L-threo-5-hexosuloseuronic acid (or 5-keto-4-
deoxyuronate); OM, outer membrane, Out — type 2 secretion system, Hrp — type 3 secretion system.
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Figure 3. Scheme of pectinolytic enzymes action and presence in the bacterial cell.
Pectin degradation pathways in Dickeya dadantii. Methyl-esterification and acetylation of the pectin
linear regions are removed by extracellular esterases, PemA and PaeY respectively. The PG backbone
is cleaved by the secreted endo-pectate lyases PelA, PelB, PelC, PelD, PelE, Pell, PelL, PeIN and
PelZ. The resulting unsaturated oligogalacturonates enter the periplasm through the porins KdgM and
KdgN. In the periplasm, the remaining methyl and acetyl groups are removed by PemB and PaeX
respectively, and oligomers are cleaved by the exo-pectate lyase PelX and the exo-polygalacturonases
PehV, PehW and PehX. The resulting small oligomers enter the cytoplasm using the transporters TogT
and TogMNAB. Finally, the cytoplasmic enzymes PelW and OGL generate two monomers, 5-keto-4-
deoxyuronate (DKI) and galacturonate, which are metabolized in the cytoplasm into 2-keto-3-
deoxygluconate (KDG). The rhamnogalacturonan | (RGI) backbone, a chain of alternating L-
rhamnose and D-galacturonic acid residues, is cleaved by the rhamnogalacturonate lyase RhiE. The
porin, allowing the resulting oligomers to enter the periplasm, has not been identified. These
oligomers use the transporter RhiT to enter the cytoplasm, whereas the enzyme RhiN cleaves the
terminal unsaturated galacturonate residue. The galactan side chains of RGI are also metabolized.
Oligogalactans enter the periplasm through the GanL porin. The periplasmic endo-galactanase GanA
generates short oligomers that use the GanFGK transport system to cross the inner membrane. Finally,
the cytoplasmic exo-galactanase GanB cleaves oligogalactans into galactose. (Hugouvieux-Cotte-
Pattat et al. 2014).
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3.3.1.2 Cellulolytic enzymes produced by SRE

The complete degradation of native cellulose to glucose requires three enzymes: endo-
fS-1,4-glucanase, cellobiohydrolase and p-glucosidase. Cellulases, which exhibit mainly
endoglucanase (EG) activity, break down cellulose in the primary and secondary cell walls of
the host plant. D. dadantii 3937 produces two EGs: EGZ, which comprises the major activity
and is secreted (Boyer et al. 1984), and EGY, which is less abundant and is periplasmic
(Giuseppi et al., 1991). The genes encoding these enzymes are celZ and celY, respectively.
They seem to be inessential for pathogenicity, but they do appear to act in synergy with other
exoenzymes of various classes (i e. pectinases) to attack the plant cell wall (Boccara et al.,
1994). EGZ is secreted by the so-called Out general secretion pathway (T2SS). EGZ contains
two functionally independent domains: a catalytic domain (CD) and a cellulose-binding
domain (CBD) joined by a Ser/Thr-rich linker region (LR) (Py et al., 1991).

3.3.1.3 Proteases produced by SRE

Many plant-pathogenic bacteria produce proteases. E.chrysanthemi strain produces
metalloproteases A, B, C and G (Delepelaire and Wandersman, 1990; Ghigo and
Wandersman, 1992). The proteases are secreted into the external medium via Type | Secretion
system, two of them as inactive precursors (zymogens B and C) where they are activated by
divalent cations. Metalloproteases may play a role in virulence by degrading plant cell wall
proteins. They may act either to provide amino acids for biosynthesis of microbial proteins or
degradation of host proteins associated with resistance (Heilbronn and Lyon, 1990; Ky®dstio et
al., 1991), but according to the literature, like cellulases, they appear to play only a minor role

in pathogenesis (Marits et al., 1999).

3.3.2 Motility

Phyto-pathogenic bacteria can be motile by means of flagella and genes coding for
flagellar proteins contribute to virulence and to host-pathogen interactions, i.e. for SRE —
potato interaction (Van Vaerenbergh et al. 2012). Two different types of motility require the
presence of bacterial flagella: ‘swimming’, which takes place in liquid media, and *swarming’
motility, on solid surfaces or in media of high viscosity (Harshey, 2003). The ability to swarm
can be dependent upon both growth media and temperature (Jahn et al., 2008). The analysis of
the virulence of the mutants in different host plants indicated that motility and chemotaxis
play an important role in the pathogenicity of D. dadantii 3937 (Antunez-Lamas et al.,
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2009ab). In plant pathogenic bacteria, the involvement of motility in power pathogen has been
relatively well studied in Agrobacterium tumefaciens in interactions with plants. This
bacterium produces flagella disposed circularly at one end of the bacillus-shaped cell. Three
genes, flaA, flaB and flaC are involved in the synthesis of flagella and in determining the
pathogenicity of this bacterium (Chesnokova et al., 1997). In the case of plant pathogenic
bacterium P. carotovorum, non-mobile mutants (not possessing flagella) exhibit attenuated
virulence (Mulholand et al., 1993; Pirhonen et al., 1991). Non-chemotactic but motile mutants
of Ralstonia solanacearum, an economically important pathogen of Solanaceous plants,
showed significantly reduced virulence with respect to the wild-type in the host plant tomato,
demonstrating that directed motility, not simple random motion, is required for full virulence
(Yao & Allen, 2006). The results presented by Antunez-Lamas and colleagues (2009a)
indicated that mutations affecting motility/chemotaxis (in genes motA and cheY) had an
influence on the D. dadantii 3937 virulence toward several hosts: chicory, Saintpaulia and
potato. Mutants motA and cheY showed a significant reduction of their virulence in those
hosts. Motility/chemotaxis also plays a role in colonization of potato tubers (Antunez-Lamas
et al., 2009Db).

3.3.3 Iron uptake

Another process that is crucial for pathogenesis is iron uptake, which was firstly linked
to pathogenicity in Dickeya dadantii 3937 through the analysis of bacteriocin-resistant
mutants (Expert and Toussaint, 1985). Iron is a necessary cofactor for enzymes involved in
important cellular functions. SRE regulate genes expression in response to iron, for example
low iron availability is a signal that triggers transcription of the genes encoding major pectate
lyases PelD and PelE as well as that of genes involved in iron transport. This regulation is
mediated by the transcriptional repressor Fur (Franza et al., 1999 and 2002). D. dadantii 3937
produces the siderophores chrysobactin and achromobactin in order to acquire iron from the
iron-poor environment of the plant apoplast. Several studies demonstrated that the presence of
chrysobactin and achromobactin highly contributes to the successful infection of the plant
(Enard et al. 1988; Franza et al. 2005; Dellagi et al. 2005). Mutants defective in chrysobactin-
mediated iron transport remain localized within Saintpaulia leaves, suggesting a role in
bacterial spread throughout the plant (Enard et al., 1988). Achromobactin deficient mutants

are also affected in their virulence, but are more aggressive than the chrysobactin non-
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producers and double mutants deficient in both achromobactin and chrysobactin production,

are impaired in symptom initiation.

An analysis of Dickeya spp. and Pectobacterium spp. genomes revealed multiple TonB-
dependent outer membrane receptors and TonB homologs (TonB-dependent transporters are
bacterial outer membrane proteins that bind and transport ferric chelates), suggesting that the
capacity of using diverse exogenous siderophores is common among SRE and may confer
fitness in complex environments (Schauer et al., 2008). A study of P. atrosepticum SCRI11043
and D. dadantii 3937 revealed that besides the production and utilization of siderophores, they
have the capacity to use other iron sources through siderophore-independent systems, such as
Feo system, Efe UOB system or Hmu system (reviewed by Franza and Expert 2013). Both
species are able also to uptake the haem iron, while P. atrosepticum SCRI11043 only can
transport the ferric citrate complex and only D.dadantii 3937 can aquire ferrous iron system
(Franza and Expert 2010).

3.3.4 Quorum sensing communications systems

Virulence genes are expressed in a concerted manner and culminate when bacterial
quorum is reached. Numerous Gram-negative species use AHL-based quorum sensing to
regulate expression of genes involved in interactions with host cells. In Pectobacterium spp.
which produces 3-o0xo-C6-HSL and 3-oxo0-C8-HSL, the AHL quorum-sensing system is at the
top of a regulatory cascade controlling over a quarter of the Pectobacterium spp. genes,
including key virulence factors, such as pectinase, cellulase, and protease activities, and
production of HrpN, a protein secreted via type 1l secretion system (T3SS) (Liu et al., 2008;
Charkowski et al. 2012). Expression of the virulence genes encoding plant cell wall-degrading
enzymes is only activated when a sufficient amount of the AHL signal molecule has
accumulated (Andersson et al., 2000). Expression of those genes is also induced by pectin
metabolites. Pectin is both one of the main components of the plant cell wall and a carbon
source that soft rot pathogens are able to exploit. In contrast, in the closely related D. dadantii
3937, AHL appear to play a minor role in virulence gene regulation. Specific interactions
have been observed in vitro between the AHL-related quorum sensing regulator ExpR and pel
gene promoters, but no specific phenotype was associated to the expl or expR mutations
(Nasser et al., 1998). In addition to Expl-ExpR, the LuxS-based quorum sensing system of D.
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dadantii 3937 does not play a pivotal role in the cell density-dependent control of virulence

gene expression in vitro or in planta (Reverchon et al., 1998; Mhedbi-Hajri et al., 2011).

Besides AHL-based quorum sensing, a new communication system has beed discovered in
D. dadantii 3937 called Virulence Factor Modulating cluster (Vfm) (Nasser et al., 2013). The
Vfm cluster does not seem to be widespread among bacterial species, but is conserved in
Dickeya species, the Vfm cluster is absent from the related pectinolytic enterobacteria of the
Pectobacterium genus (Nasser et al., 2013). Studies on the mutants with decreased production
of all PCWDE that could be complemented by cell-free culture supernatant have revealed that

Vfm cluster controls the transcription of the PCWDE genes (Nasser et al., 2013).

3.4 Notonly the bullets, also the guns. Secretion systems and their role in
SRE cells

Protein export is the key in the SRE virulence and in their genomes all six known
secretion systems in Gram-negative bacteria are present (Glasner et al., 2011; Garlant et al.,
2013; Pedron et al., 2014). These systems are involved in attacking host plants and competing
bacteria (Charkowski et al., 2012).

The rapid induction of expression of genes coding for exoenzymes and other pathogenicity
factors within the bacterial cell is of little consequence unless they can be efficiently targeted
to the extracellular environment. To accomplish this, SRE have all six secretion systems
known for Gram-negative bacteria, all of which exhibit very different mechanisms that appear
to be conserved between different bacterial species both within and outside the Dickeya and
Pectobacterium genera. Figure 4 presents the schematic composition of each secretion

systems.

Type | Secretion System (T1SS) secretes proteases from the cytoplasm to the extracellular
space in a single step, but, while this system has been studied in detail in Dickeya spp., it
appears to have a relatively minor role in pathogenicity (Dahler et al., 1990; Delepelaire and
Wandersman, 1990; Létoffé et al., 1990). In Pectobacterium spp., the T1SS is upregulated by
plant extracts and acyl-homoserine lactone (AHL), and controlled by GacAS (Marits et al.,
1999 and 2002). In Dickeya spp., this system is controlled by PecS (Hommais et al., 2008;
Mhedbi-Hajri et al., 2011) and GacAS (Lebeau et al., 2008). T1SS-associated ABC
transporters with a noncatalytic C39 peptidase-like domain tend to secrete large, 50 ~1,000
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kDa, repeats-in-toxin (RTX) proteins with uncleaved C-terminal secretion signals (Linhartova
et al. 2010). In D. dadantii 3937, RTX proteases (PrtG, PrtB, PrtC, PrtA) are secreted by
a T1SS (Letoffe et al., 1989; Delapelaire and Wandersman 1991; Ghigo and Wandersman,
1992; Kazemi-Pour et al., 2004). Two of the proteases (PrtB, PrtC) are secreted as zymogens
that are activated after secretion by divalent cations (Delapelaire and Wandersman 1989).
This characteristic is similar to other RTX metalloproteases, which belong to a subgroup of
proteases with an extended zinc-binding motif (Linhartov’a et al. 2010). D. dadantii 3937 also
exports a protease inhibitor to the periplasmic space in a Sec-dependent manner that is
superficially analogous to the contact-dependent growth inhibition mechanism, but the
inhibitor is non-specific and can inhibit many proteases (Letoffe et al., 1989). Additionally,
RTX protease mutants of P. carotovorum and E. amylovora are modestly affected in
virulence, suggesting a role in plant pathogenesis rather than toxicity against other bacteria
(Marits et al., 1999; Zhang et al., 1999).

T2SS (also called Out system), on the other hand, is essential for pathogenicity and secretes
pathogenicity determinants such as pectinases and cellulases in a two-step mechanism. The
first step is a Sec-dependent protein export system that exports proteins to the periplasm. The
second step, controlled by a 15-gene out cluster, includes the formation of a structure that
spans the periplasmic compartment and outer membrane and channels proteins, recognized by
a signal sequence, to the outside of the cell. Type ll-secreted proteins have been identified
during individual enzyme studies and enzyme or global secretome analyses of D. dadantii or
P. atrosepticum (Salmond et al. 1994; Coulthurst et al., 2008., Kazemi-Pour et al., 2004).
However, despite a high level of interspecies amino acid identity within the SRE, out genes
from P. c. subsp. carotovorum (strain SCRI193) do not complement mutations in equivalent
genes in D. dadantii 3937 and vice versa, suggesting a degree of species-specificity (Py et al.,
1991). Regulation of Type Il system is, at least in part, under the control of KdgR and may
also operate under a quorum-sensing mechanism (Condemine and Robert-Baudouy, 1995;
Condemine et al., 1992).
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Figure 4. Schemes of secretion systems present in SRE. After Tseng et al. 2009. HM- host
membrane, OM — outer membrane, IM — inner membrane.

Type 1l secretion system (T3SS) has been more closely examined in hemibiotrophic
phytopathogenic bacteria, such as Pseudomonas syringae, than in SRE, but is required for
patho- genesis in both bacterial groups. Unlike P. syringae, which can have up to 30 potential
type Ill-secreted effector proteins in individual strains, SRE appear to have relatively few
(Holeva et al., 2004; Kim et al., 2011), including a small number of harpins or helper proteins
and the single known effector, DspA/E. Holeva and colleagues (2004) demonstrated that the
T3SS helper HrpN and effector DspE/A are required for pathogenicity in P. atrosepticum.

In comparison to other secretion systems, type IV secretion system (T4SS) is unique in its
ability to transport nucleic acids in addition to proteins into plant and animal cells, as well as
into yeast and other bacteria (Christie et al., 2005). Genes that encode a similar system were
discovered in the complete genome sequence of P. atrosepticum SCRI1043, and further
investigation revealed that a mutation in the T4SS reduced its virulence on potato (Bell et al.
2004).

Type V secretion systems (T5SSs) have relatively simple structures and they are reviewed by
Leo and colleagues (2012). T5SSs are subtyped as T5aSS—T5eSS on the basis of differences
in the structure and mechanism of secretion. The functions of the T5SS secreted proteins are
variable, but include serine proteases, lipases, cytotoxins, invasins, and adhesins that
collectively generalize to influencing bacterial fitness, aggregation, biofilm formation, and
virulence (Grijpstra et al., 2013). The T5SSs have also been implicated in a phenomenon
referred to as contact-dependent growth inhibition, where, upon contact, toxic proteins are
targeted to another bacterium (Ruhe et al., 2013). In D. dadantii, a >3,800 amino acid—long

protein with homology to T5bSS adhesins was demonstrated to be necessary for bacterial
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adhesion to the surface of leaves, aggregation of bacteria, and incitation of host cell death
(Rojas et al., 2002). On the basis of C-terminal extensions with homology to proteins toxic to
bacteria, these putative T5SSs likely function to suppress competing bacteria rather than in

virulence toward plants (Ruhe et al., 2013)

Type VI secretion system (T6SS) is the most recently described of the Gram-negative
bacterial secretion systems and is widely distributed among diverse species. The T6SS has
been shown to play an important role in pathogenicity towards eukaryotic host cells in
a variety of important human pathogens, including Pseudomonas aeruginosa, Burkholderia
mallei, Vibrio cholerae and Aeromonas hydrophila (English et al., 2014). It is now clear that
the T6SS can be also used to target other bacteria and is thus likely to play an important role
in polymicrobial infections. Various Type VI-secreted antibacterial toxins have recently been
identified. The biggest group are peptidoglycan hydrolases including several families of
peptidoglycan amidase and glycoside hydrolase enzymes which attack the cell wall of target
bacteria (Russell et al., 2012; Whitney et al., 2013). Additionally, a superfamily of
phospholipase effectors, attacking the target cell membrane, were described recently and
a small number of other, unrelated, effector toxins have been experimentally identified such
as antimicrobial toxins and phopsholipases, but they are yet to be fully characterized (Fritsh et
al., 2013; Russell et al., 2013). In P. atrosepticum, the T6SS-encoding genes are induced in
response to potato extracts (Mattinen et al., 2008). P. wasabiae SCC3193 has two putative
T6SSs and a large inventory of putative tail and spike homologs (Nykyri et al., 2012).
A mutant with deletions of unlinked genomic regions spanning 16 and 23 genes that included
the two putative T6SS-encoding loci was modestly affected in its virulence on potato tuber
slices (Nykyri et al., 2012). Pedron and colleagues (2014) revealed that D. solani encodes
a distinctive arsenal of T5SS and T6SS related toxin-antitoxin systems.

Table 4. Secretion systems present in Pectobacterium and Dickeya genera. After Nykyri 2013

System Function Role in virulence Pectobacterium spp. Dickeya spp.
T1SS Export of proteases, Required for full P. carotovorum D. dadantii,

an adhesin and virulence P. c. subsp. brasiliense D. solani

toxins. P. atrosepticum (Charkowski et al.,

(Marits et al., 1999; Pérez- | 2012, Pedron 2014)
Mendoza et al., 2011;
Glasner et al., 2008)
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T2SS Export of PCWDE, Necessary for All species All species
Svx protein and pathogenicity (Toth et al., 2003; Glasner | (Charkowski et al.,
maybe other et al., 2008; Charkowski et | 2012)
virulence al., 2012)
determinants

T3SS Export of plant Required for full P. atrosepticum D. dadantii
physiology modifying | virulence but T3SS | P.carotovorum (Toth et al., 2005;
T3SS effectors. is not presentinall | P. carotovorum subsp. Charkowski et al.,

of the strains brasiliense 2012)
(Holeva et al., 2004;
Pitman et al., 2009; Kim et
al., 2009; Kim et al., 2011)

T4SS Takes role in Required for full P. atrosepticum D. solani
translocation of virulence but T4SS | P. carotovorum subsp. (Pedron 2014)
bacterial effectors is not widely brasiliense
directly to eukaryotic | present in the genus | (Bell et al., 2004; Glasner
cytosol et al., 2008; Charkowski et

al., 2012)

T5SS Possibly secretion of | Not investigated P. carotovorum All species
large proteins such as P.carotovorum subsp. (Rojas et al., 2002;
serine protease, brasiliensis Charkowski et al.,
hemolysin and P. atrosepticum 2012; Pedron et al.,
hemagglutinin. P. wasabiae 2014)
Bacterium-bacterium (Glasner et al., 2008; Poole
interaction (Cdi/Rhs) etal., 2011)

T6SS Export of unknown Required for full P. atrosepticum D. dadanti
T6SS effectors virulence and may (Liu et al., 2008; Mattinen | (Koskiniemi et al.,

be related to et al., 2008) 2013)
microbe-microbe D. solani
interactions (Pedron et al., 2014)

3.5 Regulation

Virulence determinants in the SRE are controlled by complex regulatory networks,
which act either positively or negatively on one (targeted regulation) or several (global
regulation) determinants. They are stimulated by factors such as oxygen and nitrogen
availability, temperature, pH, osmolarity, iron deprivation, growth phase, catabolite
repression, plant degradation intermediates, plant extracts, DNA-damaging agents and very
likely other factors yet to be identified. Newly identified regulatory proteins, thanks to a better
understanding of the existing ones (Cui et al., 2001; Hyytiainen et al., 2001; Marits et al.,
2002; Nachin and Barras, 2000; Nasser and Reverchon, 2002; Nguyen et al., 2002; Shih et al.,
1999) continue to be added to the list of known regulators that have been reviewed
extensively by Harris et al., 1998; Hugouvieux-Cotte-Pattat et al., 1996; Thomson et al., 1999.
In Figure 5, there is presented the regulatory network scheme in Dickeya spp. For better

understanding, the original explanation is presented under the figure (Charkowski et al 2012).
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Figure 5. Model of pectinolysis/pathogenicity regulation in Dickeya.

Integration of small-molecule signals into regulation of exoprotein production. Dickeya exoprotein differs from
Pectobacterium in that it does not rely upon AHL-mediated quorum sensing and that the horizontally acquired
PecS, which is not present in Pectobacterium, is tightly integrated into virulence gene regulation. 1: Pectin is
catabolized, fragments are imported through KdgMN and TogMNAG or TogT, and 2-keto-3-deoxygluconate
(KDG) is produced: KdgR repression of pectate lyases is released, resulting in exoprotein expression. 2: Low
magnesium levels are detected by the PhoPQ system and pectate lyase expression is repressed. 3: Iron levels are
low in apoplastic fluids: The Fur-Fe?* complex is dissociated and Fur repression of pectate lyases is released. 4:
Glucose levels are low: The cAMP-CRP complex activates pectate lyase production. 5: Apoplast pH increases
during infection: MfbR becomes active and activates pectate lyase production. 6: Organic acids are detected:
GacAS represses rsmA and induces rsmB. The rsmA gene is also activated by the stationary phase sigma factor
RpoS; RpoS is controlled in part by the protease ClpXP. The HrpXY two component system activates the
HrpXY-HrpS-HrpL cascade and induces T3SS genes. Plant-derived organic acids that affect these regulatory
systems include o-coumaric acid (OCA), p-coumaric acid (PCA), and t-cinnamic acid (TCA). Additional
regulators directly control pectate lyase genes by interacting with their regulatory regions: The nucleoid-
associated protein FIS represses plant cell wall-degrading enzyme (PCWDE) production during the early
exponential phase. Disappearance of FIS in stationary phase results in induction of PCWDE genes. PecT and
PecS are two pleiotropic repressors that control PCWDE and HrpN production as well as motility. In addition,
PecS also controls indigoidine and other oxidative stress response genes, whereas PecT controls
exopolysaccharide (EPS) production. PecT is itself under the tight control of the associated nucleoid protein H-
NS. Abbreviation: P, phosphorylation. (Charkowski et al., 2012).
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Three regulatory loci kdgR, pecS, and pecT have been identified that negatively control the
expression of genes encoding pectinases in Dickeya spp. (Nasser et al. 1992; Praillet et al.
1996, 1997; Reverchon et al. 1991; Surgey et al. 1996). Among these regulators, the KdgR
protein is the main effector and acts as a transcriptional repressor for all the genes coding for
proteins involved in the pectin degradation pathway. In D. dadantii 3937, in the absence of
pectic inducers, the KdgR protein binds to a specific 17-bp sequence (the KdgR box), which
is conserved in the promoter region of the whole spectrum of genes encoding pectinases
(Nasser et al. 1994). PecS negatively controls the production of pectinases and cellulases, as
well as the production of the blue pigment indigoidine (antioxidant molecule), motility and
the harpin HrpN (Reverchon et al., 1994; 2002; Rouanet et al., 2004; Nasser et al., 2005).
PecT represses the production of pectinases, EPS, motility and the harpin HrpN (Surgey et al.,
1996; Castillo and Reverchon, 1997; Condemine et al., 1999; Nasser et al., 2005). Pectinase
production is also positively regulated. The cAMP receptor protein (CRP) activates the
transcription of the pectinolysis genes (Nasser et al. 1997; Reverchon et al. 1997; Rouanet et
al. 1999). H-NS protein (a protein that influences chromatin structure and gene expression in
response to numerous growth parameters) plays an important role within the pel gene
regulatory network (Nasser and Reverchon 2002). The studies have shown that H-NS is
involved in the D. dadantii 3937 pel virulence pathway by exerting a negative effect on the
expression of at least three regulatory loci: expl, expR and pecT, for example inactivation of
H-NS results in an overproduction of PecT, which will in turn reduce the transcription of pel

genes (Nasser and Reverchon 2002).

Work of our group (Potrykus et al., 2014a) revealed the role of several mentioned regulators
in D. solani strains. Mutants of four D. solani strains were constructed by inactivating the
genes coding either for one of the main negative regulators of D. dadantii 3937 virulence
(kdgR, pecS, and pecT) or for the synthesis and perception of signaling molecules (expl and
expR). An analysis of these mutants indicated that PecS, PecT, and KdgR play a similar role
in both species, repressing, to different degrees, the synthesis of virulence factors. The
thermoregulator PecT seems to be a major regulator of D. solani virulence (Potrykus et al.
2014a).
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3.6 Identification and differentiation of SRE

The detection, identification and differentiation of SRE have been reviewed in the paper
recently published by Czajkowski and colleagues (2015). Here, | present only a short
description of methods used for those purposes.

3.6.1 Phenotypic methods

The most used worldwide medium for isolation of SRE is CVP medium (Crystal
Violet Pectate) (Cuppels & Kelman, 1974; Hyman et al., 1998; Helias et al., 2012). Detection
of SRE on CVP depends on the formation of characteristic deep cavities by the bacterial
colonies. When the pathogen populations are low, they need to be enriched above detection
level (Pérombelon, 2002). The tested material is incubated under anaerobic conditions in a
liquid enrichment medium, PEB, containing sodium polypectate as the sole carbon source
(Pérombelon & van der Wolf, 2002). The NGM medium was developed to differentiate
Dickeya spp. from Pectobacterium spp. on the basis of the ability to produce the blue pigment
— indigoidine (Lee et al., 2005).

In the past, biochemical tests were commonly used to differentiate strains of Pectobacterium
spp. and Dickeya spp. from other bacteria. As the procedures are troublesome and time
consuming, they tended to be replaced by more rapid serological and molecular methods
(Czajkowski et al., 2015). Palacio-Bielsa and coleagues (2006) developed a modern version of
biochemical test using a microtiter system. Stawiak and colleagues (2009) modified the
method and checked features such as: growth at 39 °C, 41 °C and 25 °C on nutrient broth,
anaerobic hydrolysis of arginine and polysaccharide inulin utilisation in phenol red peptone
water (inulin extracts from chicory and dahlia were used at 0.3% final concentration); eight
carbon sources were tested by acidification/alkalisation on liquid Ayers, Rupp and Johnson
medium with bromothymol blue mixed with different 0.3% carbohydrates: (—)-D-arabinose,
5-keto-D-gluconate, mannitol, (+)-D-melibiose, (+)-D-raffinose and (—)-D-tartrate,
- gentiobiose and (+)-L-tartrate.

Other phenotypic methods used for distinguishing SRE are: fatty acid methyl ester analysis,
volatiles  profiling,  serological = methods, = immunofluorescence  staining  and

immunofluorescence colony staining (Czajkowski et al. 2015).
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3.6.2 Genotypic methods

Molecular detection methods based on the analysis of bacterial genomic DNA have
become most frequently used to detect and differentiate tuber soft rot and blackleg pathogens

in environmental samples.

These are methods that can be applied to the mixture of bacterial strains and allow detection
and identification of pathogens present in symptomatic or symptomless plant samples. Several
single PCR and multiplex PCR assays with species specific primers have been developed for
the detection of soft rot and blackleg pathogens; multiplex PCR assays can simultaneously
detect a few kinds of pathogens in the tested sample. In our laboratory the multiplex PCR
assay was developed which detects and distinguishes SRE from P. c. subsp. carotovorum / P.
wasabiae, P. atrosepticum and Dickeya spp. (Potrykus et al., 2014b). Real-time PCR
procedures have also been developed for detection of SRE (Brierley et al., 2008; Laurila et al.,
2010; Kim et al., 2011, Pritchard et al., 2012; Van der Wolf et al., 2014a). Pritchard and
colleagues (2012) presented a bioinformatic tool allowing an easy prediction of primer sets
for specific detection of species and subspecies of bacteria based of the raw genome sequence

information.

On the other hand, there are more sophisticated methods for differentiantion of closely related
strains but they require isolation of pure bacterial culture. Restriction fragment length
polymorphism of amplified PCR (PCR-RFLP) product (usually one of the housekeeping
genes) may be applied specifically for the identification and differentiation of closely related
isolates within species and subspecies. To differentiate between Pectobacterium and Dickeya
species, two groups of genes were mainly used; those coding for virulence factors (for
example pel genes by Darrasse et al., 1994) and the housekeeping genes (e.g. 16S rDNA, 23S
rDNA, recA, gyrA, gyrB, rpoS and dnaX). Waleron and colleagues (2002ab) developed a
PCR-RFLP assay to differentiate pectinolytic Pectobacterium and Dickeya species on the

basis of the housekeeping genes recA and rposS.

Multilocus sequence analysis (MLSA) using concatenated sequences of the intergenic spacer
(1GS), as well as dnaX, recA, dnaN, fusA, gapA, purA, rplB, rpoS and gyrA have been used in
the study of Dickeya genus regarding the establishement of Dickeya solani species (Van der
Wolf et al., 2014b). This study revealed that the group of D. solani is homogenous and

distinct from other Dickeya species (Figure 6).
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Figure 6. Bootstrap consensus tree of concatenated sequences of dnaX, dnaN, fusA, gapA, gyrA,
purA, rplB, rpoS, recA and IGS of 27 members of the genus Dickeya belonging to different

species (Van der Wolf et al., 2014).

The methods mentioned above have been developed on the basis of single genes, but there are

also methods applying a whole-genome approach such as rep-PCR or PFGE and, of course,

genomes sequencing which are described below.

Repetitive sequence-based PCR (rep-PCR) has been developed to target the repetitive
sequences present in bacterial genomes, namely Repetitive Extragenic Palindromic elements
(REP), Enterobacterial Repetitive Intergenic Consensus (ERIC-PCR) and BOX elements
(BOX-PCR) (Versalovic et al., 1991 and 1994). The relative resolution of the generated
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patterns is high and allows phylogenetic classification of SRE from the genus down to strain
level. The REP-PCR analyses were used for example in studies on the classification of a new
clade of Dickeya spp. biovar 3, D. solani (Slawiak 2009b, Degefu et al., 2013) and to
characterise different Pectobacterium and Dickeya species in potato in South Africa and

Zimbabwe (Ngadze et al., 2012). The technique is easy to perform and its resolution is high.

Macrorestriction analysis by pulsed-field gel electrophoresis (PFGE) has been used
successfully for strain differentiation of plant pathogenic bacteria (Egel et al., 1991; Grothues
& Rudolph, 1991; Zhang & Geider, 1997). PFGE protocol (Ribot et al.,, 2001) with
modifications was successfully used for the analysis of PFGE profiles of E. chrysanthemi,
demonstrating that PFGE could easily differentiate white-flowered calla lily isolates of E.
chrysanthemi from those from other plants and could be used for epidemiological studies (Lee
et al., 2006). PFGE was also used to discriminate Pectobacterium spp. clades in diseased
stems and tubers of potato plants originating from different fields in Korea (Kim et al., 2009).
PFGE was also successfully applied to confirm the identity and homogeneity of D. solani

strains isolated in Finland and Israel (Degefu et al., 2013; Tsror et al., 2013).

The development of next generation sequencing (NGS) techniques let the scientists delve into
more detailed search for differences among the strains of the same or different species (Toth
et al., 2003; Pritchard et al., 2012). Complete or draft genome sequences are now available for
numerous SRE phytopathogens, with many more in draft formats. In the National Center for
Biotechnology Information (NCBI) genomes database already 53 genomes assemblies of
Pectobacterium spp. and 41 genome assemblies of Dickeya spp. are available
(http://www.ncbi. nlm.nih.gov/). A typical member of this group has a single circular
chromosome of circa 5 Mb and no large plasmids are present. Comparative genomics can
reveal physiological and functional variation among bacteria that provides insight into their
ability to exploit distinct ecological niches (Toth et al., 2006). Genome sequences provide a
valuable resource for discovery of molecular markers that can be used for reliable
classification of prokaryotic taxa and for understanding evolutionary relationships among
them (Lerat et al., 2005; Dutilh et al., 2008; Gupta, 2010; Bhandari et al., 2012; Gao & Gupta,
2012). The complete genome sequence of D. dadantii 3937 has been published (Glasner et al.
2011) as well as genomes of 7 D. solani strains at different stages of assembly (Garlant et al.,
2013, Pritchard et al., 2013a, Khayi et al., 2014; Golanowska et al., 2015).
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The term *pangenome’ denotes the set of all genes present in the genomes of all members of a
group of organisms, usually a species (Tettelin et al., 2005). The pangenome includes genes
present in all genomes of the group (known as the core genome), genes in the genomes of a
few members of the group (so-called accessory genome) and genes that are present in only
one organism of the group (known as unique genome). Tettelin and colleagues (2005) used
the genomes of eight strains of Streptococcus agalactiae to characterize the pangenome and
concluded that it is “‘open’ (meaning that the pangenome has an infinite size) and that each
new added genome would provide, on average, 33 new genes. These authors first established
orthologous groups of genes, which allowed the designation of a core genome (the genes
present in all strains) of 1 806 genes (~80 % of each individual genome) and showed that
95 % of these core genes share greater than 90 % identity.

3.7 Importance of the research on Dickeya spp.

Potato (Solanum tuberosum L.) is among the top ten commodities produced in the
world. In 2013 it was on the sixth position in the top 10 commodities (FAOSTAT,
http://faostat3.fao.org/home/E; Figure 7). The first reported disease caused by
E. chrysanthemi (most probably belonging to D. dianthicola) on potato in Europe occured
over 40 years ago (Maas Geesteranus, 1972). In most European countries, losses attributable
to SRE have remained generally low, but in the recent years, potato losses caused by Dickeya
spp. have increased significantly in a number of European countries and in Israel (a major
importer of European potato seed tubers) (Figure 8, Toth et al., 2011). Up to 25% of the
potato blackleg incidences in the Netherlands, Belgium and France have been attributed to
infections by Dickeya spp. (Toth et al. 2011). This may be associated with the emergence of
a new Dickeya species — D. solani - that is most likely spread by trade in seed tubers and,
potentially in future years, could have a larger impact as a consequence of climate change
(Toth et al., 2011).
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Figure 7. Ten top commodities produced in the World. FAOSTAT 2013.

Until 2000, P. atrosepticum and D. dianthicola were considered to be responsible for
the majority of potato blackleg infections in Europe (Perombelon and Kelman, 1980;
Perombelon, 2002). In general, Dickeya spp., are high-temperature pathogens, and were
considered to play a major role in blackleg epidemiology in tropical and subtropical regions.
Over the past 10 years in Europe, the incidence of infections of seed potato with bacteria
from the genus Dickeya. increased relatively in comparison to those with Pectobacterium
spp. (Laurila et al., 2008; Lojkowska et al., 2010; Toth et al., 2011).

Dickeya solani strains are considered to be more aggressive than other blackleg
causing bacteria. Preliminary analysis suggested that they need lower optimal temperatures
for disease development as well as lower inoculum levels for infection spreading. They seem
to have a greater ability to colonize potato plants roots and to spread through the plants’
vascular system (Toth et al. 2011, Czajkowski et al. 2012). In 3 years of field studies in
the Netherlands with D. dianthicola and D. solani, disease detection varied annually and
between strains. In summary, Czajkowski and colleagues (2012) concluded that D. solani
possesses features which allow more efficient plant colonization than D. dianthicola.

The results of biochemical assays, rep-PCR and 16S rDNA and dnaX sequence
analyses indicated that all strains of D. solani characterized so far show 100% of homology,
which could suggest a common origin, possibly a single introduction in the potato ecosystem
(Stawiak et al., 2009b).

There is little information about D. solani existence outside European countries and
Israel. There is no evidence of D. solani presence in Americas or Australia. But there is a

notification of D. solani presence in China on hiacynth bulbs (Chen et al., 2015) and in
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Malaysian waterfalls (GenBank accession number JSXDO00000000.1, Win-Si Tan,
University of Malaysia). D. solani, however, was not only isolated from symptomatic potato
plants. It was isolated from potato rhizosphere as a potential biocontrol strain against
Rhizoctonia solani, Verticillium dahliae and Phytophthora infestans from rhizosphere in the
field study of genetically modified potatoes in Germany (Weinert et al., 2010). This strains
possessess identical rep-PCR and RFLP-PFGE profile as the Type Strain of D. solani IPO
2222 and strains isolated in Poland in 2005 and 2009 (IFB 0099 and IFB 0158). However,
they indicated a much lower ability to macerate potato tissue and a lower ability to produce
PCWDE (Potrykus et al 2014a).

Apart from availability of 7 D. solani genomes, the genetics of D. solani is poorly understood
in comparison to what is available and known about D. dadantii 3937. The genomic analyses
on D. solani strains performed by Garlant and colleagues (2013) and Pedron and colleages
(2014) have revealed open reading frames (ORFs) possibly involved in virulence and the
production of toxic compounds. They were annotated as polyketide synthases (PKS), non-
ribosomal peptide synthetases (NRPS) and amino acid adenylation domain proteins,
suggesting that they encode proteins that maybe involved in the production of such
metabolites as antibiotics, toxins. Pedron and colleagues (2014) pointed out a higher
viariability in proteins transported via T5SS/T6SS in D. solani 3337 than in D. dadantii 3937.

The knowledge about regulation of the genes expression encoding virulence factors in
D. solani has been obtained in our laboratory (Potrykus et al., 2014a). The main information
about virulence, regulation is acquired from the knowledge about closely related and mostly
studied species — D. dadantii 3937. This strain’s metabolism and regulation of pectinolysis
have been studied for about 40 years (Kotoujanski et al., 1982). A lot of tools have been
developed for D. dadantii 3937, so the extention of knowledge about the features and
pathogenicity strategy of SRE can be better understood. Nowadays, by means of comparative
and functional genomics, researchers can improve the understanding of adaptation modes to
different ecological niches and the genes that determine SRE pathogenicity (Toth et al.,
2006).

There is a need for intense research on the molecular regulation of the pathogenicity of
D. solani, not only because of its fast spreading across Europe or better accommodation to
various climatic conditions (not only tempeate climates such as in Poland or cold in Finland,
but also hot climates such as in Israel), but also because of the lack of efficient means to fight

the soft rot and blackleg diseases during the vegetation and storage.
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Figure 8. Presence of D. solani and D. dianthicola species in Europe in 2011. After Toth et al.
2011. Red colour indicates presence of D. solani, orange D. dianthicola.
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4 Aims of the study

1. Phenotypic and genotypic characterization of the D. solani strains isolated in countries

with different climatic conditions: Poland, Finland and lIsrael,

2. Study of the potato tuber extract influence on the expression of a few selected D. solani

genes: pelD, pelL, tssK, IfaA,

3. Comparative genomics of ten D. solani strains, performed on 4 genomes sequenced for
this study (two highly virulent and two low virulent strains) and 6 genome sequences

available in the GenBank databases.
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5 Materials

5.1 Bacterial strains

Table 5. Dickeya sp. Wild Type, Type Strains

Name IFB Collection number Country and year of Source
(other collections) isolation
Dickeya dadantii IFB 0010 *° Comoros 1960 Pelargonium capitatum
(NCPPB 898T, IP0O2120)
Dickeya dadantii IFB 0016 © France Sepolia ionantha
(3937, A4922)
Dickeya dianthicola IFB 0103? UK 1956 Dianthus caryophyllus
(NCPPB 453T, IPO2114)
Dickeya dianthicola IFB 0157° Poland, 2009 Solanum tuberosum
(LMG28825)
Dickeya dianthicola IFB 0188° Netherlands, 1992 Solanum tuberosum
(IPO1741)
Dickeya solani IFB 0123° Netherlands, 2007 Solanumtuberosum
(IPO2222)
Dickeya solani IFB 0099° Poland 2005 Solanumtuberosum
(IPO2276, LMG28824)
Dickeya solani IFB 01001 Poland 2005 Solanum tuberosum
(IPO2277)
Dickeya solani IFB 0158° Poland, North 2009 Solanum tuberosum
(LMG 28826)
Dickeya solani IFB 0167° Poland, South-west 2009 Solanum tuberosum
Dickeya solani IFB 0212° Poland, Central 2010 Solanum tuberosum
Dickeya solani IFB0221° Germany Potato rhizosphere
Dickeya solani IFB0223° Germany Potato rhizosphere
Dickeya solani IFB 0231 Finland Solanum tuberosum
(VIC-BL 25)
Dickeya solani IFB 0236 Finland Solanum tuberosum
(VIC-SRI 5)
Dickeya solani IFB 0254 Finland Solanum tuberosum
(SRG 5-4)
Dickeya solani IFB 0261 Finland Solanum tuberosum
(BLG 4-5)
Dickeya solani IFB 0265 Finland Solanum tuberosum
(SRG 54-4)
Dickeya solani IFB 0124° Israel, 2008 Solanum tuberosum
(1PO3228)
Dickeya solani IFB 0125 Israel, 2008 Solanum tuberosum
(IPO3296)
Dickeya solani IFB 04559 Israel, 2007 Solanum tuberosum
(IPO3204)
Dickeya solani IFB 0456° Israel, 2008 Solanum tuberosum
(IPO3213)
Dickeya solani IFB 0457° Israel, 2009 Solanum tuberosum
(IPO3236)
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2.J.Wolf, PRI, Wageningen, Holland, - Toth, SCRI, Dundee, Scotland, °- N. Hugouvieux, MAP,
INSA, Lyon, Francja, °- LPPB, Intercollegiate Faculty of biotechnology UG and MUG, Gdansk
Poland, ® - K. Smalla, Institute for Epidemiology and Pathogen Diagnostics, Braunschweig, Germany,
™. Yeshetila Degefu, Finland, ¢ — Leah Tsror, Israel.

Table 6. Dickeya spp. mutants

Collection Species Genotype Source
Number
IFB/MAP
Mutants in genes IFB 0460 D. dadantii pelD::uidA kan® MAP, INSA, Lyon
encoding pectate A 4415
lyases
IFB 0462 D. solani IFB0099 pelD::uidA cm® transduction, this work
A 5595
IFB 0463 D. solani IFB0123 pelD::uidA cm® transduction, this work
A 5596
A1945 D. dadantii A350 pelZ::uidA kan® Jafraetal., 1999
A5670 D. dadantii A4922 pelZ::uidA kan® transduction, this work
A3003 D. dadantii pell::uidA kan® Jafraetal., 1999
A4417 D. dadantii pelN::uidA kan® Hassan et al.,2013
IFB 0465 D. dadantii pelL::uidA kan® Jafra et al., 1999
A5298
IFB 0466 D. solani IFB0099 pelL::uidA kan® transduction, this work
A 5687
IFB 0467 D. solani IFB0123 pelL:: uidA kan® transduction, this work
A 5688
Mutants in genes IFB 0468 D. dadantii A4922 tssK::uidA cm"” recombination, this
encoding A 5594 work
structures of Type
VI Type Secretion
System
IFB 0469 D. dadantii A4922 tssK::uidA kan® recombination, this
A 5587 work
IFB 0470 D. solani IFB0099 tssK::uidA cm® transduction, this work
A 5603
IFB 0471 D. solani IFB0123 tssK::uidA cm® transduction, this work
A 5604
Mutants in Lacl IFB 0472 D. dadantii IfaA::uidA kan" Van Gijsegem et al.,
regulators family A 4391 2008
IFB 0473 D. dadantii A4922 IfaA::uidA cm® recombination, this
A 5631 work
IFB 0474 D. solani IFB0099 IfaA::uidA cm® transduction, this work
A 5637
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IFB 0475 D. solani

IFB0123 IfaA::uidA cmR

transduction, this work

IFB 0480 D. dadantii

IfaT::uidA kan®

Van Gijsegem et al.,
2008

IFB 0481 D. solani

IFB0099 IfaT::uidA kan®

transduction, this work

IFB 0482 D. solani

IFB0123IfaT::uidA kan®

transduction, this work

Other bacterial strains:

Salmonella enterica serotype Braenderup (strain H9812, ATCC) — standard in PFGE.

Escherichia coli NM522 — used in transformation.

5.2 Plasmids

Table 7. Plasmids used in the study.

Name Genotype Source
pGEM Promega Corporation, USA
11224 pN715 (pelD) amp® MAP, INSA, Lyon
| 3031 pGEM IfaA::amp” Van Gijsegem et al., 2008
1 3100 CKC17 cm”® MAP, INSA, Lyon
| 3580 PGEM tssK:: amp® this work
| 3581 PGEM tssK::uidA kanR amp® this work
13634 pI3634 pelD::uidA cmR amp® this work
| 3635 pI3635 tssK::uidA cmR amp® this work
| 3636 pI3636 IfaA::uidA cmR amp® this work
5.3 Phages
Table 8. Phages used in the study
Name Genotype Source
@EC2 Wild Type Resibois et al., 1984
@EC2/ A5586 pelD::uidA cm® this work
@EC2/ A5594 tssK::uidA cm® this work
@EC2/ A5631 IfaA::uidA cm® this work
@EC2/ A5298 pelL::uidA kan® this work
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5.4 Genomic sequences

Genomic sequences of the 10 D. solani strains were analyzed. Four sequences from
strains IFB 0099, IFB 0158, IFB 0221, IFB 0223 were obtained at LPPB and six collected

from GenBank (NCBI) source. All sequences were analyzed with D. dadantii 3937 reference

genome (GenBank accession no. CP002038, Glasner et al. 2011).

Table 9. Genomic sequences used in the study

Abbreviation D. solani strains | Country of Source GenBank accession
used in the isolation number
figures
IFB0099 IFB 0099 Poland potato JXRS00000000
(IPO 2276) Golanowska et al. 2015
IFB 0158 IFB 0158 Poland potato unpublished
IFB 0221 IFB 0221 Germany potato unpublished
rhizosphere
IFB0223 IFB0223 Germany potato unpublished
rhizosphere
IFB 0123 IFB 0123 Netherlands potato AONU00000000
(1PO2222) Pritchard et al. 2013
GBBC2040 GBBC2040 Belgium potato AONX00000000
(LMG25865) Pritchard et al. 2013
MK10 MK10 Israel potato AOOP00000000
Pritchard et al. 2013
MK16 MK16 Scotland river water AOO0Q00000000
(IPO 3494) Pritchard et al. 2013
Ds0432 D s0432-1 Finland potato stem AMWEO00000000
(IFB 0135) Garlant et al. 2013
RNS or IPO RNS 08.23.3.1A France potato AMY100000000
3337 (IPO3337) Khayi et al. 2014
5.5 Media

5.5.1 Luria Broth (LB)/ Luria Agar (LA)

Composition (1000 ml):

Bactotryptone 109

Yeast extract 59

NaCl 10g

NaOH to adjust pH
Agar 12 ¢
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All compounds were dissolved in 1000 ml of distilled water and pH was adjusted to 7. The

medium was autoclaved at 120 °C for 20 min.

5.5.2 Tryptone Soya Broth / Agar (TSB / TSA)

Composition (1000 ml):

Tryptone 159
Soytone 59
NaCl 590
Agar 15¢

All compounds were dissolved in1000 ml of distilled water and pH was adjusted to 7-7.2. The

medium was autoclaved at 120 °C for 20 min.

5.5.3 Mé63

Composition (1000 ml):

KH,PO, 13.6 g (0.1 M)
(NH4)2SO4 2 g (15 mM)
FeSO, 0.5mg (9 uM)
KOH 6M to adjust pH
MgSO, 0.2g (1 mM)
Vitamin B1 1 mg

Agar 159

KH,POy,4, (NH4),SO4 and FeSO4were added to 800 ml of distilled water, pH was adjusted with
KOH to 7.0. MgSOgsolution and vitamin B1, were added to the final volume of 1000 ml. The

medium was autoclaved at 120 °C for 20 min (optional 110°C, 20 min).

5.5.4 M63Y/M63Y agar

To prepare M63 Y 3g of glycerol per 1000 ml was added to M63 medium. For solid medium
15 g of agar was added per 1000 ml.

5.5.5 M63 YPGA /M63 Y PGA agar

Medium M63 Y was supplemented with poligalacturonic acid (PGA) 4 g per 1000 ml. For
solid medium 15 g of agar was added per 1000 ml.
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5.5.6 M63 YCMC /M63Y CMC agar

Medium M63 Y was supplemented with carboxymethylcellulose (CMC) 10 g per 1000 ml.
For solid medium 15 g of agar was added per 1000 ml.

5.5.7 M63 Y PE
Medium M63 Y was supplemented with plant extract to the final concentration of 1 % v/v.

5.5.8 Milk agar

Composition (1000 ml):

Nutrient broth 309
Agar 159
Milk 0% fat 100 ml

Nutrient broth and agar were added to 900 ml of distilled water and autoclaved at 120 °C for
20 min. Milk was boiled and added to the solution after autoclaving, stirred and poured on

Petri dishes.

5.5.9 Soft top agar

Composition (1000 ml):

Bactotryptone 109

Yeast Extract 59

NaCl 109

NaOH to adjust pH
Agar 49

Powders were dissolved in distilled water, pH was adjusted to 7-7.2 with NaOH and
autoclaved at 120 °C for 20 min.

5.5.10 LGC agar (Kretshmer et al. 1975)

LA was supplemented with glucose 2g per 1000 ml and CaCl, to the final concentration of 2
mM.

5.5.11 CVP (Helias et al. 2012)
Composition (1000 ml):

- Crystal violet solution (500 ml of hot distilled water):
CaCl, x 2H,0 1.02¢g
tryptone 19
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Na;CecHsO- 59
NaNO3 29
Agar 69
Crystal violet 0.1 % aqueous solution 1.5ml

Pectin solution (500 ml of hot distilled water):

NaOH 5M

2 ml

Pectin (Dipecta, Agdia-Biofords, France) 18¢

The crystal violet solution and the pectin solution were prepared and autoclaved separately

before being mixed together. Ingredients of both solutions were introduced sequentially in the

same order as the component lists of the recipe. Each ingredient of the crystal violet solution,

except the agar, was dissolved by stirring the medium before adding the following one. The

water for pectin solution was heated to 80-100 °C before NaOH and pectin were added, to

allow the pectin to dissolve under stirring. After autoclaving (120 °C for 15 min, both

solutions) and while still hot, the crystal violet solution was slowly poured into the pectin

solution, while gently stirring the medium using a magnetic bar to avoid bubble formation.

The final pH was verified to be 7.

5.5.12 Chrome - Azurol - S agar (CAS agar, Schwyn and Neilands, 1987)

Composition (1000 ml):

Dye solution:
CAS

FeCl; x 6H,0
CTAB

Agar solution:
KH3PO,

NacCl

NH,CI

MgSO,4 x 7H,0
Glucose

Agar

Casamino acids
C&C'z

60.5 mg in 50 ml of water
10 ml of a 1 mM solution in 10 mM HCI
72.9 mg in 40 ml of water

39
05¢
1g
0.2¢
49
15¢g

30 ml of 10% stock solution
10 ml of stock solution 0.01M

To prepare 1000 ml of the medium, 60.5 mg CAS was dissolved in 50 ml water and mixed
with 10 ml iron(l11) solution (1 mM FeCls, x 6H,0, 10 mMHCI). This solution was slowly added
to 72.9 mg CTAB dissolved in 40 ml water (under stirring). The resultant dark blue liquid was

autoclaved (120 °C, 15 min). Ingredients of agar solutions were solubilized in 850 ml of Tris-HCI
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buffer pH 6.8. Agar solution was adjusted to pH 6.8 and also autoclaved. After cooling to 50 °C
30 ml of sterile casamino acids and 10 ml of sterile CaCl, were added. The dye solution was
finally added along the glass wall, with slow agitation to achieve mixing without generation of

foam.

5.6 Antibiotics

5.6.1 Ampicillin stock solution 10 mg/ml (Fluka)
Stock solution was diluted to 100 pg/ml final solution.

5.6.2 Kanamycin stock solution 5 mg/ml (Fluka)

Stock solution was diluted to 50 pg/ml final solution.

5.6.3 Chloramphenicol stock solution 2 mg/ml (Fluka)

Stock solution was diluted to 20 pg/ml final solution.

5.7 Buffers/Solutions

5.7.1 Calcium chloride solution (CaClz) I

0.2 M solution was autoclaved at 115 °C for 20 min.

5.7.2 Calcium chloride solution (CaCl2) II

0.5 M solution was autoclaved at 115 °C for 20 min.

5.7.3 PGA solution

2.5% of polygalacturonic acid (Sigma) solution in water. Autoclaved at 120 °C for 15 min.
5.7.4 Thiourea solution

1 M solution.

5.7.5 Tris-HCl 1M pH 8.0

121.1 g of Tris was dissolved in 700 ml of distilled water and 60 ml of HCI (36 %), pH was
adjusted to 8.0. Volume was adjusted to 1000 ml. Solution was autoclaved at 120 °C for 20

min and later stored at room temperature.
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5.7.6 EDTA 0.5 M pH 8.0

186.1 g of EDTA was dissolved in 800 ml of distilled water, pH was adjusted with NaOH to
8.0 and the volume was adjusted to 1000 ml. The solution was autoclavedat 120 °C for 20

min and later stored at room temperature.

5.7.7 TE

Solution containing 10 mM Tris and 1 mM EDTA, pH adjusted to 8.0.

5.7.8 Cell suspension buffer

Solution containing 100 mM Tris pH 8.0 and 100 mM EDTA, pH adjusted to 8.0, sterilized
by filtration through 0.2 um filter.

5.7.9 Celllysis buffer

Solution containing 50 mM Tris pH 8.0, 50 mM EDTA pH 8.0, 1% of N-lauroylsarcosine and
proteinase K (0.1 mg/ml final concentration). Sterilized by filtration through 0.2 um filter.

5.7.10TAE x 50

Composition (1000 ml):

Tris base 242 g
Glacial acetic acid 57.1 ml
0.5MEDTAPpH8.0 100 ml

Tris was dissolved in 700 ml of water, and EDTA and acetic acid were added, pH was
adjusted to 8.0 (with HCI), and volume was adjusted to 1000 ml with distilled water. Solution

was stored at room temperature. Dilution 1 : 50 was used as final solution.

5.7.11TBEx 5

Composition (1000 ml):

Tris base 549
Boric acid 2759
0.5MEDTApH 8.0 20 ml

Tris was dissolved in 700 ml of water, and EDTA and boric acid were added, pH was adjusted
to 8.0 (with HCI), and volume was adjusted to 1000 ml with water. The solution was stored at

room temperature. Dilution 1: 10 was used as final solution.
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5.7.12 PL Buffer - for evaluation of pectate lyases specific activity

Composition (100 ml):

1M Tris, pH 8.5 10 ml
Sterile distilled water 88 mi
0.2 M CacCl, 50 pl
2.5% PGA 2ml

10 ml of Tris was added to 88 ml of sterile distilled water. CaCl, and PGA were added in
given order as sterile solutions (autoclaved at 120 °C, 15 min). The solution was stored at

4 °C. Before use the buffer was warmed up to 37 °C.

5.7.13 P-nitrophenyl B-D-glucuronide (PNPU) 10mM - substrate for evaluation of
GUS specific activity

31 mg of PNPU was dissolved in 10 ml of M63.

5.7.14 Low-phosphate buffer

Composition (100 ml):

NazCeHs07 0.5 a
MgSO4 X7 Hgo 0.1 g
(NH4)2S04 1lg
KCI 0.15¢
Tris 12 ¢

Compounds were dissolved in distilled water, pH was adjusted to 7.5. The solution was
autoclaved at 115 °C for 20 min.

5.7.15Sodium Dodecyl Sulfate 10%

100 g of sodium dodecyl sulfate (SDS) was added to water and mixed, volume was adjusted
to 1000 ml. The solution did not need to be autoclaved. The solution was stored at room

temperature.

5.7.16Sol A

Composition (100 ml):

0.5 M glucose 10 ml
0.5 MEDTApH 8.0 2 mi
1M Tris pH 8.0 2.5 ml
H.0 85.5 ml
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The solution was autoclaved for 15 min at 120 °C and later stored at 4 °C.

5.7.17Sol B

Composition (10 ml):

10N NaOH 0.2ml
10% SDS 1mi
H>O 8.8 ml

The solution was stored for a week at room temperature.

5.7.18So0l C

Composition (100 ml):

5 M potassium acetate 60.0 ml
glacial acetic acid 11.5ml
H,O 28.5 mi

The solution was stored at 4°C.

5.7.19 Restriction enzymes

Restriction enzymes used in this work:
- Afel, BamHI, EcoRI, EcoRV, Hindlll, Pstl (New England Biolabs)
- Sma, Xbal (Fermentas)

5.7.20 PCR primers

Table 10. PCR primers used in the study

Name of the product/gene Sequence
REP1 R1
(Versalovic et al. 1991) CGGICTACIGCIGCTTTH
REP 2-1
(Versalovic et al. 1991) ICGICTTATCIGGCCTAC
ERIC-1R
(Versalovic et al. 1991) ATG TAA GCT CCT GGG GAT TCA
ERIC-2 AAG TAA GTG ACT GGG CTG AGC
(Versalovic et al. 1991)
BOXX

(Versalovic et al. 1994) CTA CGG CAA GGC GAC GCT GAC
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tssK forward GCTCTAGATCACCGATGTGGCGCTGG
(this work)
tssK reverse CACGGGATCCTCCTGTTAACTAC
(this work)
IfaA forward GCGGATCCATTGAAACATTGGGTATTGC
(Van Gijsegem et al. 2008)
IfaA reverse GCTCTAGATCCTGTAACAGGCAGG
(Van Gijsegem et al. 2008)

5.7.21 PCR reagents

REP - PCR reactions were performed with the use of Fermentas reagents (Stock solutions:
PolimeraseTaqg 5U/ul, buffer for polimerase 10x concentrated, MgCl, solution 25 mM, dNTP’s
solution 10 mM).

Illustra™ PuReTaq Ready To Go PCR Beads (GE Healhcare) were used according to
producers protocol for tssK and IfaA PCR products amplification.

5.7.22 Agaroses

- Basica LE GQT, Prona Agarose

- SeaKem Gold Agarose, Lonza Inc.

5.8 Commercial Kkits
- A&A Genomic Mini Genomic DNA isolation Kit.
- Macherey Nagel NucleoSpin Tissue Genomic DNA isolation Kit.

5.9 Laboratory equipment

5.9.1 Electrophoresis equipment

- Pulse Field Gel Electrophoresis — CHEF-DR 111 Variable Angle System, BioRad
Laboratories, Inc. USA
- Mupid-One Advance Co. Ltd.

5.9.2 Thermocyklers

- C1000 Touch Thermal Cycler, BioRad Laboratories Inc.
- PCR-EXPRESS-Thermal-CyclerHYBAID

5.9.3 Gel visualization equipment
- Gel Doc, BioRad Laboratories, Inc. USA
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- Transvisualisator, UVP Inc.

5.9.4 Spectrophotometers

- DU-640 Beckman Coulter, USA
- Specord 205, Analytic Jena, Germany
- EnVision, Multilabel Plate Reader, Perkin Elmer, USA

5.10 Computer software
- Bio Edit sequence alignment editor, version 7.1.3.0 (Hall, T.A. 1999)
- Biophyton
- Celera assembler (version 8.0)
- ContiGUATOR (Galardini et al. 2011)
- DuctApe (Galardini et al. 2014)
- FastQC(version 0.10.1).
- LS-BSR (Sahl et al. 2014)
- Statistica 12, StatSoft INC. USA
- Quantity One, Bio Rad Laboratories, Inc. USA
- seg_crumbs package (version 0.1.8)
- StreamingTrim (version 1.0).
- pacBioToCA
- prokka (version 1.7.2)
- runCA program

5.11 Databases
- GenBank, National Center for Biotechnology Information (NCBI), USA
- ASAP, University of Wisconsin, USA
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6 Methods

6.1 Strain isolation and cultivation

Strains of different Dickeya species other than D. solani were obtained from several
international Culture Collections (Table 5). Polish D. solani isolates were obtained in 2005,
2009 and 2010 in the routine procedure of isolating pectinolytic bacteria from infected potato
tissue (both plant shoots and tubers) according to the procedure established in LPPB IFB
UG-MUG laboratory (Potrykus et al. 2014b).The infected potato tissue was homogenized
with a hand held homogenizer (Bioreba, Switzerland) in sterile Bioreba filtered bags with
phosphate buffer and then spread on CVP (Materials 5.5.11). Pectinolytic bacteria were later
analyzed with a PCR multiplex reaction designed for distinguishing three different groups of
pectinolytic bacteria (P. c. subsp. carotovorum / P. wasabiae, P. atrosepticum and Dickeya
spp.).

Five D. solani strains from Finland were obtained by the courtesy of Dr. Yeshitila Degefu,
MTT Agrifood Research Finland, Biotechnology and Food Research, Agro Biotechnology
University of Oulu, FI, Finland. Two Israeli strains were obtained by the courtesy of Dr. Jan
van der Wolf, Plant Research International, Wageningen, the Netherlands. Three Israeli
strains were obtained by the courtesy of Dr. Leah Tsror, Gilat Research Center, Israel.

The bacteria were maintained in LB, LA or CVP media (Materials 5.5.1 and 5.5.11) at 28 °C

if not otherwise stated. All tested bacterial strains were stored in 40 % glycerol at -80 °C.

6.2 D. solani strains growth rate determination

Determination of growth rate was established in 48-well plates with the use of EnVision
spectrophotometer plate reader (Perkin Elmer, USA) with orbital shaking at 28 and 37 °C.
The night culture of a strain was refreshed 1 : 50 in fresh LB medium, the final volume of the

culture was 500 pl. The measurement was performed every hour for 20 h.
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6.3 Phenotypic characterization of D. solani strains from different climate

conditions

6.3.1 Pectinases activity assay (Reverchon et al. 1986)

The test was performed on M63Y PGA plates (Materials 5.5.5). 2 ul of bacterial suspension
containing 108 CFU/mI was spotted on a plate and incubated for 48h. Later on, the plates were
covered with 10 % copper acetate. Copper acetate reacts with PGA, giving the blue color of
medium. If bacteria degrade PGA there is a whitish halo around bacterial colonies. The halo
diameter is in proportion to the activity of produced pectinases. The experiment was

performed at three different temperatures: 18, 28 and 37 °C, and repeated three times.

6.3.2 Cellulases activity assay (Andro et al. 1984)

The test was performed on plates with M63Y CMC (Materials 5.5.6). 2 ul of bacterial
suspension containing 108 CFU/mI was spotted on a plate and incubated for 48 h. Later on the
plates were covered with 2 % Kongo Red and after a few minutes solution of 5 M sodium
chloride was added. If bacteria are able to degrade CMC, an orange halo is observed around
bacterial colonies. The halo diameter is in proportion to the activity of the produced
cellulases. The experiment was performed at three different temperatures: 18, 28 and 37 °C,

and repeated three times.

6.3.3 Proteinases production

The test was carried out on milk agar plates (Materials 5.5.8). 2 ul of bacterial suspension
containing 10® CFU/ml was spotted on a plate. The halo diameter was measured after 48 h of
incubation. The experiment was performed at three different temperatures: 18, 28 and 37 °C,

and repeated three times.

6.3.4 Ability to chelate iron (Schwyn and Neilands 1987)

The test was carried out on CAS plates (Materials 5.5.12). 2 ul of bacterial suspension
containing 10® CFU/ml was spotted on a plate. The halo diameter was measured after 72 h of
incubation. The experiment was performed at three different temperatures: 18, 28 and 37 °C,

and repeated three times.
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6.3.5 Motility assays (Harshey et al. 2003)

The assays were performed on Luria Agar (Materials 5.5.1) media with different agar
concentrations, 0.3% (3g/L) for swimming motility assay and 0.8% (8g/L) for swarming
motility. 2 pl of bacterial suspension containing 10 CFU/ml was spotted on a plate, then
incubated for 48 h. Bacterial growth was observed after 24 and 48 h. The experiment was
performed at three different temperatures: 18, 28 and 37 °C, and repeated three times.

6.3.6 Maceration ability test

Potatoes of Lord variety were bought at the local supermarket. Tubers were washed carefully
under running water and sterilized with 10% of commercially available bleach (i.e. ACE or
Clorox) for 20 minutes. Later on, the tubers were thoroughly washed and left in water for
another 10 minutes for rinsing out the bleach. Potatoes were dried under the laminar flow
until the skin was dry. Dried tubers were cut crosswise into 10 mm thick slices. Slices were
placed in glass Petri dishes containing a layer of Whatman filter paper. Depending on the slice
size 2 or 3 holes 5 x 5 mm were cut out. Into each hole 50 ul of bacterial suspension was
added. Paper was hydrated with 5 ml of sterile water. Potato slices were inoculated with three
different inolulum levels (10°, 10° and 10’ CFU/mI of the suspension). The inoculated slices
were incubated at 28 °C for 48 h. The diameter of rotten tissue was measured. The experiment

was repeated twice.

6.4 Genetic characterization of D. solani strains from different climate
conditions

6.4.1 REP profiling (Versalovicet al.,, 1991 and 1994)

Polish, Finish and Israeli strains of D. solani and the Type Strains of different species of
Dickeya (Table 5. Dickeya sp. Wild Type, Type Strains) were analysed using the repetitive
sequence — based PCR with two pairs of primers: ERIC 1R and ERIC 2 (Enterobacterial
Repetitive Intergenic Consensus), REP 1 R-I and REP 2-1 (Repetitive Extragenic
Palindromic) and also BOX1AIR as described by Versalovic et al. in 1991 and 1994
respectively (Materials 5.7.20). Genomic DNA was purified using Genomic Mini AX
Bacteria Kit (Materials 5.8).

PCR amplifications were performed in an automated thermal cycler (BioRad Laboratories
Inc. USA) with an initial denaturation (95 °C, 7 min) followed by 30 cycles of denaturation
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(90 °C, 30 sec), annealing (REP, 40 °C, 1 min; ERIC, 52 °C, 1 min, BOX, 53 °C, 1 min), and
extension (65°C, 8 min) with a single final extension (65 °C, 16 min).

The resulting amplification products were separated by electrophoresis in 0.8 % agarose
(Basica, Prona) gel in a 0.5 x TBE buffer at 50 Volts for 2.5 h and visualized and documented
using the Gel Doc imaging system (Bio Rad Laboratories Inc.) supported by Quantity One
Software (Bio Rad Laboratories Inc. USA).

6.4.2 Pulse Field Gel Electrophoresis(Lee et al. 2006)

All strains of D. solani and Type strains of D. dadantii and D. dianthicola were analyzed by
PFGE method. Dickeya sp. cells were grown for 24 h on TSA medium (Materials 5.5.2).
Genomic DNA for PFGE was prepared in agarose plugs using the method described by Ribot
and colleagues (2001) with modifications. The cells were suspended in cell-suspension buffer
(Materials 5.7.8) to an optical density ODgyp of 2.0 measured with a DU 640
Spectrophotometer (Beckman). Bacterial suspensions were mixed with 20 ul of proteinase K
(20 mg ml™*; A&A Biotechnology, Poland) and an equal amount of 1 % SeaKem® Gold
agarose (Lonza Inc.) in TE buffer (10 mm Tris, 1 mm EDTA, pH 8.0) and pipetted into a
plastic mould. The hardened agarose plugs were immersed in cell lysis buffer (Materials
5.7.9) for 2 h at 56 °C in shaking water bath. After lysis, the plugs were washed (10 min per
wash) at 56 °C three times with sterile double-distilled water and three times with TE buffer
(Materials 5.7.7) in a shaking water bath. Chromosomal DNA plugs were incubated with the
restriction enzyme Xbal (Fermentas) at 37 °C for 2 h. Restriction fragments were separated
by PFGE through 1% SeaKem® Gold agarose in 0.5 x TBE buffer (Materials 5.7.11)
containing 100 mM thiourea (Materials 5.7.4) with a CHEF-DR 11l chiller system (BioRad,
Laboratories Inc., USA) using 0.5 x TBE buffer as a running buffer. PFGE was performed at
field strength of 200 V for 22 h at 14°C, with the pulse time linearly increased from 2 to 54 s
and a fixed reorientation angle of 120°C. After the electrophoresis run was completed, the
gels were stained with ethidium bromide solution (0.5 pg ml™Y), distained in water, and the
band pattern was observed under UV illumination (GelDoc BioRad Laboratories Inc., USA).
As a standard Salmonella enterica serotype Braenderup (strain H9812, ATCC) (Materials 5.1)

prepared according to the protocol was used.
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6.5 Genomes analysis
6.5.1 Sequencing

Four strains from our Laboratory collection were chosen for whole genome sequencing,
namely strains IFB 0099, IFB 0158, IFB 0221 and IFB 0223. Two strains were chosen
because they indicated high pathogenicity (IFB 0099, IFB 0158) and two others (IFB 0221,
IFB 223) because they indicated a lower pathogenicity level than the type strain of D. solani
(IPO 2222). The goal was to analyse the 4 mentioned genomes and other 6 D. solani genomes
available at the time of analysis and the genome of the reference strain D. dadantii 3937.
Genomes of trains IFB 0099 and IFB 0223 were sequenced by 454 Roche technology and re-
sequenced by PacBio technology. Genomes of the IFB 0158 and IFB 0221 were sequenced by
Illumina Paired-End DNA Sequencing.

6.5.2 Assembly and annotation

Strains IFB0099 and IFB0223 have been assembled using a hybrid assembly procedure,
combining 454 and PacBio reads using the Celera assembler (version 8.0). 454 reads have
been converted to the FastQ format using the seq_crumbs package (version 0.1.8) and
trimmed using StreamingTrim (version 1.0). The qualityof both 454 and PacBio reads has
been checked using FastQC (version 0.10.1). The PacBio reads coverage was found to be high
enough to perform a hybrid assembly (IFB0099: 80X, IFB0223: 72X), using the pacBioToCA
and the runCA program. The best assembly parameters have been checked using the Quast
web server.

Strains IFB0158 and IFB0221 have been assembled from Illumina Paired-Ends reads using
Abyss (version 1.3.6). The quality of the reads has been checked using FastQC (version
0.10.1) and the first 9 bases of each reads, which showed poor quality and high k-mer
repetitions, have been trimmed using the seq_crumbs package (version 0.1.8). The Abyss
assembly has been carried out using a value of k equal to 64, 32 and 16, choosing the
assembly with k=64, which produced the highest number of contigs and the highest N50. All
four strains have been annotated using prokka (version 1.7.2), as well as strains IPO 2222,
MK10, MK16 and RNS, whose annotation was not yet available in GenBank at the time of

analysis.
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6.5.3 Orthology assesment

The orthology relationships inside the D. solani pangenome have been computed using the

Blast-BBH algorithm implemented in the DuctApe suite (version 0.16.2).

6.5.4 Phylogeny

The six strains (IFB0099, IFB0223, IFB0158, IFB0221, RNS and D s0432-1) for which no
scaffold information was available have been aligned to the D. dadantii 3937 strain using the
CONTIGuator web server (version 2.7.3; e-value le-5, hit length threshold 250, contig
coverage threshold 5%). A pairwise genomic alignment of 10 scaffolds (IFB0099, IFB0223,
IFB0158, IFB0221, RNS and D s0432-1, MK 10, MK16, GBBC2040 and 1PO2222) has been
computed through megablast (version2.2.28+), keeping hits over 5000 bp; the alignment has

been visualized using the genome diagram package inside BioPython (version 1.62b).

6.5.5 LS-BSR (Sahl et al. 2014)

LS-BSR is a method to compare all coding regions in a large set of genomes. Each peptide is
compared against its nucleotide sequence in order to obtain the maximum BLAST bit score.
Each peptide is then aligned against each genome in order to find the query BLAST bit score.
The query divided by the reference provides one with the BSR, which can range from 0 to 1;

scores slightly higher than 1.0 can be observed due to variable bit scores obtained by BLAST.

6.6 Construction of the D. solani mutants
6.6.1 Preparation of construct for E. coli transformation

PCR reaction was performed with the use of designed primers (Table 7). lllustra™ PuReTaq
Ready To Go PCR Beads (GE Healhcare, Materials 5.7.21) were used according to producers
protocol for tssK and IfaA PCR products amplification.

PCR amplifications were performed in an automated thermal cycler (Hybaid PCR Express)
with an initial denaturation (95 °C, 5 min) followed by 35 cycles of denaturation (95 °C, 1
min), annealing (tssk 50 °C, 2 min; IfaA 62 °C,2 min), and extension (72 °C, min) with a

single final extension (72 °C, 10 min).
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6.6.2 Ligation to pGEM-T vector

PCR products (of the genes chosen for modification) were ligated to pGEM-T plasmid vector

(materials 5.2).

Standard procedure for ligation to pGEM-T plasmid: 5 pl of PCR product was added to 3.5 pl
of ligase buffer. Next 0.5 pl of pGEM-T vector was added and 1 pl of ligase.
Ligation mix was incubated at 15°C per night. 5 pul was used for transformation of E. coli
NM522.

6.6.3 Preparation of E. coli NM522 competent cells

0.5 ml of a E. coli NM522 night culture of was put in fresh 100 ml of LB (Materials 5.5.1)
and incubated with agitation at 37 °C until ODgy reached 0.5. Then the suspension was
divided in portions of 40 ml and put into centrifuge tubes and incubatedfor 10 minutes on ice.
The cultures were centrifuged at 4 °C for 10 minutes, 7 000 rpm and the supernatant was
removed. The pellet was suspended in % volume of cold 100 uM CaCl, (20 ml) and
incubatedfor 20 min on ice. Again, samples were centrifuged at 4 °C for 10 minutes, 7000
rpm. Then again, the supernatant was removed and the pellet was suspended in 2 ml of cold
100 uM CacCl; and 1.2 ml 40% glycerol. The suspensions were mixed by pipetting and 200 pl

portions were put into prepared cold Eppendorf tubes. The cells were stored at -80 °C.

6.6.4 Transformation of E. coli NM522

5 ul of ligation mixture was added to 200 pl of competent cells and kept on ice for 20 min.
Then, the sample was incubated for 2 min at 42 °C (heat shock) and 5 min on ice again. 800
pl of LB was added and the cells were incubated at 30 °C from 2 up to 4 h with mixing by
inversion from time to time. After incubation 100 pl of suspension was spread on LA plate
(Materials 5.5.1) containing the required antibiotic and the rest was centrifuged for 5 min at
4000 rpm and pellet was suspended in 200 pl of LB and also spread on another plate with the

required antibiotic (Materials 5.6).

6.6.5 Isolation of plasmid DNA from E. coli NM522

1 ml of the tested strain night culture was centrifuged for 2 min, 12000 rpm. The supernatant

was removed, the pellet suspended in 100 pl of cold Sol A (Materials 5.7.16). 200 ul of Sol B

(room temperature) (Materials 5.7.17) was mixed by inversion. 150 ul of cold Sol C

(Materials 5.7.18) was added, mixed by inversion of the tube then centrifuged for 5 min at
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12000 rpm. The supernatant was collected to the already prepared tubes containing 1 ml of
100% ethanol, mixed and centrifuged for 10 min/12000 rpm, then, the supernatant was
removed, 1 ml of 70% ethanol was added. Then again the sample was centrifuged for 2
min/12000 rpm and afterwards the supernatant was removed. The sample was dried and then

resuspended in 50 pl of sterile water.

6.6.6 Digestion of the plasmid

According to the producer’s protocol of the restriction enzyme (Materials 5.7.19)

6.6.7 Inactivation of enzymes and precipitation of DNA

The sample after digestion was inactivated by the following procedure: 70 pl of water was
added to the sample and incubated for 10 min at 68 °C. 10 pl Sol C (Materials 5.7.18) and
250 pl of EtOH 100% was added to the sample and centrifuged for 5 min 12 000 rpm, the
supernatant was removed and 500 pul of 70 % EtOH. The sample was centrifuged 5 min /
12 000 rpm and dried.

6.6.8 Preparation of D. dadantii electrocompetent cells

Five ml of night preculture was put into 100 ml of LB liquid medium (Materials 5.5.1) and
incubated at 40 °C for 5.5 h with shaking. Then, the suspension was divided into two 50 ml
cornings and centrifuged 6500 rpm/ 6 min/ 20 °C. The supernatant was removed and the
pellet resuspended in 50 ml of sterile water in room temperature (together in one corning).
The sample was centrifuged for 7000 rpm/ 8min/20 °C, the supernatant was removed. The
pellet was resuspended in 50 ml sterile water (room temperature) again centrifuged 7000
rpm/8mins/20 °C andthe supernatant removed. The pellet was resuspended in 2 ml of 10 %

glycerol and put 50 ul per Eppendorf tube and stored at -80 °C.

6.6.9 Electroporation of D. dadantii

1 ul of plasmid was added to the previously prepared electrocompetent cells and transferred to
electropotator cuvettes with 2 mm diameter. After electroporation, 1 ml of LB (Materials
5.5.1) was added, transferred to Eppendorf tube and incubated at 30 °C for 2 h. After
incubation 200 pl of bacterial suspension was spread on LA plates (Materials 5.5.1)
containing the required antibiotic (Materials 5.6). The rest of bacterial suspension was
centrifuged for 5 min, 4000 rpm, the supernatant was removed, and the pellet was
resuspended in 100 ul of LB and spread on the same medium.
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6.6.10 Preparation of phage stock (Resibois et al. 1984)

200 pl of a donor strain night culture (D. dadantii with the desired mutation) was added to
cold 200 pl of preexisting EC2 phage suspension in a glass tube (Materials 5.3). The mixture
was incubated at room temperature without agitation. After incubation 5 ml of liquid soft top
agar (Materials 5.5.9) was added, vortexed and immediately poured on LGC plate (Materials
5.5.10) and left to condense. The plate was incubated for 16 h at 30 °C. After incubation, agar
overlay was resumed by using 5 ml of LB (Materials 5.5.1) and an inoculation spreader. The
liquid was recovered to a centrifuge tube, a few drops of chloroform were added and the
suspension was vortexed until it reached homogeneity. Later the tube was centrifuged for 15
min, 6000 rpm and the supernatant was transferred to a glass tube with a few drops of
chloroform. The tube was vortexed again and left for at least 15 min at 4 °C before use. Phage

stock was stored at 4 °C.

6.6.11 Transduction to D. solani

200 pl of D. solani night culture was added to 200 pl phage stock suspension in a glass tube.
The mixture was incubated for 20 min at room temperature without agitation. 0.8 ml of LB
(Materials 5.5.1) was added and incubated between 4 to 6 h at 30 °C with agitation. The
suspension was then transfered into sterile Eppendorf tube and centrifuged for 2 min, 8000
rpm. The supernatant was removed and the pellet was resuspended in 100 pl of LB and spread
on LA plate (Materials 5.5.1) containing the required antibiotic (Materials 5.6). The plates
were incubatedfor 48 h at 30 °C.

6.6.12 Confirmation of the correctness of the obtained mutants

The obtained clones were verified for the presence of mutation by PCR reaction with the use
of PCR beads according to the producer protocol (primers Materials 5.7.20, beads Materials
5.7.21). The result was observed after agarose gel electrophoresis in 1 % of agarose gel
(Basica, Prona) in 1 x TAE as running buffer (Materials 5.7.10). The bands were visualized
after ethidium bromide staining for 15 min under UV illumination (GelDoc BioRad
Laboratories Inc, USA).

6.6.13 Bacterial cell extract preparation for PL and GUS activities determination

A preculture of a desired strain or mutant in M63Y (Materials 5.5.4) was incubated for 24 h at
28 °C. A second preculture in M63Y was made (100 pl from previous preculture was added

to the fresh medium) and again incubated 24 h at 28 °C. For enzymatic activity determination,
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the third culture was made in non-induced and induced conditions for each strain/mutant
(M63 Y — non-induced conditions Materials 5.5.4, M63 Y supplemented with 0.2 % PGA
Materials 5.5.5; or 1 % plant extract Materials 5.5.7) and incubated for 24 h at 28 °C. Then
the ODggo Was measured. To 1 ml of each culture a few drops of toluene were added and
vortexedfor 30 s and incubatedat 4 °C for at least 3 h. Before further use the toluene was
evaporated under the fume hood. Prior to the pectate lyases enzymatic assay, the samples
were centrifuged for 2 min, 12 000 rpm. Prior to GUS activity assay, the samples were not

centrifuged.

6.6.14 Potato tubers extracts preparation

The crude extract of potato tubers (PE) was obtained by crushing and extraction with a juicer.
The extracts were then centrifuged twice for 5 min at 12000 rpm to eliminate the largest
cellular debris. They were then filtered through tissue-paper filters and then through Millipore
filters RC 0.45 and 0.2 um to remove the remaining microparticles and bacteria. The extracts
were stored at -20 °C. The crude extracts were added to the culture medium with a dilution of

100 x which corresponds to a final concentration of 1% in M63 Y (vol / vol).

6.6.15 Pectate lyase activity test (PL) (Tardy et al. 1997)

One unit of pectate lyases activity was defined as the amount of the enzyme required to
produce 1 umol of unsaturated product per minute. The assays were performed on extracts of
bacterial cultures (Methods 6.6.13). Total pectate lyases activity was expressed as pmoles of
unsaturated products (UP) liberated per 1 min per 1 mg of bacterial dry weight.The
measurement was performed using spectrophotometer (Specord 205, Analytic Jena, Germany)
at 235 nm, at 37 °C, during 5 min. The molar extinction coefficient of UP is
€ = 5200. Given that 0.28 mg dry weight of bacteria (PSB) corresponds to an OD 600
0.6, the total pectatelyasesactivityis calculated by the formula (in pmol of unsaturated
oligomers formed per min per mg PSB):

ASPL=Cypx mpr'l =0.412 x AODy35 X dilution of the sample X ODeoo_1
6.6.16 GUS activity test (Bardonnet and Blanco, 1992)

The activity assay B-glucuronidase (GUS) is based on the cleavage of p-nitrophenyl- B -D-
glucuronide (PNPU) to nitrophenol (PNP) measured at 405 nm. The assays were performed
on extracts of bacterial cultures (Methods 6.6.13). The molar extinction coefficient of PNP is

€ = 4500. The activity of B -glucuronidase is expressed in nmol PNP liberated per 1 min per 1
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mg of bacterial dry weight). The measurement was performed using spectrophotometer
(Specord 205, Analytic Jena, Germany) at 405 nm, at 37 °C, during 5 min. The activity of
glucuronidase is calculated by the formula (in nmol PNP formed per min and per mg PSB):

AS GUS = Cprp X Mpgs™ = 476.2 x AODygs X dilution of the sample x ODgoo™
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7 Results

Bacteria from the genus Dickeya cause disease symptoms especially in tropical and
subtropical climates and host plants including potato, maize and banana among many other
crops. However, in recent years potato losses caused by Dickeya spp. have increased
significantly in a number of European countries and in Israel (the latter a major importer of
European potato seed tubers). The emergence and spread of D. solani, together with the
effects of climate change, cause more losses on potato platations in temperate climate.
D. solani strains were shown to cause more severe losses than D. dianthicola, P. atrosepticum
and P. carotovorum subsp. carotovorum (Toth et al., 2011). Soft rot erwinias tend to out-
compete other bacteria in tuber rots because of their ability to produce larger quantities of a
wider range of cell wall-degrading enzymes. For the disease development very important are
factors such as faster growth, PCWDE production (pectinases, cellulases, and proteases),

motility, that facilitate ability to macerate potato tissue.

The question: why D. solani is more aggressive that the other SRE species has been
raised by the researchers across Europe. Studies show that they are able to induce diseases at
lower inoculum levels, they produce more PCWDE and they possess an arsenal of
T5SS/T6SS secreted proteins of many more functions than destroying the plant cell-wall. An
interesting issue is that D. solani is able to cause severe disease symptoms in a wide range of
climates (for example in northern Europe countries like Finland through the Netherlands,
Poland, France, Switzerland to Asian country such as Israel). There is little comparative study
on D. solani strains originating from different climate conditions, but it is known, that they

cause more and more severe losses on potato plantations.

Here, | ask a question if and how temperature influences the fitness of the strains
originating from different climatic zones, because there is evidence that strains originating
from different climatic zones differ in their ability to cause disease symptoms. | was trying to
answer this question by studying several phenotypic and genotypic traits of strains originating

from Poland, Finland and Israel, countries with different climatic conditions.

A part of my study was performed in the Laboratory of Microbiology, Adaptation and
Pathogenesis at INSA, Lyon, under the supervision of my co-promoter Dr. Nicole

Hugouvieux-Cotte-Pattat. | constructed mutants in D. solani strains in several genes whose
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expression could be influenced by plant derivatives, in order to find plant signal(s)

responsible for the induction of the expression of genes encoding virulence factors.

Another part of the study, performed in collaboration with Prof. Marco Bazzicalupo’s
group from the University of Florence, Florence, Italy, was dedicated to comparative
genomics of 10 available D. solani genome sequences, including strains of high and low
virulence, to elucidate the genomic factors that could be responsible for differences in their

virulence.

7.1 Characteristics of D. solani strains from different climate zones

The purpose of this part of study was to compare strains originating from different
climatic conditions and elucidate if the origin of the strains has an influence on their
virulence. The strains chosen for the study were isolated in countries with different climate
conditions — Poland, Finland and Israel. According to Koeppen classification
(http://www.fao.org/nr/climpag/globgrids/kc_classification_en.asp, Pirdwiny 2006): Poland
and Finland have cold moderate climate (though they differ in the matter of summer, in
Poland the summer is moderate and in Finland it is short and cold) while Israel has hot, desert
climate. Several phenotypic and genotypic tests were applied to elucidate the importance of
different factors responsible for the aggressiveness of the strains. The growth of the tested
strains was studied in 2 temperatures (28 and 37 °C). Their ability to produce PCWDE as well
as their ability to cause potato maceration, iron accommodation and motility were tested at
three different temperatures (18, 28 and 37 °C). After the analysis of the results from plate-
based tests, 28 °C was chosen as the optimal temperature for total pectinolytic activity and
potato maceration evaluation. The total pectinolytic activity was measured in non-inducing
and inducing conditions of the pectate lyases activity. The potato maceration test was
performed using three levels of inoculums (10°, 10° and 10" CFU/mI) in order to allow

observation of the differences between strains' ability to macerate potato tuber tissue.

The strains for this part of the analysis were chosen on the basis of their origin and
strain availability in IFB Laboratory Collection. Five strains from each climatic group were
characterized and compared. Strains of 3 D. solani groups were compared with D. solani
Type Strain (IFB 0123, IPO 2222), D. dadantii (Type Strain - IFB 0010 and IFB 0016 known
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as 3937) and D. dianthicola (Type Strain - IFB 0103; IFB 0157 and IFB 0188) reference

strains; all strains are listed in Materials, Table 5.

To analyze the influence of temperature and species on the phenotypic traits of Dickeya spp.
strains, the two-way ANOVA followed by post-hoc Tukey test were applied. Later,
theinfluence of temperature was analyzed for strains of the same origin and differences
between them were described. A statistical analysis (two-way ANOVA followed by Tukey
post-hoc test) of the influence of temperature and the origin of D. solani strains originating

from different climatic conditions was performed.

7.1.1 Analyses of phenotypic features of Dickeya strains using qualitative tests

For all tested features presented below (besides the analysis of growth), the following

procedure has been applied.

1) Analysis of D. dadantii (2 strains: IFB 0010 -D. dadantii TS and IFB 0016- the 3937
strain which is the most studied strain of the related species), D. dianthicola (3 strains:
IFB 0103 — D. dianthicola TS; IFB 0157 — originating from Poland and IFB 0188 —
originating from the Netherlands) and D. solani TS (IFB 0123). The chosen strains
represent the Dickeya species known as a threat to potato plantations. D. dadantii is a
known potato pathogen in hot climates, D. dianthicola is is a pathogen causing soft rot
in temperate climates and D. solani is a newly emerged pathogen spreading across
Europe.

2) Strains of D. solani originating fom different climatic zones have been compared in
terms of the potential influence of their origin on the expressed traits.

3) Traits of D. solani groups of the strains coming from Poland, Finland and Israel
(5 strains in each group) were analyzed statistically to evaluate the influence of
temperature of incubation and the origin of the strains on the tested features. Traits
such as an ability to produce pectinolytic, cellulolytic, proteolytic enzymes as well as
motility and iron ions chelation ability were studied in three different temperatures
(18, 28 and 37 °C). Statistical analysis compromised two-way ANOVA test of

variance followed by post-hoc Tukey test.
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7.1.1.1 Influence of temperature on Dickeya spp. growth

The growth curves for all strains from different climates as well as reference strains were
determined with the use of EnVision spectrophotometer during 20 h. Due to the lack of
possibility for performing the measurement at 18 °C (equipment requirements) the experiment
was conducted only at 28 and 37 °C. The mean value of two experimental replicates was
analyzed and shown in Figures 9 and 10 (for the graphs clarity in this case the error bars
werenot included). The groups of 5 D. solani strains originating from different climatic
conditions were compared to D. solani ', D. dadantii and D. dianthicola strains. Later, the
strains were compared within each group with each other and Type Strain. The results were
gathered in the summarizing Table 11.

All of the tested strains grow at 28 and 37 °C and the growth curves are presented in Figures 9
and 10. The value for each strain of the time at which it reaches the stationary phase and the
corresponding optical density (ODeggo) is presented in Table 11.
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Figure 9. Comparison of growth curves of D. solani, D. dadantii and D. dianthicola strains at 28 °C.

At 28 °C, all the tested D. solani strains have a similar growth dynamic. Polish D. solani
strains reach the highest density, but the difference is not statistically significant (one-way
ANOVA, p>0.05). The D. solani™ strain reaches the stationary phase after the same time as

D. dadantii™ (after 12h), earlier than Polish, Finnish, Israeli and D. dianthicola ™ strains
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(13.8 h, 15.6 h, 12.8 h and 14 h, respectively). In general, all of the strains grow similarly. The
statistical analysis did not show significant differences between the tested strains.

At 37 °C, the growth of D. solani strains is more diverse than at 28 °C. At this temperature
D. dianthicola'™ reaches the stationary phase the fastest (after 12 h), earlier than D. dadantii
(13 h) and D. solani (TS — 16 h, Polish — 14.8 h, Finnish — 15.4 h and Israeli strains — 16 h).
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Figure 10. Comparison of growth curves of D. solani, D. dadantii and D. dianthicola strains at 37 °C.

Interestingly at 37 °C the Polish strains grow to the stationary phase faster than Finnish and
Israeli (after 14.8 h in comparison to 15.6 and 16 h, respectively). However these differences
both for the time of reaching the stationary phase as well as the level of the maximum optical

density were again not significant (confirmed by one-way ANOVA, p > 0.05).
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Table 11. Growth of D. solani strains at 28 and 37 °C in comparison to D. dadantii and
D. dianthicola.The highest and the lowest values of time after Dickeya spp. reach the stationary phase
are highlighted in orage and blue (respectively).

Dickeya spp. Time to achieve maximum density [h] Maximal optical density

28°C 37°C 28°C 37°C

IFB 0099 14 15 0.92 0.86

= IFB 0100 15 13 0.90 0.87

c
‘—g IFB 0158 13 14 0.84 0.89
[a

= IFB 0167 14 16 0.88 0.77
E IFB 0212 13 16 0.82 0.80
Average 13.8 14.8 0.87 0.84

IFB 0231 16 16 0.68 0.85

= IFB 0236 16 13 0.64 0.50
‘—E IFB 0254 15 16 0.81 0.79
E IFB 0261 16 16 0.79 0.85
E[ 1FB 0265 15 16 0.2 0.04
Average 15.6 154 0.75 0.78

IFB 0124 10 16 0.86 0.71

IFB 0125 16 16 0.73 0.86

‘g IFB 0455 15 16 0.87 0.68
% IFB 0456 13 16 0.59 0.51
L IFB 0457 10 16 0.90 0.84
Average 12.8 16 0.79 0.72

D. solani IFB 0123 12 16 0.77 0.87
All D. solani * 13.9 144 0.80 0.77

D. dadantii 12 13 0.79 0.79

D. dianthicola 14 12 0.85 0.91

* All D. solani - comprises average value for 16 tested D. solani strains.

7.1.1.2 Pectinolytic activity of Dickeya spp. in different temperature conditions

Comparison of pectinolytic activity of D. dadantii, D. dianthicola and D. solani in different
temperature conditions

The impact of temperature and species was analyzed by two-way ANOVA analysis of

variance and it has been found that there is a combined influence of temperature and species
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on pectinolytic activity (F=23.488, p<0.005). As shown in Figure 11, there is no significant
difference in pectinolytic activity between D. dadantii and D. solani at 18 and 28 °C, but
there is a difference in pectinolytic activity at 37 °C for these two groups. The ability of
D. dianthicola strains to produce pectinolytic enzymes is significantly lower than those of
D. dadantii and D. solani at all of the three tested temperatures. What is more, D. solani
produces the most enzymes at 28 °C, while D. dadantii produces them at the same level at
both temperatures — 28 and 37 °C.

In conclusion: temperature and species have an impact on pectinolytic enzymes activity
level, and the activity of pectinases is the highest at 28 °C for all of the tested species, though
the activity of D. diathicola strains is significantly lower. All the tested species have an
ability to produce pectinolytic enzymes at 18, 28 and 37 °C, although D. dianthicola at 37 °C
has the lowest (close to zero) pectinolytic activity. D. solani IFB 0123 has the highest
pectinolytic enzymes activity at both 18 and 28 °C.
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Figure 11. Temperature influence on pectinolytic activity of D. dadantii, D. dianthicola and
D. solani Type Strain. Statistical analysis — two-way ANOVA (F=23.488, p<0.005), followed by
post hoc Tukey test. Bar height represents the mean value from 3 repetitions, the whiskers represent
the value of the standard error.

77

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0087/these.pdf
© [M. Golanowskal, [2015], INSA Lyon, tous droits réservés



Comparison of pectinolytic activity of Dickeya solani strains in different temperature
conditions

All of the tested D. solani strains produce pectinolytic enzymes at all three tested
temperatures. Polish strains seem to be the most similar to each other regarding pectinolytic
activity, while the strains from Finland and Israel seem to be more diverse at all temperatures.
The highest production of pectinolytic enzymes occurs at 28 °C and it is true for all tested
strains. At 18 °C, Finnish strain IFB 0231 and Israeli strain IFB 0456 have a distinguishingly
lower level of pectinolytic activity. The results are presented in Figure 12.

Polish strains have a similar pectinolytic activity at all tested temperatures. The activity of
those enzymes for Polish strains is the highest at 28 °Cand at 37 °C. Among Finnish strains,
one strain — IFB 0231 seems to be different from the other four strains tested. Its pectinolytic
activity is the lowest in all tested temperatures among Finnish strains.

At 37 °C, Finnish strains have a lower pectinolytic activity than at 28 °C, but similar to the
activity at 18 °C. Israeli strains are the most diverse group. At 18 °C, one strain IFB 0456 has
the lowest pectinolytic activity, while other strains are similar to each other. At 28 and 37 °C,
there are more differences between strains. IFB 0455 pectinolytic activity is the lowest at both
temperatures. At 37 °C, the Israeli strains show the most variance among the group. All
Israeli strains have a lower pectinolytic activity at 37 °C than at 28 °C.

In conclusion: Polish strains produce pectinolytic enzymes at all tested temperatures
similarly to each other, while Finnish and Israeli (especially Israeli) strains exhibit variance

between strains at different temperatures.
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Figure 12. Comparison of D. solani strains pectinolytic activity at three different temperatures — 18, 28 and 37 °C. Orange — D. solani Type Strain IFB
0123, green — Polish D. solani (IFB 0099, IFB 0100, IFB 0158, IFB 0167, IFB 0212), dark blue — Finnish D. solani (IFB 0231, IFB 0236, IFB 0254, IFB
0261, IFB 0265), brown — Israeli D. solani (IFB 0124, IFB 0125, IFB 0455, IFB 0456, IFB 0457). Bar height represents the mean value from 3 repetitions; the
whiskers represent the value of the standard error.
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Comparison of pectinolytic activity of D. solani strains of different origin

The impact of temperature and strain origin was analyzed by two-way ANOVA analysis of
variance and it was found that there is an influence of temperature and origin on pectinolytic
activity (F=3.927 p<0.005). As seen in the graph (Figure 13) the highest activity of the
pectinolytic enzymes is observed at 28 °C for all three groups, while Polish and Finnish
strains do not differ significanty from each other at this temperature. Israeli strains, at 28 °C,
differ significantly from Polish strains, but not from Finnish. They indicated lower
pectinolytic activity than Polish and Finnish strains at all tested temperatures.The pectinolytic
activity of Polish strains is the highest at all tested temperatures. The pectinolytic activity of
Polish strains is significantly different from Israeli strains at all temperatures but not from
Finnish strains. At 18 °C, Polish and Finnish strains produce pectinolytic enzymes at a similar
level, but significantly different than Israeli strains whose activity is lower. Finnish and Israeli

strains do not differ significantly in the pectinolytic activity at 28 °C.

In conclusion: temperature and strain origin have an impact on pectinolytic enzymes activity
level. Polish strains have the highest pectinolytic activity at all tested temperatures, while

Israeli strains show the lowest activity at all tested temperatures.
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Figure 13. Temperature influence on pectinolytic enzymes production of D. solani strains
coming from different climatic conditions. Blue — 18 °C, green — 28 °C, orange — 37 °C.Statistical
analysis — two-way ANOVA (F=3.927 p<0.005), followed by post hoc Tukey test. Bar height
represents the mean value from 3 repetitions, the whiskers represent the value of the standard error.
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7.1.1.3 Cellulolytic activity of Dickeya spp. in different temperature conditions

Cellulolytic activity of D. dadantii, D. dianthicola and D. solani in different temperature
conditions

The impact of temperature and species was analyzed by two-way ANOVA analysis of
variance and it has been found that there is an influence of temperature and species on
cellulolytic activity (F=13.623, p<0.001). D. dadantii and D. solani have the highest
cellulolytic activity at higher temperatures such as 28 and 37 °C and they do not differ
significantly at those temperatures. They also do not differ significantly at 18 °C in
cellulolytic enzymes activity, but this activity is the lowest for the strains of those species at
this temperature. The cellulolytic activity of D. dianthicola is at similar level at all tested
temperatures and at 28 and 37 °C it is significantly lower than those of D. dadantii and

D. solani.

In conclusion: temperature and species have an impact on cellulolytic enzymes activity, and

the activity of those enzymes is the highest at 28 and 37 °C for D. dadantii and D. solani.
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Figure 14. Temperature influence on cellulolytic activity of D. dadantii, D. dianthicola and D.
solani Type Strain. Blue — 18 °C, green — 28 °C, orange — 37 °C. Statistical analysis — two-way
ANOVA (F=13.623, p<0.001), followed by post hoc Tukey test. The height of the bars represents the
mean value from 3 repetitions; the whiskers represent the value of the standard error.
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Comparison of the cellulolytic activity of D. solani strains in different temperature
conditions

All the tested D. solani strains produce cellulases. In general, D. solani strains cellulolytic
activity is the lowest at 18 °C. At 18 °C, all strains from different climatic conditions and the
D. solani TS have a similar activity level. At 28 °C, the strains vary between each other.
Polish strains are most similar to each other at 28 °C. Again one of Finnish strains — IFB 0231
is different than the other four and its cellulolytic activity is the lowest. The cellulolytic
activity of the other four strains is similar to Polish strains. The strains from Israel exhibit the
opposite, four out of five tested Israeli strains show lower cellulases production than the rest
of D. solani strains at 28 °C, only one (IFB 0457) shows high cellulases activity level (similar
to strains from Poland and Finland). The D. solani TS indicates low cellulolytic activity in
comparison to strains: Finnish IFB 0231 and four Israeli strains — IFB 0124, IFB 0125, IFB
0455 and IFB 0456. At 37 °C, Polish strains cellulolytic activity is the most varied. Each
strain differs from another. At 37 °C, two of the Finnish strains (IFB 0231 and IFB 0236) have
a lower cellulolytic activity than the other three. At 37 °C, one Israeli strain (IFB 0457) again
has a higher cellulolytic activity than the other four.

In conclusion: D. solani strains have the highest cellulolytic activity at 28 °C. Again, Polish
strains are the most similar to each other while strains from Finland and Israel are more

diverse.
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Figure 15. Comparison of Dickeya spp. cellulolytic activity at three different temperatures. Orange — D. solani Type Strain IFB 0123, green — Polish D.
solani (IFB 0099, IFB 0100, IFB 0158, IFB 0167, IFB 0212), dark blue — Finnish D. solani (IFB 0231, IFB 0236, IFB 0254, IFB 0261, IFB 0265), brown —
Israeli D. solani (IFB 0124, IFB 0125, IFB 0455, IFB 0456, IFB 0457). Bar height represents the mean value from 3 repetitions; the whiskers represent the
value of the standard error.
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Comparison of cellulolytic activity of D. solani strains of different origin

The impact of temperature along with the strain origin was analyzed by two-way ANOVA
analysis of variance and it has been found that there is an influence of the temperature and
origin on cellulolytic activity of the tested groups (F=6.717, p<0.005). As seen in the graph
(Figure 16) the highest amount of the cellulolytic enzymes is produced at 28 °C by Polish
strains and it is significantly different from the Finnish and Israeli strains at this temperature.
Israeli strains, at 37 °C, differ significantly from Polish strains, but not from Finnish. The
amount of enzymes produced by Polish strains at 18 °C is comparable to the amount of
enzymes produced by Finnish and Israeli strains at 18 °C. At 18 °C, all of the groups produce
the least of cellulolytic enzymes. At 28 and 37 °C, Israeli strains produce similar amount of

cellulolytic enzymes.

In conclusion: temperature and strain origin have an impact on cellulolytic enzymes activity
level, and the activity of those enzymes is the highest at 28 °C for all of the tested species,
though it differs significantly between them. Polish strains have the highest cellulolytic
activity at both: 28 and 37 °C. The cellulolytic activity of Finnish and Israeli strains is

significantly lower than of Polish ones at 28 °C.
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Figure 16. Temperature influence on cellulolytic enzymes production of D. solani strains coming
from different climatic conditions. Blue — 18 °C, green — 28 °C, orange — 37 °C. Statistical analysis
— two-way ANOVA (F=13.623, p<0.001), followed by post hoc Tukey test.The height of the bars
represents the mean value from 3 repetitions, the whiskers represent the value of the standard error.
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7.1.1.4 Proteolytic activity of Dickeya spp. in different temperature conditions

Comparison of D. dadantii, D. dianthicola and D. solani proteolytic activity in different
temperature conditions

The impact of temperature and species was analyzed by two-way ANOVA analysis of
variance and it has been found that there is an influence of temperature and species on
proteolytic activity (F=221.045, p<0.001). As shown in Figure 17, D. solani IFB 0123 has a
significantly higher proteolytic activity at 18 and 28 °C than D. dadantii and D. dianthicola.
D. solani Type strain (IFB 0123) does not have proteolytic activity at 37 °C. The proteolytic
activity of D. dadantii is similar at both 28 and 37 °C. D. dianthicola has no proteolytic
activity at both 18 and 37 °C, while at 28 °C it is very low.

In conclusion: temperature and species have an impact on proteolytic enzymes activity level,
and the activity of those enzymes is the highest at 28 °C for all of the tested species, though it
differs significantly between them. D. solani has a higher proteolytic activity than D. dadantii
and D. dianthicola at both 18 and 28 °C.
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Figure 17. Temperature influence on proteolytic activity of D. dadantii, D. dianthicola and
D. solani Type Strain. Blue — 18 °C, green — 28 °C, orange — 37 °C. Statistical analysis — two-way
ANOVA (F=221.045, p<0.001), followed by post hoc Tukey test. The height of the bars represents the
mean value from 3 repetitions, the whiskers represent the value of the standard error.
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Comparison of proteolytic activity of D. solani strains in different temperature conditions

All the tested D. solani strains have proteolytic activity at 28 °C. The Polish strains again are
similar to each other in their proteolytic activity at both 18 and 28 °C. Finnish and Israeli
strains are again more diverse at 28 °C than Polish strains. Again, Finnish strain IFB 0231 has
the lowest enzymatic activity among Finnish strains at 28 °C. The rest of Finnish strains are
similar to Polish strains. Israeli strains are again the most diverse at 28 °C. Three strains (IFB
0124, IFB 0125 and IFB 0455) have a lower proteolytic activity, while two others (IFB 0456
and IFB 0457) have an activity similar to Polish strains at 28 °C. At 18 °C, not all of D. solani
strains have a proteolytic activity. Two out of 16 tested strains (Finnish strain IFB 0231 and
Israeli strain IFB 0125) have no proteolytic activity at 18 °C. One Polish strain (IFB 0158)
has a lower proteolytic activity than others. Also at 37 °C, not all strains possess proteolytic
activity. Only 6 out of 16 tested strains have proteolytic activity (3 Polish, 1 Finnish and
2 lsraeli), but this activity is much lower than at 28 °C for the same strains. What is
interesting, D. solani "> (IFB 0123) has the highest proteolytic activity at both 18 and 28 °C.

In conclusion: D. solani produces proteolytic enzymes, but this activity is varied among the

strains and temperatures.
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Figure 18. Comparison of Dickeya spp. proteolytic activity at three different temperatures. Orange — D. solani Type Strain IFB 0123, green — Polish D.
solani (IFB 0099, IFB 0100, IFB 0158, IFB 0167, IFB 0212), dark blue — Finnish D. solani (IFB 0231, IFB 0236, IFB 0254, IFB 0261, IFB 0265), brown —
Israeli D. solani (IFB 0124, IFB 0125, IFB 0455, IFB 0456, IFB 0457). Bar height represents the mean value from 3 repetitions; the whiskers represent the
value of the standard error.
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Comparison of proteolytic activity of D. solani strains of different orgin

The impact of temperature and strain origin was analyzed by two-way ANOVA analysis of
variance and it has been found that there is an influence of temperature and origin of strain on
proteolytic activity (F=5.422, p<0.001). Polish D. solani strains have the highest proteolytic
activities at 28 °C and they are significantly higher than Finnish and Israeli strains. At this
temperature though, there is no significant difference between Finnish and Israeli strains.
Polish strains produce proteases at 18 °C at a similar level as Finnish and Israeli strains at 28
°C. What is more, the level of enzymes produced by Polish strains at 18 °C is also similar to
the enzymes amount produced by Finnish strains at the same temperature, but different from

Israeli strains.

In conclusion: temperature and species origin have an impact on proteolytic enzymes activity
level, and the activity of those enzymes is the highest at 28 °C for all of the tested species,
though it differs significantly between them. Again, Polish strains have the highest enzymatic
activity at both 18 and 28 °C.
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Figure 19. Temperature influence on proteolytic enzymes production of D. solani strains coming
from different climatic conditions. Blue — 18 °C, green — 28 °C, orange — 37 °C. Statistical analysis
— two-way ANOVA (F=13.623, p<0.001), followed by post hoc Tukey test. Bar height represents the
mean value from 3 repetitions; the whiskers represent the value of the standard error.
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7.1.1.5 Ability to chelate iron ions by Dickeya spp. in different temperature
conditions

Comparison of ability to chelate iron ions by D. dadantii, D. dianthicola and D. solani in
different temperature conditions

The impact of temperature and species was analyzed by two-way ANOVA analysis of
variance and it has been found that there is an influence of temperature and species on the
ability to chelate iron (F=14.077, p<0.001). As shown in Figure 20, the highest ability to
chelate iron ions possesses D. dadantii at 37 °C. At the same time, only D. dadantii is able to
chelate iron ions at 37 °C. At 28 °C, strains of all of tested species have an ability to chelate
iron ions and they do not differ significantly from each other. The same is at 18 °C. Moreover
the analysis did not show any significant difference in the ability to chelate iron for

D. dianthicola and D. solani"™ at temperatures 18 and 28 °C.

In conclusion: temperature and species have an impact on the ability to chelate iron ions. D.
dadantii has the best ability to chelate iron ions at 37 °C, while D. dianthicola and D. solani
do not possess this ability at this temperature. At the same time those species do not differ in

the ability to chelate iron ions at the other two temperatures (18 and 28 °C).
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Figure 20. Temperature influence on ability to chelate iron ions of D. dadantii, D. dianthicola and
D. solani Type Strain. Blue — 18 °C, green — 28 °C, orange — 37 °C. Statistical analysis — two-way
ANOVA (F=14.077, p<0.001) followed by post hoc Tukey test. Bar height represents the mean value
from 3 repetitions, the whiskers represent the value of the standard error.
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Comparison of D. solani strains ability to chelate iron ions in different temperature
conditions

All of the tested strains are able to chelate iron ions at 28 °C, but not at 18 or 37 °C. Among
16 tested strains of D. solani, two of them do not chelate iron ions at 18 °C (Polish strain IFB
0167 and Israeli strain IFB 0125) and three of them at 37 °C (including Type Strain — IFB
0123, Finnish strain IFB 0236 and Israeli strain IFB 0456). From Finnish D. solani group one
strain (IFB 0236) has a better ability to chelate iron at 18 and 28 °C, but does not chelate iron
ions at 37 °C. The rest of Finnish strains chelate iron ions at the same level at both
temperatures 28 and 37 °C. Type Strain of D. solani exhibits a similar ability to chelate iron
ions at 18 and 28 °C as Polish and Finnish strains. Polish and Finnish strains (besides Finnish
strain IFB 0236) are similar to each other in the ability to chelate iron ions at both
temperatures: 18 and 28 °C. Israeli strains are the most varied at 28 °C.

In conclusion: D. solani strains are able to chelate iron ions best at 28 °C and strains from
Poland and Finland are similar to each other, while strains from Israel present higher

viariability.
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Figure 21. Comparison of Dickeya spp. iron chelating ability at three different temperatures. Orange — D. solani Type Strain IFB 0123, green — Polish
D. solani (IFB 0099, IFB 0100, IFB 0158, IFB 0167, IFB 0212), dark blue — Finnish D. solani (IFB 0231, IFB 0236, IFB 0254, IFB 0261, IFB 0265), brown —
Israeli D. solani (IFB 0124, IFB 0125, IFB 0455, IFB 0456, IFB 0457). Bar height represents the mean value from 3 repetitions; the whiskers represent the
value of the standard error.
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Comparison of ability to chelate iron ions by D. solani strains of different origin

The impact of temperature and strain origin was analyzed by two-way ANOVA (and it has
been found that there is an influence of temperature and origin of strain on the ability to
chelate iron ions by D. solani groups originating from different climats (F=5.422, p<0.001).
As shown in Figure 22, Israeli strains have a higher ability to chelate iron ions at 28 °C than
Finnish and Polish. The activity at 28 °C differs significantly between Israeli and Polish
strains, but not between Israeli and Finnish strains. Polish and Finnish strains have a similar
ability to chelate iron ions at both temperatures 28 and 37 °C, and at 37 °C it is a higher
activity than the activity of Israeli strains.

In conclusion: there is an impact of temperature and origin on the ability to chelate iron ions
by D. solani. Israeli strains have the highest ability to chelate iron ions at 28 °C, but much
lower at 18 and 37 °C. Polish and Finnish strains have a similar ability to chelate iron ions at
28 and 37 °C.
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Figure 22. Temperature influence on ability to chelate iron ions of D. solani strains coming from
different climatic conditions.Blue — 18 °C, green — 28 °C, orange — 37 °C. Statistical analysis — two-
way ANOVA (F=13.623, p<0.001), followed by post hoc Tukey test. Bar height represents the mean
value from 3 repetitions, the whiskers represent the value of the standard error.
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7.1.1.6 Temperature influence on D. solani strains motility

Two kinds of motility were studied. Swimming and swarming motility are the types of
movement typical of bacteria with flagella and they play a role in surface colonization. Both
of the traits were tested in two kinds of media with a lowered amount of agar (Methods 6.3.5).

Comparison of swimming ability of D. dadantii, D. dianthicola and D. solani in different
temperature conditions

The statistical analysis of temperature and species influence on swimming ability did not
confirm any significance, so there is no joint impact of temperature and species on swimming
motility (F=1.11, p> 0.001). But the analysis has shown a significant impact of temperature
itself on the swimming motility of the tested strains. For example, the colony diameter at 18,
28 and 37 °C for D. solani was 6, 12 and 5 mm, respectively. All strains indicate the best
swimming ability at 28 °C. There is a great difference between the colonized area by the
tested groups at 18 and 28 °C. The swimming ability of D. dadantii is similar at 28 and 37 °C.
D. dianthicola and D. solani have a better ability to swim at 28 °C than at 18 or 37 °C.
In conclusion: there is no joint impact of temperature and species on the swiming ability of
the tested species. But there is a significant influence of the temperature. All tested species
have the best swimming ability at 28 °C.
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Figure 23. Temperature influence on swimming motility of D. dadantii, D. dianthicola and D.
solani Type Strain. Blue — 18 °C, green — 28 °C, orange — 37 °C. Bar height represents the mean
value from 3 repetitions, the whiskers represent the value of the standard error.
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Comparison of swimming ability of D.solani strains in different temperature conditions

Fourteen out of 16 tested D. solani strains indicate the highest swimming ability at 28 °C.
Two other strains (both from Israel, IFB 0124 and IFB 0125) indicated a very low swimming
ability at all tested temperatures. The ability to move is low and similar for all tested strains at
both temperatures 18 and 37 °C, but the Israeli strains seem to move less than Polish or
Finnish. Polish and Finnish strains are also similar to each other at 28 °C and they have a

better swimming ability than strains from Israel.

In conclusion: Polish and Finnish strains have the best swimming ability among the tested
strains at 28 °C.

Comparison of swimming ability of D. solani strains in different temperature conditions

The impact of temperature and the origin of D. solani strains was analyzed by two-way
ANOVA. The result is that there is an impact of both traits on the swimming ability of those
groups (F=24.62, p<0.001). In the graph (Figure 25) it is clearly presented that Polish and
Finish strains have a better ability to swim at 28 °C than Israeli strains, and the difference is
significant. What is more, there is no significant difference between the ability to move at 18
and 37 °C for both groups — strains from Poland and from Finland. Israeli strains have the
lowest ability of swimming at every tested temperature and not only do they differ
significantly at 28 °C, but also at 18 and 37 °C.

In conclusion: there is an impact of temperature and strain origin on the swimming ability of
D. solani. Strains originating from Poland and Finland have a greater swimming motility than

Israeli strains at 28 °C. At 18 and 37 °C all strains have a similar swimming ability.
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Figure 24. Comparison of Dickeya spp. swimming ability at three different temperatures. Orange — D. solani Type Strain IFB 0123, green — Polish D.
solani (IFB 0099, IFB 0100, IFB 0158, IFB 0167, IFB 0212), dark blue — Finnish D. solani (IFB 0231, IFB 0236, IFB 0254, IFB 0261, IFB 0265), brown —
Israeli D. solani (IFB 0124, IFB 0125, IFB 0455, IFB 0456, IFB 0457). Bar height represents the mean value from 3 repetitions; the whiskers represent the
value of the standard error.
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Figure 25. Temperature influence on swimming motility of D. solani strains coming from
different climatic conditions. Blue — 18 °C, green — 28 °C, orange — 37 °C. Statistical analysis —
two-way ANOVA (F=24.62, p<0.001), followed by post hoc Tukey test. Bar height represents the
mean value from 3 repetitions, the whiskers represent the value of the standard error.

Comparison of swarming ability of D. dadantii, D. dianthicola and D. solani in different
temperature conditions

The statistical analysis of temperature and species influence on swimming ability did not
confirm any significance so there is no joint impact of temperature and species on swimming
motility(F=1.74 , p> 0.001). But the analysis revealed the impact of the species. As shown in
the graph (Figure 26), D. solani swarms better than D. dadantii and D. dianthicola at all
tested temperatures, and swarming movement for D. solani is similar at all tested
temperatures. D. dadantii move similarly to D. dianthicola at all tested temperatures and there

is no difference in surface colonization between temperatures for those species.

In conclusion: there is no joint impact of the temperature and species, but the only
significance is observed for species. D. solani has a better swarming ability than D. dadantii
and D. dianthicola.

96

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0087/these.pdf
© [M. Golanowskal, [2015], INSA Lyon, tous droits réservés



8 T i[ ]
s | +
E
E
=z 4 +
N I e
z e =]
2
1 -
a - 12 c
D. dadantii D. dignthicola D. solani IFB 0123 a5 i
O=7=c
Species

Figure 26. Temperature influence on swarming motility of D. dadantii, D. dianthicola and D.
solani Type Strain. Blue — 18 °C, green — 28 °C, orange — 37 °C. Bar height represents the mean
value from 3 repetitions, the whiskers represent the value of the standard error.

Comparison of swarming ability of D. solani strains in different temperature conditions

When looking closely at the swarming ability of all tested strains, it is not possible to
distinguish big differences between strains, exluding D. solani’ (IFB 0123), which seems to
have a better ability to swarm at all tested temperatures. One strain of D. solani from Finland
(IFB 0236) colonizes the surface better than other D. solani strains (similarly to Type Strain)
at 18 °C but not at two higher temperatures. All tested D. solani strains (besides the Type
Strain IFB 0123) are similar to each other in their swarming motility, regardless of the

temperature.
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Figure 27. Comparison of Dickeya spp. swarming ability at three different temperatures. Orange — D. solani Type Strain IFB 0123, green — Polish D.
solani (IFB 0099, IFB 0100, IFB 0158, IFB 0167, IFB 0212), dark blue — Finnish D. solani (IFB 0231, IFB 0236, IFB 0254, IFB 0261, IFB 0265), brown —
Israeli D. solani (IFB 0124, IFB 0125, IFB 0455, IFB 0456, IFB 0457). Bar height represents the mean value from 3 repetitions; the whiskers represent the
value of the standard error.
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Comparison of swarming ability of D. solani strains from different origin

The statistical analysis of the impact of temperature and strain origin revealed that there is a
joint impact of temperature and strain origin on the swarming ability of D. solani strains
(F=5.62, p<0.001). There, significant differences are observed even though the values of
colonies diameter are not highly diversified. The Polish and Finnish strains swarm similarly to
each other at 28 °C, but significantly differently than Israeli strains at this temperature. The

differences are not significant among strains at 18 and 37 °C.
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Figure 28. Temperature influence on the swimming motility of D. solani strains coming from
different climatic conditions. Blue — 18 °C, green — 28 °C, orange — 37 °C. Statistical analysis — two-
way ANOVA (F=13.623, p<0.001), followed by post hoc Tukey test.Bar height represents the mean
value from 3 repetitions; the whiskers represent the value of the standard error.

7.1.2 Analyses of the total pectate lyase activity of D. solani strains from different
climatic conditions

To establish the total pectate lyases activity quanitatively by spectrophotometric method one
temperature was selected. It was chosen on the basis of the results obtained in the plate tests.
As D. solani has the highest pectinases activity at 28 °C, this temperature was selected to
perform quantitative measurements. The total pectate lyases activity was tested under non-
induced (in M63 Y minimal medium, Materials 5.5.4) as well as in induced conditions (M63
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Y supplemented with 0.2 % PGA, Materials 5.5.5). The total pectate lyases activity of D.
solani strains originating from different climatic conditions was compared to D. solani Type
Strain IFB 0123.

Groups of D. solani strains were analyzed statistically by two-way ANOVA (for the impact of
conditions applied and the origin of the strain). The analysis revealed that there is an impact
of both traits on pectate lyases activity (F=14.07, p<0.001). There is a significant difference
between non-induced and induced conditions for all tested D. solani groups. It is shown in the
graph (Figure 29) that all of the tested groups have a higher pectate lyases activity in induced
conditions than in non-induced conditions, which is expressed in the value of induction ratio
(Table 12). Polish strains have the highest pectate lyases activities in both non-induced and
induced conditions. Because Polish strains have a significantly higher activity in non-induced
conditions, the induction ratio for those strains is the lowest (even though they also have the
highest pectate lyases activity in induced conditions, Figure 29, Table 12). Strains from
Poland, Finland and Israel differ significantly in pectate lyases activity in induced conditions.
Polish strains have the highest total pectate lyases activity while Israeli strains have the

lowest.
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Figure 29. Average total pectate lyases activity of D. solani groups in comparison to type strain,
induced and non-induced conditions. White — non-induced conditions, grey — induced conditions.
The statistical analysis was two-way ANOVA (F=14.07, p<0.001), followed by post hoc Tuckey test.
Bar height represents the mean value from 3 repetitions, the whiskers represent the value of standard
error.
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Table 12. Induction ratio of the total pectate lysases activity for D. solani strains from different
climatic conditions in comparison to the Type Strain. The highest values are highlighted in orange.

Average specific Average specific
D. solani strains pectinolytic activity for | pectinolytic activity for | Induction ratio
non-induced conditions induced conditions
Poland
(average for 5 strains) S L 6.20
Finland
(average for 5 strains) 0.74 1232 e
Israel
(average for 5 strains) 0.51 5.52 10.91
Type Strain IFB 0123 0.56 17.31 30.76

When taking a closer look at strains in both tested conditions separately, it is observed that
strains among groups differ meaningfully (Figure 30). D. solani strains from different climatic
conditions were compared to the Type Strain (IFB 0123). In non-induced conditions two of
Polish D. solani strains (IFB 0099 and IFB 0100) have approx. 3 times higher pectate lyases
activity than other tested strains. In induced conditions Polish D. solani strains have on
average the highest pectate lyases activity (one strain only has 2 times lower activity among
the group, IFB 0158). The Finnish strains in induced conditions are more diverse, two strains
have high (and comparable activity to Polish D. solani strains, IFB 0236 and IFB 0261), two
of them have intermediate activity (IFB 0254 and IFB 0265) and one has very low activity in
induced conditions (IFB 0231). But, what is very interesting, four out of five Israeli strains
have very low pectate lyases activity in induced conditions (IFB 0124, IFB 0125, IFB 0455
and IFB 0456) and only one strain (IFB 0457) has an activity on the level comparable to

Polish D. solani strains.

In conclusion: Polish strains have the highest total pectate lyases activity in both tested

conditions.
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Figure 30. Average total pectate lyases activity of D. solani strains in comparison to Type Strain (IFB 0123). Orange — D. solani Type Strain IFB 0123,
green — Polish D. solani (IFB 0099, IFB 0100, IFB 0158, IFB 0167, IFB 0212), dark blue — Finnish D. solani (IFB 0231, IFB 0236, IFB 0254, IFB 0261, IFB
0265), brown — Israeli D. solani (IFB 0124, IFB 0125, IFB 0455, IFB 0456, IFB 0457). Bar height represents the mean value from 3 repetitions; the whiskers
represent the value of the standard error.
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7.1.3 Comparison of the maceration ability of D. solani strains from different
climatic conditions

To test the maceration ability of the D. solani strains originating from different climatic
conditions, the temperature of 28 °C and 3 different levels of inoculum (10° 10° and 10’
CFU/ml) were chosen. The groups of strains were analyzed statistically by two-way ANOVA
to establish if there is a joint impact of inoculums level and species origin on potato tissue
maceration ability. The groups of strains originating from different climatic conditions were
tested in comparison to the D. solani Type Strain IFB 0123. Statistical analysis did not show
the joint impact of inoculums level and species origin (F=1.98, p>0.001), but differences
among the tested groups were observed. Strains from Poland have the best ability to macerate
potato tissue at all tested inoculums levels (Figure 31). Israeli strains have the lowest ability to

macerate potato.
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Figure 31. Maceration ability of D. solani strains from different climatic conditions at the
different inoculum levels. White— inoculum 10° green — inoculum 10° and blue — inoculum 10’
CFU/ml. Bar height represents the mean value from 2 repetitions, the whiskers represent the value of
standard error.
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Differences in the ability to macerate potato tissue between groups were observed at 10° and
10°CFU/mI inoculum level. Inoculum of 10°CFU/mI could not distinguish the difference
between groups of Finnish and Israeli strains. Strains from Finland generally have a moderate
ability to macerate potato, and Israeli strains macerate potato tissue less efficiently than other

strains of D. solani at all tested inoculum levels.

In conclusion: Polish strains of D. solani have a better potato maceration ability than the

strains from other tested groups.

In Figure 32 is presented the ability to macerate potato tubers for single strains. Polish strains
again seem to be the most homogenous group and all of the strains have similar ability to
macerate potato tissue at all tested inoculums levels. Finnish and Israeli strains are more
diverse than Polish strains. One of the Finnish strains (IFB 0231) has a much lower ability to
macerate potato than other Finish strains at all tested levels of inoculum.Two Israeli strains
(IFB 0125 and IFB 0455) exhibit a lower ability of potato maceration at inoculums levels 10°
and 10’ CFU/ml. In general, Israeli strains have a lower ability to macerate potato than Polish

strains.

In conclusion: Polish strains have a better ability to macerate potato tissue at all tested

inoculums levels than Finnish or Israeli strains.
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Figure 32. Maceration ability of D. solani strains from different climatic conditions at different inoculum levels. Orange — D. solani Type Strain IFB
0123, green — Polish D. solani (IFB 0099, IFB 0100, IFB 0158, IFB 0167, IFB 0212), dark blue — Finnish D. solani (IFB 0231, IFB 0236, IFB 0254, IFB
0261, IFB 0265), brown — Israeli D. solani (IFB 0124, IFB 0125, IFB 0455, IFB 0456, IFB 0457). Bar height represents the mean value from 2 repetitions; the
whiskers represent the value of the standard error.
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7.1.4 Summary on Dickeya spp. phenotypic traits

A summary on phenotypic traits of the tested Dickeya spp. strains exhibited at three

different temperatures is presented in Table 13.

In general, D. solani strains have higher pectinolytic, cellulolytic and proteolytic activities at
18 and 28 °C than D. dadantii and D. dianthicola strains. At 37 °C D. dadantii strains have
the highest pectinolytic and proteolytic activity, while D. solani strains have the highest
cellulolytic activity. Strains of D. solani also have a higher total pectate lyses activity in
induced conditions than D. dianthicola. In general, D. dianthicola has the lowest pectinolytic,

cellulolytic and proteolytic activities at all tested temperatures.

Among the tested D. solani originating from different climatic conditions, Polish strains have
the highest pectinolytic, cellulolytic and proteolytic activity at all tested temperatures. They
also have a higher total pectate lyses activity in induced conditions than Finnish and Israeli
strains. The highest activity of the PCWDE presented by D. solani strains isolated in Poland

can explain their highest ability to macerate potato tubers tissue.

To answer the question which factor that determines phenotypic traits expression is more
important in the production of PCWDE, the coefficients of determination were compared. It
was estimated that for enzymatic activities such as pectinases, proteases as well as the ability
to chelate iron ions and swarming ability, the species from which strains originate has the
higher impact than the temperature. The strains of D. solani indicated the highest activities of
the mentioned features. In the case of pectinases production, the species impact can explain
69 % of the variation, similarly for swarming 71 %. For proteases species effect explains 52
% of variability and for iron chelating ability 23 %. On the other hand, the influence of the
temperature explains only 15 % of the pectinolytic activity variability and only 1 % of
proteases and the ability to chelate iron ions. Only for cellulases activity the temperature has a
higher impact in comparison to the species from which the strains originate, temperature
explains 34 % of variability, while species only 25 %.

As regards the origin of the strains (from which climates the D. solani strains were isolated),
the temperature has a higher impact on the exhibited traits (pectinolytic, cellulolytic,

proteolytic activities as well as motility and ability to chelate iron ions) than the origin itself.

As regards the ability to macerate potato tissue, the origin of the strains plays a more

important role than the inoculums level (21 % and 1 % respectively).
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The effect of the origin on total pectinolytic activity in induced conditions explains 30 % of

the variability.

In conclusion: the species has a higher impact on the strains phenotypic features than the
temperature of incubation, however the impact of temperature on the tested traits is

significant.

The origin of the strains has a lower impact on phenotypic features than the temperature of

their incubation.
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Table 13. Summary on phenotypic traits of tested Dickeya spp. strains. Pl — pectinolytic activity (qualitative), Cel — cellulolytic activity (qualitative), Prt —
proteolytic activity (qualitative), Total Pl — total pectate lyases activity (quantitative), Mac — maceration. Value of the standard error is given in the brackets.
nd — not determined.* activity expressed in units: [umol/min'mg]. Orange — the highest values, blue — the lowest values.
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18 °C 28 °C 37°C
Pl Cel Prt Total | Mac Pl Cel Prt Total Mac Pl Cel Prt Total | Mac
[mm] | [mm] | [mm] Pl | [mm]][mm]|[mm]| [mm] Pl 10° | [mm] | [mm] | [mm] Pl | [mm]
* [mm]
817 | 2.17 | 4.67 12.00| 467 | 850 | 17.30 | 19.35 | 6.80 | 3.67
D. solani™ nd nd 0,00 nd nd
(£0.17) | (0.17) | (0.21) (£0.26) | (£0.21) | (£0.22) | (£3.16) | (#0.77) | (x0.31) | (0.21)
D. solani 807 | 290 | 202 11.40| 827 | 507 | 19.28 | 2066 | 10.73 | 6.47 | 0.97
Poland nd nd nd nd
(5 strains) (£0.21) | (0.11) | (x0.19) (£0.27) | (0.20) | (0.17) | (£1.22) | (20.51) | (0.22) | (+0.34) | (20.26)
D. solani 763 | 273 | 241 1083 | 687 | 383 | 12.32 | 16.48 | 850 | 533 | 0.03
Finland nd | nd nd | nd
+ + + + + +
(5 strains) (£0.34) | (£0.12) | (20.25) (£0.40) | (£0.37) | (£0.30) | (¥1.12) | (+0.65) | (£0.33) | (+0.39) | (+0.03)
D. solani 520 | 1.93 | 1.28 9.57 | 430 | 2.80 5,52 | 13.66 | 0.65 | 4.23 0.53
Israel nd nd nd nd
+ + + + + + + + + + +
(5 strains) (£0.36) | (0.16) | (0.20) (£0.29) | (+0.43) | (+0.39) | (£1.30) | (+0.47) | (£0.53) | (+0.36) | (0.19)
D. solani 7.14 | 250 | 2.34 10.85| 6.36 | 4.19 | 12.68 | 17.07 | 860 | 5.24 0.48
Mean value for nd nd nd nd
. (£0.23) | (0.08) | (0.15) (£0.18) | (0.25) | (¢0.22) | (#0.82) | (¢0.34) | (+0.26) | (¢0.22) | (0.26)
16 strains
D. dadantii 6.17 | .17 | 1.29 o o 1092 | 3.92 | 3.17 | 11.66 - 10.08 | 4.42 3.00 o o
(Zstrains) [ 4024y | @0.42)| (20.12) (£0.23) | (+0.40) | (+0.11) | (£2.60) (#0.23) | (£0.15) | (£0.25)
D. dianthicola | 1.94 | 1.44 456 | 211 | 022 | o0.01 017 | 222
anthicota 000 | nd | nd nd 000 | nd | nd
(3strains)  [(+0.37)| (x0.17) (£0.49) | (£0.18) | (20.15) | (£0.003) (£0.11) | (£0.15)
108




7.1.5 Molecular profiling of D. solani strains from different climatic conditions

Two molecular profiling techniques: rep-PCR and RFLP-PFGE were used to indicate
differences in genomic material of Polish, Finnish and Israeli strains that could be responsible
for different phenotypes of the tested strains. Fingerprinting with rep-PCR method is a
common method applied to present differences between closely related species and strains of
bacteria on the basis of dispersed repetitive DNA sequences distribution (such as Repetitive
Extragenic Palindromes — REP, Enterobacterial Repetitive Intergenic Consensus sequences —
ERIC and BOX). RFLP-PFGE is a gold strandard method for discriminating molecular
profiles of closely related microorganisms. The profiles were visually evaluated. In Figures
33-36, the molecular profiles obtained on the basis of rep-PCR and RFLP-PFGE are
presented. The observed genomic profiles of all tested D. solani strains are the same
regardless of the profiling method used. Profiles of D. solani from Poland, Finland and Israel
have the same molecular pattern as D. solani'>. At the same time they do differ from the
profiles of D. dadantii (strains IFB 0010 and IFB0016) and D. dianthicola (strains IFB 0103
and IFB 0157). In Figure 36, the profile of D. solani' is not presented, but profile identities
ofD. solani"™, D. solani IFB 0099 and IFB 0158, as well as 34 other Finnish strains were

shown earlier (Degefu et al. 2013).
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Figure 33. Molecular profiles of Dickeya spp. obtained by REP-PCR.M — marker 1 kb from
Fermentas, NC — negative control — water.
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Figure 36. Molecular profiles of Dickeya spp. by PFGE. M — marker — Salmonella enterica serovar
Braenderup ATCC H9812.

The purpose of genetic fingerprinting is to evaluate the relative degrees of similarity and
evaluate if strains are clonally related. All of the tested D. solani strains have the same REP,
ERIC and BOX profiles as well as PFGE profile. This can indicate that D. solani strains are
related to each other and their genomic structure is highly similar. The conclusion is that D.
solani strains even though originating from different geographic and climatic regions are very
closely related and phenotypedifferences between the tested D. solani strains cannot be

explained by their genomes diversity.
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7.2 Influence of potato tissue extract on the total pectynolytic activity of
D. solani strains and expression of genes important for the diseases
symptoms development

The aim of this part of study was to check the influence of potato tissue extract on pectinolytic
activity of D. solani strains and to find the plant tissue compound/s that induces pectinolytic

activity, important for disease symptoms development.

Firstly, the impact of potato tuber extract on total the pectate lyases activity was tested on D.
solani IFB 0099 and the D. solani'™ (IFB 0123), (Figure 37. Induction of total pectate lyases
activity of D. solani strains by PGA). The pectinolytic activity was measured for each strain
growing under 4 different conditions (minimal medium M63 Y — non-inducing conditions;
M63 Y supplemented with 2 % PGA - inducing conditions; M63 Y supplemented with 1%
potato tuber extract (PE) and M63 Y supplemented by both — 2 % PGA and 1 % PE). The

total pectinolytic activity was measured spectrophotometrically (Methods 6.6.15).

The results show that the total pectate lyses activity in both tested D. solani strains is highly
induced by PGA (on average 11 fold, Table 14). The induction of total pectate lyases activity
of D. solani IFB 0099 and IFB 0123 strains by PE was 3 to 4 times lower than its induction
by PGA. The pectate lyases activity was induced by PE only about 3 fold. For D. solani IFB
0123 the induction ratio for PE was about 2 fold higher than for D. solani IFB 0099, but still 3
times lower that those obtained with PGA.
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Figure 37. Induction of total pectate lyases activity of D. solani strains by PGA, PE and PGA
with PE. Bar height represents the mean value from 3 repetitions; the whiskers represent the value of
the standard deviation.

In conditions where the medium was supplemented by both: PGA and potato tuber extract, the
pectate lyases activity was the highest for both tested strains, but differences were not
significant in comparison to the level of PGA induction.The induction ratios for all tested

conditions are presented in Table 14.

Table 14.Comparison of the induction ratios of pectinolytic activity for D. solani strains
incubated in different conditions.

Induction ratio | M63 Y 0.2 % PGA M63Y 1% PE M63Y 0.2 % PGA 1 % PE
D. solani 9.70 1.72 12.08
IFB 0099
D. solani 12.59 431 15.54
IFB 0123

Since the results of the total pectate lyses activity induction by crude plant extract were not
satisfying, a different approach to studying the influence of potato extract was applied. It was
decided to perform site-specific mutagenesis in selected genes to check if the expression of
these genes is induced with potato extract. The genes for mutagenesis were chosen on the
basis of literature that implicated an induction impact of plant tissue on bacterial gene

expression. Finally, for the mutagenesis, the following genes from three groups were chosen.
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The first group was represented by two genes encoding pectinolytic enzymes (main virulence
factors), one of them being a representative of the main and the other of the secondary pectate
lyases, pelD and pelL, respectively (Berteau et al.1984, Lojkowska et al. 1995). The second
group was represented by one of the T6SS structural genes — tssK (Mattinen et al., 2008;
synonymous name in D. dadanti 3937 —impJ). And the third gene IfaA is an element under

control of Lacl family regulator (Van Gijsegem et al. 2008).

For studying the expression of the selected genes, the site-specific mutagenesis was applied,
by introducing the cassette of the reporter gene — B-glucuronidase (GUS, uidA) and the gene
encoding resistance against chloramphenicol (cm®) or kanamycin (kan®) into the gene of
interest. When the reporter gene is expressed in the tested conditions (e.g. induction of
expression by PGA or PE) the enzyme GUS is produced and its activity is measured
spectrophotometically (Methods 6.6.16.).

Firstly, the PCR product of the gene of interest was cloned into the p-GEM plasmid. After the
restriction digestion of the plasmid, the cassette with GUS and the antibiotic resistance genes
were inserted into the gene of interest and the plasmid was introduced into the cells of E. coli
NM 522 by transformation and multiplied. The presence and orientation of the obtained
product was checked after plasmid isolation and its restriction enzyme analysis. Later, the
constructed plasmid was introduced by electroporation to D. dadantii3937. Then on the basis
of homological recombination, the cassette was built-in to D. dadantii3937 genome. After
obtaining the mutant in D. dadantii3937, the @EC2 phage stock was prepared. D. solani
mutants were obtained by the means of transduction with the use of @EC2 DNA containing
the gene of interest with the GUS cassette. The same procedure to obtain mutants in pelD,
pell, tssK and IfaA genes was performed. All the obtained transductants were confirmed by
PCR regarding the presence of the cassete and on selective media (M63 Y PGA, M63 Y
CMC, milk agar) for evaluating their phenotypical properties. Below, the results of the study
of the potato tuber extract influence on selected genes expression are presented.

The above described part of the study was conducted in a laboratory of my co-supervisor Dr.
Nicole Hugouvieux-Cotte-Pattat (MAP, INSA Lyon), because of her expertise in the work
with Dickeya dadantii 3937 and the collection of D. dadantii 3937 mutants available in her

laboratory.
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7.2.1 Influence of potato tuber extract on the expression of gene encoding pelD
gene, the main pectate lyase

Pectate lyases are the most important pathogenicity factors for Dickeya species. The
knowledge how pectinolysis is regulated and induced in D. solani is poor. We only possess
knowledge of how 3 main regulators of pectinolysis (KdgR, PecS and PecT) act in D. solani
in cells induced by PGA, there is no information about the influence of potato plant extract on
the expression of the pectinolytic enzymes genes. The main pectate lyases in D. dadantii are
known to be uninfluenced by crude potato tuber extract, but the goal of my work was to check
if it is also true for D. solani. The induction of the expression of D. solani genes coding for
the main pectate lyases by crude potato tuber extract can explain why D. solani has a higher
pectinolytic activity than D. dianthicola. For manipulation, pelD, one of the main pectate
lyases genes, was chosen. The existence of the pelD gene in D. solani genome was confirmed
by local Blast implemented in BioEdit software. The sequence of pelD gene of D. dadantii
3937 was aligned to the genomic sequence of the D. solani IFB 0123. The fished out

sequence was the same length as in D. dadantii 3937 and showed 89 % of identity.

GUS activity was evaluated for each mutant in three different media: M63 Y (non- induced
conditions); M63 Y supplemented with 0.2 % PGA (induced conditions) and M63 Y

supplemented with 1 % PE (induced conditions).
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Figure 38. The influence of the PGA and PE on pelD gene expression in D. dadantii and D.
solanicells.Bar height represents the mean value from 3 repetitions; the whiskers represent the value
of the standard deviation.

Table 15. The induction ratio of pelD gene expression in D. dadantii and D. solani mutants
growing in a medium supplemented with PGA or PE.

Induction ratio: M63Y 0.29%PGA M63Y 1%PE
D. dadantii 3937 pelD::uidA Cm~ 20.33 0.37
D.solani 99 pelD::uidA Cm~® 13.74 0.25
D. solani 123 pelD::uidA Cm~® 5.75 0.24

The results indicated the induction of pelD by PGA. The gene expression of pelD for
D. dadantii 3937 was induced 20 times, for D. solani IFB 0099 almost 14 times and for D.
solani IFB 0123 only almost 6 times (Table 15).

There is no inducing impact of the potato tuber extract on pelD gene expression both for

D. dadantii and for D. solani (Figure 38, Table 15).
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7.2.2 Influence of potato tuber extract on secondary pectate lyase pelL gene
expression in vitro

The secondary pectate lyases play a role in the tuber tissue maceration by D. dadantii 3937
and according to our knowledge its activity is especially important in the first phase of
infection. It can be induced by plant extract (Lojkowska et al., 1995). For mutagenesis gene
pelL was chosen. The presence of the gene in D. solani genome was confirmed by local Blast
implemented in BioEdit software. The sequence of pelL gene of D. dadantii 3937 was aligned
to the genomic sequence of the D. solani Type Strain IFB 0123 (IPO 2222). The fished out
sequence was the same length as in D. dadantii 3937 and showed 92 % of identity. A few
attempts for obtaining the mutants in D. solani strain IFB 0099 were performed, but none of
them was succesful. That is why the results are presented only for strains D. dadantii 3937
and D. solani IFB 0123 (Figure 39).
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D. dadantii 3937 D. solani IFB 0123
pelL::uidA kan pelL::uidA kan

mMe3Y mWMB3YO0.2%PGA Me3Y 1 % PE

Figure 39. The influence of PGA and PE on pelL gene expression in D. dadantii 3937 and
D. solani IFB 0123. Bar height represents the mean value from 3 repetitions; the whiskers represent
the value of the standard deviation

There is a higher impact of potato tuber extract on pelL gene expression in D. solani than in
D. dadantii (induction ratio 2.9 versus 1.3 respectively, Table 17). But the induction ratio in

the medium with PGA was higher than in those with PE.
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Table 16. Induction ratio for pelL mutants in D. dadantii and D. solani growing in medium
supplemented with PGA or PE.

Induction ratio M63Y 0.2 % PGA M63Y 1% PE
D. dadantii 3937 pelL::uidA kan" 1.6 1.3
D.solanilFB0123 pellL::uidAkan® 3.9 29

7.2.3 Influence of potato tuber extract on type VI secretion system component
tssK gene expression in vitro

Recently the genomic study performed on the French strain D. solani 3337 (RNS08.23.3.1A)
has shown that T6SS can have a special role in virulence of D. solani (Pedron et al., 2014).
But there is no information how this system is regulated in D. solani cells and if the plant
extract induces the expression of the genes forming T6SS cluster. The T6SS was also studied
in P. atrosepticum (Mattinen et al., 2008). It was found on the basis of the microarray analysis
that the structural genes of T6SS are induced by plant extract. For the mutagenesis, gene tssK
was chosen. The presence of the gene in D. solani was confirmed by Local Blast implemented
in BioEdit software. The sequence of tssK gene of D. dadantii 3937 was aligned to the
genomic sequence of the D. solani Type Strain IFB 0123 (IPO 2222).The fished out sequence
was the same length as in D. dadantii 3937 and showed 97 % of identity.

The mutant strain of D. dadantii in tssK gene was grown in 3 different conditions: M63 Y
(non-induced conditions); M63 Y supplemented with 0.2 % PGA (induced conditions) and
M63 Y supplemented with 1% PE (induced conditions) (not shown). There was no induction
of tssK expression in either PGA or potato tuber extract in D. dadantii 3937. Nevertheless,
mutants of D. solani in tssK gene were tested under non-inducing and inducing conditions
(M63 Y and M63 Y supplemented with 1% PE. The result of the potato tuber extract impact
on tssK gene expression is presented in Figure 40.
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Figure 40. The influence of PE on tssK gene expression in D. dadantii and D. solani mutants. Bar
height represents the mean value from 3 repetitions; the whiskers represent the value of the standard
deviation

The obtained results indicated that there was no inducing impact of potato tuber extract on

tssK gene expression either in D. dadantii 3937 or in both D. solani strains.

7.2.4 Influence of potato tuber extract on Lacl family - IfaA gene expression in
vitro

LfaA gene has been chosen on the basis of information showing the influence of plant
extract on this gene expressionin the cell of D. dadantii 3937 (van Gijsegem et al. 2008). Van
Gijsegem and colleagues (2008) examined 7 of the 18 Lacl regulators in D. dadantii 3937 for
which no specific function was known and found that genes under control of four of these
seven regulators are expressed during plant infection. That study showed the influence of
crude potato tuber extract on the expression of the genes under control of three of the studied
regulators (Ifa, Ifc, Ife). So, the impact of the plant extract on this gene expression was studied
in D. solani. One of the representative genes was chosen for study in D. solani — IfaA. The
existence of the gene was confirmed by local Blast implemented in BioEdit software. The
sequence of IfaA gene from D. dadantii 3937 was aligned to the genomic sequence of the

D. solani™ and showed 93 % of identity.

IfaA mutants were grown in three different media conditions: M63 Y (non- induced
conditions), M63 Y supplemented with 0.2 % PGA (induced conditions) and M63 Y

supplemented with 1 % PE (induced conditions). There is a high inducing impact of PE on
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IfaA gene expression in D. dadantii 3937 and D. solani strains IFB 0099 and IFB 0123.
Induction of the IfaA expression in D. solani IFB 0123 is the highest. Interestingly, PGA does
not induce the IfaA gene in both D. dadanti and D. solani background (Figure 41). The

induction ratio in the tested conditions is presented in Table 17.
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Figure 41. The influence of the PGA and PE on IfaA gene expression in D. dadantii and D. solani
mutants. Bar height represents the mean value from 3 repetitions; the whiskers represent the value of
the standard deviation

Table 17. Induction ratio for mutants in D. dadantii and D. solani studied in a medium
supplemented with tuber PE.

Mutants in IfaA gene M63 Y 0.2 % PGA M63 Y1%PE
D. dadantii 3937 IfaA::uidA cm® 0.90 102.00
D.solani IFB 0099 IfaA::uidA cm”® 0 492.65
D.solani IFB 0123 IfaA::uidA cm® 0 180.31

In conclusion: the expression of genes selected for the presented study in two D. solani

strains IFB 0099 and IFB 0123 is similar to the expression of the same genes in D. dadantii

3937 (besides pelL, where the induction by plant extract in D. solani IFB 0123 is higher than
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in D. dadantii 3937). The IfaA gene (from Lacl family) is induced by plant extract
exclusively. The supplementation of the media with PGA has no effect on IfaA gene
expression. The potato tuber extract has no inducing influence on neither pelD nor tssK genes

in D. solani strains and in D. dadantii 3937.

Even though the main goal of the study was to find the plant derivative compounds that
induce the pectinolytic activity, the goal has not been achieved yet. The search of the inducing
compound will be continued. The study presented here, especially concerning induction of the
pelL and IfaA gene expression by plant extract, constitutes a start for further detailed research.

7.3 Comparative genomics of selected D. solani strains

This part of the study was dedicated to the analysis of the genomic diversity within D.
solani species. The 10 D. solani genomic sequences were used to establish the pangenome
shape. The study included 4 D. solani strains analyzed earlier in our Laboratory that exhibited
different virulence levels (2 strains isolated in Poland from symptomatic potato plant that
show a high level of virulence and 2 strains isolated in Germany from potato plant
rhizosphere that exhibit a low level of virulence). In addition, six other genomic sequences
already available in GenBank database were used (available in November 2014 when the
analysis was performed). The syntheny (genome structure) of the strains as well as their
phylogeny was studied. LS-BSR method was applied to establish if the sequences of genes
encoding pectinolytic and cellulolytic enzymes (altogether 9 enzymes) and genes coding for

19 regulation-related proteins are present and the homology of their regulators was analyzed.

This part of the work was done in collaboration with the group of Prof. Marco Bazzicalupo

from the University of Florence.

7.3.1 General features of the analyzed genomes

General statistical information about D. solani genomes has been gathered in Table 19. The
length of the analyzed genomes is between the range from 4 812 070 to 5 095 081 bp. The
average GC content is between 55.92 and 56.40 %. The ORF numbers vary from 4 161 to
4 5109.
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7.3.2 Structural genomics

The six strains (IFB0099, IFB0223, IFB0158, IFB0221, RNS08.23.3.1A and D s0432-
1) have been aligned to the D. dadantii 3937 genomes sequence using the CONTIGuator web
server (version 2.7.3;e-value le-5, hit length threshold 250, contig coverage threshold 5%) to
obtain the scaffolds of the sequences for comparison purposes. The remaining four sequences
were already at the scaffold or chromosome stage of assembly. The scaffolded sequences
were used to study the syntheny of the selected genomes. The syntheny of 10 tested genomes
is presented in Figure 42. The strains were compared sequentially one to another. For
example, the sequence of GBBC 2040 was aligned to the sequence of strain D s0432 and this
sequence was aligned to the sequence of IFB 0158 et cetera. The strains are structurally
similar to each other, but small rearrangements between them such as inversions (in dark red)
and translocations (in blue) are observed within strains. Strains RNS 08.23.3.1A (IPO 3337,
isolated in France) and D s0432-1(isolated in Finland) appear to be structurally more distant
from the other strains, showing a slightly larger number of regions that are inverted or
translocated in the other strains.
Table 18. General features of D. solani genomes.* The genomes sequences that are already

published have been analyzed again for the purpose of this study with the same tools as the
unpublished, so the values can differ from the published.

D. solani strains Origin Analyzed by Length (bp) | GC%™* | ORF*
IFB0099 Poland, potato | Golanowska et al., 5095 081 56.35 | 4365
2015
IFB 0158 Poland, potato | This work 4 889 604 56.25 | 4161
IFB 0221 Germany, This work 4903 613 56.22 | 4169
potato
rhizosphere
IFB0223 Germany, This work 4 865 597 55.92 | 4325
potato
rhizosphere
IPO2222 TS The Pritchard et al., 2013 | 4 857 348 56.20 | 4471
Netherlands,
potato
GBBC2040 Belgium, Pritchard et al., 2013 | 4 812 070 56.40 | 4471
potato
MK10 Israel, potato Pritchard et al., 2013 | 4 930 219 56.20 | 4519
MK16 UK- Scotland, | Pritchard et al., 2013 | 4 867 774 56.19 | 4401
river water
D s0432-1 Finland, potato | Garland et al., 2013 | 4 900 000 56.20 | 4173
RNS 08.23.3.1A | France, potato | Khayi et al., 2014 4923 734 56.11 | 4337
(IPO 3337)
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Figure 42. The syntheny of the analyzed D. solani genomic sequences. The genomic alignment has been visualized using the genome diagram package
inside BioPython (version 1.62b).
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7.3.3 Orthology assessment

The orthology relationships inside the D. solani pangenome have been computed using
the Blast-BBH algorithm implemented in the DuctApe suite (version 0.16.2). The 41 947 total
proteins belonging to the 10 strains have been grouped into 5 045 Orthologous Groups (OGs),
3 809 (75.5 %) belonging to the core genome (present in all 10 genomes), 413 to the
accessory genome (present in more than one and less than 10 genomes in this case, it
comprises 8.2 % of the pangenome genes) and 823 to the unique genome (present only in
single genomes, it comprises 16.3 % of pangenome). The pangenome shape of D. solani is

presented in Figure 43.

PanGenome shape

Figure 43. D. solani pangenome shape. Red — core genome, green — unique genome, blue —
accessory genome.

In the D. solani core genome the presence of housekeeping genes such as dnaX, recA, dnaN,
fusA, gapA, purA, rplB, rpoS and gyrA has been confirmed. Also the main pathogenicity
related proteins and regulators of pectinolysis have been confirmed to be present in D. solani
core genome. Table 19 shows arbitrarily chosen genes present in D. solani core genome and
their function. Genes involved in disease development (listed in Table 2) such as bcsABCD,
wza-wzb-wzc, motABcheAWDRBYZ, sapABCDF, hrpA-hrpE, hrpN, budAB, pelA-pelE-pelD,
pelB-pelC, pelL, celZ, prtG-inhprtDEFBCA have also been annotated (examples presented in
Table 19).
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Table 19. Examples of genes involved in disease development present in D. solani core genome.

Gene name Function

arnC Undecaprenyl-phosphate 4-deoxy-4-formamido-L-arabinose transferase

arnA Polymyxin resistance protein Pmrl;Bifunctional polymyxin resistance
protein ArnA, putative

arnD putative protein yfbH;putative 4-deoxy-4-formamido-L-arabinose-
phosphoundecaprenol deformylase ArnD

arnk putative 4-amino-4-deoxy-L-arabinose-phosphoundecaprenol flippase
subunit ArnE;Undecaprenyl phosphate-aminoarabinose flippase subunit
ArmE

arnF putative 4-amino-4-deoxy-L-arabinose-phosphoundecaprenol flippase
subunit ArnF;Undecaprenyl phosphate-aminoarabinose flippase subunit
ArmF

arnT Undecaprenyl phosphate-alpha-4-amino-4-deoxy-L-arabinose

arabinosyl transferase

arnB_2;arnB_1

UDP-4-amino-4-deoxy-L-arabinose--oxoglutarate
aminotransferase; T DP-4-keto-6-deoxy-D-glucose transaminase

arnB_2;arnB_1

UDP-4-amino-4-deoxy-L-arabinose-oxoglutarate

aminotransferase; UDP-4-amino-4-deoxy-L-arabinose--oxoglutarate
aminotransferase; UDP-4-amino-4-deoxy-L-arabinose alpha-
ketoglutarate aminotransferase

sapC

Peptide transport system permease protein SapC

hcaR_1;hcaR_3

Hca operon transcriptional activator;HTH-type transcriptional regulator
BudR (Bud operon transcriptional regulator)

pemA

Pectinesterase A precursor;Pectinesterase A

pelA_3;pelA_2;pelA 4

Pectate lyase A;Pectate lyase A precursor

pelE_4;pelE_2;pelE_1

Pectate lyase E precursor;Pectate lyase D

pelE_5;pelE_2;pelE_1

Pectate lyase E precursor;Pectate lyase E

prtS

Grimelysin;Protease PrtS precursor

prtB

Serralysin;Serralysin B precursor

prtC_2;prtC;prtC_1

Serralysin;Serralysin C precursor

prtA;prtC_2;prtC 1

Serralysin;Serralysin A precursor;Serralysin C precursor

ohrB General stress protein 170;0rganic hydroperoxide resistance protein
ohrB, osmC family

ohrR Organic hydroperoxide resistance transcriptional regulator

hrpN Harpin-Ea;Hairpin protein N

hrpB_1;hrpB_2

ATP-dependent RNA helicase HrpB; ATP-dependent RNA helicase
HrpA

hcpA_4;hcpA_5;hcpA_7;hc

Hcp;Secreted protein hcp

pA_3;hcpA 2

motA Chemotaxis protein motA;Chemotaxis protein MotA

cheY_1;cheY_2 Chemotaxis protein CheY;Response regulator of RpoS

celz Endoglucanase Z precursor;beta-1,4-endoglucanase

celY Endoglucanase (Endo-1,4-beta-glucanase Y);Minor endoglucanase Y

precursor

pksL_4;pksL_3;pksL_2

Polyketide synthase PksL;FkbH like protein;FkbH

pksE_1;pksE_2

Polyketide biosynthesis protein PksE;Putative Glutamate-1-
semialdehyde 2,1-aminomutase

pksH

putative polyketide biosynthesis enoyl-CoA hydratase PksH;polyketide
biosynthesis enoyl-CoA hydratase;Putative polyketide biosynthesis
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enoyl-CoA hydratase, pksH-like protein

pksF

Putative polyketide beta-ketoacyl synthase;Polyketide biosynthesis
malonyl-ACP decarboxylase PksF

pksJ_5;pksN;pksN_1

Polyketide synthase PksN;6-deoxyerythronolide-B
synthase;hypothetical protein;Polyketide synthase PksJ

pksJ_2;pksM_2

Polyketide synthase PksM;KR domain protein;hypothetical
protein;Polyketide synthase PksJ

pksC;baeC 2

Polyketide biosynthesis malonyl CoA-acyl carrier protein transacylase
PksC;BryP;Polyketide biosynthesis malonyl CoA-acyl carrier protein
transacylase BaeC

pksE_1;pksE 2

PfaD family protein;Polyketide biosynthesis protein PksE;permease

pksL_1;pksL_2

Polyketide synthase PksL;Mycocerosate synthase, 6-
deoxyerythronolide-B synthase;hypothetical protein

wzc_2;wzc 1 Capsular polysaccharide synthesis enzyme CpsD exopolysaccharide
synthesis; Tyrosine-protein kinase wzc

wzc_2;wzc_1 Exopolysaccharide tyrosine kinase; Tyrosine-protein kinase wzc

wzb_1;wzb Low molecular weight protein-tyrosine-phosphatase wzb;protein-
tyrosine phosphatase;Protein-tyrosine phosphatase Wzb

nifA Nif-specific regulatory protein

nifF Flavodoxin-2;Flavodoxin

nifS Cysteine desulfurase NifS;Cysteine desulfurase

nifU_1;nifU_2 NifU-like protein;Nitrogen fixation protein nifU

nifH Nitrogenase iron protein

nifJ_1;nif) 2 Pyruvate-flavodoxin oxidoreductase

nifB Nitrogenase cofactor biosynthesis protein NifB;FeMo cofactor
biosynthesis protein NifB

nifL_2;nifL Nitrogen fixation regulatory protein

nifD_2;nifD_1 Nitrogenase molybdenum-iron protein alpha chain;Nitrogenase protein
alpha chain

nifk_1;nifk_2 Dinitrogenase beta subunit;Nitrogenase molybdenum-iron protein beta
chain

nifk_1;nifk_2 Nitrogenase molybdenum-iron cofactor biosynthesis protein
NifN;Nitrogenase molybdenum-iron protein beta chain

nifD_2;nifD_1 Nitrogenase MoFe cofactor biosynthesis protein;Nitrogenase
molybdenum-iron protein alpha chain

nifJ _2;nifJ 1 Pyruvate-flavodoxin oxidoreductase

nifU_2;nifu_1 NifU-like protein;FeS cluster assembly scaffold IscU

sufS Cysteine desulfurase

sufD FeS cluster assembly protein SufD;Required for stability of iron-sulfur
component of FhuF

sufe Cysteine desulfuration protein sufE;cysteine desufuration protein
SUfE;Cysteine desulfuration protein Sufe

ftnA Cytoplasmic ferritin;Ferritin-1;ferritin

sufC putative ATP-dependent transporter SufC;FeS assembly ATPase SufC

sufB Component of SUfBCD complex;FeS cluster assembly protein SufB

isCA_2;iscA_1;sufA

iron-sulfur cluster assembly scaffold protein;lron-sulfur cluster
assembly scaffold protein;Iron-sulfur cluster assembly protein

iscR HTH-type transcriptional regulator IscR;HTH-type transcriptional
regulator iscR
iscS Cysteine desulfurase

iSCA_2;iscA_1;iscA

iron-sulfur cluster assembly protein;Iron-sulfur cluster assembly protein
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A sequence of genes encoding proteins involved in nitrogen fixation, iron homeostasis and a

set of polyketide synthases are also found in the core genome of D. solani.

When it comes to the accessory genome of D. solani, there are 73 combinations of it
comprising 413 ORFs. The composition of the accessory genome and its combinations and
ORFs included in each of them are summed up in Table 20.

Table 20. Accessory genome of D. solani. In description shortcuts of strains used as follows: 158 —
IFB 0158; 2040 — strain GBBC2040; 221 — strain IFB 0221; 2222 — strain IPO 2222; 223 — strain IFB

0223; 99 — strain IFB 0099;MK 10 — strain MK 10; MK 16 — strain MK 16; IPO 3337 — strain RNS
08.23.3.1A; s0432 — strain D s0432-1.

Accessory genomes sets Number Number of | Number of
of hypothetical | annotated
accsserory | proteins proteins of
ORFs putative

or known
function

158-2040-221-2222-223-99-MK10-MK16-RNS 12 4 8

158-2040-221-2222-223-99-MK10-MK16-s0432 2 0 2

158-2040-221-2222-223-99-MK16-RNS-50432 3 0 3

158-2040-221-2222-223-99-MK16-50432 1 0

158-2040-221-2222-223-MK10-MK16-RNS-s0432 35 9 26

158-2040-221-2222-99-MK10-MK16-RNS-50432 24 4 20

158-2040-221-2222-MK10-MK16-RNS-50432 6 2 4

158-2040-221-223-99-MK10-MK16-RNS-s0432 5 0 5

158-2040-221-223-99-MK16-RNS-50432 1 1

158-2040-2222-223-99-MK10-MK16-RNS-s0432 3 1 2

158-2040-2222-MK10 1 1 0

158-2040-2222-MK10-MK16-RNS-s50432 1 0 1

158-221 15 9 6

158-221-2222-223-99-MK10-MK16-RNS 3 2 1

158-221-2222-223-99-MK10-MK16-RNS-s0432 161 36 125

158-221-2222-223-99-MK10-MK16-50432 2 0 2

158-221-2222-223-MK10-MK16-RNS-s0432 19 8 11

158-221-2222-99-MK10-MK16-RNS 1 1 0

158-221-2222-99-MK10-MK16-RNS-s50432 6 3 3

158-221-2222-99-MK16-RNS-s0432 1 1 0

158-221-2222-MK10-MK16-RNS-s0432 3 1 2

158-221-2222-MK10-RNS 2 2 0

158-221-223-99-MK10-MK16-RNS-s0432 10 3 7

158-221-223-99-MK16-RNS-s0432 1 0 1

158-221-223-99-RNS-50432 2 0 2

158-221-223-MK10-RNS-s0432 1 0 1

158-221-223-MK16-RNS 1 1 0

158-221-99-MK10-MK16-RNS-50432 1 1 0
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What has been found, can be concluded as: there is no accessory genome comprised of genes
belonging only to the 2 of lowly virulent strains (isolated in Germany, IFB 0221 and IFB
0223) or only from highly virulent strains (isolated in Poland, IFB 0099 and IFB 0158). What
is interesting, the pangenome analysis has shown that there is an accessory genome
comprising ORFs from strains IFB 0158 and IFB 0221 (so strains of high and low virulence)
and strains IFB 0099 and IFB 0223 (again strains of high and low virulence). The study has
not revealed the accessory genome comprising ORFs from all of these 4 strains. Genes
belonging to the accessorry genomes of strains IFB 0158 and IFB 221 as well as strains IFB
0099 and IFB 0223 are presented in Tables 21 and 22. For accessory genome of IFB 0158-
IFB 0221, 9 hypothetical proteins have been found, for accessory genome of IFB 0099-1FB
0223, 8 hypothetical proteins have been found and they were excluded from Tables 21 and
22.

Table 21.Accessory genomes of strains IFB 0158-1FB 0221.

Accessory genome Gene name Product

IFB 0158 - IFB 0221 trg_14;trg_16 Ribose and galactose chemoreceptor protein

IFB 0158 - IFB 0221 pehX_2;pehX_3 Exo-poly-alpha-D-galacturonosidase precursor

IFB 0158 - IFB 0221 hcpA_3 Secreted protein hcp

IFB 0158 - IFB 0221 pehX 1 Exo-poly-alpha-D-galacturonosidase precursor

IFB 0158 - IFB 0221 hcpA_6;hcpA_1 Secreted protein hcp

IFB 0158 - IFB 0221 tar_5;tar_2 Aspartate chemoreceptor protein

Table 22. Accessory genomes of strains IFB 0099-1FB 0223.

Accessory genome Gene name Product

IFB 0099- IFB 0223 pksN_2;pksR_1 Polyketide synthase PksN;Polyketide synthase PksR

IFB 0099- 1IFB 0223 pksN_3 Polyketide synthase PksN

IFB 0099- IFB 0223 beta-methylgalactoside transporter inner membrane
component

IFB 0099- 1IFB 0223 pksJ 3 Polyketide synthase PksJ

IFB 0099- IFB 0223 H+ Antiporter protein

IFB 0099- 1IFB 0223 pksN_5;pksJ 1 Polyketide synthase PksN;Polyketide synthase PksJ

IFB 0099- IFB 0223 putative ATP-binding protein involved in virulence

IFB 0099- 1IFB 0223 nifL_1 Nitrogen fixation regulatory protein
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What is interesting the accessory genome of strains IFB 0158 and IFB 0221 includes genes
encoding pectinolytic enzymes such as pehXand hcpgeneswhich encode Hcp- T6SS effectors.
On the other hand the accessory genome of IFB 0099 and IFB 0223 includes (additionally to
core genome) genes encoding polyketide sythases.

In Table 23, there are presented the Average Nucleotide Identity (ANI) values for strains
representing high and low virulence (IFB 0099 and IFB 0223, respectively) in comparison to
D. dadantii 3937. What is also interesting strains where one is highly virulent (IFB 0099) and
the other is of low virulence (IFB 0223) differ in average nucleotide identity by only 0.02 %.

Table 23. Average nucleotide identity (ANI) of highly and lowly virulent D. solani strains (IFB
0099 and IFB 0223). Only lower diagonal values are reported

D. solanilFB0099 | D. solanilFB0223 | Dickeya dadantii 3937

D. solanilFB0099 --

D. solanilFB0223 99.98 % --

Dickeya dadantii 3937 94.04 % 94.02 % -

The number of unique ORFs is 823 (the unique genome of D. solani), so on average each
strain possesses circa 82 unique ORFs. In reality, it does not look like that. Table 24 presents
the contents of unique genome for each strain and it is clear that the numbers differ among
strains. Strain IFB 0099 possesses the biggest number, 271 ORFs, of unique ORFs (this strain
has always indicated high virulence). On the other hand, the strain IFB 0223 (of low
virulence) has 198 unique ORFs. Interestingly, two other strains that were assigned as highly
and lowly virulent (IFB 0158 and IFB 221, respectively) possess significantly fewer unique
ORFs (13 and 23 respectively). Among the unique genome there are assigned hypothetical
proteins as well as proteins of a putative or known function. D. solani strain D s0432-1
possesses 16 unique ORFs of which all are hypothetical proteins of an unknown function.

Strain IFB 0158 possesses 12 (out of 13) hypothetical proteins sequences.
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Table 24. Unique genome composition of the D. solani pangenome.

Genome Number of Number of hypothetical Number of annotated
unique ORFs proteins proteins of putative or
known function
IFB0099 271 69 202
IFB 0158 13 12 1
IFB0223 198 77 121
IFB 0221 23 19 4
IPO2222 TS 63 41 23
GBBC2040 112 102 10
MK10 103 18 85
MK16 12 6 6
D s0432-1 16 16 0
RNS 08.23.3.1A 12 11 1
(IPO 3337)

7.3.4 Analysis of the presence and homology level of pathogenicity-related genes

The main virulence factors of SRE are already mentioned PCWDE, especially
pectinolytic enzymes. That is why we performed LS-BSR analysis that allowed us to state if
all the genes described in D. dadantii 3937 are present in each of the analyzed genomes and
that would show the level of their identity. LS-BSR method allows a comparison of a large
number of genomes. It translates the nucleotide sequence into protein sequence and then
allows searching for orthologous proteins.

The presence of pathogenicity-related genes (5 major pectate lyases PelA, PelB, PelC, PelD
and PelE; 3 secondary pectate lyases — Pell, PelL, PelZ and one cellulase CelZ) in the
genomes of 10 D. solani strains was checked by LS-BSR search using the protein sequences
described for D. dadantii 3937 as queries. All the mentioned proteins appear to have
anortholog inside each strain, with a few exceptions (such as pelL in strains IFB 0099, IFB
0223 and GBBC 2040 has a low LS-BSR score, which could indicate a low sequence
similarity). The result of this analysis is presented in Figure 44.

What is interesting when a Local BLAST (implemented in BioEdit) was performed using a
pelL gene from D. dadantii 3937 as query against IFB 0099, IFB 0223 and GBBC 2040, only
the last exhibited a shorter nucleotide sequence of the pelL gene (207 nucleotides shorter
sequence). Strains IFB 0099 and IFB 0223 possess full pelL gene sequence and it has 92 %
identity to D. dadantii 3937 pelL gene. The ambiguous LS-BSR result for IFB 0099 and IFB
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0223 can be explained as a problem in translating the nucleotide sequence into protein
sequence by the program. In the case of GBBC 2040, the cause of a shorter sequence can be
the sequencing problem and/or the sequence can be truncated because of the existence of a
gap in that place.

MK 10
Dso432
IFO 3337
IPO 22232
IFB 0221
IFB 0099
IFB 0158
GEBC 2040
MK 16

IFB 0223

CelZ

Pela

PelB

PelC

PelD

Gene

0.4

PelE

0.3

Pell

40.2

PelL

PelZ

Strain

Figure 44. LS-BSR analysis on the 9 cell wall-degrading enzymes protein sequence. Color
intensity is proportional to the large-scale blast score ratio; the higher, the higher the probability that
the query gene is present in the target genome.

7.3.5 Analysis of presence and homology level of regulators of pathogenicity-
related genes

A similar analysis to the one performed on PCWDE has been conducted on the
sequences of 19 regulators genes coding for proteins involved in regulation of the expression
of virulence factors genes. All the regulatory proteins appear to have an ortholog inside each

strain, with a few exceptions (such as expl in strains MK 10 and IFB 0099, expR in strains
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GBBC 2040 and IFB 0223, and vfmE in strain IFB 0099 that had a low LS-BSR score, which
could indicate a low sequence similarity). The result of this analysis is presented in Figure 45.
Again, the ambigous results from LS-BSR analysis were confirmed by Local BLAST using
the nucleotide sequences from D. dadantii 3937 against the selected genomes. The Local
BLAST of D. dadantii 3937 expl nucleotide sequence against MK 10 genome has proved an
existence of a full sequence of expl gene in its genome (and it is in 94 % identitical). Strain
IFB 0099 also possesses a full sequence of expl in its genome at 94 % of identity (based on
local blast using expl nucleotide sequence from D. dadantii 3937 as query). Local blast of
expR nucleotide sequence from D. dadantii 3937 against the genome of strain GBBC 2040
showed that this sequence is truncated (179 nucleotides). At the same time, this sequence is
not truncated in the IFB 0223 genome (and it has 95 % of identities). The Local BLAST was
also performed using a vmfE nucleotide sequence from D. dadantii 3937 against IFB 0099
genome and again it was proved that the sequence is present in full length in the IFB 0099
genome (and it is 95 % identical). Again, the ambiguous LS-BSR result could be explained as
a problem in translating the nucleotide sequence into protein sequence by the program. In the
case of GBBC 2040, the cause of a shorter sequence can be a sequencing problem and/or the

sequence can be truncated because of the existence of a gap in that place.
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Figure 45. LS-BSR analysis on the regulator proteins genes. Color intensity is proportional to the
large-scale blast score ratio; the higher, the higher the probability that the query gene is present in the
target genome.

7.3.6 Phylogeny assessment

Phylogenetic analysis was performed on the sequences of genes belonging to the core
genome of D. solani pangenome. The core Ortologous Groups (OGs) have been used to build
a core concatemer of 3 416 nucleotide alignments, using those genes whose nucleotide length
difference was below 60 bp. Each OG has been aligned using Muscle (version 3.8.31) and the
resulting alignments have been concatenated and converted to the NEXUS format. The
phylogenetic tree has been constructed using MrBayes (version 3.2.2). The tree has been
manipulated using FigTree (version 1.4.0). Strain IFB 0099 appears as the most diverse, as
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compared to the others; also strain RNS08.23.3.1A (IPO3337) shows a high degree of
differences (Figure 46). The scale presented in the Figure shows the nucleotide substitution
rate in the studied genomes (2.0 E”which means substitution rate is present in a number of
substituted nucleotides per 10 000 bp). That means that strain IFB 0099 has the highest
nucleotide substitution rate and might be evolving the fastest out of the studied strains

(because its core genome has the highest number of substitutions per 10 000 bp).

66

‘9415‘

2.0E-5

Figure 46. Phylogenetic tree of the ten D. solanii strains. The phylogenetic tree has been
constructed using MrBayes (version 3.2.2). In description shortcuts of strains used as follows: 2040 —
strain GBBC 2040; s0432 — strain ; 158 — IFB 0158, 221 — strain IFB 0221; MK 10 — strain MK 10;
2222 — strain IPO 2222; MK 16 - strain MK 16; 99 — strain IFB 0099; RNS — strain RNS 08.23.3.1A;,
223 —strain IFB 0223.
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In conclusion: 10 D. solani genomes are structurally similar (with only a few inversions and
translocations among all 10 tested genomes). They all possess selected for analysis plant cell-
wall degrading enzymes and they are highly homologous to D. dadantii 3937 and identical
among D. solani strains. They all possess 19 selected proteins involved in the regulation of
genes involved in pathogenicity and, again, they are highly homologous to D. dadantii 3937
and identical among themselves. The phylogeny analysis based on core genome alignemnts
shows that two strains: IFB 0099 and RNS 08.23.3.1A (IPO 3337) have higher substitution
rates than other 8 strains suggesting that they might evolve faster than others. The strains of
high and low virulence (IFB 0099 and IFB 0223) are identical in 99.98 % according to ANI
values. The LS-BSR analysis of the 10 tested genomes did not distinguish differences
between strains in the sequences of 9 PCWDE and their regulators. Strains differ in the
accessory and unique genes reperotire. D solani strains possess T6SS effector proteins as well

as polyketide synthases.
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8 Discussion

The emergence of a new, highly virulent pathogenic SRE species which D. solani is
has become a big problem for the producers of seed potatoes as well as for the farmers. The
presence of this pathogen raised a big threat to potato growers all around Europe and North-
African countries. At the same time, there are no methods of curing the disease and all of the
protection is based on preventory methods, for example potato seed certification. Very
important is testing seed potatoes for the presence of SRE before selling and exporting them.
For example for high-grade seed tubers, there is in some countries there is zero tolerance for
blackleg and soft rot diseases in both field and tuber inspections (Toth et al., 2011).

However, the knowledge about D. solani biology is limited. Its fast spreading across
Europe and Northern African countries is still not fully understood, but researchers suspect
climate change as well as international exchange of certified material of seed potatoes. Tsror
and colleagues (2013) underline that the import of seed potatoes from European countries,
such as the Netherlands or Germany, could be the cause of D. solani’s emergence in Israeli

potato plantations.

Little is known about the biology, virulence mechanisms and epidemiology of D. solani.
Genomic analysis of D. solani has stated that this species is mostly related to D. dadantii
3937 strain (94 % ANI), (Garlant et al. 2013; Pedron et al. 2014; Van der Wolf et al. 2014). It
is fortunate, because this strain appears to be the most studied. A multitude of molecular
techniques to study D. dadantii 3937, have been developed. Potrykus and colleagues (2014)
adapted the techniques used for D. dadantii 3937 mutagenesis and applied them in the D.
solani study, where the functions of three main pathogenicity regulators were studied. It
confirmed that not only the in silico genomic study can be successfully implemented in the
research dedicated to the study of pathogenicity mechanism in D. solani.

This work presents a complex phenotypic and genotypic analysis of 15 D. solani strains
originating from different climatic conditions. It also contains a study of potato tuber extract
influence on pectinolytic activity of D. solani as well as its influence on the expression of
selected genes of D. solani in comparison to D. dadantii 3937. The last part of this work is
devoted to comparative genomic analyses of 10 D. solani genomic sequences.
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8.1 D. solani strains indicated phenotypic variabilities apart from their
genotypic homogeneity

Analysis of several phenotypic features of the range of D. solani strains originating
from three countries with different climates: Poland, Finland and Israel indicated differences
in PCWDE production, swimming and swarming ability and in an ability to macerate potato
tissue. Polish strains indicated the lowest variabilities and the highest value of pectinolytic,
cellulolytic and proteolytic activities at 18, 28 and 37 °C. They also have the highest total
pectate lyases activity and the ability to macerate potato tissue regardless of the inoculum

level. Polish and Finnish strains have a better swimming ability than Israeli strains.

The presented study also revealed for the first time that D. solani has higher pectinolytic,
cellulolytic and proteolytic activities than D. dianthicola and D. dadantii at almost all tested
temperatures and the highest total pectate lyases activity at 28 °C (Table 13). This could
explain the fact that strains of D. solani are better fitted to induce diseases such as blackleg
and soft-rot than D. dianthicola. Czajkowski and colleagues (2012) compared D. solani
strains to D. dianthicola strains and showed that D. solani possesses features which allow
more efficient potato plant colonization than D. dianthicolaespecially at28 °C. It suggested
that D. solani could be a stronger competitor in the potato ecosystem. In greenhouse
experiments performed at 28 °C, roots weremore rapidly colonized by D. solani than by
D. dianthicola and 30 days after inoculation higher densities of D. solaniwere found in
stolons and progeny tubers. In tubers co-inoculated by vacuum infiltration with GFP-tagged
D. solani and DsRed-tagged D. dianthicola, D. solani strain outcompeted D. dianthicola.
Moreover Czajkowski and colleagues (2012) compared the susceptibility of D. solani and D.
dianthicola to 363 strains of saprophytic bacteria, potential biocontrol agents, including
species such as: Serratia plymuthica, Pseudomonas spp., Delftia acidovorans, Pantoea
agglomerans, D. acidovorans, Rahnella sp., Klebsiella sp. and Acinetobacter sp., isolated
from tuber homogenates. D. dianthicola was susceptible to 80% of saprophytic bacteria
strains, while D. solani was susceptible to only 31 % of the tested strains. The work of Tsror
and colleagues (2013) has shown that bacteria from both species: D. solani and D. dadantii

subs. dieffenbachiae have a higher pectinolytic activity than D. dianthicola.

The presented thesis tried to answer the question if the D. solani strains originating from
different climatic conditions differ and if they have better fitness to induce disease symptoms

than strains from other species and if that can be explained by the influence of origin (Poland,
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Finland and Israel) or growth temperature. In Poland and Finland the climate is cold and
moderate (according to Koeppen described in Pidwirny et al., 2006) and it only differs in
regard to the summer, which in Poland is moderate and in Finland is short and cold. How does

it relate to the climate in Israel which is hot moderate, steppe with hot summer?

Works of Degefu and colleagues (2013) and Potrykus and colleagues (in press 2015) stated
that there is an influence of climate change in terms of D. solani outbreaks in Finland and
Poland. They suggested that the prevalence of Dickeya spp. is higher when the summer is
hotter and dry. The climate change in the years 1976 — 2006 (Figure 47) shows that the mean
temperature values increased in the range of 0.4 to 1.0 °C per decade in Poland and Finland,
respectively. The prediction of annual temperature increase in Europe is between 0.3 and 0.35

°C for Poland and Finland respectively, according to the European Environmental Agency.

Observed temperature change over Europe during the period 1976-2006
Left: annual mean; middle: winter (DIF); right: summer (JJA)

°C per decade | T

-2 -18-16-14-1.2 -1 -08-06-04-0.2 0 0.2 04 06 08 1 12 14 16 1.8 2

Figure 47. Climate change in Europe in years 1976-2006. The European Environment Agency
(EEA) (http://www.eea.europa.eu/data-and-maps/figures/observed-temperature-change-over-europe-
1976-2006/map-5-1-climate-change-2008-observed-temperature-change.eps)

The data presented in this thesis indicated a higher impact of the species of bacteria on the
level of expression of the genes coding CWDE; D. solani indicated better abilities to cause
disease symptoms than other tested Dickeya species. This could explain that if different
Dickeya species are present in the same ecological niche, D. solani has a higher chance to
cause disease outbreak.
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Tsror and colleagues (2013) stated that D. solani strains isolated in Israel are more virulent
than those isolated in Europe. My study indicated the opposite. How can that be explained?
First of all, in the Tsrors study, 22 Israeli strains of D. solani were analyzed, here only 5. They
only used one strain isolated in Poland, namely IFB 0099 (IPO2276), and a few strains
isolated in the Netherlands, but none from Finland. On the other hand Israeli strains analyzed
by Tsror and colleagues (2013) have also been used in my study. In the presented study, four
out of five tested strains had a low pectate lyase activity in induced conditions. The difference
could be explained by different methodology for pectate lyase activity estimation. In my
study, bacteria were grown on minimal medium M63 Y supplemented with PGA as an
inducer of the expression of genes coding pectinolytic enzymes, while in Tsror work pectate
lyases activity was estimated for the bacteria isolated from macerated potato tubers. The study
of the role of different pectate lyases in D. dadantii 3937 (reviewed by Hugouvieux-Cotte-
Patat et al., 2014) has shown that different pectate lyases are differently induced. Pectate
lyases are divided into the main and secondary pectate lyases. As presented here, the main
pectate lyase pelD is mainly induced by PGA, while secondary pectate lyase pelL is induced
by both, PGA and the plant extract. That might be a point that could explain the high total
pectate lyases activity (major and secondary Pels) of Israeli strains, which also indicated high
levels of pelL gene expression in some of the tested strains. The secondary pectate lyases can

play important role in pathogenicity of D. solani; but more studies are necessary to determine.

The hereby presented data indicated that the species of bacteria has a higher impact on the
production of PCWDE than the temperature in which bacteria are growing, even though both
effects are significantly important for the exhibited traits. That is interesting and could explain
why D. solani is a bigger threat to potato plantations than D. dadantii or D. dianthicola in
moderate climates. The impact of the strains origin (different climate) was less important than
the temperature of incubation when the origin and the temperature were considered in terms

of their influence on the expression of genes coding PCWDE of D. solani strains.

The PCWDE enzyme production is sensitive to plenty of environmental factors. Hugouvieux-
Cotte-Pattat and colleagues (1996) sums up that enzyme synthesis was very sensitive to
growth phase, nitrogen starvation, anaerobiosis, growth temperature, osmolarity of the growth
medium, and presence of a readily utilizable carbon source. The effect of growth conditions
on the increase of pel genes expression (for instance, anaerobiosis and low temperature) was
more visible in the absence of PGA (inducing factor), since the responses to these different

inducing conditions were not synergistic.
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What is interesting, even though there are significant differences in phenotypic traits exhibited
by D. solani strains originating from different climatic conditions, there are no differences
between those strains in molecular fingerprinting performed with rep-PCR and RFLP-PFGE
methods. Finally, it does not matter where they were isolated, the molecular patterns are the
same. These results are in agreement with the results of Degefu and colleagues (2013) and

Wolf et al (2014) which also indicated high similarities between D. solani strains.

The variable tandem repeats method applied by Parkinson et al. 2015 has also revealed low
variability among 54 tested D. solani strains. What is more 4 out of 16 of D. solanistrains
tested in my thesis (Polish IFB 0099, Israeli IFB 0124 and IFB 0125 and IFB 0123) have been
analyzed by Parkinson and colleagues (2015). They discovered that D. solani™ (IFB 0123)
has a different VNTR profile than 3 other above- mentioned strains. But the difference is only
in one locus out of 5 tested. Parkinson and colleagues (2015) stated that the limited variation
in VNTR profiles of D. solani may reflect a limited number of D. solani introductions and/or
the short time period since the pathogen’s first emergence in Europe. In the same study,
19 VNTR profiles for 45 D. dianthicola strains have been distinguished (Parkinson et al.,
2015) which means that D. dianthicola is much more variable than D. solani.

To sum up, D. solani strains are better fit to induce disease symptoms on potatoes. Strains of
this species are homogenous genetically, but they differ phenotypically, especially in different
temperature conditions. Polish strains seem to be more virulent than strains from Finland and

Israel regardless of the tested conditions.

8.2 Influence of plant tissue components on the expression of genes
involved in pathogenesis

The best studied plant-derived inducers of the expression of genes coding Pels are
pectin derivatives (Hugouvieux- Cotte-Pattat and Robert-Baudouy 1989; Roy et al. 1999; Blot
et al. 2002). However, pectin derivatives are unlikely to be the sole host derived inducers of
PCWDEs synthesis because plant metabolites other than pectin were also shown to stimulate
Pel’s production (Bourson et al. 1993; Kelemu and Collmer 1993; Brencic and Winans 2005).

Unfortunately, those metabolites were poorly characterized.
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The data presented in this thesis indicated that the expression of pelL and IfaA genes
was induced by crude extract from potato tuber. pellL gene expression was also induced by
PGA, while IfaA expression was induced by plant extract exclusively. The crude potato tuber

extract did induce the pectate lyase activity of D. solani strains, but not so highly as PGA.

Van Gijsegem and collegues (2008) studied the influence of plant extract on gene
expression of several genes being under regulation of Lacl family proteins and found 2 genes
extremely induced by plant extract. They studied the influence of several compounds known
to be present in plant tissue, such as: arabinogalactan, L-arabinose, arbutine, cellobiose,
D-fructose, L-fucose, D-galactose, D-galacturonate, D-glucose, D-glucuronate, D-mannose,
pectin, polygalacturonate, L-rhamnose, rham- nogalacturonan, salicine, sucrose, or D-xylose
and none of them exhibited the inducing impact. Wlodarczyk (2010) fractioned crude potato
tubers extract and studied the influence of its fractions on IfaA gene expression. It seems that
several inducer molecules are present in potato tubers extracts, because several fractions were

able to induce gene expression, but the pure active compound/s were not characterized.

The induction of expression of PCWDE genes in P. atrosepticum in the presence of potato
stem or tuber water extracts was demonstrated by Mattinen et al. (2008) by means of
microarray analysis. In that study the inducers were shown to be of low molecular weight (>5
kDa compounds). In the study of Tarasova and colleagues (2013) it was shown that the
compounds present in the potato extract enhance extracellular pectate lyase activity in P.
atrosepticum SCRI1043. These compounds were found to be less than 1 KkDa,
nonproteinaceous, hydrophilic, slightly negatively charged molecules. The possibility of their
action through quorum sensing- and KdgR-mediated pathways was analyzed.

Tu sum up: pelL and IfaA genes of D. solani were found to be induced by potato tuber extract,
but the inducing compound/s still has/have to be elucidated as well as its influence on D.

solani virulence.

8.3 Study of D. solani pangenome

Advances in the sequencing of complete genomes, growth of data deposited in
databases and development of computer programs for gene identification and protein

similarity analysis are powerful tools. They make it possible to reconstitute a major fraction of
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metabolism of a bacterium given its newly sequenced genome. Genome sequences are also
enabling determination of phylogenetic relationships among species based upon sequences for
multiple proteins.

Genomes of 10 D. solani strains were compared and indicated similar structure. The
core genome includes all of the housekeeping genes as well as the genes involved in
pathogenicity development;genes coding virulence factors like pectinolytic, cellulolytic and
proteolytic enzymes and their regulators as well as several genes encoding polyketide
synthases (PKS) and T6SS effectors. The analysis of protein sequences of 9 PCWDE and 19
of pathogenicity regulators revealed that they are 100 % identical among 10 tested D. solani
strains. The analyzed strains differ in numbers of ORFs in accessory and unique genomes.
Strains of high and low virulence share accessory genomes, but accessory genome of only

highly or only lowly virulent strains was not determined.

Garlant and colleagues (2013) were the first to describe the presence ofgene clusters encoding
PKS’s in the D. solani genome and stated that these clusters are missing in D. dadantii 3937
genome (Figure 48). They compared D. solani D s0432-1 genome to the genomes of 9 Dickeya
and Pectobacterium strains to identify similarities and differences between D. solani and other
sequenced Dickeya and Pectobacterium strains. It was evident that D. solani strain D s0432-1
shares large parts of its genome with D. dadantii 3937 and other Dickeya spp.strains, but some
parts of the D s0432-1 genome have a similar sequence only in one or a few Dickeya strains
(Figure 48). They described regions specific for D. solani, coding for non-ribosomal peptide
synthetases (NRPS) and PKS (1, 2 and 3 in Figure 48). PKS gene clusters may be involved in
the production of toxic secondary metabolites, such as oocydin and zeamine. They also
mentioned that the effectors of T6SS, hemolysin-coregulated proteins (Hcp) were found in D.
solani genome. Horizontal gene transfer is observed throughout bacteria, with implications for
the acquisition of novel biological functions. Pedron and colleagues (2014) also found
NRPS/PKS encoding genes and T5SS and T6SS-related toxin-antitoxin systems in D. solani
IPO 3337 genome and mentioned they are present in another D. solani draft genomes
available at that time in the databases (IPO2222, MK10, MK16 and GBBC 2040). After
adding to the analysis another 4 D. solani genomes sequenced in our Laboratory (IFB 0099,
IFB 0158, IFB 0221 and IFB 0223) | can state that they are in the core genome of D. solani.
These genes may contribute to bacteria-bacteria interactions and to the fitness of D. solani, its
advantages in different ecological niches and its high ability to cause disease symptoms.
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The NCBI database provides a description of available D. solani genomic sequences.
It also presents the phylogenetic dendrogram made on the basis of genomic BLAST of 7
available D. solani genomes (Figure 49). This also includes the highly virulent D. solani IFB
0099 strain genome sequenced in our Laboratory (Golanowska et al., 2015). The structure of
this tree confirms our phylogenetic analysis, showing that D. solani IFB 0099 strain, isolated
in Poland, is the most distant from other strains. Our study suggests faster evolution of this

strain.
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Figure 48. Comparative genomics between Dickeya and Pectobacterium strains. Comparison of
gene coding sequences between D. solani D s0432-1 and other sequenced Dickeya and
Pectobacterium spp. strains showing three large genomic regions (1, 2 and 3) coding for non-
ribosomal peptide synthetases and polyketide synthetases (numbered according to the order of
description in the results). The tentative D. solani-specific open reading frames are shown as the
outermost ring. Garlant et al., 2013.
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Figure 49. Dendrogram based on 7 D. solani genomes done by the use of genomic BLAST. NCBI,
July 2015.

The presented study covering the comparative analysis of 10 D. solani strains confirms
that D. solani strains show a low level of variability. The already mentioned analysis of
VNTRs by Parkinson and colleagues 2015 has implicated that the limited variation in VNTR
profiles of D. solani may reflect a limited number of D. solani introductions and/or the short

time period since the pathogen’s first emergence in Europe.

What is interesting, Naushad and colleagues (2013) performed a comparative analysis of
protein sequences from the Dickeya, Pectobacterium and Brenneria genomes and identified
10 conserved signature indels (CSI) and 5 conserved signature proteins (CSP) that are either
uniquely or largely found in all genome-sequenced species from these genera, but not present
in any other bacteria in the database. In addition, they identified 10 CSls and 17 CSPs that are
specifically present in either all or most sequenced Dickeya species/strains, and 6 CSls and 19
CSPs that are uniquely found in the sequenced Pectobacterium genomes. They also found 3
CSls and 1 CSP that are specifically shared by members of the genera Pectobacterium and
Brenneria, but absent in species of the genus Dickeya, indicating that the former two genera

shared a common ancestor exclusive of Dickeya.

To sum up: core genome of D. solani contained genes coding main virulence factors and
genes coding their regulators; in addition, these genes indicated 100% homology in 10
analyzed strains. D. solani strains form a very homogenous group, whose core genome
contains at least two, important for competition as well as pathogenicity, sets of virulence
factors, such as NRSP/PKS and T6SS effectors, in addition to well known plant cell-wall
degrading enzymes.

145

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0087/these.pdf
© [M. Golanowskal, [2015], INSA Lyon, tous droits réservés



9 Conclusions

1. Dickeya solani strains are homogenous genetically, but indicate some phenotypic
differences.

2. D. solani strains have higher plant cell-wall degrading enzymes activities (such as
pectinases, cellulases and proteases) than D. dianthicola strains, regardless of the

temperature of incubation.

3. Polish D. solani strains are superior to strains originating from Finland and Israel in the

production of PCWDE and ability to macerate potato tissue.

4. Potato tuber extract induces the expression of pelL (secondary pectate lyase) and IfaA

genes, but not pelD (major pectate lyase) and tssK.

5. Core genome of D. solani comprises genes encodingmajor virulence factors (PCWDE)

and their regulators and also genes coding NRSP/PKSand T6SS effectors.

6. Phylogenetic analysis performed on the basis of the core genomes of D. solani indicated

that highly virulent Polish D. solani strain — IFB 0099 is more distant phylogenetically.
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