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Characteristics of the major groups
!'_ of phytopathogenic bacteria

Gram-Positive Bacteria




Kingdom Monera
Classification of Bacteria

= Within the prokaryote kingdom, four divisions are recognized,
distinguished largely on the basis of cell wall characteristics
(Murray, 1984). These are:

= Division I Gracilicutes: Gram-negative type cell wall (contains
Gram-negative bacteria)

= Division II Firmicutes: Gram-positive type cell wall (contains Gram-
positive bacteria and actinomycetes)

= Division III Tenericutes: No cell wall (contains class Mollicutes)

= Division IV Mendosicutes: Give evidence of earlier phylogenetic
origin (contains class Archaeobacteria).

= Plant pathogenic prokaryotes are present in divisions I to III, and
can thus be divided into organisms with a cell wall (true bacteria
plus actinomycetes) and those without.

Sigee, 1993 and 2005



Kingdom Monera
Classification of Bacteria

= Phylum Firmicutes

= Class Firmibacteria (Mostly single celled bacteria e.g. Bacillus &

Clostridium).

= Class Thallobacteria (Branching bacteria e.g. Clavibacter,
Rhodococcus, Streptomyces, Curtobacterium and Leifsonia).

= Order Actinomycetales

= Phylum Gracilicutes
= Class Scotobacteria
» Order Spirochaetales
» Order Pseudomonadales
» Order Rickettsiales
« Order Chlamydiales
= Class Anoxyphotobacteria
= Class Oxyphotobacteria

= Phylum Tenericutes
= Class Mollicutes

= Phylum Mendosicutes
= Class Archaebacteria

Quter membrane

Cell wall
(peptidoglycan)

Cell membrans
{ester-type lipid)

Gracilicutes

Call wall
{nonpeptido-
glycan)
Cell membrans
~({ether-type lipid)

Mendosicutes

Firmicutes

Cell membrane
(ester-type lipid)

Tenericutes

Zeuter Development Corporation, CANADA,1996;Goto, 1992



http://www.alientravelguide.com/science/biology/life/monera/spirocha.htm
http://www.alientravelguide.com/science/biology/life/monera/pseudomo.htm
http://www.alientravelguide.com/science/biology/life/monera/ricketts.htm
http://www.alientravelguide.com/science/biology/life/monera/chlamydi.htm

Cavalier-Smith Bacterial
‘_L megaclassification

Negibacteria as a root of the universal tree

= Prokaryotes constitute a single kingdom, Bacteria.
= Bacteria is divided into two new subkingdomes:

1. Negibacteria, with a cell envelope of two distinct
genetic membranes;

2. Unibacteria, comprising the new phyla
Archaebacteria and Posibacteria.

= Archaea and Eucarya are relatively recent (850 Mya)
emergents from a line that also gave rise to the
modern Gram-positive bacteria and actinobacteria.



Gram-Positive Bacteria
Plant pathogenic genus

Posibacteria

Subdivision 1. Endobacteria

Class 1. Togobacteria

Class 2. Teichobacteria— order: Bacilllales, Family: Bacilleaceae:
Genera: Bacillus and Clostridium

Class 3. Mollicutes — Genera: Spiroplasma & phytoplasma

Subdivision 2. Actinobacteria

Class 1. Arthrobacteria

Class 2. Arabobacteria

Class 3. Streptomycetes — order Actinomycetales, Families:
Microbacterieacea : coryneforms
Streptomycetaceae:. Streptomyces

Cavalier-Smith,2002



Gram-Positive Bacteria

Plant pathogenic genus
Division rank is equivalent to phyla

Division Posibacteria
Subdivision Endobacteria [low G+C] (below 50% GC)
Class 1. Togobacteria
Class 2. Teichobacteria [Firmicutes]
Bacillus anthracis
Bacillus cereus
Bacillus subtilis
Bacillus halodurans
Bacillus megaterium
Clostridium acetobutylicum
Enterococcus faecium
Class 3. Mollicutes
Subdivision Actinobacteria [high G+C] (greater than 50% GC)
Class 3. Streptomycetes
coryneforms
Streptomyces

Cavalier-Smith,2002 10



Gram-Positive Bacteria
Plant pathogenic genus

s [ he two clades that

1.

compose the Gram-
positive bacteria:

The Actinobacteria
(high G+C) and

The Firmicutes (low
G+C), diverged very
early in evolutionary
history.

-0.01 Gram-positive bacteria

R

/
® nf”ﬂt Bacillus

| T Streptococcus

Sulfolobus —

Archaeabacteria g( P ’39“' %
po'

Proteobacteria

Gram-negative bacteria

Current Opinion In Plant Biology

Hogenhout and Loria,2008




Gram-Positive Bacteria
Plant pathogenic genus

1.
2.

Firmicutes with High GC Content of DNA:

Actinomycetales:

Mycobacterium, Streptomyces, Corynebacterium,
Arthrobacter, coryneforms

Firmicutes with Low GC Content of DNA:
Bacillales: Bacillus, Staphylococcus, Paenibacillus
Clostridiales: Clostridium

Mollicutes: Mycoplasma, phytoplasma, Spiroplasma

The Prokaryotes, 2006

Prokaryotic

Peptidoglycan
rRNA signature

Domain Bacteria

T,

Gram-negative Gram-positive

Proteobacteria Nonproteobacteria /\

Low G+ C HighG +C

12



Firmicutes

Plant pathogenic bacteria of the class Actinobacteria

Family

Genus

Order: Actinomycetales

Microbacteriaceae Clavibacter, Rathayibacter,
(Most Coryneforms) LE’/fS'O/?/.a, Curtobacterium
Nocardiaceae Rhodococcus
Streptomycetaceae Streptomyces

The genera Streptomyces and Rhodococcus have very wide
host ranges. Whereas, the genera Clavibacter and Leifsonia
are host-specific at the species or subspecies level.

The Prokaryotes,2006; Hogenhout and Loria,2008

13



Intraclass relatedness of Actinobacteria, based upon
16S rDNA/rRNA sequence comparison

FAMILIES SUBORDERS ORDERS
Micromonosporaceae 3 Micromonospotineag |
Frankiaceae A
Aciduthermaceae
_| Sporichthyaceae
Geodemaiophilaceae Frankineae
Cryptasporangiaceaal
Microsphaeroceag N
Acfinasynnemaceae :
| Pseudanocardiaceae ]Pseudonocardmeae
Streptomycetaceas 1 Streplomycineas
Nocardiaceae 7
Gordoniaceas ,
i Mycobacteriaceae | Cotynebacterineae
Distziaceas
Tsukamurellaceae
Corynebactenaceae _
Kincosoccaceae 1
fnfrasporang:aceae ] ACH”OH’?}"CEMJ’ES
Dermabacteraceae
_I_l Jonesiaceae
‘- Brevibactariaceae . .
i Dermatophiluceae Micrococcineae
Micrococcaceas
Pramicromonosparaceae
Cellulamonadaceas
Microbactetiaceae |
—— Actinomycetaceae 1 Actinomycineae
Pr opm?\:'%iggﬁ%%iiae | Propionibacterineae
SThermbfsporaceae 1
treptosporangiaceae .
Thermomonosporaceasg :|Sfrep tasporangineas
Noeaé?fopsaceie .
o fohe i f};(‘::t;:ggce aceas 1 Glycomycineae  pifidobacteriales
Acidimicrobiaceae Acidinderobiales
Cariobacteriaceae —] Cariobacteriales
g Sphascrobacteraceae  _] Sphaerobacterales
Rubrobacteraceae —_1 Rabrobacterales

The Prokaryotes (chapter 1.1.1),2006

14



Gram positive plant pathogenic bacteria

‘L Two prokaryotic domain

= There are two prokaryotic domains (or empires):
1. Bacteria (or Eubacteria)

2. Archaea (or Archaeobacteria), are subdivided into 29
phyla (or divisions):

= The domain Bacteria comprises of 27 phyla (or
divisions).

= The Phylla related to Gram positive plant pathogenic
bacteria:

1. Actinobacteria
2. Firmicutes
3. lenericutes

J.P. Euzéby,2013



Gram-Positive Bacteria

Plant pathogenic genera
Screenshot of part of the classification of the
domain bacteria/phylum Actinobacteria

= Domain: Bacteria
Phylum: "Actinobacteria”
Class: Actinobacteria
Subclass: Actinobacteridae
Order: Actinomycetales
Suborder: Corynebacterineae
Family: Nocardiaceae (Rhodococcus)
Suborder: Micrococcineae
Family: Microbacteriaceae (coryneforms)
Suborder: Streptomycineae
Family: Streptomycetaceae (Streptomyces)

J.P. Euzéby,2014 16


http://www.bacterio.cict.fr/a/actinobacteria.html
http://www.bacterio.cict.fr/c/corynebacterineae.html
http://www.bacterio.cict.fr/n/nocardiaceae.html
http://www.bacterio.cict.fr/m/micrococcineae.html
http://www.bacterio.cict.fr/m/microbacteriaceae.html
http://www.bacterio.cict.fr/s/streptomycineae.html
http://www.bacterio.cict.fr/s/streptomycetaceae.html

Gram-Positive Bacteria
i Plant pathogenic genera

Firmicutes

= Domain Bacteria
Phylum: "Firmicutes”
Class: "Bacilli*
Order: Bacillales
Family: Bacillaceae (Bacillus)

Family: Paenibacillaceae (Paenibacillus)
Class: "Clostridia™

Order: Clostridiales
Family: Clostridiaceae (Clostridium)

J.P. Euzéby,2014 17



Gram-Positive Bacteria

Plant pathogenic genera
Tenericutes

+

= Domain Bacteria
Phylum: “Tenericutes”
Class: Mollicutes
Order: Entomoplasmatales
Family: Spiroplasmataceae
Genus: Spiroplasma

J.P. Euzéby,2014

18



Identification of the bacterial pathogens
Coryneforms (coryneform plant pathogenic bacteria)

Disease diagnosis and pathogen diagnostics

19



Plant pathogenic coryneform bacteria

i The family Microbacteriaceae

= The term "coryneform" is applied to any non-sporing
Gram-positive rod of irregular outline.

= Some genera including Clavibacter, Curtobacterium,
Rathayibacter and Rhodococcus are phytopathogenic
species within the coryneform group of bacteria.

= However, most coryneform bacteria are saprophytes
that live in soil, water and organic matter.

= The saprophytic coryneform bacteria are widely
distributed in nature.

B. K. Schroeder:.. 20



The Family Microbacteriaceae
Plant pathogenic coryneform bacteria

oA W NN

The family Microbacteriaceae embraces a large group of
predominantly aerobic Gram-positive bacteria of high G+C
content that are distinguished from other actinobacteria by a
combination of their:

Unusual B group cell wall peptidoglycan and
Unsaturated respiratory menaquinones.

The family is a member of the order Actinomycetales, class
Actinobacteria and currently harbors 15 genera including the
plant pathogens:

Clavibacter,
Curtobacterium,
Rathayibacter,
Leifsonia,
Only Rhodococcus belongs to the family Nocardiaceae.

The Prokaryotes (chapter 1.1.28),2006

21



Classification of Actinobacteria

Based on analyses of 16S ribosomal RNA and the

distribution of 16S rDNA signature nucleotides

Actinomycetes comprises of the
genera such as Corynebacterium,
Gordonia, Mycobacterium,
Nocardia, Rhodococcus,
Skermania, Tsukamurella which
form a monophyletic group in the
16S rRNA gene tree.

The following pattern of 16S rDNA
signature nucleotides was
proposed as characteristic of the
family: nucleotides at positions
45-396 (U-A), 144-178 (C-G),
258-268 (A-U), 497 (A), 615-625
(A-U), 694 (G), 771-808 (G-C),
839-847 (G-U), 1256 (G), 1310-
1327 (A-U), and 1414-1486 (U-A).
Table presents Phytopathogenic
families and genera of the class
Actinobacteria.

Mycobacterium vaccae is a natural soil bacterium make you smarter.

Family Genus
Microbacteriaceae Clavibacter
Curtobacterium
Rathayibacter
Leifsonia
Nocardiaceae Rhodococcus
Streptomycetaceae | Streptomyces

The Prokaryotes (chapter 1.1.1),2006

22




Classification

Whole-genome sequence-based phylogenetic analysis
of plant-pathogenic members of Clavibacter

=  Whole-genome sequence-based
phylogenetic analysis of plant-
pathogenic members of Clavibacter.

= The neighbour-joining tree was
generated based on the whole-
genome sequences of 49
Clavibacter strains using the galaxy
Europe online service
(https://galaxyproject.eu/) and
1000 bootstrap replications.
Clavibacter nebraskensis strains
were clustered in @ monophyletic
clade phylogenetically related to the

LMG 26808

\ICFBP 7493 | C. michiganen:
AB099
CFBP 8216" 7] C. michig ie

alfalfa pathogen C. /nsidiosus.
*Needs taxonomic re-evaluation.

**Taxonomic description is in
preparation.

Osdaghi et al,2023

8
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wol 10| CFBP 8217

CFBP 8627
100
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oo CFBP 86167

:| Clavibacter sepedonicus

C. nebraskensis

C. insidiosus

C. michi is subsp. ph: ii*

C. michi is subsp. chilensis*

:| Hypothetical new specie:

i 5**
o CFBP 8615
CFBP 8019 ] Hypothetical new species
62| 1

DOAB 609 TJH
oMi Jc.

ATCC 33566" €. fessellarits

CF11 ] Hypothetical new species

n CFBP 7576
%] PFoog” C. capsici

1101

ical new species
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P20
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Thallobacteria
Clavibacter
» pleomorphic, mostly rod-like

» diaminobutyric acid in cell wall
» usually non-motile

C. michiganensis subsp.
michiganensis

i Bacterial canker of tomato
Streptomyces scabies C. michiganensis subsp. sepedonicum www.umassvegetable.org

Ring rot of potato

» spore-forming
» branched vegetative hyphae .
» soil inhabitants Rhodococcus fascians

~ attacks potato and other root vegetables

Fasciation of sweet pea

Common scab of potato

Cuppels Biology 4 :vu

Cuppels, 2007

24



Diseases caused by coryneform plant pathogens
Clavibacter spp.

Clavibacter capsici Bacterial canker disease in pepper

C. insidiosus Bacterial wilt of alfalfa

C. michiganensis Bacterial canker of tomato

C. nebraskensis Bacterial wilt and blight of corn (Goss’s wilt)
C. phaesoli Bacterial leaf yellowing on bean

C. sepedonicus Bacterial ring rot of potato

C. tessellarius Mosaic-like syndrome on wheat

C. zhangzhiyongii Leaf brown spot and decline of barley

Euzeby,2024 25




Diseases caused by coryneform plant pathogens
Curtobacterium spp.

= Plant pathogenic members of C. flaccumiaciens are divided into
five pathovars based on their host of isolation, pathogenicity
and host range (Collins and Jones,1983), i.e.

n (. flaccumfaciens pv. flaccumifaciens causing bacterial wilt of
dry beans (Hedges, 1922),

n (. flaccumifaciens pv. poinsettiae causing bacterial canker of
poinsettia (Pirone and Bender, 1941),

s (. flaccumfaciens pv. betae the cause of silvering disease of red
beet (Keyworth et al., 1956), C. flaccumifaciens pv. ilicis causing
bacterial blight of American holly (Mandel et a/., 1961, Young et
al., 2004), and

n (. flaccumfaciens pv. oortii the agent of bacterial wilt and leaf
spot of tulip (Saaltink and Maas Geesteranus, 1969).

Osdaghi et al., 2024 26



Diseases caused by coryneform plant pathogens
Curtobacterium spp.

More recently, two additional pathovars were described, namely
C. flaccumfaciens pv. basellae the causal agent of bacterial leaf
spot of malabar spinach (Basella rubra [B. alba]) (Chen et al.,
2000) and C. flaccumfaciens pv. beticola the causal agent of
bacterial leaf spot of sugar beet (Chen et g/., 2007).

However, none of the latter new pathovars has so far been
included in the list of plant pathogenic bacteria provided by the
International Society of Plant Pathology Committee on the
Taxonomy of Plant Pathogenic Bacteria (ISPP-CTPPB; Bull et 4l.,
2010, Bull et al,, 2012, Bull et al., 2014).

A recently published study described Curtobacterium allii
causing onion bulb rot as the only plant pathogenic species of
Curtobacterium outside C. flaccumfaciens (Khanal et al., 2022).

Osdaghi et al., 2024 27



Diseases caused by coryneform plant pathogens
Curtobacterium, Leifsonia and Rathayibacter spp.

Curtobacterium flaccumfaciens pv. betae

Vascular wilt and leaf spot of red beet (Beta
vulgaris)

C. 1. pv. flaccumfaciens (multicolored
bacterium)

Bacterial wilt bean (Phaseolus, Vigna)

C. . pv. ilicis (syn. Arthrobacter ilicis)

Blight of American holly (I/ex opaca)

C. f. pv. oortii

Yellow pustule of tulip (bulb symptoms) or hell fire
(leaf symptoms)

C. f. pv. poinsettiae

Leaf spot and stem canker of Poinsettia (Euphorbia
pulcherrima)

Leifsonia xyli subsp. xyli

Ratoon stunt in sugarcane

Leifsonia xyli subsp. cynodontis

Bermuda grass stunting disease

Rathayibacter iranicus

Gumming (tundu) disease or yellow slime of grains
(wheat)

28




Diseases caused by coryneform plant pathogens

R. rathayi Gumming disease or yellow slime of grains (Dactylis glomerata)

R. toxicus Gumming disease or yellow slime of grains (rye grass, Lolium rigidum)

R. tritici Gumming disease or yellow slime of grains (wheat)

Rhodococcus fascians Bacterial fasciation, leafy gall, cauliflower-like galls on G/adiolus corms,
Abnormal sprout formation on phlox.

Rhodococcus has very wide host ranges, whereas

the two other Actinobacteria genera i.e. Clavibacter and
Leifsonia are host-specific at the species or subspecies level.

Note: Arthrobacter ilicis is excluded from ISPP list of plant
pathogenic bacteria and Curtobacterium flaccumiaciens pv.
/licis has been proposed for the pathogen of American holly.

29




Characteristics of coryneform
plant pathogens

Phenotypic criteria

= These are obligately
aerobic to facultatively
anaerobic;

= Non-spore forming
organisms;

= With varying cell
morphology, ranging
from:

1. Coccoid(Rhodococcus),
small irregular rods to

2. Branched fragmenting

hyphae (Leifsonia). Colonies of Clavibacter m. subsp.
: . michiganensis on SCM:
" MYCQ“C acids and Colonies are small, light to dark gray,
arablnogalactan are not glistening, fludial and often irregularly shaped.

present.
30



Characteristics of coryneform
plant pathogens

Phenotypic criteria

= Bacterial wilt of dry beans
caused by multicolored
bacterium Curtobacterium
flaccumiaciens pv.
flaccumfiaciens.

= Young wilt pathogen culture
exhibiting purple color variant
on nutrient broth yeast
extract medium (NBY).

= Note purple-blue pigments
diffusing into media.

= Aged culture showing
remnants of purple pigments.

31
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Characteristics of coryneform
plant pathogens

Some other phenotypic criteria

1. Based on common phenotypic criteria such as:
= Cell wall components,
= Pigmentation of cell culture, and

= Selected physiological features have been widely applied to
coryneform genera such as of Clavibacter and Rathayibacter can
be differentiate.

2. On the basis of cell wall composition:

= The genus Clavibacter comprises five species and several
subspecies of coryneform phytopathogenic bacteria which
contain 2,4-diaminobutyric acid.

Mycolic acids and arabinogalactan are not present.

3. Based on additional phenotypic markers, including
menaquinone-type markers and others, these phytopathogenic
coryneform bacteria have been reclassified into two genera,
Clavibacter and Rathayibacter.

32



Phylogenetic tree
Based on 16S rDNA analysis

= Phylogenetic tree
constructed by parsimony
analysis of 16S rRNA gene
sequences from 11
members of the genera
Clavibacter and
Rathayibacter and 4 other
related gram-positive
bacteria, with Abiotrophia
defectiva as the outgroup.

Lee et al.,,1997

- . m. subsp. nebraskensis
L . m. subsp. insidiosus

2, m. subsp. michiganensis
ool O, mosubsp. sepedonicus

C. m. subsp. tessellarius 1

C. m. subsp. tessellarius

C. x. subsp. cynodoniis

C. x. subsp. xyli

R. iranicus

R. tritici

— R. rathayi

L Corynebacterium sp.

Clostriditm TnnocLiirm

—— Lactobacter thermoamplovorans

Abiotraphia defectiva [Streplococcus defectivus)




Differential characteristics of
phytopathogenic coryneform bacteria

Growth Acid Production® Utilization® Hydrolysis®
Pathogen Motility Pigment! CNS TTC _Ribose Sorbitol _Inulin __ Acetate Formate Casein _Esculin
Arthrobacter ilicis + Y + g + - - +* 4 + +
Clavibacter iranicum - Y - ND - - + - - - +
Clavibacter michiganensis
subsp. insidiosus - Y/B - + - - - - - - +
subsp. michiganensis - Y/V, + + - - - - - - +
subsp. nebraskensis - o/, + - — + - + - - +
subsp. sepedonicus - w - - = + - + - - +
subsp. fessellarius - o) + + - + - - - - +
Clavibacter rathayi - Y \" ND - - - - - - +
Clavibacter tritici - Y + ND - - A - - +
Clavibacter toxicus - Y ND ND ND ND - - ND ND ND
Clavibacter xyli )
subsp. cynodontis - Y ND ND - = - - - - -
subsp. xyli - w ND ND - C - - - - -
Curtobacterium flaccumfaciens
pv. betae v Y \"% + + + - + - - 0
pv. flaccumfaciens A\’ Y/O/P \' + +P - = + - + %
pv. oortii + Y \Y + +P - - - - + +
pv. poinsettiae \% o v + + + & + = + +
Rhodococcus fascians - 0) - + +P + + + z =
Abbreviations: +, 80% or greater positive; -, 80% or greater negative; V, variable, depending on the stram +P, delayed positive; ND, not determined.
*RSD broth (see d, p. 225) with yeast extract reduced to 0.1 g/L, and the test compound (0.5% w/v) replacing glucose.
*RSD broth as above, except the test compound at 0.1% w/v and bovine serum albumin omitted from the medium when testing 4Arthrobacter and
Corynebacterium species.
°SC medium (see b, p. 225) supplemented with 1% (w/v) casein or 0.1% (w/v) esculin and 0.05% (w/v) ferric citrate. Clearing of the medium with
casein or the development of a brown color in the medium with esculin indicates hydrolysis.
‘NBY agar (see ¢, p. 4) used for all pathogens, except SC agar used for C. xy/i subspecies. Y, yellow; B, blue; O, orange; W, white or colorless; P,
purple; V, various pigments (occasional variants are pink, red, orange, and white or colorless); V,, occasional variants are yellow; ND, not done. Colors
refer to those of non-diffusable pigments, except as noted. The blue pigment is intracellular indigoidine granules sometimes produced in addition to
yellow pigment. The purple is extracellular and occasionally found.

Schaad et a/,2001



Differential characteristics of
phytopathogenic coryneform bacteria

Acid from carbohydrate using:

Organic Selective Purple Broth Medium C Colony
acids Enzymes medium plus plus characteristics
Bacterial species Fm Na T80 Gel CNS TTC Mot Man Rha Suc Lac Tre Man Rha Ind Ep Colourf
A. ilicis \ + - + + + v + + - + + + - = Y:W/Be
Cl. michigenense subsp.
insidiosum - - - - - - — + - — v v + — + + DY
Cl. m. subsp. michiganense + + - - + + - - — v v + + - - - Y:.DY
Cl. m. subsp. nebraskense + v - - + - - - - v + \Y - - - 0
Cl. rathayi + - v - - - + - - - + + - - = BrY
Cl. m. subsp. sepedonicum v v - - - - - + - + - - + - — —  W/Be
Cl. m. subsp. ressellarius + + + - + + - - - v + + + - - - 0
Cl. tritici + v + - + = - + - + - v + - — — BrY
Cur. flaccumfaciens pv. betae -  + + v + + + - + v + + + + - -  Y:DY
Cur. fi. pv. flaccumfaciens + v + v + + v v v v + + + - v YV
Cur. fl. pv. oortii - + 4+ 0+ + + + - + v o+ o+ + + - - YV
Cur. fl. pv. poinsettiae -+ + \" + + v - - v + + + - - - OyY/O
R. fascians + + o+ - -~ + - - - - - + + - - = Y/O:BrY

+, 80-100%, of organisms positive; —, 80-100% of organisms negative; Vv, organisms were variable either between strains or when test was
repeated.

* Abbreviations: Fm, fumaric acid; Na, sodium acetate; T80, lipase for Tween 80, Gel, gelatinase; CNS, growth on CNS; TTC, growthon TTC;
Mot, motility; Man, mannitol; Rha, rhamnose; Suc, sucrose; Lac, lactose; Tre, trehalose; Ind, presence of indigoidine ; Ep, presence of extracellular
pigments.

t Colony colour on NBY: DY, dull yellow; Y, yellow; O, orange; BrY, bright yellow; Y/O, yellow-orange; W/Be, white/beige; V, variable.

Henningson and Gudmestad, 1991
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Physiological and morphological characteristics of the 16S
rRNA restriction types in comparison to reference strains of
the genera Curtobacterium, Clavibacterand Rathayibacter

Characteristic

h

11

12

13

14

18

19

20

21

22

23

Number of strains

Colony colour

Motility

Hydrolysis of:
Gelatin
Aesculin
Casein
Starch
Tween 80
Tween 60

DNase

Levan
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Physiological and morphological characteristics of the 16S
rRNA restriction types in comparison to reference strains of

the genera Curtobacterium, Clavibacterand Rathayibacter
Continued

= Abbreviations: +, positive reaction; w, weakly positive ; -, negative; d, reaction
differs among strains ; y, yellow; i, ivory; ly, light yellow; o, orange; y/b, blue
pigment of the intracellular indigoidine granules sometimes produced in addition
to the yellowpigment; yo, yellow-orange; w, white.

= Species/genotype:

w1, Curtobacterium accumfaciens pv. accumfaciens,; 2, Curtobacterium

m gcecumfaciens pv. accumiaciens ; 3, Curtobacterium accumiaciens pv.
accumfaciens (Corynebacterium accumfaciens subsp. violaceum); 4,
Curtobacterium accumfaciens pv. betae, 5, Curtobacterium accumfaciens pv.
poinsettiae, 6, Curtobacterium accumfaciens pv. oortii ; 7, genotype A; 8,
genotype D; 9, Curtobacterium luteum; 10, Curtobacterium citreum; 11,
Curtobacterium pusillum;, 12, Curtobacterium albidum;, 13, Clavibacter
tessellarius ; 14, Clavibacter. nebraskensis, 15, Clavibacter michiganensis, 16,
Clavibacter michiganensis subsp. insidiosus ; 17, Clavibacter sepedonicus; 18,
genotype B1; 19, genotype B2; 20, genotype

Behrendt et a/,2002 37



Characteristics the genus
Rathayibacter

+

s Four species:

1. R. rathayi

2. R. tritici

3. R. toxicus

4. R. Iranicus

= All nematode transmitted, in grasses;
= Produce toxins important in grazing;

= Not easy to differentiate other than by genetic
fingerprinting.
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Characteristics of the

‘L Rathayibacteria

Rathayibacter spp. cause gumming diseases,
usually characterized by yellow bacterial slime on
seed heads, stems and leaves of the plant host.

Rathayibacters use as vectors the highly specialized
plant-pathogenic nematodes of the genus Anguina.

It should also be noted that Anguina tritici was
demonstrated to transmit R. rathayrinto 7riticum
spp. and initiate a disease similar to that caused by
R. tritici.,

Rathayibacter toxicus annual raygrass toxicity
bacterium can produce a neurotoxin that can be
fatal to grazing animals.
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i Two novel Rathayibacter species

= WO novel species, Rathayibacter caricis sp. hov. and
Rathayibacter festucae sp. nov. are proposed for two
coryneform actinomycetes:

n Rathayibacter caricis found in phyllosphere of Carex
sp.
s Rathayibacter festucae found in leaf gall induced by

the plant-parasitic nematode Anguina graminis on
Festuca rubra L.
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Isolation methods
Two new Rathayibacter species

+

Rathayibacter caricis

The gall surface was sterilized with 75% (v/v) ethanol for
1 min and dried; the Palls were cut into pieces, added to 2
ml 0£85% (w/v) NaCl solution and milled.

The plants of Carex sp. $WIthOUt any visible symptoms of
disease) were collected for pathogenicity tests.

Rathayibacter festucae

An overhead part of a fresh plant was placed into a flask
with saline solution (0.85% NaCl) and shaken for 1 h on a
rotary shaker.

The above plant gall and phyllosphere suspensions were
plated by adding 1 drop into corynebacterium agar (CB
?lggr f%c)l incubated for 1 month at room temperature
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Characteristics of species in the genus Rathayibacter

Characteristic 1 2 3 4 5 6
Colony colour Yellow Rose-orange Yellow Yellow Yellow Yellow
Observation of visible 2 2 2 2 2 4
growth (days)
Cell-wall sugar:*
Glucose 1-0 1-0 + + + +
Galactose — — + + — —
Mannose 45 1-8 + + + +
Rhamnose 70 1-3 + + + +
Xylose 0-7 03 + + - -
Fucose 1-8 — — — — —
Oxidase W + W w W W
Methyl red test + + — — - -
Voges—Proskauer + + - — — —
Utilization of:
Dulcitol + + — — — —
meso-Inositol + + — — - -
Inulin + + — + + -
Melibiose + + — — - -
meso-Erythritol — + — — — —
Salicin + + - + + —
Sorbitol + + — + - -
Hydrolysis of:
Tween 60 — + + + + —
Tween 80 — + — + + —
Tolerance to:
5% NaCl + — — + - -
0-03 % Tellurium — - + + + -
acetate
Source plantf Carex sp.  Festuca rubra L. Dactylis Triticum Triticum Lolium rigidum
glomerata L. aestivum L. aestivumn L. Gaud.
Nematode associated] No data  Anguina graminis  Anguina sp.§  Anguina tritici  Anguina tritici  Anguina funestal|

Abbreviations: +, positive ; -, negative; w, weak or negative, depending on growth
phase. Strains: 1, Rathayibacter caricis sp.; 2, Rathayibacter festucae sp.; 3, R.
rathayr, 4, R. tritici; 5, R. iranicus VKM Ac-1602T; 6, R. toxicus.

Dorofeeva et a/.,2002



Characteristics the genus
Clavibacter

i

= Vascular diseases caused by Clavibacteria and disease

symptoms Clavibacter michiganensis causes a vascular
disease with very high titers in a variety of agriculturally
important plants and, in fact, may be considered the
most important bacterial pathogen.

Clavibacter sepedonicus is pleomorphic, slightly club-
shaped short rod and this rod size is about 0.5-1.0 um.

Latent infection is observed in contaminated seeds.

Pathogenicity Factors originally, extracellular
polysaccharides (EPS) were proposed to be the main
pathogenicity factor inducing wilt symptomes.

The Prokaryotes (chapter 1.1.28),2006. Euzeby, 2024 43



Isolation Media

Clavibacteria spp.
1, Nutrient agar su pplemented Doppel’s Medium (Lelliott and Stead, 1987)
. Glucos 10
with 1% glucose or 5% Voot otract S
sucrose. Casein hydrolysate (not vitamin free) 8eg
. K,HPO, 2¢
2. Glucose-yeast-calcium MgSO, - 7TH,0O 03¢
: Agz 12
(GYCA) medium. s s
3. NBY medium. pH 7.2

4. Doppel’s medium. | ‘ |
. NBY Medium (Gross and Vidaver, 1979a; Vidaver
5. CB agar or any other media | and Davis. 1988)

based on peptone, yeast Nutrient broth 8 ¢
Yeast extract 2g

extract, and glucose may be K,HPO, 2g

used as nonselective media AHLPO. e

for isolation of plant Water 1 liter

pathogenic clavibacteria. pH 7.2
Fifty ml of 50% glucose and 1.0 ml of 1M MgSO, - TH,O
are both added after separate filter sterilization.

The Prokaryotes (chapter 1.1.28),2006 44



Isolation and pigment development
Semi-selective media
Clavibacter michiganensis

=  Six representative semi-selective media for the detection of C. michiganensis subsp. michiganensis, namely
CMM1T, SCM, SCMF, BCT, and SMSMM:

=  The composition of each medium per 1 L were as follows:

= CMMIT (10 g sucrose, 3.32 g Tris base, 11.44 g Tris-HCI, 0.25 g MgS0,.7H,0, 5 g LiCl, 2 g yeast extract, 1
g NH,CI, 4 g casamino acids, 15 g agar, 10 mg polymyxin B sulfate, 28 mg nalidixic acid, 100 mg nystatin).

n SCM (10 g sucrose, 0.1 g yeast extract, 1.5 g H;BO;, 0.25 g MgS04.7H,0, 2 g K,HPO,, 0.5 g KH,PO,, 18 g
agar, 30 mg nalidixic acid, 50 mg nicotinic acid, 100 mg nystatin, 10 mg potassium tellurite),

u SCMF (10 g sucrose, 2 g yeast extract, 1.5 g H;BO3, 0.25 g MgS0,.7H,0, 2 g K,HPO,, 0.5 g KH,PO,, 18 g
agar, 20 mg nalidixic acid, 50 mg nicotinic acid, 100 mg nystatin, 10 mg potassium tellurite, 80 mg
trimethoprim),

= BCT (2.5 g mannitol, 2 g yeast extract, 1 g K,HPO,, 0.1 g KH,PO,, 0.05 g NaCl, 0.1 g MgSO,. 7H,0, 0.015
g MnSO4. H,0, 0.015 g FeSO,. 7H,0, 0.6 g H;BO;, 15 g agar, 20 mg nalidixic acid, 100 mg trimethoprim,
20 mg polymyxin B, 4.2 mg epoxiconazole, 12.5 mg fenpropimorph), and

= SMCMM (20 g glycerol, 5 g peptone, 3 g yeast extract, 2 g K,HPO,, 0.5 g KH,PO,, 0.25 g MgS0O,. 7H20, 5
g LiCl, 15 g agar, 20 mg nalidixic acid, 40 mg cycloheximide, 80 mg K2Cr;0,, 2 mg NaN;, 2.1 mg 2,4,5,6-
tetrachloroisophthalonitrile).

= All tested semi-selective media contained nystatin or cycloheximide. Both antibiotics inhibit the growth of

fungi. Moreover, it is considered that other antimicrobial agents influence selectivity for C. michiganensis
subsp. michiganensis in bacteria.

= R2A (per 1L: 0.5 g glucose, 0.5 g soluble starch, 0.5 g yeast extract, 0.5 g proteose peptone no. 3, 0.5 g
casamino acid, 0.3 g K,HPO,, 0.05 g MgS04. 7H20, 0.3 g sodium pyruvate, 15 g agar) medium containing
nystatin at 100 uyg mL~! was used to detect total cultural bacteria in seed samples(SOMEYA et a/.,2020).



Isolation and pigment development
C. michiganensis subsp. insidiosus

i

= Modified Burkholder's agar (Straley et
al.,1974), containing 250 ppm actidione
(cycloheximide), is recommended for primary
isolation and development of pigment (Close
& Mulcock,1972).

s Isolations should be incubated at 20°C and
take 5-7 days to develop.
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Cultural morphologies of different
species of Clavibacter

n Clavibacter
michiganense subsp.
insidiosum (Cmi),

n C. michiganense subsp.
michiganense (Cmm),

s C. michiganense subsp.
nebraskensus (Cmn).

C. michiganense

C. sepedonicum

Wheat strain

47



Bacteriocins
Clavibacter subspecies

+

Inhibition of closely related strains by other
Clavibacter subspecies was reported early.

Gross and Vidaver (1979a) showed, that 85% of the
tested strains of the subspecies Cmi, Crmm, and Cmn
produced one or more bacteriocins.

The size of inhibition zones varied with strains,
incubation temperature, and media used.

In most cases all the other Clavibacter subspecies
and additionally some Rathayibacter and
Curtobacterium strains were affected by the
bacteriocin.

Eichenlaub et a/,2006 48



Test for production of

‘L bacteriocin by Clavibacter

= Typing of bacterial strains by
the pattern of sensitivity to
bacteriocins or phages is a
useful aid for identifying plant
pathogenic bacteria.

= Bacteriocins are toxic, narrow-
spectrum protein metabolites
of bacteria that inhibit/kill
related bacteria.

= Inhibition of growth of (most of
the) related bacteria tested,
visible as a clear halo (no

growth) around the colonies of
different Clavibacter species.

Janse,2006;..

49
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Phages of Clavibacter

= A few phages have been isolated for
Clavibacter insidiosum (C),
C. michiganense (Cm),
Clavibacter nebraskensis (Cn).

All are virulent and subspecies-specific.

Thley have isometric heads and long non-contractile
tails.

= CMP1 from Cm was shown to be specific for virulent
Cm strains (Echandi and Sun,l973§.

= It is a DNA phage with a size of about 60 kb.
= No lysogenic phage was reported up to now.

" B W N~

Eichenlaub et a/,2006 50



Clavibacter michiganensis subsp. michiganensis

* Sensitivity test for antibiotics

= The bacterium
C.michiganensis subsp.
michiganensis is:

= Sensitive to tetracycline
(TE).

= Moderately sensitive to
streptomycin (S),and
erythromycin (E).

= Insensitive to penicillin

(P).
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Selected differentiating characteristics of

the C. michiganensis subspecies

Subspecies Pigmentation — Gelatin Utilization  Reducing Levan
liquefaction of acetate sugar production
production
Cmm vellow + + variable -
Cms white - + + -
Cmi blue-grav - - - -
(vellow)

Cmin orange - + + +
Comt

orange

Eichenlaub et a/,2006

On NBY medium certain species exhibited very characteristic
colony colours that could be used tentatively to identify the
organisms. For example, Clavibacter michiganense subsp.
insidiosus produced indigoidine (a deep blue and indigo mix) on
the colony edges.
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Table 4. Characteristics that differentiate the Clavibacter michiganensis subspecies.

CL m. subsp. Cl. m. subsp. Cl. m. subsp. Cl. m. subsp. Cl. m. subsp.

Characteristic michiganensis insidiosis nebraskensis sepedonicus fesselarius
Pigment, NBY agar Y Y, BL O (rarely Y) W 8]
Pigment, CB agar Y W, YW, BL O YW RO
Cell wall sugars

Glucose d + + + +

Fucose + + + - +
Acid from

Lactose + + + - +

Mannose + + + d +

L-Ribose + + + - +

Inositol + - +* - +

Sorbitol - - +° - +
Growth on C-source

Dulcitol d - + - +

p-Rhamnose + - - - -
Utilization

Acetate + - + + -

Succinate + - + + +
Hydrolysis

Starch + - + + +

Tween 40 + - d + +

DNA + + + - +
H,S from peptone + +° + - +
Levan production - = + - +
Growth on CNS' + - + - +
Growth on TTC' + - - -
5% NaCl + + - d
0.03% K-Tellurite d - + - +
Voges-Proskauer + + - - +
G+C (mol%) 73 73 73.5 72 T4
Plant host* Tomato and pepper Lucerne Corn Potato Wheat
Predominant Wilt and fruit spot ~ Wilt and stunting ~ Wilt and leaf blight ~ Wilt and tuber rot Leaf spot

symptoms*®

Symbols and abbreviations: +, positive; —, negative; d, different between strains; Y, yellow: O, orange: RO, rose-orange:
W, white: YW, yellowish white: and BL., blue to black somewhat diffusible pigment (indigoidine).
sbedeThe opposite results were reported by Zgurskaya (1993a), Dye and Kemp (1977), Davis et al. (1984b), Vidaver and
Davis (1988), and Behrendt et al. (2002), respectively, using different methods.
‘Data from Carlson and Vidaver (1982). Somewhat different values of the G+C content of DNA were reported by other

authors.

*Data from Vidaver (1982).
Adapted from Dye and Kemp (1977), Carlson and Vidaver (1982), Davis et al. (1984b), Vidaver and Davis (1988), Zgurskaya

(1993a). and Behrendt et al. {2002).

The Prokaryotes (chapter 1.1.28),2006
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Serological test

Immunoassay
BID Assay for Clavibacter michiganensis subsp. michiganensis

= 96-well ELISA kit, self-contained
= Cmm1 monoclonal antibody

= 10 minute boiling step for sample extraction
= Replaced by new buffer - no boiling

= Results read by eye or spectrophotometer

e -‘;'. > '———_—-—q
P A b '.. —
',_\: ———saaaq

The BID ELISA test available in 2002
Miller, 2006 54




ImmunoStrip test system
Detection method

0 ﬁdd approximately 3 ml of sample extract buffer to the grinding
ag.
= Take a sample of plant tissue that shows symptoms.

D -|:I)-hfef plant tissue should be diluted approximately 1:20 in extract
uffer.

= Rub the bag with a pen or blunt object to completely crush
sample.

= Remove one strip from the packaging. When handling the strip,
always grasp the top of the strip marked with the test name. Do
not remove protective covering.

= Keeping the strip in a vertical position, insert the end of the
strip marked “sample” into the extract.

= Do not allow much more than 0.5 cm or 1/4 inch of the end of
the strip to be submerged in the extract.

= Be sure the strip remains in the extract during the test.

Laboratory 9. Pathogen detection methods,2008 55



ImmunoStrip test system
Detection method

Results:
The control line will usually appear in 3 to 5 minutes.

Maximum reaction occurs in 20 minutes, at which time the
ImmunoStrip should be removed from the buffer.

The control line assures that the test is working properly.
If the control line does not appear, the test is invalid.

If the sample is positive, the test line will also appear.

If the sample is negative, the test line will not appear.

The test line will be red to purple in color just as the
control line.

If ]}/ou wish to keep the strips as permanent records, cut
gf thed sample pads (green ends marked “sample”) and
iscard.

Laboratory 9. Pathogen detection methods,2008 o6



Serological test
Immunostrips for Cmm

+

= Immunostrip format
= Cmm1 monoclonal antibody
= [est complete in <5 minutes

Miller,2006
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* Cmm Immunostrip Results

= Positive (+)
= Weak positive (+/-)

= Negative

Miller,2006



i Accuracy of Cmm Immunostrip Assay

Immunostrip Culture Number of
Samples
+ + 11
- - 12
weak + + 3
+ - 1
weak + - 4

59



Comparison of BID-Cmm and
Immunostrips for Detection of Cmm

si=en| BID +/- cut-off

Immunostrip Result

Miller,2006



Comparison result
BID-Cmm/Cmm Immunostrip

= BID-Cmm is relatively sensitive
= Detection limit ~ 105 CFU/ml in planta
= Fast, easy to use

= Cmm Immunostrip
= As sensitive as BID
= Very fast, very easy to use: suitable in field

= No false negatives observed in field sample evaluations
= A few false positives - experimental error?

Miller,2006 61



Conventional PCR

Amplification of16S-23S rDNA region space of
Clavibacter michiganensis subsp. michiganensis

= Pathogen confirmation by specific PCR with primers
PSA-4/PSA-R.

= Forward primer PSA-4 (5-TCA TTG GTC AAT TCT
GTCTCC C-3') and reverse primer PSA-R (5-TAC TGA
GAT GTT TCA CTT CCC C-3").

= The expected band size is 270 bp.
= M: Gen Ruler Fermantas 100-1000 bp.
= W: Water is negative control.

Baysal et a/,,2011 62



Repetitive-PCR
Rep-PCR

at|t3c::::=—--<§5> -

Three E. coli Lyse cells Amplify DNA
isolates from -/
environment

C Iy — ==

Run DNA on gel Stain DNA to give
“fingerprint”




rep-PCR

A rapid and effective method to identify

Clavibacter michiganensis

= Three rep-PCR primers (BOX,
ERIC, and REP) were used for
genomic fingerprinting.

= Agarose gel electrophoresis of
polymerase chain reaction (PCR)
fingerprint patterns obtained
from strains representing five
subspecies of Clavibacter
michiganensis using primers
corresponding to repetitive
extragenic palindromic sequences
(rep-PCR).

= A, BOX-PCR pattern,

= B, ERIC-PCR pattern,

s C, REP-PCR pattern.

Louws et a/,1998
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rep-PCR analysis

Used to discriminate several ex. subsp. of
Clavibacter michiganensis

= BOX-PCR results for several ex.
subspecies of Clavibacter
michiganensis.
= Non-numbered lanes 1 kb DNA
ladder; i g o "LHNgEE
= lanes 1-9 and 10-12 C. m. subsp. SHECERERERLRLe, Ll EE
michiganensis; 3 B " B wme =
= lanes 13-15 C. m. subsp. 2 |
nebraskensis, dg 88 BEER S anakSs
= lanes 16-18 and 19-24 C. m. subsp. T SRS ccapume’l cee @
insidiosus, -
= lane 25 positive control C. m. subsp. L .
Sepedonlcus; Py ; C.m.sepedonicus
= lane 29 negative control, ultra pure "'"'”'"""’"’"": B e -
Water. Jm.nepraskensis

= A, B and C = misidentified strains,
strain C tested twice; DS =
deviating strain of C. m. subsp.
michiganensis, probably a
mislabelled strain of C. nebraskensis

(compare profiles!). Janse, 2006 65



rep-PCR analysis

Used to discriminate several ex. subsp. of
Clavibacter michiganensis

= Dendrogram from data Person coreaton Dendrogram
shown in previous fig., —u
using Bionumerics 8 cm s
software (AppliedMaths, [
Kortrijk, Belgium). LB e

= Thereis a clear 0 N
separation between the = -C.n mhganesi
subspecies of i
Clavibacter = msdenied Cmmictgmens
michiganensis. — LN eentiied €omnsidosus

one strain tested twice

Janse,2006 66



ISSR analysis

C. michiganensis subsp. michiganensis

ISSR (Inter Simple Sequence
Repeat) is a general term for a
genome region between
microsate”ite |0Ci m ] KBCPEFLSDTMAGHNOTIUQR

A total of eight ISSR primers G
were used to amplify the DNA: :‘3’99{:{;
(ACC)6CC, CCA(TGA)STG, 1T07bp -
CCA(TG)7T, GCA(AC)7, 361bp-
(CA)8RG, (AG)8YT, GGG(AC)7 i
and (GA)8GG. j;;:j
Of the screened primers used to
analyze isolates, the most
polymorphic loci amplified were

obtained from the ISSR primers Microsatellite loci which are widely distributed
- = throughout the genome can be used to classify
(CA)8RG (This Figure). individuals by relatedness.

369bp -

Baysal et a/,2011 67



The Clavibacter subspecies
Infection mode

+

= The Clavibacter subspecies are probably mainly
wound pathogens (Strider,1969).

= Infection of Cm through stomata and through
hydathodes was described.

= Another important mode of transmission is through
contaminated seeds (Strider,1969).

= Infection through animal vectors was never described
for the Clavibacter subspecies (contrasting with the
infection mode of Rathayibacter which is associated
with different nematode species like Anguina)
although the severity of the disease can be
influenced by the presence of nematodes (Hunt et
al,1971).

Eichenlaub et a/,2006 68



Characteristics of the genus
Curtobacterium

= The genus comprises of six spp., of which only curtobacterium
flaccumfiaciens is considered as plant pathogenic.

1. Curtobacterium citreum
Curtobacterium albidum
Curtobacterium luteum

4. Curtobacterium pusillum

5. Curtobacterium herbarium

6.  Curtobacterium flaccumfaciens

The five recognized pathovars of Curtobacterium flaccumfaciens are:
pv. betae

pv. flaccumfaciens

pv. /licis

pVv. oortii

pV. poinsettiae.

i & W N = B

Schaad et a/,2001; Dunleavy,1989



Characteristics of the genus
Curtobacterium

i

Colonies of both pathogenic and non-pathogenic
curtobacteria on nutrient agar are yellow, orange or ivory,
shiny, slightly convex and round, with entire margins.

The exception is with C. a/bidum and C. pusillurn which
produce white colonies.

All yellow pigmented curtobacteria produced -carotene
on tryptic soy agar.

Colonies grown on nutrient dextrose agar ranged in
diameter from 2 mm (C. /uteurn) to 12 mm (C. albidum).

C. albidum and C. /luteurn are known antagonists against
plant pathogenic fungi.

Dunleavy,1989:.. 70



Test for carotenoid pigments in

Curtobacterium spp.
B-carotene

= The test bacteria were grown for 5 days on tryptic soy agar.

= Cells were washed from the plate with methanol and
suspended in 10 ml of methanol for 30 min.

= Cells were removed by centrifugation, and the supernatant
was added to a cuvette for spectrophotometric analysis.

= A B-carotene (Sigma Chemical Co., St. Louis, Mo.) standard
was used for comparison with the bacterial product and
consisted of a few crystals of 3-carotene dissolved in 10 ml
of methanol.

= [B-Carotene in methanol gives an absorbance maximum at
447 nm (Goodwin, 1980).

Dunleavy,1989 "



B-carotene

i Test for carotenoid pigments

= Absorption spectrum of

B-carotene in methanol.

= [he B-carotene was
produced by yellow-
pigmented
Curtobacterium spp.

= This spectrum was
identical to that of 400 420 440 460 480 500
purified B-carotene. WAVELENGTH (nm)

ABSORBANCE (%)
o © © ©
[ %] (7% r - i

&
-

Dunleavy, 1989



Characteristics typical of the genus
Curtobacterium

= Gram positive, nonsporeforming cells usually move by means
of lateral flagella.

= Cells are small, irregular, unbranched rods, tending to
become shorter in the older culture.

= Obligately aerobic, catalase positive, chemoorganotrophic,
mesophilic, and capable of growth on a nutrient agar and
related media.

= Growth usually occurs at 5% NaCl but not at 10% NaCl.

Acid is produced rather slowly and weakly from
carbohydrates.

The species differentiation is based on:
Growth characteristics,

Content of G+C of DNA,

Fatty acid composition, and

Some physiological properties.

73



Yellow pustule and hellfire
Curtobacterium flaccumfaciens pv. oortii

= Top: Leaf symptoms: silver
grey stripes and cracks along
the main vein (called hell fire)
and yellow pustules on the
outer white scales of the
bulbs. Yellow discoloration of
the vascular tissue in stems
and bulbs. Colour drawing.

= Bottom: Natural tulip infection.

= Pustules on outer scale (left)
and yellow discoloration of
vascular and surrounding
tissue of outer scale (right).

Janse, 2006




Characteristics that differentiate species of the genus Curtobacterium

Table 5a. Characteristics that differentiate species of the genus Curtobacterium.”

Characteristics C. albidum  C. citreum  C. flaccum-faciens®  C. herbarum  C. luteun  C. pusillum
Motility — + + + + +
Colony color I Y Y/O O Y LY
DNAse — — W — — —
Hydrolysis of
Casein + — d +d° — —
Esculin + + + + — +
Gelatin + — d +d°¢ — +
Starch — — d — — —
Tween 80 + — d + + —
Acid from
Adonitol — — + — + +
Raffinose + — + + — +
L-Rhamnose + + d —d° + +
D-Sorbitol - - + + - -
Cyclohexylundecanoic fatty acid — — — — — +
G+C (mol% )® 70 70.5 68.3-68.5 71 69.8 69.3

Symbols and abbreviations: +, positive; — negative: w, weakly positive: d, differs among strains: nd, not determined: colony
color on nutrient agar II (SIFIN): I, ivory: Y, yellow; O, orange: and LY, light yellow.

“Table is based on the data reported by Behrendt et al. (2002). The type strain of Curtobacterium plantarum (Dunleavy, 1989)
does not belong to the genus Curtobacterium (DSMZ. Catalogue of Strains), and this species is not included in the Table.
"Characteristics that differentiate pathovars of the species C. flaccumfaciens are given in Table 6.

‘Reaction of the type strain is positive (+d) or negative (—d).

‘Data from Suzuki and Komagata (1983).

‘Data from Yamada and Komagata (1970). exept for the data for C. herbarum taken from Behrendt et al. (2002): somewhat
higher values of G+C content were reported by Dopfer et al. (1982).
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Table 6. Characteristics that differentiate pathovars® of the species Curtobacterium flaccumfaciens.

Curt. flac. pv. Curt. flac. pv. Curt. flac. Curt. Flac. pv.

Characteristic betae laccumfaciens pv. ootrii poinsettiae
Colony color, NBY agar Y Y/O/P Y O
Cell wall sugar

Galactose - + - +

Glucose - - + w

Fucose + - + -
Hydrolysis of

Gelatin - = +7 —/d°

Casein - + + +d*
DNAse - + - -
B-Galactosidase (pH 7) - d d -
Cystin arylamilase (pH 8.5) d d - -
Acid from r-rhamnose + + + -
Acid from p-sorbitol + A - +
Assimilation of

Acetate + + - +

Fumarate - + . +f

Propionate - - - +
KCN-tolerance, 0.0075% (w/v) 4P + + -
Production of H,S + + + -
Max. temperature for growth (°C) 37 37 37 34-35
G+C (mol%)* 73.7 722 722 72.5
Plant host" Beet Bean Tulip Poinsettia
Predominant symptoms" Silvering of leaves; wilt Wilt Leaf, bulb spot; wilt Leaf spot; wilt

Abbreviations: w, weak or questionable; and for other definitions, see footnote in Table 5a.

“*According to Carlson and Vidaver (1982) and Vidaver and Davis (1988), the pathovars of Curtobacterium flaccumfaciens
should be classified as separate subspecies (see the text).

"The opposite result was reported by Day and Kemp (1977) using different methods.

‘Different results between strains (Behrendt et al. 2002).

4eIThe opposite results were obtained by Behrendt et al. (2002). Davis et al. (1984b), and Carlson and Vidaver (1982),
respectively, using different methods.

tData from Dopfer et al. (1982).

"Data from Day and Kemp (1977) and Vidaver (1982).
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Additional characteristics differentiate

species of the genus Curtobacterium
Continued

Table 5b. Additional characteristics that differentiate Curtobacterium albidum, C. citreum, C. flaccumfaciens. C. luteum and
C. pusillum.

Characteristics C. albidum® C. citreum C. flaccum- faciens® C. luteum® C. pusillum

Colony color I DuY Y/O/P DaY PY/GW

Assimilation of
Lactic acid + + + - +
Malic acid - + + + _
Fumaric acid + + + + d
o-Ketoglutaric acid — + - - _
Citric acid + d + — _
Glyoxylic acid + + — - _
Gluconic acid + + + + _

Abbreviations: I, ivory: DuY, dull yellow; DaY. dark yellow: Y, yellow: O, orange: P, pink: PY. pale yellow: GW, grayish white
(colony color on nutrient agar); for other definitions see footnote in Table Sa.

‘Data for type strain only.

*Data for C. flaccumfaciens pv. flaccumfaciens and C. flaccumfaciens pv. poinsettiae only; characteristics that differentiate all
pathovars of the species C. flaccumfaciens are given in Table 6.

Data from Yamada and Komagata (1972a; 1972b) and Komagata and Suzuki (1986).
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Specific PCR amplification

Curtobacterium flaccumfaciens pv. flaccumfaciens

= Gel electrophoresis of the PCR products obtained
with the primers CffFOR2 and CffREV4, using as
template DNA extracted with either (A) the
Instagene Matrix (Biorad) or (B) the Puragene
DNA Isolation Kit (Gentra) from:

= (Lane a) soakings of bean seeds naturally
infected with Curtobacterium flaccumiaciens pv.
flaccumfaciens (Cff),

= (b) soakings of healthy bean seeds,

= (c-g) soakings of healthy bean seeds artificially
contaminated with 10°-10%cells ml-lof Cff strain
ICMP 2584,

= (h) Cff strain ICMP 2584;
= (i) negative control with sterile distilled water.
= (M) 1 Kb plus DNA ladder

Telgi et a/,2002

(A)

650 bp

300 bp

650 bp -

300 bp -

a b ¢ d e f g h i

AR B~
ERRINN IR B-
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Characteristics of the genus
Rhodococcus

+

Large genus with a single pathogenic sp. (.
fascians).

Can be damaging to some horticultural crops.
Pathogenicity associated with a plasmid.

Other Rhodococcus ﬂ:)p are often abundant
on plant surfaces and in soil.

Can be difficult to differentiate R. fascians
from other spp.

David Stead 9



Disease symptoms caused by
Rhodococcus fascians

Infected 7beris and negative control Shoot proliferation on Zberis.
about 4 mo. post-inoculation.

Leafy gall on Oenethera. Bud proliferation on 7iarella.

Sandberg et a/,2011



Characteristics of
Rhodococcus fascians

= Gram positive, aerobic
bacterium.

= The only phytopathogen
within its genus.

s Pleiomorphic

= Strains used in this
experiment were
extremely virulent: they
produce dramatic
symptoms on a wide
range of hosts.

Sandberg et a/,2011 81



Leifsonia

‘_L Characteristics of the genus

1.
2.

The genus Leifsonia (Evtushenko et a/.,2000) was
proposed for:

Leifsonia poae

Isolated from Poa annua root galls induced by the
grass root-gall nematode Subanguina radicicola.

Two pathogenic Leifsonia (Clavibacter) spp. are:
Leifsonia (Clavibacter) xyli subsp.xy/i
Leifsonia ( Clavibacter) xyli subsp.cynodontis

Etymology: Leif.so’ni.a N.L. fem. n. Leifsonia, named
after Einar Leifson, who isolated and described the first

organism of this genus (Euzeby, 2020) 82



i Internal nodal caused by RSD

= RSD produces no visible
symptoms other than
stunting.

= The only other visible
symptoms are red-
orange dots or commas
in the vascular traces in
the nodal tissue (which
can be seen when
stalks are sliced with a
sharp knife).

' B Y
o
e

» .

Ibrahim and coworkers
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Cross section of vascular bundles

RSD

= A: Histological changes in the vascular bundles of the stalks of
sugar cane that infected with the isolated bacteria as shown in
the cross sections of the lower part of the node.

B: The cross section of the healthy plant.

healthy plant

Infected plant

Ibrahim and coworkers
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Isolation
Culture media

= Different media based on glucose, peptone and yeast
extract are appropriate for cultivation of the rapidly
growing organisms of the genus Leifsonia.

= Successful isolation of these two pathogens requires
surface sterilization of plant material and other
precautions to avoid or reduce the growth of
saprophytes.

= The xylem-inhabiting bacteria can be isolated from
affected vascular bundles at the nodes, which are
usually inhabited by bacteria in the infected plant.

= Under the microscope, affected bundles appear
plugged with bacteria contained in a colored gummy
substance.

= SC medium is used for growing of Leifsonia xy/li subsp.

cynodontis and Leifsonia xyli subsp. xyi. s



Isolation and cultivation of

Leifsonia xyli
SC medium

The successful isolation of
slowly growing plant
pathogens of the genus
Leifsonia from diseased plants
require culture- amendment.

Extracts of Bermuda grass and
maize, as well as xylem fluid
collected from maize plants,
enhance the growth of
Leifsonia xyli subsp.
Cynodontis.

The growth was enhanced
even with 1% (v/v) maize
xylem sap in a rich culture
medium, giving both an
increased growth rate and a
higher stationary phase cell
density.

Cornmeal agar 17 g/L
Papaic digest of soy meal (or phytone peptone

or soytone) 8¢
K,HPO, 1g
KH,PO, 1g
MgSO0,.7H,0 0.2g
Water 1 liter
Bovine hemin chloride 15 mg
Bovine serum albumin (20% solution),fraction V
29

Glucose (50% solution) 05g

Cystcine (10% solution) 1g
The 15 mg of bovine hemin chloride is 15 ml of
0.1% bovine hemin chloride in 0.05N NaOH.
The bovine serum albumin (20%), glucose
(50%) and cysteine (10%) solutions should be
filter sterilized and then 10, 1 and 10 ml,
respectively, added to the sterilized molten
medium at 50°C.

The pH is then adjusted to 6.6.

The Prokaryotes (chapter 1.1.28),2006 86



Salient phenotypic

i characteristics of Le/fsonia

= The species differentiation is based on:

1.

2.

Growth;

Morphological and physiological
characteristics;

Cell wall sugar composition;
Menaquinone pattern.

Vitamin K; (phylloquinone ) and Vitamin K,
(menaquinone) is normally produced by bacteria.

87



Salient phenotypic
characteristics of Leifsonia

= Salient phenotypic characteristics that differentiate Le/ifsonia
gen. nov. from other genera containing DAB in their
peptidoglycan.

Genus Morphology Morility Major Peptidoglycan Polyamine Total Growth
menagquinene amino acid* patiern pelvamine  at 18 °C
(ol g1
Leifsonia gen. nov. R.F + ME-L1, 10 pL-DAB PUT -6 +
Agroniyces F.R - MEK-12 L-DAB PUT 0-2-0-3 +
Clavibacter R — MEK-Y pL-DAR SPD, SPM 20-70 +
Rathayibacter R — ME-10 L-DARB SPD, SPM 451580 +
Cryobacterium R — ME-10 L-DAB ND ND —
Leucobacter R — MEK-11 L-DAB. GABA NI ND +
Agrococcus C - ME-12, 11 L-DAB, Asp, Thr  SPM 0-9 +

* All organisms also contain alanine, glutamic acid and glycine.

The table is based on the data obtained in this study and extracted from relevant references
(see text). R, Rods; F, Fllaments; C, cocci ; +, positive ; -, negative; DL-DAB, d and L
isomers of diaminobutyric acid; GABA, c-aminobutyric acid; Asp, asparagine; Thr, threonine;
PUT, putrescine; SPM, spermine; SPD, spermidine; nd, no data.

A polyamine is an organic compound having two or more primary amino groups-NH, 88



Morphological and biochemical

characteristics
Leifsonia

= Organisms of the genus Leifsonia usually form
yellow, yellowish-white, white or brownish-white
colonies, which are circular, somewhat convex,
glistening, opaque, and butyrous.

= Cells are nonspore forming, irregular rods, usually
fragmenting into shorter rods or coccoid elements.

= Filaments and primary branching occur in young
cultures of some species.

= Organisms are usually motile, mesophilic, obligately
aerobic, and catalase positive.

= Oxidase test is variable among species.

89



Leifsonia xyli subsp. xyli

i Bacterial cells

= The reisolated
bacteria from the
cultivated infected
plant.

Ibrahim and coworkers 90



Characteristics that differentiate species of the genus Leifsonia

Table 8. Characterictics that differentiate species of the genus Leifsonia.

L. xyli L. xyli subsp.
Characteristics L. agquatica L. nagano-ensis L. shinshu-ensis L. poae subsp. xyli cynodontis
Colony color Y W, PB W, PB PY, Y W, PY PY.Y
Growth on R agar + + + + - -
Visible colonies, day 2 2 2 2 7-10 5-7
Cell width (um) 0.4-0.7 0.3-0.5 0.3-04 0.4-0.8 0.2 0.2-0.3
Cell length (um) 12-25 1.8-3.0 2.5-3.0 1.5-8.0 5.0 3.0-6.0
Fucose in the cell wall + ND ND - + +
Utilization of
Citrate + - - - - +
Gluconate + - - - - -
Propionate + - + + - -
Acid from
p-Galactose + + - + - -
Salicin + + - + - -
D-Sucrose w + - + - -
Glucose + + - + + +
Mannose + + - + W +
Melibiose + - - - -
Inulin - - + - - -
Hydrolysis of starch + + + - - +
Growth at NaCl, 5% + - - - - -
Major menaquinone, 11, 10 11,10 11,12 11,10 ND 11,12
MK
G+C (mol%) 70 71 71 69 66 69
Source of isolation Distilled Soil Soil Root gall on  Saccharum, Cynodon
water Poa annua interspecific dactylon
hybrid

Symbols and abbreviations: +, positive; —, negative; w, weakly positive; ND, not determined; W, white: Y, yellow; PB, pale
brown; PY, pale yellow; for other definitions see footnote in Table 1.
Data from Davis et al. (1984b), Suzuki et al. (1999), and Evtushenko et al. (2000).
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Characier

VKM Ac-14017

*Corynebacterinm

Clavibacrer xyli

Clavibacrer xyli

Phenotypic
differences
between strains
VKM Ac-1401T,
‘Corynebacterium
aquaticum’ and
Leifsonia xyli
subspecies.

Evtushenko et a/,2001

daiguaticum’ subsp. xypli* subsp. cpnodontis®
VKM Ac-14007
Cell width (pm) (0-6-09 407 02 0-2-0-3
Cell length {pm) 80150 [-2-2-5 50 3060
Visible colonies (day) 2 2 710 -7
Colony colour Yellow Yellow White Yellow
Growth on CB agar + + - -
Fucose in the cell wall - + + +
Oxidase - + - -
Production of H,S — + - -
Voges—Proskauer test + — — +
Methyl] red test + — — +
Utilization of:
Citrate - + - +
Gluconate - + - -
Propionate + + — —
Hvdrolysis of:
Starch - + - +
Aesculin + - - -
Gelatin + - - -
Growth in 5% NaCl - + - -
Acid from:
n-Arabinose + + - -
n-Galactose + + - -
Salicin + + - -
D-Sucrose + + - -
Used as C-source for growth:
Adonitol - + ND NI
L-Arabinose + - ND N
Inositol - + ND NI
Melezitose - + ND NI
Raffinose + - ND NI
L-Sorbose - + ND N
Tolerance to antibiotics (pug ml='):
Chloramphenical (10} — + ND NI
Doxveyeline (5) - + ND ND
Eryeyeline (10) — + ND ND
Gramicidin (50} — + N NI
Rifampicin {30) + — ND NI
Major menaquinones MEK-11 ME-11. 10% ND ME-11, 12
Source of 1solation MNematode gall on Distilled water Saccharum, interspecific Cynodon dactvion
P. annua roots hiybrid




Protein analysis
Leifsonia xyli subsp. xyli

= Protein profile of the bacterial isolates of LXX that were
used in the injection of the mouths (the name of isolates
is written above it and the molecular masses of the
marker are written beside it.

M9 151620 25 26 27 M1 2 3 49 w
= 8 |
192kd  +—fw= 4
117kd
99kd . |

Ibrahim and coworkers



Leifsonia xyli subsp. xyli

‘_L Dot blot assay

= Lane 1 and 2, 2-fold Lane
dilution in sugarcane
juice (CP72-1210),

= Lane 3 and 4, 10-fold
dilution in reaction
buffer,

= Lane 5 and 6, 2-fold
dilution in sugarcane

0O ~J N W i W N =

juice (CP87-3388); _ _
Nitrocellulose membrane submitted to

= Lane 7 and 8 10-fold the standard colorimetric dot blot ELISA.
dilution in sugarcane
juice (CP87-3388).

Westphal and Mirkov,2003 94



PCR detection
Leifsonia xyli subsp. xyli

= The primers used were: M2 3w 5t 25 2 a7
A L1&GI,

B. (Cxx1 and Cxx2 that give
438 bp PCR product.

c. ITSf#5 and ITSr#5 that
give 305 bp PCR M2 9 2527 M2 9 25 27 26
product.

= DNA marker used in A i
was 50bp and in both
B&C was 100 bp ladder.

95

Ibrahim and coworkers



Characteristics of the genus

Endophytic bacteria
Plantibacter

i

= Phenotypically close to the Rathayibacter.

= Isolated from grass phyllosphere and surface litter after
mulching the sward.

= The genus Plantibacteris characterized by aerobic,
nonsporeforming, nonmotile irregular cells.

= Oxidase test varies between the species.

m Plantibacter agrosticola sp. nov., Plantibacter elymi sp.
nov., and Plantibacter cousiniae sp. nov. isolated from
plant galls induced by three different nematodes of the
subfamily Anguininae.

s CNS medium or a modified CNS medium without lithium
chloride was successfully used for isolation of endophytic
bacteria, including Plantibacter.

96



Characteristics that differentiate the

genera Plantibacter and Rathayibacter

Table 13. Characteristics that differentiate the genera Plantibacter and Rathayibacter.”

Characteristic Plantibacter Rathayibacter
Colony color Yellow Yellow, pink-orange
Major menaquinone MK-10 / MK-9, 10 / MK-10,11 MK-10
Cytochrome oxidase ad; bb; | bbs. and aa;
Quinole oxidase bos ! bb; / none None
Polyamine pattern Spermine, and 1.3-diaminopropane Spermine, and spermidine
Polyamine (total 1.3-1.43 4.8-18.0
amount, umol-g™)
Plant host/nematode Agrostis sp. | Anguina agrostis; Festuca rubra | Anguina graminis;
vector® Elvimmus repens | Anguina agropyri; Dactylis glomerata | Anguina sp.;
Cousinia onopordioides | Triticum aestiviim | Anguina tritict;
Mesoanguina picridis Lolium rigidum | Anguina funesta:

Agrostis avenacea | Anguina sp..
Polypogon monspeliensis | Anguina sp..
Carex sp. /| Heteroanguina caricis ()
Other sources Grass phyllosphere. surface litter after No data on properly identified rathayibacteria
mulching the sward, agronomic crops,
and rhizosphere of potato

*Members of the genera also differ in FI-IR spectra (Behrendt et al., 2002).

"See Tables 14, 15 and the text for details.

Data from Sabet (1954), Gupta and Swarup (1972), Price et al. (1979), Riley (1987), Riley and McKay (1990). Riley and
Ophel (1992), Zgurskaya et al. (1993b), Evtushenko et al. (1994; unpublished), Altenburger et al. (1997), McKay et al. (2001),
Behrendt et al. (2002), Dorofeeva et al. (2002), Heuer et al. (2002). Zinniel et al. (2002), and Trutko et al. (2003).
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Characterictics that differentiate
Plantibacter species

Table 14. Characterictics that differentiate Plantibacter species.

Characteristic P, flavus “P. agrosticola” “Poelymi” “P. cousiniae”
Fucose in cell wall ND B B *
Oxidase test - + + +
Cytochrome oxidase ND ads aas aas
Quinole oxidase ND bb, bos —
Heme O ND — + —
Major menaquinone MK-10.11 MK-9, 10 MK-9. 10 MK-10
Iso-16:0 Me (%)® - 1,33 3.74 2.89
Hydrolysis
Starch d d + +
Hypoxanthine ND - d +
Xanthine ND - d +
Tween 80 + + d -
Methyl red test ND - d +
Growth at 6% NaCl - d d +
G+C (mol%) 68-70 67.2 606.5 67.8

Source

Location of gall
Nematode vector

Grass phyllosphere, and
surface litter after mulching

the sward

ND
ND

Agrostis sp.°

Seed
Anguina agrostis

Elymus repens

Stem
Anguina agropyri

Cousinia onopordioides

Leaf
Mesoanguina picridis

Symbols and abbreviations: +, positive reaction: —, negative: d, different among strains: ND, not determined.
“Inferred on the basis of retention time.
"Most probably Agrostis capillaris L. (S. A. Subbotin, personal communication).

Data from Evtushenko et al. (1994: unpublished), Behrendt et al. (2002), and Trutko et al. (2003).
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Fatty acid analysis
Gram positive plant pathogenic bacteria

15:0 ISO 15:0 ANTEISO 15:1 ANTEISO A 17:0 ANTEISO 10 Methyl 18:0 18:1 u9cis
\Bacillus - i
Clavibacter + + + )
Curtobacterium + + + &)
\Rathayibacter + + =) T
IRhodococcus +

*Many Gram positive plant associated bacteria such as Bacillus spp., Arthrobacter spp. and Curtobacterium spp. have very similar fatty acids in their profiles.
i+ = thought to occur in all strains
+) = occurs in some taxa/strains

Prediction of Gram positive genera of plant
pathogenic bacteria based on fatty acids.

15:1 anteiso A is a chemotaxonomic marker for Clavibacter

Schaad et a/.,2001
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PCR Primers
for
coryneforms

Schaad et a/.,2001

Primer
Specificity Designation  Sequence

Species CMR16F1 (FGTGATGTCAGAGCTTGCTCTGGUGGATS)
michiganensis CMRI16R1 (S"GTACGGCTACCTTGTTACGACTTAGT3")
CMRI16F2 (5"CCCCGACTCTGGGATAACTGCTAS')
CMR16R2 (5"CGGTTAGGCCACTGGCTTCGGGTGTTACCGAS"Y)

subsp. CMMS (5"GCGAATAAGCCCATATCAA3)
michiginensis  CMMé (5'CGTCAGGAGGTCGCTAATA3Y)
sepedomicus  Spif (S'CCTTGTGGGGTGGGAAAAS)
Spsr (S TGTGATCCACCGGGTAAAI)
sepedonicus  CMS6 (5"CGCTCTCCCTCACCAGACTCS3?)
CMS7 (S TCCCGTGCTTGCCTGCGTTGY)
sepedonicus  CmaSOF (S’GAGCGCGATAGAAGAGGAACTC3Y
CmsSOR (5"CCTGAGCAACGACAAGAAAAATAGS"
Cma72F (S’ AGTTCGAGTTGATAGCAATCCGC3')
CmsTIR (S*GTGTCTCGGATTCACGATCACCS’)
CmsB5F (5" AAGATCAGAAGCGACCCGCCY)
CmsiSR (" TCGCACAGCCAAATCCAGC")
sepedomicus  A47A (§'CACCCCTCGACTGCGAGAAACGY)
A4TB (3 TCCTCCGAGACTTTCGGGACGCY)
sepedomicus  CSRSC (8'GGCCATGACGTTGGTGACACS")

sepedonicus CmaSi-2F (3'"GGCAGAGCATCGCTYCAGTACC)
Cmsl33-R 5'CGGAGCGUGATAGAAGAGGAI)

TagMan (5'-FAM-AAGGAAGTCGTCGGATGAAGATGGG-
Probe TAMRA-3')

subsp. xpli CoxlTSHS (S TCAACGCAGAGATTGTCCA3')
CeclTS#S  (5'GTACGGGCGGTACCTTTTCS")

cynodontisixpli  CxFOR {3 AAGGAGCATCTGGCACCCT3")
CexREV (S’ AGGATTCGGTTCTCATCTCAS)
CxFOR (5 AAGGAGCATCTGGCACCCT3)
CxcREV (5" GAATCGATCGGCGTCTCCTC3")

subsp, xyli Cxxl (5'CCGAAGTGAGCAGATTGACCS")
Cxx2 IFACCCTGTGTTGTTITCAACG3")

oyl RSD33 {(8'CTGGCACCCTGTGTTIGTTTTCY)
RSD292 (STTCGGTTCTCATCTCAGCGTS3')
RST60 (S"TCAACGCAGAGATTGTCCAG3")
RSTS9 (S"CGTCTTGAAGACACAGCGA TGAGI)

R fasciens JRERIGHT (S'CGGGATCCATATCGAACCGCCCTC3)

JRELEFT (FGGGAATTCCGACCGTATCCAGTGTIY)

* Estimated value,

¥ Avirulent strains are negative.

© Gives same [054 bp product with O michiganensis subsp. insidious.
M, not applicable

Skee

(bp)
1,500
1,300°

614

215

124
247
32
670

1054°
NA

305

278

438

2635

229

215




PCR detection and identification of
plant pathogenic bacteria

Name of primers and target DNA, sample treatment in the original article, variant of PCR protocol, reference
and observations for plant pathogenic bacteria according to ISPP nomenclature. When the nomenclature
reported in articles differs, the originally cited names of side of the table bacteria are indicated on the right

Genus Clavibacter

Genus Clavibacter
. . Primer name . .
Species/subspecies Target DNA Variant of PCR protocol | Sample (treatment) Reference Synonyms/observations
. R16FO/CBRI16R1
Clavibacter and . e . . ‘ -
Rathayibacter - Nested Bacteria (DNA Lee ot al. 19972 Restriction enzyme analysis required for differentiation
(senus specific) CBR16F2/CBR16R2 extraction) N species and subspecies inside both genera.
i 165 rtDNA
C. michiganensis subsp. CIRS-1/CIRS2 . Plant tissue and Samac et al.,
o . Conventional seeds (DNA
insidiosus Insertion element ‘ 1998
extraction)
Plant tissue and
C. michiganensis subsp. CMM-5/CMM-6 Conventional seeds (DNA Dreier ef al.,
michiganensis Pat-1 gene plasmid DNA onventiona extraction) bacteria | 1995
(boiled)
. . CM,;/CM, Bacteria, seeds
C. niichiganensis subsp. . . . Santos ef al.,
ohi . DNA fragment from a Conventional (alkaline lysis and 1997
PHCOIgaRCRLS cloned pathogenic isolate boiled)
CMM5/CMM6
€ ichicanensis subs Pat-1 gene plasmid DNA Anon., 2005a;
- b danes p- PSA-4/PSA-R Conventional Bacteria (boiled) Milijasevic et al,, | Recommended in the EPPO protocol.
HHCOIBARENSLS 165-23S rDNA spacer 2006
region
C. matchiganensis subsp. CMM-5/CMM-6 Conventional Bacteria (DNA Hadas et al.,
michiganensis Par-1 gene plasmid DNA extraction) 2005

Palacio-Bielsa et a/.,2009




PCR detection and identification of
plant pathogenic bacteria

Name of primers and target DNA, sample treatment in the original article, variant of PCR protocol, reference
and observations for plant pathogenic bacteria according to ISPP nomenclature. When the nomenclature
reported in articles differs, the originally cited names of side of the table bacteria are indicated on the right

CM,/CM,
DNA fragment from a BIO
cloned pathogenic isolate
L ) A4TA/A4TB .
C. meichiganensis subsp. - o - . . Firrao and
: CS1 plasmid sequence Conventional Bacteria (untreated) .
sepedonicus fragment Locci, 1994
Conventional Schneider et al,
C. meichiganensis subsp. . CMS-ﬁf - - .. Plant tissue (DNA 1993 Both authors used the same primers but the second
: CS1 plasmid sequence Competitive o o
sepedonicus - o ) extraction) protocol can be quantitative.
fragment (Arabidopsis genomic Huer al,, 1995
DNA as internal
standard)
L ) Spif/Sp5r Bacteria, potato .
< RIS subsp. 165-235 rDNA spacer Conventional tubers (DNA Li d?d De Boer,
sepedonicus . } . 1995
region extraction)
. meichiganensis subsp CSRS-C i Bacteria, plant tissue
N : ) Inverted repeat plasmid Conventional L Slack et al,, 1996
sepedonicus s (alkaline treatment)
Nested
C michizanensis subs CMSIF1/CMSIR1 Bacteria, potato
5; . a’ara.frsrs P + Nested tubers (DNA Lee et al,, 1997b
pes CMSIF2/CMSIR2 extraction)
Insertion element
CMS350F/CMS350R
CMS72F/CMS72R
C michi < sub CMS85F/CMS85R Conventional Bacteria, potato
s; :;;Tfrf:em” Subsp. Three primer sets for single tubers (DNA Mills et al, 1997
pec or multiplex PCR Multiplex extraction)
Chromosomal DNA
(unknown)
Primers
Cms 50-2F/Cms 133R Real-time
~ pichi ) ] - N TaqMan) Schas 3
€ FRCRIZOREILS subsp Chromosomal DNA (TagMan) Bacteria (untreated) Schaad et al BIO implies enrichment in solid medium.
sepedonicus (unknown) 1999
Probe BIO+TagMan
Cms 50-53T
PSA-1/PSA-R Conventional
165-235 rDNA spacer ) ;
. michiganensis subsp. region Multiplex BSEC::::]S‘;EESE{I’ Pastrik. 2000
sepedonicus NS-7-F/NS-8-R {Coamplification of host Extmction} T '
DNA from potato, DNA as internal
eggplant and tomato control)

Palacio-Bielsa et a/.,2009




PCR detection and identification of
plant pathogenic bacteria

Name of primers and target DNA, sample treatment in the original article, variant of PCR protocol, reference
and observations for plant pathogenic bacteria according to ISPP nomenclature. When the nomenclature
reported in articles differs, the originally cited names of side of the table bacteria are indicated on the right

See: Schneider er al, 1993;

165 rRNA gene

tubers (DNA

Firrao and Locei, 1994, Li Conventional
f;;:;;ifﬁi:mﬂ: subsp. a:{dﬂ?c 1232 \flc]):;?lﬂ;k Real.time Anon., 2006b Recommended in the EPPO protocol
1997, Schaad er al, 1999; (TagMan)
Pastrik, 2000
CMR16FIVCMR 16R1
C. michiganensis + Nested Racteria. potato
subspecies: fnsidfosus, CMRI16F2/CMR 16R2 - P Lee et al. 1997k Restriction analysis required for differentiation of C.

michiganensis subsp. sepedonicus.

miichiganensis sepedonicus,
nebraskensis, tessellarius

PSA-5 (C. # subsp.
insidiosus)
PSA-2 (C . subsp.
tesalaris)
PSA-T (C. e subsp.
nebraskensis)
165-235 rDNA spacer

region

extraction)

Rainey, 1999

michiganensis sepedonicus, .
" . . extraction)
nebraskensis, tessellarius
CMRI16FI/CMR16R1 Conventional
Universal all subspecies
PAS-R/
Subspecies-specific
PSA-1(C. #2 subsp.
sepedomicus)
L ) PSA-4 (C. s subsp.
C. miichiganensis . . - -+ subso. fasidi d sebrasbensi
bspecios: insidiosus michiganensis) Pastrik and C. michiganensis subsp. m:m’m_:.:r: and nebraskensis
Subsp ) ’ Conventional Bacteria (DNA yield same band. RAPD-PCR for distinguishing

subspecies.

C. michiganensis
subspecies: fnsidfosus,

nebraskensis, tessellarius

iy . )
michiganensis sepedonicus,

Primers
FP Cm/RP Cm
Common ITS in all
subspecies
Subspecies specific probes

Cms probe
Cmm probe
Cmn probe
Cmi probe
Cmt probe

Real-time
(TagMan)

Bacteria (DNA

extraction)

Bach ez al, 2003

Palacio-Bielsa et a/.,2009




PCR detection and identification of
plant pathogenic bacteria

Name of primers and target DNA, sample treatment in the original article, variant of PCR protocol, reference
and observations for plant pathogenic bacteria according to ISPP nomenclature. When the nomenclature
reported in articles differs, the originally cited names of side of the table bacteria are indicated on the right

Genus Rhodococcus

Genus Rbodococcus

Primer name S ms/observati
Target DNA Synonyms/observations
JRERIGHT/JRELEFT
fas-1 gene (cytokinin
biosynthesis)

Species Variant of PCR protocol | Sample (treatment) Reference

Plant (DNA Stange et al,

extraction) 1996

R. fascians Conventional

Genus Curtobacterium

Genus Curtobacterium
. Primer name . - . . . .
Species/pathovars '|'"mLi In)‘l\m; Variant of PCR protocol | Sample (treatment) Reference Synonyms/observations
arget DI
. . CF4/CF3 o L
C. flaccumfaciens pv. - . - . Bacteria (DNA Guimaraes ef al.,
i’ Chromosomal DNA Conventional .
flacctmfaciens extraction) 2001
: (unknown)
C. flaccumfaciens pv. CHRE
ﬁdﬁ!ﬁfﬁf{f:ﬁ g CHFOR2/ V4 Bacteria (DNA
Jraee Chromosomal DNA Conventional S Tegli et al,, 2002
extraction) or seeds i
{unknown)

Palacio-Bielsa et a/.,2009




PCR detection and identification of
plant pathogenic bacteria

Name of primers and target DNA, sample treatment in the original article, variant of PCR protocol, reference
and observations for plant pathogenic bacteria according to ISPP nomenclature. When the nomenclature
reported in articles differs, the originally cited names of side of the table bacteria are indicated on the right

Genus Leifsonia

Genus Leifronia

Primer name

Species/subspecies Target DNA Variant of PCR protocol | Sample (treatment) Reference Synonyms/observations

L. xyli subsp. xyli CxxITSE# 5/CxxITSe # 5 Conventional

ITS region Clavibacter xyli subsp. xyli

Bacteria (untreated), | Fegan et al,
CxFOR/CxxREV/ Multiplex vascular fluid (PVP) | 1998 Multiplex assay allows differentiation between C. xplf
CxcREV subsp. xyli and C. xylf subsp. cynodontis.
ITS region
_ _ Caxxl/Cxxc2 B . Bacteria (untreated), . . .

L. xyli subsp. xyli e Conventional vascular sap (PVP Panetal, 1998 | C. xpli subsp. xyly

ITS region d Ficoll

and Ficoll)
RSD 33/RSD 297

(primary)
L. xyli subsp. xyli RSTél);RSTi‘} Nested Not indicated ;ngon etal,

(secondary)

ITS region

Conventional
Lxx82F/Lxx22R _

L. xyli subsp. syli Laxx202F/Lxx331R Real-time Plant ‘!)NA Grisham ez al,,

ITS region (SBYR® Green | SXtraction) 2007

Master Mix)

Palacio-Bielsa et a/.,2009



Pathogenicity tests

Seedling test for C. michiganensis

= Pathogenicity tests on tomato seedlings were performed by
puncturing the stem four times with a needle that had been
dipped in a suspension of bacteria containing 102-10° cells mL1,

= The inoculum was prepared from a culture grown overnight on
NA and suspended in saline.

= The plants were maintained at 28°C and symptoms were
recorded after 7-21 days.

= For each strain, five plants were inoculated, and the test was
conducted three times.

= Using titers of 8 x 10% bacteria all plants were infected and show
severe symptoms.

n All Clavibacter spp. are vascular plant pathogens causing
systemic infections.

Hadas et a/,2006; Eichenlaub et a/,2006 106



Pathogenicity tests

Seedling test for C. michiganensis subsp. michiganensis

= [he bacterium is re-isolated from wilting plants b
removing a 1-cm stem section from 2 cm above the

inoculation point and suspending in phosphate buffer
and dilution plating on NGA or YPGA.

= Stripes on stems developed that split and exposed
reddish brown cavities (stem cankers).

107



Pathogenicity and hypersensitive

response (HR) assays
C. michiganensis subsp. michiganensis

= Cell suspensions were prepared and tomato seedlings
gL yeopersicon esculentum Mill. cv. Bonny Best) and
our o'clocks (Mirabilis jalapa)plants were tested for
virulence on tomato and HR on four o’clock plants.

s Most C. michiganensis subsp. michiganensis strains
were fully virulent (causing cankers and wilt in
tomato), and a strong HR on four o’clock plants.

s Some strains showed intermediate virulence reactions
(produced only cankers at the site of inoculation) and
two strains of intermediate virulence were
inconsistent (+/-) in HR response.

Louws et a/,1998 108



Pathogenicity and hypersensitive

response (HR) assays
C. michiganensis subsp. michiganensis

Figure 1. Symptomatology of Clavibacter michiganensis subsp. michiganensis in
different hosts: a) Bacterial canker on Solanum cheesmanii, b) Bacterial wilting and
collapse of Solanum cheesmanii c) Hypersensitive response in Nicotiana tabacum, d)
bacterial canker on naranjilla Solanum quitoense e) Diagnostic symptomatology of
incurvature of leaves characteristic of bacterial wilt caused by Clavibacter
michiganensis subsp. michiganensis in Solanum quitoense (compare to leaves in 1f
plant to the extreme right) f) Experimental units (naranjilla plants) in the assay to
evaluate the parasitic ability of Clavibacter michiganensis on Solanum quitoense: first
to the left (T1: root damage), second to the left (T2: no-wound and inoculation), two
plants in the center (T3: aerial wounds), TO: plant to the right.

Bolanos-Carriel et al,2017
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Pathogenicity test

Rhodococcus fascians

= Ad4a & A25f strains isolated from host plants using selective
and non-selective media.

= Pea seedlings inoculated with these isolates.

= Plants with symptoms of leafy gall and/or shot proliferation
used for re-isolations.

Sandberg et a/,2011 110



Pathogenicity tests
i C. flaccumfaciens pv. fluccumfaciens

= The pathogenic C. flaccumifaciens pv.
fluccumfuciens and non pathogenic
Curtobacterium species were inoculated onto
leaves of both soybean and garden bean
plants.

= All except non pathogenic Curtobacterium
species were pathogenic on both beans and
soybeans.

Dunleavy, 1989 "1



C. flaccumfaciens pv. fluccumfuciens

‘L Pathogenicity tests

= Comparison of
symptoms from plants
inoculated:

= With pink (left) and

= A standard highly
virulent orange (right)
isolate (15 days post-
inoculation).

Robert M. Harveson 112



Pathogenicity tests

On alfalfa( Medicago sativa also called lucerne)
C. michiganensis subsp. insidiosus

Grow susceptible alfalfa test plants (varieties Europe and Orca
seem to be highly susceptible) in pots with enough substrate, at
approximately 20-25C (day) and >70% relative humidity in a
glasshouse or growth chamber. At least 10 5-6 week old
plantlets should be used for each pathogenicity test.

Use a reference strain (known to be pathogenic) as a positive
control to inoculate a series of 10 plantlets for each experiment
as well as a series of plantlets inoculated with sterile
physiological saline as a negative control.

Prepare an appropriate volume of approximately 10%cfu mL"
suspension of the presumptive 24-72 h old isolates and of the
reference strain in sterile physiological saline (24-48 h old
culture).

OEPP/EPPO Bulletin,2010 13



Pathogenicity tests

On alfalfa(Medicago sativa also called lucerne)

C. michiganensis subsp. insidiosus
Continued..

s Three methods can be used for inoculation:

= Method 1: dip a previously disinfected pair of scissors into the
bacterial suspension and use them to cut the plantlets. Dip the
SCissors as many times as required into the suspension to be
sure that enough suspension is present.

= Method 2: cut the plantlets with a disinfected pair of scissors
and add a drop of bacterial suspension on each wound with a
pipette.

= Method 3: dip shortened roots of test plants into the bacterial
suspension for 17-18 h (Vichova and Kozova,2004).

OEPP/EPPO Bulletin,2010 14



Pathogenicity tests

C. michiganensis subsp. insidiosus on

alfalfa( Medicago sativa also called lucerne)
Continued..

= Cormack et al. (1957) concluded that root inoculation is more efficient
than stem inoculation, at least for breeding tests. But this method is
not easy to perform.

= Immediately after inoculation, place a plastic bag over the plantlets or
use any other appropriate system to keep the plantlets under high
moisture conditions for 24 h, the optimum temperature being 17-24C.

= After this, plantlets can be kept under normal glasshouse conditions.

= Keep the plants under observation for at least 6-8 weeks. From the
fourth week, make at least weekly observations for wilting.

= Isolate from wilting plants by removing a 1-cm stem section from 2 cm
above the inoculation point and suspending in phosphate buffer.

= Perform dilution plating on King’s B or YPGA media.

= Subculture presumptive isolates and undertake identification tests to
confirm they are C. michiganensis subsp. insidiosus.

OEPP/EPPO Bulletin,2010 115



Pathogenicity tests
On alfalfa

C. m subsp. insidiosus & P. viridiflava

= Healthy alfalfa seeds were selected for pathogenicity test,
disinfected with 5% sodium hypochlorite for 10 min and then they
were washed thrice in sterile and distilled water.

= Then seeds were planted in pots containing 2 kg of sterile sandi-
lumi soil in greenhouse with three repeats. After 45 days, plantlets
reached a three-to four-leaved stage; only 15 plantlets per pot
were kept.

= Bacterial suspension was prepared by culturing the bacterium in
nutrient broth yeast extract (NBY). To recognize pathogenic strains,
a bacterial suspension with an OD= 0.1 at 600 nm was injected in
stem and crown of plantlets.

= Similarly, the bacterial suspension was added to soil (Lukezic et
al.,1983). For each strain, one pot was considered as control to
which only sterile distilled water was injected or added to the soil.

Heidari and Khodakaramian,2012 116



Pathogenicity tests

Clavibacter sepedonicus

= Suspensions (10 cfu/ml) were
injected into stems of ten
Solanum melongena plants (cv.
Black Beauty) at leaf stage 3.

= Control plants were inoculated
with sterile water.

= Plants were incubated at 21°C
and 70-80 % humidity.

= First symptoms were observed
as dark green areas on leaves
after ten days followed by
wilting and necrosis.

= (. sepedonicus Wa§ re-isfo_lated Positive pathogenicity test on eggplant.
from eggplant and identified.

Altundag et a/,2008 17



Preservation
Clavibacteria spp.

= Freeze-drying may sometimes affect virulence of plant
pathogens (Servin-Massieu, 1971).

= Virulence of Clavibacter nebraskensis and probably other
subspecies can be maintained satisfactorily by storage on
solid complex media at 6°C for 2 years or by lyophilization.

= Storage of Clavibacter nebraskensis in sterile distilled water
or phosphate buffer at 6°C or room temperature was
unsatisfactory for maintenance of viability and virulence.

= Strains maintained in dried leaves of greenhouse grown
pI9ant§ were viable and virulent up to three months (Vidaver,
1977).

= The bacteria can survive in infected corn, but also in infected
kernels or in irrigation water.

118



Clavibacteria spp.

‘_L Preservation

= The bacterium C. m. insidiosus can
remain infective for more than 3 years.

= As laboratory experiments showed, the
bacterium can remain in dried tissue or
seed for 10 years (Erwin,1990).

Eichenlaub et a/,2006 119



Identification of the bacterial pathogens
!'_ Streptomyces

Disease diagnosis and pathogen diagnostics

120



Plant pathogenic genera

‘L Gram-Positive Bacteria

= Domain or empire: Bacteria

Division or Phylum: "Actinobacteria”

Class: Actinobacteria
Subclass: Actinobacteridae

Order: Actinomycetales

Suborder: Streptomycineae

Family: Streptomycetaceae
Genus: Streptomyces

J.P. Euzéby,2010 121


http://www.bacterio.cict.fr/a/actinobacteria.html
http://www.bacterio.cict.fr/a/actinobacteridae.html
http://www.bacterio.cict.fr/a/actinomycetales.html
http://www.bacterio.cict.fr/s/streptomycineae.html
http://www.bacterio.cict.fr/s/streptomycetaceae.html

Actinobacteriology
Actinomycetes

i

= Actinomycetes are non-motile, filamentous, gram
positive bacteria.

= They produce branching mycelium which may be of two
Kinds viz.:

1. Substrate mycelium, and
2. Aerial mycelium.

= Among actinomycetes, the streptomycetes are the
dominant.

= The non-streptomycetes are called rare actinomycetes,
comprising approximately 100 genera.

122



i The family Streptomycetaceae

= The family Streptomycetaceae was created by
Waksman and Henrici,1943.

= Originally this family harbored only the type
genus Streptomyces.

= Zhang et al,,1997 proposed that the genus
Kitasatospora be included, and recently, a
third genus, Streptacidiphilus, was added
(Kim et a/.,2003).

The Prokaryotes (chapter 1.1.7),2006 123



16S rDNA phylogeny

Genus Streptomyces

= Neighbour-joining tree of the
bacterial isolates and
representative species of the
genus Streptomyces based on
partial 16S rRNA gene
sequences.

= Numbers at the nodes indicate
the levels of bootstrap support
based on 1000 resampled data
sets.

= Only values greater than 50%
are shown.

= The scale bar indicates 0.005
substitutions per nucleotide
position.

Adegboye and Babalola,2013

NWU100 (1X284406)

Streptomyces prasinopilosus (EP626597)
£ Sreptomyces emeiensis (NR 043869)
NWULL0 (JX284402)
Sreptomyces hirsutus (AB184844)
Sreptomyces bambergiensis (EF654096)
% Streptomyces prasinus (FIT97595)
NWU339 (IX284405)
Streptomyces sp. (FIG26659)
22 NWIU233 (JX284399)
Uncultured Strepromyces sp. (JQ358575)
7% NWLU 14 (JX284407)

1 NWU49 (JX284400)
= Streptomyces espinosus (XB0826)
| Streptomyces ghanaensis (AJTE1384)
Streptomyces vividosporus (NR 043844)

Srepromyces thermoviolaceus (NR 027616)

78| Streptomyces hygroscopicus (F1406123)
=\ Streptomyces noursei (F1406108)
Sreptomyces griseoloalbus (DQ442503)

Strepromyces macrosporeus (ABIB4151)

Streptomyces olivoverticillatus (EU124770)
Streptomyces mutabilis (EUSL1648)
Sreptomyces rochei (JF486442)
1| NWU91 (X284401)

zs| | Strepromyces plicatus (AB184291)

Strepromyces enissocaesilis (F1532468)
NWU204 (JX284404)
Streptomyces fungicidicus (AB184529)

—

NWU195 (IX284403)

NWU4 (IX284308)
00| Sreptamyces globisporus (HQ995504)
Strepromyces anulatus (EUSTOTO3)

3! Sreptomyces flaveus (AB184082)
Kitasatospora azatica (NR 126068)

Kitasatosporia azaticus (U93312)
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Taxonomy

Based on ITS; RFLP;
16S rDNA sequencing

= Neighbor-joining tree
based on almost
complete 16S rDNA
sequences of 158
Streptomyces and
Kitasatospora type
strains in correlation
with corresponding
16S-ITS RFLP
fingerprinting data.

Lanoot et a/,,2005

8. rubrogriscus AJ781373
S violacewlatus AJT81365
S humiferus AFS03491
' 5. violaceorsber AF503492
8. lienomycini AJ781353
V. tendae D63873
iolaceorubidus AJT81374
P_{— S, ambofactens M27245
-8 pamdnxm AJ276570

| $. griseoircarnatus AJ781321
5. erythrogriseus AJ781328

9 8. griseoflavus AJ7T81322
4! {_— 8 helfomyeini AY781343
8 nulachtln[uum AJT81347
8. gramineurus AJ781333
. glaucaes AJ 781332
39— 5 fumanus AJ399463
19— 8. afghaniensis AJ399483
) azurens AJ3N470
8. tuirus AF503493
hawaiiensis AJ) 399466
massasporeus AJT81323
8. luteogriseus AJ399490
8. purpurascens ABE045888

S, junthinus AJ 399478
S, violaceus AJT81TSS

5. violatus AJ399480

3 rmrmmluu-u_\ AJ399484

8. Jelleus 776681
& canescons 776684
& coclicolor Z76678

|8 sumpsonii D&I871
S albidoflavus 76676
69 l: 8. eurythermus D63870
8. nogalater ABO45886

1 8- gougeroni 776687
“ 8. rutgersensis subsp, rutgersensis Z76688
— 8. intermedius 276686
8. coeruleofuscus AI399473
L & spinoverrucosus AJ781376

—— & iakyrus AJ399489

8 bellus A399476

— & lomondensis AJ781352

[ RS :mlmrn.\u AJTS1344
V. variegatus AJTE1371

cus subsp. thermoviolaceus 763095
thermoviolacens s wbsp. apingens 768096

38

| 27 8. thermodiastaticus 768101
7‘ ——— Sl thermocarbaxydovorans 194489
5. bluensis X79324

“:S somaliensis AJ007403
8 thermocoproplilus AJHT402

aa [ S glomeratus AJT81754
*| 100 | 8 tricolor AJ781380
8 rameus AJ781379

8 longisporus AJI94TS
50— & lunatux AJ399469
e § achinams AJ 399465
B9 [ 8 torulosus AVT$1367

L § ipomoen AY207593
—— A nepagavaensis AJ399493
5. bottropensis D63868

S. scabici D63862
5. diastatochromogenes D63867
{:.\ olivockromogenes AY094370
S, mirabilis AF112180

8. tauricus ABO458T9
S. albosporeus AV781327
S aurantiacus AJT81383
& griveochromogenes AJ310923
S. griseorubiginosuy AJ781339
8. ciscaucasicns AYS08512
u* S /hnufimrm-mlm' AJ399481

§. galilacus ABO45878
27 chartreusis AJ399468

l: resistomycificus AJ310926
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8 flavovariabilis AJ781334
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Taxonomy

Based on ITS; RFLP;
16S rDNA sequencing

(Continued)

* Clusters containing
strains with overall
similarity above 97%.

** Clusters containing
strains with overall
similarity above 98%.

82_| 5. nojiriensis AJT8
7 | 50 J-{
8. virginiae D8S123

41 S. virldobrunneus AJ

=1

S laurenti AJ781342

S. pulveracens AJ7T

8. mashuensis X79323
8. kishiwadensis AJT81338

8. mbercidicus AJ621612

S, libani s. rufus AJ781351

S. platensis AB045882

8. catenulae AJ621613

8 chrestomyceticus AJ621609
S. albofaciens ABO4S8S0

r S. rimosus AB045883

. erumpens AJ621603

S

S. albulus AB024440

1 8. sporoclivatus AJ181369

§. hygroscopicus AJ391820

S. sporocinereus AJT81368

S. endus AJ391821

S. violaceusniger AJ391822

8. malaysiensis AF117304

. morookaensis AJT81349
i X99943

— §. sapperonensis AJT81378

40 §. kashmirensis AY781337

S. roseoverticillatus AJT81361

S. litacinus A)Y781346

S. thioluteus AJ781360

. parvisporogenes AJ781348

8. olivoreticuli A)781345

11

S syringium AYT81375
8. viridofiavus AJ781363

40,
S

S, th lgaris 68094
Intrasporangium calwm AJ566282

A8 § biverticillatus AJT81381

K. Mifiomemse A
o3 | S misakiensis AJ781325
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S. clavuligerus ABO45869
8. Inusitatus AJ781340
S. globosus AJ781330

1355

S. sporeraveus AJ781370
= 8. subrutilus X80825

S, venezulae ABO4S390
l—”{ . lateritins AJT81326

781372

= 37 S. tanashiensis AJT81362
S. bikiniensis XT9851

8. gobitricini AJ781335

8. lavendofoliae AJT81336

S. graminofaciens AJ781329
§. peuceticus ABO45887

S. manvecolor AJ781358

81377

8. mediolani AJT81354

S. atroolivaceus AJ781320
S. mutomycini AJ781357
8. setonii D638T2

S. fulvorobens AJ781331

5. argenteolus ABO4S8T2

AJT81350

S. melanosporofaciens AJ271887

100 'S. Zibsonii AYI81753
S. rangoonensis AJ781366

K cysturginens US3318
K. setoe ABIIZSON

S. phosalacineus AVT81359

8. purpureus AJ781324

S. aureofaciens Y15504
B22874

purpeofuscas AJT81364
K. auwica US3312

Fig. 1. (Continued).
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Description of the family
Streptomycetaceae

= The genus Streptomyces includes aerobic, Gram-positive,
non acid-alcohol fast actinomycetes form an extensively
branched substrate mycelium that rarely fragments.

= The aerial mycelium forms chains of three to many
spores.

= In some species, aerial hyphae consist of long, straight
filaments, which bear 50 or more spores at more or less
regular intervals, arranged in whorls (verticils).

= The filamentous bacteria produce well-developed

vegetative hyphae (between 0.5-2.0 um in diameter) with
branches.

= The organisms produce a wide range of pigments
responsible for the color of the substrate and aerial
mycelium.

The Prokaryotes (chapter 1.1.7),2006;.. 127



Description of the family
Streptomycetaceae

Streptomyces grow within 5-11.5 pH ranges.

Fatty acids are complex mixtures of saturated, /so-
and agnteiso-fatty acids.

Mycolic acids are not present.

The mol% G+C of the DNA ranges generally between
66 and 74%.

The Prokaryotes (chapter 1.1.7),2006 128



Streptomyces species
Gram positive, filamentous prokaryotes

e S

An unusual group of Gram positive filamentous bacteria.

Produce branched filamentous mycelia — Spiral
sporophores.

Produce drought-resistant spores at end of filaments.

The aerial mycelium at maturity forms chains of three to
many spores. The spores are nonmotile.

Also at maturity produce secondary metabolites:
A variety of streptomycin-like antibiotics(streptomycin).
Phtotoxins called as thaxtomins.
Anti-tumor agents,
Immunosuppressants (Loria et al)

Secor,2013;... 129



Streptomyces species
Gram positive, filamentous prokaryotes
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An unusual group of Gram positive filamentous bacteria.

Produce branched filamentous mycelia — Spiral
sporophores.

Produce drought-resistant spores at end of filaments.

The aerial mycelium at maturity forms chains of three to
many spores. The spores are honmotile.

Also at maturity produce secondary metabolites:
A variety of streptomycin-like antibiotics(streptomycin).
Phtotoxins called as thaxtomins.
Anti-tumor agents,
Immunosuppressants (Loria et al)
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Streptomyces species
Mycelium and spore structures

www.Bacterial Structure - WikiEducator.mht
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Streptomyces species
Plant pathogenic spp.

i

= Colonies are slow growing, aerobic, Gram-positive,
nonacid-fast, glabrous or chalky, heaped and folded,
and white, tan, gray, brown, or black in color.

= Colonies often have an earthy odor.
= Filaments are extensively branched.

= Aerial filaments are abundant and usually produce long
chains of spores formed by fragmentation of the
filaments.

= Almost all Streptomyces spp. are soil-inhabiting
saprophytes.

= However, a few species are pathogenic and cause
diseases of underground structures of diverse plant
species.
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Various types of spore-bearing

structures on the streptomyces

Growth
phase

Straight

Monoverticillate,
no spirals

Monoverticillate,
with spirals

L T

=

P

Partitioning Cell walls
of tip thicken
and constrict

Open loops, Open spirals Closed spirals
primitive spirals,

hooks

Biverticillate,

Biverticillate,
no spirals

with spirals

www.Actinomycetes Index - Mycology Image Gallery - TML & MSH MicroWeb.mht
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Cell wall structure
Actinomycetes vs. Fungi

= Among actinomycetes, the
streptomycetes are the
dominant.

= Like fungi, many actinomycetes have
long, slender, branching hyphae; like
fungi, they produce spores (most
bacteria reproduce by cell division); and
like fungi, they help to break down the
complex, woody organic molecules such
as cellulite, lignin and chitin that form
cell walls.

= Actinomycetes differ from fungi in the
composition of their cell wall.

= They do not have chitin and cellulose
which are commonly found in the cell
walls of fungi.

Actinobacteria. Source: Wikipedia


http://en.wikipedia.org/wiki/Actinomycetes

Cell wall structure
Actinomycetes vs. Fungi

= Among actinomycetes, the streptomycetes are the
dominant.

= Like fungi, many actinomycetes:

= Have long, slender, branching hyphae;

= They produce spores (most bacteria reproduce by cell
division);

= They help to break down the complex, woody organic

molecules such as cellulite, lignin and chitin that form cell
walls.

= Actinomycetes differ from fungi:
1. In the composition of their cell wall.

2. They do not have chitin and cellulose which are commonly
found in the cell walls of fungi.



ISPP List, 2004

Plant pathogenic Streptomyces species

= Huge genus (many hundreds of
spp) with perhaps 20
pathogenic spp, some of which
are difficult for most labs to
differentiate (D. Stead)

= All cause scabs of root crops-
potato.

= Several other Streptomyces
species cause disease, although
much less is known about
these pathogens than about the
three species mentioned
previously.

= Unfortunately, there are many
unsubstantiated reports in the
literature of Streptomyces
species causing diseases on
Crops.

Streptomyces acidiscabies
Streptomyces albidoflavus
Streptomyces candidus
Streptomyces caviscabies
Streptomyces collinus
Streptomyces europaeiscabier
Streptomyces intermedius
Streptomyces [pomoeae
Streptomyces luridiscabier
Streptomyces niveiscabier
Streptomyces puniciscabiel
Streptomyces reticuliscaber
Streptomyces scabiel
Streptomyces setonil
Streptomyces steliiscabiel
Streptomyces turgidiscabies
Streptomyces wedmorensis
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Symptoms and Signs

= S, scabies causes variable symptoms on the surface of
otato tubers including erumpent, russet, and pitted
esions.

= Erumpent lesions are raised lesions, russet lesions are
defined as superficial corky tissue that covers large areas
of the tuber surface and pitted lesions are dark colored
sunken areas up to 2 in deep.

s Scab lesions

= Scab lesions can occur anywhere on the tuber surface and
more than one type of lesion may be present on a single
tuber. Scab affects young tubers with the lesions
expanding as the tuber matures.

= There are no above ground symptoms of common scab
infection.
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i Symptoms and Signs

= Gram-positive, filamentous bacteria.

= Common in soils worldwide.

= Causes pitted lesions on root and tuber crops.
= Only causes symptoms on growing plant tissue.

= Symptoms due to a toxin that inhibits cellulose
synthesis.
= Two forms of scab occur:

1. Common scab occurs in all production areas and is
most severe in soils with a pH above 5.5.

2. Another less common form, called acid scab, is
important in acidic soils (below pH 5.5).
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Streptomyces
Common scab

= fas genes produce plant
hormone cytokinin.

= Causes root cell
swelling and in lab can
cause galls to form.

Lecture 23 bacti3-10



Diseases caused by Streptomyces

Streptomyces acidiscabies

Common scab of potato and other taproot crops

Streptomyces aureofaciens

Russet scab of potato

Streptomyces caviscabies

Deep pitted scab in potatoes

Streptomyces collinus

Scab of potato

Streptomyces europaeiscabiei

Associated with common scab

Streptomyces ipomoeae

Soil rot of sweet potato

Streptomyces luridiscabiei

Raised corky lesions of potato

Streptomyces niveiscabiei (From Korea)

Potato common scab disease

S. reticuliscabiei

Associated with netted scab of potato

Streptomyces scabiei

Potato common scab disease; Pod wart of
peanut

Streptomyces steliiscabiei

Associated with common scab

Streptomyces turgidiscabies

Associated with common scab

Streptomyces sp. (From Japan)

Root tumor of melon
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Disease symptoms
Potato scab

Streptomyces scabies can
produce a range of symptoms
on potato tubers.

Superficial lesions are
sometimes referred to as
russet scab; these and
similar symptoms also can be
caused by several other
Streptomyces species.

Raised lesions are usually
referred to as common scab;
however, these symptoms do
not differ from those
produced by S. acidiscabies.

Pitted lesions may or may
not have a ridge of raised
tissue surrounding the pit. Loria et a/, 1997
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Disease symptoms
Potato scab

Potato Scab

»Pathogen is soil inhabitant

» Most severe in near neutral to
alkaline pH

»Penetrates through wounds, natural
openings and directly

»Spread in soil water and by wind and
infected tubers

»Young tubers more susceptible than
older ones

»Overwinters in soil on plant debris
and tissue

SlideServe, 2020 142



Radish and Beet scab symptoms
Streptomyces scabies

Radish Scab

Beet Scab

Brooke Edmunds 143



Symptoms

Soil rot of sweet potato

= Soil rot of sweet potato caused
by Streptomyces pomoeae.

a. Fibrous root rot causes a
reduction in plant stand and
vine growth In susceptible
gright compared with resistant

left) cultivars (courtesy C. A.
Clark, Louisiana State
University, Baton Rouge).

8. Infection of Fibrous, and

c. Storage roots causes tissue
necrosis and results in yield
loss (courtesy W. J. Martin).

Loria et al., 1997




Symptoms

Root tumor of cucurbits

- 'A;" . A .- .'_. }‘(.\ & ol \.V‘.\. ‘,'
A Streptomyces species recently identified from Japan causes root tumor of

melon. Aboveground symptoms include (A) reduction in plant growth and wilting

of vines that result from (B) galling on fibrous roots. 145



‘L Pigmentation

= Strains belonging to the
genus Streptomyces may
produce a wide variety of
pigments responsible for
the color of the vegetative

and aerial mycelia. ,
. A. S. scabies on peptone yeast
= In addItIOn, colored extract iron medium.
diffusible pigments may
also be formed.

= Note that the production
of pigments largely
depends on the medium
composition and

cultivation conditions. B. S. acidoscabies on modified
salts starch agar. 146




Colors of substrate mycelium and soluble
pigment occurring in streptomycetes

Representative species ( DSM no.)* Figure (strain no.)" Color

S aurantiacus (40412); 5. griseoruber (40275) da (40412} Orange to dark red

S longispororuber (40599); 8. spectabilis (40512) {mainly endopigment)

S californicus (40058); 8 cinereoruber (40012) 4b (40058) Red to blue/violet

S violaceus (40082); 8 purpurascens (40310) {mainly endopigment)

S coelicolor (40233): 8 cvaneus (40108) dc (40163) Red-violet to blue

S viclaceoruber (40049); 8. lateritius (40163) {endo- or exopigment or both)
S atroolivaceus (40137), 8. canarivus (40528) 4d (40089} Yellow-orange/greenish-vellow
S galbus (40089 ); 5. tendae (40101) {endo- and exopigment)

S flavoviridis (40210). 8 olivoviridis (40211) de (40071} Green to gray-olive

S viridochromogenes (40110); 8 nigrifaciens (40071)

“5 malachiticus™ (40167 ); “S. malachitorecius™ (40333)

S badius (40139); 5 enrvthermus (40014) 4f (40100)
S phaeochromogenes (40073); 8. ramulosus (40100)

S alboniger (40043, 5. hygroscopicus (40578)

8 purpeofuscus (40283); 5 mirabilis (40553)

{endo- and exopigment)
Green (endopigment)
Red-brown to dark-brown
{endo- and exopigment )
Gray-brown to black
{mainly endopigment)

Abbreviations: DSM, Deutsche Sammlung von Mikroorganismen und Zellkulturen; and ISP, International Streptomyces

Project.
*DSM no. JO0XXX = ISP no. SXXX.

*Figures 4a—f show the substrate mycelia of the strain after cultivation on three different media for 7 days; left: starch-casein-

nitrate agar, middle: GYM agar, right: catmeal agar; for compositions, see Tables 10 and 12).

From Korn-Wendisch and Kutzner (1992).

The Prokaryotes (chapter 1.1.7),2006
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A-J: Color of the aerial
mycelium of Streptomyces
strains grown on different
agar media after 3 weeks of
incubation at 28° C.

Left: starch-casein-nitrate
agar;

Middle: GYM agar;

Right: oatmeal agar.




Color of the aerial mycelium
of S. scabies

Top: 7-day-old colonies of S.
scablei on yeast-malt agar.
Start of aerial hyphae
formation (white colour).

= The brown colonies are
raised, consist of tough
mycelial growth and they are
difficult to remove from the
agar surface.

Bottom: 14-day-old colonies of S.
scabiel on yeast-malt agar.

= Active spore formation in
aerial hyphae that turn into a
dusty grey mass.

Janse,2006 149



i Microscopic observation wet mount

= On clean grease free glass slide,
actinomycete colony was suspended in
1-2 drops of water and coverslip was
placed then it was observed under
MICroscope.

= It is used to study the shape, size
spores, motility etc.

Jayalakshmi et a/,2011 150



Streptomyces and related genera

‘_L Staining spores

= Stain the bacterial preparation on a glass slide for 2
min with 2:2:1 mixture of 1% Bismarck brown, 0.1%
toluidine blue, and a saturated solution of (NH,),SO.,.

= Wash with water, and mount under a microscope.

= The hyphae stain bright yellow, while the spores are
blue. Red brown granules can be seen in the hyphae.

= A blue stain may be picked up by some
nonsporulating aerial hyphae.

Culture media, formulas and procedures 151



Spore chains of plant pathogenic
Streptomyces spp.

A. Spiral spore chains of S. scabies.
B. Flexuous spore chains of S. acidiscabies.

Schaad et a/.,2001 152



Characteristic corkscrew mycelium
S. scabies

Characteristic corkscrew mycelium
produced by S. scabies.

Brooke Edmunds 153



i Spore chains of streptomycetes

four types of
arthrospores of
streptomycetes:
smooth, warty, hairy
and spiny.

= The spore chains are
about 1 m long.

= Electron micrographs of ;
e
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Spore chains of streptomycetes

The filamentous mycelium of {

Secor,2013 155



The biodegradative
activities of actinomycetes

= Most streptomycetes can degrade complex and and
aromatic compounds.

= Members of the genus Streptomyces are involved in
the biodegradation of various polymers abundant in
soil owing to their ability to produce extracellular
enzymes.

= Streptomycetes are among the very few bacteria able
to degrade lignin which occurs in nature.

= Most isolated streptomycetes are nonfastidious; they
do not require organic nitrogen sources or vitamins
and other growth factors.
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‘L Production of antibiotics

= Streptomycetes are the producers of more than 5000
known bioactive compounds (Anderson and
Wellington, 2001), and estimates of the total number
of antimicrobial compounds produced by
representatives of Streptomyces screened for new
antibiotics are of the order of 100,000 (Watve et al,,
2001).

= Many strains produce one or more antibiotics.

The Prokaryotes (chapter 1.1.7),2006 157



Ecology and life cycle
S. scabies

Members of the genus Streptomyces undergo a complex life cycle.
S. scabies survives in the soil as spores in infected tissue and is
sp_rlead through water, on infected plant material, and in wind-blown
soil.

= S, scabies infects young tissues (like developing tubers) directly and
gains access to older tissue through wounds and natural openings.

= S. scabies also produces a toxin, thaxtomin, which is closely involved
in the infection cycle.
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S. scabies

‘_L Streptomyces species

m S, scabjesis an unusual bacterium that has a
filamentous growth form similar to fungi.

= However, S. scabies filaments are much smaller
than fungal hyphae — S. scabies filaments are 1
hUm or less in diameter.

» Streptomyces scabies, a cause of potato scab
and similar diseases of taBroot crops, was the
first described and is the best studied of he
pathogenic species.
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S. acidiscabies

‘_L Streptomyces species

m Streptomycin acidiscabies produces symptoms
ike those of S. scabies (Manzer et al.,1977) and
nas a similar host range (Lambert and

_oria, 1990), although the two species are not
closely related, based on:

1.  DNA-DNA homology, and
2. 16S rRNA sequences.
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S. turgidiscabies

‘_L Streptomyces species

= Another Streptongf/ces sp. that is ﬁathogenic on
potato has been described from the island of
Hokkaido in Japan (Miyajima et a/.,,1998).

= This species, S. turgidiscabies, has a wide host range
among root crops and produces symptoms like those
of S. scabies on potato tubers, suggesting a common
mechanism of pathogenicity.

= However, this recently described species is distinctly

different from both S. acidiscabies and S. scabies,
based on:

1. DNA-DNA homology,

2. Ribosomal DNA sequence comparisons,
3. Morphological characteristics.
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Host range

‘_L Streptomyces species

» Potatoes (Solanum tuberosum) are the main
economic host but other fleshy root crops,
including beets, radish, rutabaga, turnip, carrot
and parsnips, are affected.

= All phytopathogenic actinomycetes, with the
exception of Nocardia vaccinii, which causes galls
and bud proliferation in blueberry, belong to the
genus Streptomyces (Locci,1994).

Brooke Edmunds 162



Media used for selective isolation

Table 11. Some media useful for the selective isolation of streptomycetes.

References” 1 2 3 4 5
Ingredients (g/liter) Starch-casein-KNO; agar Glycerol-arginine agar Actinomyces isolation agar Chitin agar Raffinose-histidine agar
Chitin (colloidal) — — — 4.0 —
Starch 0.0t - - - -
Glycerol — 12.5 5.F — —
Raffinose — — — — 10.0
Sodium propionate — — 4.0 — —
KNO, 2.0 — — — —
Casein 3 — — —
Sodium caseinate — 2.0 — —
Asparagine — — 0.1 — —
Arginine — 1.0 — — —
Histidine — — — — 1.0
MNaCl 2.0 L0 — —

KH,PO, — — — 0.3 —
K:HPO, 2.0 Lo 0.5 0.7 L0
Mgs50,-TH .0 0.05 0.5 0.1 0.5 0.5
CaCoO; .02 — — — —
Fe:(50,): 6H .0 — 001 — — —
Fe50, -TH,O 0.01 — 0.001 0.01 0.01
CuSQy -5H 0 — 0.001 — — —
Zn50,-TH O — 0.001 — 0.00 —
MnSO,-H,O — 0.001 — — —
MnCl, 4H O — — — 0.001 —
Agar? 18.0 15.0 15.0 20,0 12.0
pH Adjusted to 7.0-7.5 or lower Adjusted to 7.0-7.5 or lower Adjusted to 7.0-7.5 or lower Adjusted to 7.0-7.5 or lower Adjusted to 7.0-7.5 or lower

or higher depending on the

flora to be isolated. flora to be isolated.

or higher depending on the

or higher depending on the

flora to be isolated. flora to be isolated.

or higher de pending on the

or higher depending on the
flora to be isolated.

"References: Kiister and Williams, 1964; El-Nakeeb and Lechevalier. 1963; Hsu and Lockwood, 1975; and Vickers et al., 1948; Difco Laboratories.
"Alternatively, glycerol at 10 g/liter can be used.

“Not contained in the dehydrated medium: added at the time of preparation.
4The different amounts of the agar are due to the varying quality used by the individual authors.

The Prokaryotes (chapter 1.1.7),2006
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Isolation method
Diagnostic media

1. Yeast malt extract medium (YME)

= Yeast extract 4.0 g/L
= Malt extract 10.0g

= Dextrose 4049

= Agar 20.0 g

= Adjust to pH 7.0-7.2 with NaOH before adding agar.

= The medium is dissolved in water and autoclaved for 15 min at
15 |Ib pressure.

2. Peptone-yeast extract iron (PYI) agar
= Peptone Iron Agar (Difco)  36.0 g/L
= Yeast extract 1.0g

= Combine all ingredients, adjust the pH to 7.0-7.2 with NaOH or
HC1 if necessary.

: 164
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Diagnostic media

i Isolation method

3. Oatmeal agar (OMA) and oatmeal broth (OMB)

= Oatmeal media are prepared by boiling rolled oats (20
g/1) in distilled water for 20 min., straining through layers
of cheesecloth, bringing up the volume to 1 liter and
adjusting to pH 7.0-7.2 with 1 M NaOH.

= OMA contains 1.5% agar.

i 165
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Isolation method
Diagnostic media

4. Modified salts starch agar

5. Streptomyces growth

medium(SGM)

(MSSA)

Soluble starch 10.0 g/L
NaNO, 10 g
MgCO, 1.0g
K;HPO, 0.3g
NaCl 0.5¢
Agar 15.0 g

Glycerol may be substituted for starch.

Mannitol 20.0 g
K,HPO, 0.2 g
MgS0,./H,0 [0.2g
NaCl 5.0g
CaCO0, 2.0¢
Sodium 1.0g
propionate

Yeast extract | 1.0 g
CoCl, 0.11mg
Agar 18.0 g

Loria and co-workers
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Isolation method

On Water agar or yeast malt extract medium (YME)

+

S. scabies can be isolated from infected potato tissue
by first surface sterilizing the tuber with 1.0% sodium
hypochlorite for 1 min.

Tissue should be selected from the edge of the
necrotic areas (may be a light yellow or straw color).
Otherwise, Scab lesions were excised and ground
with a pestle and mortar in sterile water (1 g/10 ml).

A small amount of tissue is homogenized with sterile
distilled water and the resulting suspension streaked
onto water agar/yeast malt extract medium (YME).
(NPPC (nystatin, polymyxin, penicillium,
cycloheximide) water agar, which contains
antibiotics, can be used if bacterial or fungal
contaminants are present (see Schaad et a/.,2001).
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Streptomyces scabies

‘_L Isolation method

= Check the plates after a few days for a smooth firm
mycelium which later develops aerial hyphae.

= The hyphae will begin to fragment into spores giving
the culture a powdery appearance.

= Pure cultures were obtained through three repeated
cultures of a single colony on potato-dextrose agar.
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Colony morphology

On complex agar media

= On complex agar
media, discrete and
lichenoid, leathery or
butyrous colonies are
formed.

= Colonies are initially
relatively smooth
surfaced, but later they
develop an aerial
mycelium that may
appear floccose,
granular, powdery or
velvety.
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‘L Identification

s Base on:

= Spore color, aerial hyphae form and color,
pigment production, biochemical traits and
sugar utilization.

= Research is under way to develop rapid
diagnostic tests based on PCR identification

tools.

170



+

Characteristics of the genus
Streptomyces

The metabolism is oxidative and chemoorganotrophic.
The catalase reaction is positive.
Generally, nitrates are reduced to nitrites.

Most representatives can degrade polymeric substrates
Iikﬁ clasein, gelatin, hypoxanthine, starch and also
cellulose.

In addition, a wide range of organic compounds is used
as sole sources of carbon for energy and growth.

The optimum temperature for most species is 25-35°C;

however, several thermophilic and psychrophilic species
are known.

The optimum pH range for growth is 6.5-8.0.
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Characteristics of four

Streptomyces species
Adapted from Schaad et a/.,2001

Species Hyphae Aerial Pigment Sugar Optimum
myceliu production Utilization temp.
m color in agar
S. scabies Spiral Gray Brown All 28-30°C
S. acidiscabies Flexous White/Pink Red/Yellow Not raffinose 25-28°C
S. turgidiscabies Flexous Gray None All 25-28°C
S. ipomeoae* Spiral Blue/Green None Not galacturonic 30-32°C

acid

*host range limited to sweet potato (/pormoea batatas)

Brooke Edmunds
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Phenotypic comparison and grouping

of the Streptomyces spp. isolated

from potato tubers

Trait Group la Group 1b Group 2 Group 3 Group 4 Group 5 Group &
Coloay coler en YME medinm Gray to brown  Gray to brown  Gray to brown Gray to brown Tan Yellow AY
Spore color Gray Gray Gray Gray Gray Gray AY
Sporophere morphology Spiral Sptral Spiral Flexuous Flexuous Flexuous AY
Melanin production + + - + - - v
Utilization of ISP sugars
L-arabinose + + + + + LY v
D-fructose + + + + + + +
D-glucose + + + + + + +
D-manmitcl + v + + + + v
raffinose + + + + + AY v
rhamnose + + + + + + +
SUCTOSE + W + W + v W
Dxylose + Y + + + AY v
meso-inositol + + + W + AY v
Growth at pH = 4.5b - - at - + + at
Pathogemcity on potato 34/37¢ 175 0/ 1/3 638 29 021
* Variable traits withun the groups are indicated by V.
? Tested only with the pathogemic strains.
£ Mumber of pathogenic strains out of the total number of strains.
173
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Selected morphological and physiological characteristics

and growth conditions of four Streptomyces species

Aerial color of ISP sugar Growth
Species (reference) Spore chain type mature colony Pigment production  utilization temperature
(medium)’ (medium) (medium) patterns’ and medium
S. scabies (19) Spiral (YME) Gray (YME) Brown (PYI) All sugars 28-30°C (YME)
All except
S. acidiscabies (18) Rectiflexous (YME)  White/pink (YME)  Red/vellow (MSSA)  raffinose 25-28°C (YME)
S. turgidiscabies (26)  Rectiflexous (YME)  Gray (YME) None All sugars 25-28°C (YME)
Mot
galacturonic
S. ipomoeae (30) Spiral (SGM) Blue/green (SGM)  None® acid 30-32°C (3GM)

' Growth media: YME=Yeast malt extract, PYI=Peptone-yeast extract iron agar, MSSA=Modified salt starch agar,

SGM=Streptomyces growth medium.

* Sugars include: D-Glucose (positive control), L-arabinose, sucrose, D-xylose, I-inositol, D-mannitol, D-fructose, raffinose,

cellulose, galacturonic acid; ISP-International Streptomyces Project.

Schaad et a/.,2001
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whiG, a gene critical for sporulation
of Streptomyces coelicolor

= WhiG protein, is between

1.

2.

continued vegetative-type
growth and adoption of a
type of aerial growth
specialized for sporulation.

WhiA and WhiB proteins, is
between continued
extension growth and
orderly growth cessation,
and is a prerequisite for
WhiH protein to properly
activate:

Sporulation septation, and
Genome partitioning.

Sporulation in aerial mycelium

»
¢
T w:g]G whiA Swlu:H :

whiB whil ]

whi, for white aerial mycelium
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+

whiG, a gene critical for sporulation
of Streptomyces coelicolor

T
f
Whi
b whic WhiB WhiH
HI ® O ®
) J
," whiH
J', 'f iA -
e
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Inactivation of whiG, whiA and whiB completely
prevented all traces of sporulation septation and
later stages of spore chain development

= The tightly coiled regions of |
aerial hyphae in J2401
(whiA) were virtually devoid
of septa, as shown by the
absence of Fluo-WGA- o
staining crosswalls, and by O
the continuity of the 7-AAD-
staining DNA (Fig. 5a-c).

= A very similar pattern was
seen In J2402 (whib).

= Although septa were usually \
absent from the coiled Phase-contrast
regions of the whiA and micrograph &
whiB mutants, rare single Flurescence

micrographs of

Septa COUId be fOUﬂd (F'g hyphae stained with

Sb‘C) 0 Fluo-WGA Hyphae stained with 7-
aminoactinomycin (7-AAD)

177


http://mic.sgmjournals.org/content/vol145/issue9/images/large/1452229005.jpeg
http://mic.sgmjournals.org/content/vol145/issue9/images/large/1452229005.jpeg

i Pathogenicity factors

1. Thaxtomin; main toxin responsible for pathogenicity
and symptoms.

~ Nitrated dipeptides A and B

~ Tyrosine: tryptophan (thaxtomin A)

> Phenylalanine: tryptophan (thaxtomin B)

2. Enzymes

3. Virulence factor; necl protein

= Thaxtomin plus the other virulence factors form
“pathogenicity islands”.

Secor,2013 178



Pathogenicity islands (PAI)

‘_L Mode of action

1.

2.

These islands(PAIs) can move among
Streptomyces species creating new
scab pathogens by converting non-

pathogenic Streptomyces to
pathogens.

May explain variability in symptoms.

Secor,2013 179



Mode of action
Pathogenicity islands (PAI)

i

s [ he PAI contains two characterized virulence

2.

determinants:
The gene cluster txtAB, txtC

An independent virulence gene, necl txtAB, code for
the peptide synthetase modules in the thaxtomin A
biosynthetic pathway.

It was demonstrated transfer of the PAI from a

pathogenic species to the nonpathogen, S. /ividans,
In mating experiments.

The recipient S. /ividans strain produces thaxtomin A.
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Pathogenicity islands (PAI)

‘_L Evolution of pathogenicity

= Recently a pathogenicity island (PAI) in
Streptomyces species was identified.

= The horizontal transfer of this island from the
ancient species S. scabies to the newly emerged
pathogenic species S. turgidiscabies and S.
acidiscabies appears to be the basis of evolution
of pathogenicity in several newly emerged
pathogenic species in agricultural systems.
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Virulence mechanisms of Gram-

positive plant pathogenic bacteria
i Streptomyces spp.

= The lack of a type III protein secretion system (TTSS) in
Firmicutes and Actinobacteria immediately raises
questions about delivery of virulence proteins across the
plant cell wall and membrane.

n S, scabies, Streptomyces turgidiscabies and S. acidiscabies
directly penetrate plant cell walls with the help of
thaxtomin, a phytotoxin that inhibits cellulose
biosynthesis, presumably allowing secretion of proteins at
the host cell membrane.

s These pathogens secrete Necl, a novel protein that is

proposed to suppress host defence through an unknown
mechanism.

Hogenhout and Loria, 2008



Scab-inducing toxins

Thaxtomins
Cellulose biosynthesis inhibitors

= Scab-inducing toxins such as the cyclic dipeptide
thaxtomin A and B, produced by Stretomyces scabiei
causing common scab of potato.

s Demonstration of these toxins can also be used for
identification (Kinkel et a/.,1998).

= [haxtomins are produced only by plant pathogenic
species, cause necrosis and cell hypertrophy on expanding
host tissue.

= Production of thaxtomins is perfectly correlated to
pathogenicity in all strains tested to date including S.
scabies, S. acidiscabies, and S. ipomoeae (King et
al. 1994), suggesting that thaxtomins may be a common
pathogenlaty determinant among diverse Streptomyces
spp. that cause plant disease.
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‘L Thaxtomins

= Thaxtomins, a family of
modified dipeptide
phytothurs, are produced
by Streptomyces spp. such
as S. scabjes and S.
acrdiscabies.

s [ haxtomins A and B were
the first of the nine
members of the family to
be described.

s [haxtomin A is the most
abundant of these toxins in
Botato tuber tissue infected

y S. scabies.
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Structures of thaxtomins

= Structures of thaxtomins
produced by plant-
pathogenic species of
Streptomyces.

= Thaxtomin A (compound
no. 1) is the most
abundant of these
phytotoxins produced by
S. scabies in potato
tissue.

= Thaxtomin C (compound
no. 3) is produced by 5.
[POIMOEGE.
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Thaxtomin production

i Structure and function of neci

s necl was structurally conserved among all but
one of the pathogenic strains examined.

= The function of necl is not presently known.

= But the necrogenic phenotype of neci’ suggests
that this gene plays a role in plant pathogenicity
In streptomycetes.

= A previous study with fewer Streptomyces strains
had found a perfect correlation between the
presence of necl and thaxtomin.
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Structure and function of neci
Horizontal transfer of necl1

= Arrangement of neci, ORF¢np, ORF2, and the IS element
in Strepomyces scabies, S. acidiscabies, and S.
turgidiscabies.

= Sequences of necl and ORF{np are identical in strains
representing all three species.

= The Bhysical linkage of neci and ORFZnp in a large
number of genetically and geographically diverse, plant-
pathogenic Streptomyces strains suggests that ORF#p

may have been involved in the horizontal transfer of neci
into Streptomyces.

S. scabies Pyl Pl
8. turgidiscabies —E ORFinp nect ORF2 §——r ——

Pyull

S. acidiscabies —4 ORFinp 1S element >— nect mee;r—m—"ﬂ‘"

¥




Phytotoxin assay

Potato disc assays

= Necrogenic phenotype on
potato tuber disks (PTDs)
of Streptomyces lividans
TK24 expressing necl
homologs from:

= A and B: Two strains of
S. turgidiscabies Hi-C-13
and Car-8;

= A and B: Two wild-type
strains Hi-C-13 and Car-8.

m E: S. /ividans TK24
harboring the vector alone
is included as a control.

Raghida et a/,1998
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Plant bioassay
Pathogenicity test on minitubers of potato

= Healthy minitubers of potato cv. Matilda (susceptible to common
scab) were produced from leaf-bud cuttings in washed sand in
the greenhouse.

= Tubers had a white, thin skin similar to microtubers produced /n
vitro and were formed at the apex of short stolons.

= They were harvested when they were 1-1.5 cm in diameter.

= Actinomycetes were grown in oat meal broth (OMB) (15 ml) for
4 days at 28°C under shaking (150 rpm).

= Three minitubers were soaked in the OMB and incubated on a
moist filter paper in a petri dish in the dark for 4 days.

= Minitubers soaked into non-inoculated OMB were used as
healthy controls, whereas minitubers inoculated with S. scabies
ATCC 49173, S. scabies SSC101, or strain SSC122 were used as
positive controls in all experiments.

= Many strains were re-tested for up to three times.
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Pathogenicity test on minitubers of potato

‘_L Plant bioassay

= Necrosis induced on
minitubers of potato cv.
Matilda 3 days after
inoculation /7 vitro with
strain SSC 122 (left tuber) .
and strain 376 (5. scabies, “ ‘
Group 1a) (right tuber).

= The tuber in the center ||nnlmum|‘|.|mmnlu|||||nlm||m|£m||m£u||mllmnmw

was treated with
noninoculated oatmeal
broth.

s [ he scale is in centimeters.

Lindholm et al.,1997 190



Radish seedling assays

S. scabies, S. turgidiscabies, and S. acidiscabies

= Radish seeds are surface disinfected with 0.5% NaOCI and 0.1%
Tween 20 for 3 min, rinsed twice in sterile distilled water and allowed
to germinate by incubating on water agar or moist filter paper
overnight at room temperature.

= Germinated seeds with protruding radicals are selected for uniformity
and individually placed in glass culture tubes (25 mm diameter)
containing 10 ml of 1% water agar or 0.5% gelrite.

s Seeds are then inoculated with 0.1-0.5 ml of undiluted Streptomyces
cultures grown for 4-6 days in OMB as described in section 4B (no
filtration is necessary).

= Seedlings are grown under a 12 h light cycle for 6-10 days at room
temperature.

= Pathogenic strains cause brown to black lesions and stunting of the
seedling; radial swelling and cell hypertrophy are sometimes visible.

Loria and co-workers 191



Seedling pathogenicity

Radish and wheat seedlings

=  Symptoms caused by two
strains each of Streptomyces
scabies and S. acidiscabies on
(A) radish and (B) wheat
seedlings.

a)  Germinated seeds were not
treated.

by Treated with sterile media.

o Inoculated with S. scabies
strains 87-22, or

g S. scabies 84-34.

ey Inoculated with S.
acidiscabies strains 84-110, or

n S. acidiscables 84-104.

Loria et al., 1997 192



Radish seedling assay

i Plant bioassay

= Untreated.

= [reated with pure
thaxotamin A.

= Filter-sterilized supernatant
of Streptomyces scabies
(stunting and radial
swelling).

s S, scabies culture (necrosis
and seedling collapse).

Schaad et a/.,2001



Thaxtomin A

i Thaxtomins

= The primary pathogenicity determinant in
Streptomyces species is the production of thaxtomin
phytotoxins, of which, thaxtomin A is the
predominant phytotoxin produced by pathogenic
species in tuber tissue.

= [haxtomins inhibit cellulose biosynthesis in higher
plants and induce scab symptoms through necrosis
and plant cell hypertrophy.

= When purified toxin is applied to plant tissue, it
causes necrosis and cell hypertrophy.

Lawrence et a/,1990;Cullen and Lees,2006 194



Radial swelling is due to dramatic

cell hypertrophy
Toluidine blue staining procedure

= Stain composition:

= Phosphate buffer:

= Phosphate buffer Solution A (31.2 g/l NaH,PO,.2H,0):12.75 ml
= Phosphate buffer Solution B (28.39 g/l Na,HPQO,):12.25 ml

= Toluidine blue O 0.05 g/I

= Distilled water to make up to 50 ml.

= Toluidine blue O staining procedure (Ghemawat,1977):

= Remove air bubbles from leaf strips by immersing in industrial alcohol
for 10 min.

= Rinse off industrial alcohol with a solution of 0.05% toluidine blue O.
= Stain for 15 min in fresh solution of 0.05% toluidine blue O.

= Mount in 0.005% toluidine blue O, examine immediately or keep in a
humid chamber for storage of more than 24 h and seal coverslip.

CAB International,2002 195



Thaxtomin A

Radial swelling is due to dramatic cell hypertrophy

= Dramatic cell hy fpertrophy on
the hypocotyl of a radish
seedllng that was treated with
thaxtomin A.

» Germinated seeds were
iIncubated on agar containing:

= A and B: thaxtomin A 0.075 yuM
or

= C: Unamended agar for
approximately 7 days before
examination.

m Cross sections B and C were
approximately 150 um thick
glnd were stained with toluidine

ue.

Loria et al.,1997 196




Thaxtomins
Thaxtomin C
i Isolation of Streptomyces ipomoeae

= Lesions on sweet potato roots are washed in distilled
water.

= Small pieces (1 mm?3) of necrotic tissue are removed
and crushed in 0.2 ml of sterile, distilled water
containing 0.85% NaCl and 2mM mannitol.

= The suspension is streaked onto Streptomyces
Ipomoeae isolation medium (SUM) and plates are
incubated for 3-5 days at 32-36°C in the dark.

= It takes about 5-7 days for blue/green aerial mycelia
to develop with S. /pomoeae on SGM at 32°C.

Loria and co-workers 197



Thaxtomins

Thaxtomin C
Sweet potato storage root assays

= Streptomyces [pomoeae isolates can be quickly screened for
pathogenicity on storage roots and fibrous roots using plugs
from 5-7 day-old SGM cultures for inoculum.

= Storage roots are washed, peeled, and 1-2 cm trimmed from
each end.

= The storage roots or sweet potato vine segments are then
surface disinfected for 10 min in 0.5% NaOCI.

= 1-cm-thick slices which are placed in sterile Petri dish moist
chambers.

= A plug of agar is transferred from the culture and placed
mycelium side down on the cut surface of the storage root
slice.

Loria and co-workers 198



Thaxtomins

Thaxtomin C
Sweet potato storage root assays

= The slice is incubated at 32°C for 5-10 days after which the
callus which develops on the cut surface is gently scraped away
with a knife or steel wool.

= Pathogenic isolates cause a dark brown to black necrosis that
extends into the storage root tissue.

= Nonpathogenic isolates may grow superficially on the surface or
sometimes cause superficial light brown discoloration, but do
not induce necrosis extending into the slice.

= The pathogen infects both the fibrous roots and the fleshy
storage roots of sweet potato.

= This pathogen produces thaxtomin C in host tissue but not in
media; other described thaxtomins are not produced by this
species.

Loria and co-workers 199



Molecular Diagnosis of Streptomyces

= The most recently described spp. are
differentiated on DNA homology, 16SrDNA and
165-23S ITS sequencing supported by some
morphological and nutritional differences.

= Genetic fingerprinting, 165rDNA sequencing and
fatty acid analysis do not correspond well with
current classification.

= Other gene sequencing, mist, may solve the
problem.

David Stead 200



Molecular Diagnosis of Streptomyces
PCR Primers for Streptomyces spp.

s The primers for necl and ORFinp:

1. Nf (5~ ATGAGCGCGAACGGAAGCCCCGGA-3') and Nr (5-
GCAGGTCGTCACGAA GGATCG-3%); and

2. Tf (5- ATGACCGCATCCGACA GTCTGCCC-3") and Tr (5™
TTGAT GATCCGGCCGCCCTCGC-3'), respectively.

HNr

Tr. T

— Lh.L

-
3 ORFnp — nect >— oRF23

e e
te 0.2 kb

PCR amplification nec1-specific oligonucleotide primers amplify
the 0.7-kb gene from all the nec1-containing strains.

= The primers for the intergenic region:
s If (5- GTTGTCTTCGGCGAGGGCGTGCAGG-3') and

= Ir (5- AGCGGAAGGATT TGCGACCACAACG-3’).

Lindholm et al.,1997 201



PCR detection and identification of
plant pathogenic bacteria

Name of primers and target DNA, sample treatment in the original article, variant of PCR protocol, reference
and observations for plant pathogenic bacteria according to ISPP nomenclature. When the nomenclature
reported in articles differs, the originally cited names of side of the table bacteria are indicated on the right

Genus Streptomyces

Genus Strepromyces

Primer name

Specific for §.
turgidiscabies
Turgl/Turgll
Specific for 5. aureofaciens
Aurl/Aurll
165 rRNA gene

Conventional

Bacteria, potato
tubers (DNA
extraction)

Lehtonen et al,

2004

Speci - E [ ari ’C > (tres ) g 2 S ms/obs i
Species Target DNA Variant of PCR protocol | Sample (treatment Reference Synonyms/observations
——
'SI' actarscabres NE/Nr . . . . Burkhalideral, |. .
5. scabiei Conventional Mycelium (boiled) 5. scabies
. Py necl gene - 1998
5. turgidiscabies
S. seabiei Universal foe Secernes S. scabies
. turgidiscabies pA/pH”
. aureofaciens Spedfic for S. scabes
Scabl/Sachll

5. acidiscabies
S scabiei

. scabies var.
achramogenes

165-1F/165-1R
165 rRNA gene
NeclF/NeclR
mecl gene
TxtAL/ TxtA2
#xtA gene (thaxtomin
biosynthesis)

Conventional

Bacteria (DNA

extraction)

Wanner, 2004

§_scabies var. achromogenesis not included in the ISPP

list.

NEC-F2/NEC-R2

(primers) (Quantitative competitive

Streptomyces spp. Probe T quenching probe Potato tubers, soil Koyama et al.,
- necl gene iQ’CO]J'I (DNA extraction) 2006
Probe IS '
Internal standard DNA

. acidiscabies Species and strain-specific
. aureofaciens 165 rDNA sequences
5. bottropensis scablm/scab2m
5. europaeiscabiei scabl/scab2m = . Bacteria (DNA .
s :{afuif ASE3/scab2m Conventional extraction) Wanner, 2006
S. stelliscabiei S. scabies and 5.
. turgidiscabies europaetscabied
New Streptomyces group Stel3/ T2st2

Palacio-Bielsa et a/.,2009




PCR detection and identification of
plant pathogenic bacteria

Name of primers and target DNA, sample treatment in the original article, variant of PCR protocol, reference
and observations for plant pathogenic bacteria according to ISPP nomenclature. When the nomenclature
reported in articles differs, the originally cited names of side of the table bacteria are indicated on the right

Genus Streptomyces

8. stelliscabiei
ASE3/ Aci2
Streptomyces newly
identified group
Stel3/ Aci2
S. bottropensis
Acil/ Aci2
§. acidiscabies
Turglm/ Turg2m
8. turgidiscabies
Aurl/ Aur2
S, aureofaciens
NecF1/NecR1 (external) Nested
NecNF1/NecNR2 )
(internal) Bacteria, potato Cullen and Lees
Streptomryces spp. NecTgF1/NecTqR1 tubers and soil 2"00? '
(primers) (DMNA extraction)
NecTgP1 (probe)
necl gene
1658-1F/168 455-435
168 rDNA
NE/Nre

Real-time
(TagMan)

necl gene
TxtAB TxtAB1/ TxtAB2
TxtAB gene
S. acidiscabies Tom3/Tom4
S. aureafaciens TomA gene
S.europaeiscabiet Species-specific Conventional Bacteria (DNA
§. scabiei l6s rDNA - extraction)
§. stelliscabier ASE3/Scab2m
S. turgidiscabies (5. scabies and §.
enropaciscabied)
ASE3/ Aci2
(Newly identified
Streptonryces group)
Acil/ Aci2

(8. acidiscabies)

Wanner, 2007

Palacio-Bielsa et a/.,2009



Preservation

= Three short-term preservation methods:
= First, agar slope cultures may be stored at 4°C for few months.

= Second, spore suspensions can be mixed with soft water agar
and kept at 4°C (Kutzner,1972).

= Third, glycerol can be added to spore suspensions (final
concentration, 10%, v/v) and stored at -20°C (Wellington and
Williams,1978).

= For long-term preservation, spore suspension was prepared in
20% glycerol and freezing at —20°C.

= Another procedure is the growth of strains in complex media
(like trypticase soy broth [TSB] agar), addition of 20% glycerol
plus 10% lactose, and storage in the vapor phase of liquid
nitrogen.

= In addition, drying on unglazed porcelain beads (Lange and
Boyd, 1968), followed by soil culture, and lyophilization are used.
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Identification of the bacterial pathogens
!'_ Bacillus and Paenibacillus

Disease diagnosis and pathogen diagnostics
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Applications and Systematics of
Bacillus and Relatives

= Applications and
Systematics of Bacillus
and Relatives

= by Roger Berkeley, Marc
Heyndrickx, Niall Logan and
Paul De Vos (Editors).

Product Details
= Hardcover: 317 pages

= Publisher: 2002 by
Blackwell Publishing
company
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Gram-Positive Bacteria
Plant pathogenic genera

= Domain Bacteria
Phylum "Firmicutes”
Class "Bacilli®
Order Bacillales
Family Bacillaceae (Bacillus)

Family Paenibacillaceae (Paenibacillus)
Class "Clostridia™

Order Clostridiales
Family Clostridiaceae (Clostridium)

Nested genera in Bacillus
Another example of a large genus with nested genera is the Bacillus
genus, in which the genera Paenibacillus and Brevibacillus are nested
clades. There is insufficient genomic data at present to fully and
effectively correct taxonomic errors in Bacillus (Wikipedia,2012). 207



Numbers of species assigned to the genus
Bacillus in different editions of Bergey’'s Manual
up to 1974 (modified from Gordon 1981)

Bergey's Manual Year Number of species

1st edition 1923 75

Znd edition 1925 75

3rd edition 1930 93

4th edition 1934 95

5th edition 1938 146

bth edition 1948 33

7th edition 1954 25

8th edition 1974 Group I: 22
Group II: 26

Berkeley et al,2002 208



Phylogeny
Bacillaceae family
Base on 16S rRNA and ITS sequences

= Biodiversity of Bacillus spp:

= The molecular analysis of Bacillaceae species, using
16S rRNA and the 165-23S ITS (internally transcribed
spacer), to differentiate, in clusters, this bacterial
family.

= Bacillus species may be divided into five or six groups
(groups I-VI), based on 16S rRNA phylogeny or
phenotypic features, respectively (Priest, 1993).

= ITS-PCR using the primers L1 and G1 to amplify the
165-23S intergenic transcribed spacer region.

@kstad and Kolstg,2011; Hunag et a/,2012; Alina et a/,2015 209



Phylogeny
Bacillaceae family
i Antagonists and PGPR Bacillus groups

= Those Baci/lus strains that are known to have the
potential to protect plants from pathogens or pests or
stimulate plant growth are attributed to two groups:

1. the B. cereus group, and
2. the B. subtilis group.

= The B. cereus group includes 5. anthracis, B. cereus,
B. thuringiensis, B. mycoides, B. pseudomycoides,
and B. weihenstephanesis.

= The B. subtilis group includes B. subtilis, B. pumilus,
B. atrophaeus, B. licheniformis and B.
amyloliguefaciens.

Hunag et a/,2012 210



Phylogeny
Bacillus species classification based on
16S rRNA sequences

The phylogenetic studies, based on 16S rRNA
sequence, suggest five groups of closely related
species.

Bacillus cereus,

B. megaterium,

B. subtilis,

B. circulans, and
B. brevis group.

There is also mentioned a group of closely related
bacteria, referred to as Bacillus pumilus subgroup, as it
is included in Bacillus subtilis group.

Alina et al,,2015 211



Phylogeny
Bacillus species classification based on
the fatty acid patterns

Range of Group
Unsaturated FAs Predominant FAs chain lenght name species
— ; ;
Anteiso-C,, (26-60%) 18-17 aitboing ‘Z "’_"e"l"- i
——=3 [nsignificant or very small and iso-C;5 (13-30%) x SISO
B.licheniformis,
<3% A -
B. marcerans, B.
megaterium,
= B. pumilus, B.subtilis
L3 Anteiso-Cy; (39-62%) 14-17 carbons B polymyxa, B. larvae
B B. lentimrbus, B.
popilliae
B. caldolyticus,
e 150-C 5 (39-62%) 14-17 carbons c B. caldotenax *
B. stearothermophilus
——p Cyclohexyl acids (59%) 17-19 carbons D B. acidocaldarius
p————3»Small proportion —350-C; 5 (19-31%) 12-17 carbons E B. anthracis, B. cereus
7-12% B. thuringensis,
by |arge proportion =———2>Anteiso-C;s 317 saThioh F g ;fssyc:;::z;h?;us *
17-28% B. globisporus
Badillus species have three main groups of FAs: branched-chain FAs, straight-chain FAs, and complex FA types.

Kaneda,1977; Diomandé et a/,,2015 212



Phylogeny

Based on 16S rRNA sequences

= Neighbor joining tree

B. licheniformis

B. atrophaeus

for species within the
Bacillus group,

L—B. amyloliquefaciens

indicating that they are
very closely related to
each other by 16S rRNA

B. lentimorbus
I:B. subtilis

B. popilliae

B. mojavensis

Brevibacterium halotolerans

B. oleronius

gene sequence analysis.

B. sporpthermodurans

Spencer and Spencer,2004
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Phylogeny

Comparative analysis of the 39 end 16S rRNA coding region
reveals that at least the last 157 bp share extensive
nucleotide identities with all 46 Bacillaceae species

= Phylogenetic relationships of 46 Bacillus,
Brevibacillus, Paenibacillus, Virgibacillus
species, and eight distant species
inferred from the alignment of the 157 bp
39 end 16S rRNA coding region.

= Bootstrap values (expressed as
percentages of 100 replications) are
shown at branch points; values greater
than 50% were considered significant.

= The bar represents the unit length of the
number of nucleotide substitutions per
site.

= Abbreviations:

s B., Bacillus;

m Br., Brevibacillus,
s G., Geobacillus;

n M., Marinibacillus;
n P., Paenibacillus;

s V., Virgibacillus.

Xu and Caté,2002

0.1

“B. maroccans"

8. psychrophilus
B, peychrozacsharslypticas
Br. barstelansis
Br. brevis

Br. formasis




Phylogeny
ITS-PCR fingerprint and UPGMA cluster analysis of Bacillus
species. (A) ITS-PCR fingerprint and (B) UPGMA cluster analysis

B. thuringiensis BT407Cry- 1
0.585 o0 B h:chem:fonn{s HSP-1
oo7olo 000 B. licheniformis OF 3-16
B. subtilis subsp. subtilis BCRC10255
0.000
0,000 B. cerey§ uwas
—— B, subtilis NT-A1
- 298 B leteniomis BCRC11702 2
? 0000 B. subtilis NT-2
——— B pumilus TLB7-7
0.073M B. subtilis subsp. spizizenii BCRC80045
065 0000 ubtiis NT-B1
g-g% B. pumius BCRC11706
' B. megaterium BCRC10608 3
10.200 :
B. megaterium SP4-17
g:ggg B. subfls WPE-12
0.489 3200 T0.00 B. amyloliquefaciens WG6-14 4
g 0'0 B. subtilis TKS1-1
- __ B. amyloliquefaciens BCRC11601

0.000

ITS-PCR using the primers L1 and G1 to amplify the 165-23S
intergenic transcribed spacer region.

Hunag et a/,2012 215



Phylogeny

Bacillus and novel genera originated from

genus Bacillus

= Schematic outline of the
phylogenetic diversity of 16S
rDNA of aerobic, rod shaped
and spore-forming, Gram-
positive bacteria including:

1. Species of Bacillus,

2. Genera that originated from the
dissection of Bacillus, and

3. Species that were affiliated to
novel genera because of their
distinct phylogenetic positions.

= Bacillus species were found to
form clusters that have been
named RNA groups 1 to 6.

Paenibacillus, B. mucilaginasus,
B. edaphicus, RNA group 3

Ammoniphil Thermobacillus
Aneurinibacillus Brevibacillus,
Aligyclobacillus, RNA group 4
Sulfobacillus <\
B tuscige Amphi_baciﬂus,
B. horti
B schlegeli / B thermosphaericus,
Thermoactinomyces /~ g B. thermocloacae
// Exiguobactenium
Streptococcus g
La%_ociamrus B. alcalophilus, B. dausii,
h ococcus . ‘ B. vedderi, and others,
sterla, ) RNA group 6
Brochothrix / e
Gracilibacillus,
Virgibacillus, Salibacillus,

Staphylococcus
obacil}ug B haloalkaliphilus
B. laevolacticus,

Sporalactobacilius

Main Bacillus cluster,

RNA group 1

Some Bacillus species B. stearathermophilus group,
Caryophanon, Kurthia, Saccharococcus,
Planococcus, Filibacter, ~ RNA group 5

Sporosarcing,

3% RMNA group 2

Berkeley et a/.,2002 216




Phylogeny
Based on 16S rRNA sequences and
gltX gene (glutamyl-tRNA synthetase)

=  We added one more gene, g/tX, to increase phylogeny resolution.

= We amplified the 16S rRNA gene by PCR using previously published
primer sequences 27F and 1492R(Lane,1991).

= This included regions V1 to V3 (~275 bp of the 5’ end region),
considered to be the most informative for the Bacillus spp. (Goto et
al.,2000).

= A 700 bp segment of the g/tX gene (glutamyl-tRNA synthetase)
was amplified using the primers

= gltX-for (5" CGYGGBGADGAYCAYATYT 3’) and

= gltX-rev (5" CRATTTCMGCDCCRWARCT 3’) and PCR-amplified by 30
cycles of 94°C for 30 s, 47°C for 1 min, 72°C for 2 min, and then a
final elongation step at 72°C for 8 min with a thermocycler Palm-
Cycler (Corbett Research).
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Phylogeny
Based on 16S rRNA sequences and
gltX gene (glutamyl-tRNA synthetase)

Group 6
Group 5
Group 3
Group 4

Group 2
Group 2 —
B. aquimaris
cHa3 1T CHatob 137

B. marisflavi B. marisflavi

[CH163b 5T

B. flexus

B. horikoshii
CH108 CH422a CH418b 13T

B. horikoshi

B. cereus

Group 1

B. pumilus

B. subtilis/licheniformis

165 rRNA

B. subtilis

Rodriguez-Torres et a/,2017 218



History

i The Genus Bacillus

= One of the earliest bacteria to be described was
“Vibrio subtilis" by Ehrenberg in 1835.

= In 1872, Cohn renamed the organism Bacillus subtilis
(Gordon,1981).

= The family Bacillaceae was first formulated by Fisher
in 1895 (Gordon,1981).
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Diseases caused by
Plant pathogenic Bacillus species

= Plant-associated bacilli are recognized either as plant
pathogens, saprophytes, or as biological control

agents.

= There are only three known phytopathogenic bacilli:

Bacillus megaterium pv. cerealis

White blotch of wheat

Bacillus circulans Discoloration in heart tissue of mature plants.
Also causes a disease in tissue cultures of date
palm seedlings

Bacillus pumilus Bacterial blotch of immature balady peach;

ginger rhizome rot disease; Association with
leaf and twig dieback of Asian pear cause by P.
syringae.

Bacilli generally are more easily isolated from soil than

from plant roots (Ambrosini and Passaglia,2017).
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Bacillus species
As biological control agents

+

Bacillus species are common among the resident
microflora of the inner tissues of various species of
plants, including cotton, grape, peas, spruce and
sweet corn, where these microorganisms play an
important role in plant protection and growth
promotion plant protection and growth promotion.

Production of antibiotics and hydrolytic enzymes is a
feature of many endophytic bacilli including:

Bacillus cereus
Bacillus pumilus
Bacillus subtilis
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Bacillus species

Direct effect of Bacil/lus-secretions on plant
protection from adverse environments

The mitigating
effects of Bacillus-
induced
physiological
changes in plants.

Radhakrishnan et al,2017

Hormones & Nutrients

solubilization
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Major distinguishing characteristics
of the genus Bacillus

= The features of the members of the genus Bacillus that
distinguish it from other Bacillaceae (all endosporeformers
e.q. Sporolactobacillus, Clostridium, etc.) are:

= Their aerobic nature, which may be strict (e.g. Bacillus
subtifis) or facultative anaerobic (e.qg. Bacillus cereus).

= Bacillus polymyxa ferments lactose and produces gas.
= Rod shape (Large rod in case of Bacillus cereus).

= Older cultures (more than 24 hours) of Bacillus polymyxa
may appear as cocci.

= In both Bacillus cereus and B. subtilis, older cultures may
stain pink, due to the deterioration of cell walls.

= Catalase production.
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Cell size

The size of bacilli range between 3 to 5 micrometers

Bacillus megaterium Bacillus subtilis




* Flagella

= Individual cells of motile Bacillus species photographed on

nutrient agar.

= A B subt///5‘ B. B. polym yxa' C. B /aterosporls‘ D B. alvell,

"B.FM”.. AL

. Bbrevis.

', B.cereus 'B.arculam‘ £ .

About 15,000X magnifi catlon

Todar,2003
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Surface structures of Bacillus
S-Layers

= Crystalline surface layers of protein or glycoprotein
subunits, called S-layers, are found in members of
the genus Bacillus.

= S-layers of individual strains of Baci/lus have been
shown to differ in molecular weight (40-200 kDa),
the degree of glycosylation of the subunits, and the
geometry of the S-layer lattice.

s Not all Bacillus species contain S-layers and some
strains within a species may lack such a layer.

The Prokaryotes (chapter 1.2.16),2006 226



Resting spores or endospores
Bacillus sp.

= Thick-walled resting
spores or endospores in
a Bacillus sp.

= Because of the thick
wall the spores are
much more refractive in
phase-contrast
microscopy than the
sulrlrounding vegetative
cell.

= Spores are centrally
placed in the cell.

Janse,2006 227



Sporulation and crystal toxin production

= An artist’s conception of
growth, sporulation, and

crystal toxin production in 5.
thuringiensis subsp. kurstaki,

= Endotoxin crystals of 5.
thuringiensis may be
detected by phase contrast
microscopy or by staining
with 0.5% aqueous basic
fuchsin or TB carbol fuchsin.

= The other members of the 5.
cereus group do not produce
endotoxin crystals that can
be detected by staining.

= The cells were grown in liquid

——

GYS medium as described in
the text.

The Prokaryotes (chapter 1.2.17),2006
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Origins of isolates
of Bacillus spp.

The Prokaryotes (chapter 1.2.16),2006

Name of Bacillus species

Habitats from which isclated

E. subiilis

E. acidocaldarius
E. alcalophilus
E. alvei

E. amylolyticus
B. anthracis

B. azotoformans
E. badius

BE. brevis

B. cereus

B. circulans

B. coagulans

B. fastidiosus

E. firmus

B. globisporus
B. insolitus

E. larvae

E. laterosporus
B. lautus

B. lentimorbus
B. lenius

B. licheniformis
B. macerans

B. macguariensis
B. marinus

EB. megaterium
E. mycoides

B. pabuli

B. pantothenicus
B. pasteurii

E. popilliae

B. psvchrophilus
B. pumilus

B. schlegelii

B. sphaericus

B. stearothermophilus
B. thermoglucosidasius
B. thuringiensis
B. validus

Soil, water

Thermal acid water and soil
pH 10 enrichment from soil
Soil, diseased bee larvae
Soil

Anthrax-diseased animals
Soil

Feces, foods, marine sources
Soil, foods

Soil, foods

Soil

Acid foods

Soil, poultry litter

Soil, salt marshes

Soil, water

Soil

Diseased bee larvae

Soil, water

Soil, feces

Dviseased honevbee larvae
Soil, foods

Soil

Plant materials, food
Subantarctic soil

Marine sediment

Soil

Soil

Soil, fodder

Soil

Soil, water, sewage
Diseased scarabid beetles
Soil, water

Soil

Lake sediment

Soil, water sediments, foods
Soil, hot spring, foods

Soil

Soil, foods

Soil

Based on Claus and Berkeley (19586).




Bacillus plasmids

Phenotype associated with plasmid

DNA
Bacterium Plasmid  =ize (kb) Phenotype associated with plasmid
B. anthracis pXO] 168 Exotoxin (lethal factor, edema factor,
protective antigen)

pXRO2 B3.0 Capsule
B. cereus pBC7 6o Bacteriocin

pBCl16 4.3 Tetracycline resistance
B. pumilus pBL10 6.8 Bacteriocin
B. subtilis pIM13 2.2 Eryvthromycin resistance
B. subitilis (natto)  pLS19 a4 Polyglutamate production

pLS20 a3 Self-transmissible plasmid, which also

B. thuringiensis

Bacillus species
(thermophilic)

pXO12 112.5

pTB19 26
pTB20 43

promotes transfer of other plasmids
Production of insecticidal crystal protein, and
15 a self-transmissible plasmid, which can
co-transfer unrelated plasmids
Kanomycin and tetracycline resistance
Tetracycline resistance

The Prokaryotes (chapter 1.2.16),2006
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Production of
antibiotics by
some Bacillus spp.

Species Antibiotic

B. subtilis Subtilin®
Surfactin®
Bacilysin®
Difficidin®
Oxvdifficidin®
Bacillomycin F
Mycobacillin®

B. brevis Gramicidin 5°
Lincar Gramicidin®
Tyrocidin®

E. licheniformis Bacitracin®
Proticin

B. pumilus Pumilin®
Tetain

B. mesentericus Esperin®

B. polvmyxa Polymyxin®
Colistin®

B. thiaminolyticus Octopytin®
Baciphelacin®

B. circulans Circulin®
Butirosin®

E. laterosporus Laterospuramine®
Laterosporin®

B. cereus Biocerin®
Cerexin®

*Anti-Gram-positive bacteria.
*Inhibitor of fibrin clotting.
“Broad spectrum antibiotic.

4 Anti-fungal antibiotic.
*Anti-Gram-negative bacteria.




the production of industrial enzymes

i The importance of Bacillus species In

= The global market for industrial enzymes is
considered to total 1.6 billion US dollars.

s The market is divided as follows:

= [echnical enzymes (detergent proteases and
amylases and textile): ¢. US$1 billion

= Food enzymes (baking, beverage and dairy): ¢
US$0.5 billion

= Feed enzymes (animal feed and other): ¢. US$0.1
billion.

Berkeley et al,,2002 232



Thioglycollate Agar

Aerobic and Anaerobic Growth
The genera Bacillus and Clostridium

= Before inoculation, the medium is steamed (to melt the agar
and drive out oxygen), cooled to 45-50°C, and then inoculated.

= Cystine and sodium thioglycollate are included in the medium to
maintain a low oxidation-reduction potential.

= Agar decreases the diffusion of oxygen into the medium.

= Resazurin is used as an indicator of oxygen; this compound is
pink or red in the oxidized state and colorless when reduced.

= The color may not be seen if good growth is present.

= Glucose is included as a fermentable energy source although
some clostridia can ferment amino acids in the yeast extract and
casitone; any of these organic compounds may be respired by
various aerobes and facultative anaerobes.
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i Thioglycollate Agar

Component Amount (grams/L)
Yeast extract 5
Casitone 15
Glucose 5
Sodium chloride 2.5
Cystine 0.5
Sodium thioglycollate 0.5
Resazurin 0.001
Agar 0.75

Virtual Microbiology 234



Thioglycollate Agar

Modified

= Anaerobic Agar

= [rypticase 20 g

= Glucose 10 g

= Sodium chloride 5¢

= Agar 15g

= Sodium thioglycolate 29

= Sodium formaldehyde sulfoxylate 1 g

= Distilled water 1 liter
m pH=72

= Inoculate a tube of anaerobic agar with a small loopful of

nuti):rient broth culture by stabbing to the bottom of the culture
tube.

= At incubation temperatures below 45°C the growth should be
recorded at 3 and 7 days.
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Thioglycollate Agar

Aerobic and Anaerobic Growth
The genera Bacillus and Clostridium

= Strict aerobes will only grow near the surface of the agar (Af, Alcaligenes
faecalis, Pf, Pseudomonas fluorescens); Aerotolerant anaerobes grow at the
same rate in presence or absence of oxygen(Lp, Lactobacillus plantarum);
Facultative anaerobes will grow throughout the tube, but will display more
growth near the top of the tube (Se, Staphylococcus epidermidis; Ea,
Enterobacter aerogenes); Strict aerobes will only grow in the presence of
oxygen, at the top of the tube(Cb, Clostridium butryricum). Strict anaerobes will
only grow in the bottom of the tube where oxygen is absent.

£

.—c-—l—.‘—t._l.@_x.m_..
Virtual Microbiology
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Media used for the isolation and
cultivation of Bacillus spp.

B. acidocaldarius

B. alcalophilus

B. azotoformans
B. brevis

B. fastidiosus

B. lentus

B. licheniformis
B. marinus

B. pantothenicus

B. pasteurii
B. schlegelii

B. stearothermophilus

Part A: (NH,).S50,, 0.4: MgS0Oy, 1.0; CaCl,-2H,0, 0.5; KH,PO,, 6.0; distilled H,O, 1 liter; pH adj.
to 4.0

Part B: glucose, 2.0; veast ext.. 2.0 distilled H,O, 1 liter

Combine A and B after sterilization

Part A: glucose, 1.0; peptone, 5.0; yeast ext., 5.0; KH:POy, 10.0 MgS0O,-7TH,0, 0.2, distilled HyO,
900ml.

Part B: Na,CO5- 10H, O, 20; distilled HoO, 100ml.

Combine A and B after sterilization (final pH = 10.5)

Peptone, 10.0; Na,HPO - 12H,0, 3.6, MgS0,-TH,O, 0.03; MnS0,-H,0, 0.05; KH,PO,, 1.0;: NH,Cl,
0.5 CaCl,-2H,0, 0.1; distilled H,O, 1 liter.

K;HFPO,, 0.2: Mg50,-TH,O, 0.02; NaCl, 0.02: Fe50,-TH,O, 0.01: Mn50,-H;0, 0.01: betaine,
betaine -HCI or valine, 0.05M: agar, 16.0; distilled H,O. 1 liter.

K;HPO,, 0.8, KH,PO,, 0.2; Mg50,-7TH,0, 0.05; CaCl,-2H,0, 0.05; Fe50,-TH,O, 0.015;
MnSOy-H.O, 0.01; uric acid, 10.0; distilled H,O, 1 liter.

Peptone, 10.0; meat ext., 10.0; agar, 15.0; distilled H2O, 1 liter. adj. pH to 7.0-7.5; after sterilization,
add 100g urea, steam for 10min.

Peptone, 5.0; meat ext., 3.0; KNO,, 80.0; distilled H,O, 1 liter; adj. pH to 7.0; fill glass-stoppered
bottle to top for anacrobic conditions.

Peptone, 5.0; veast ext., 1.0; FePOy-4H,0, 0.01; agar, 15.0; aged sea water, 750ml; distilled H»O,
250ml; adj. pH to 7.6.

Nutrient broth + 4% (w/v) NaCl

MNutrient broth + 2% (w/v) urea

Na,HPO,-2H.0, 4.5; KH.PO,, 1.5; NH,CI, 1.0; MgS0,-TH,0, 0.2; CaCl,-2H,0, 0.01; ferric
ammonium citrate, 0.005; NaHCO,, 0.5; trace element soln, Sml (ZnSO,-7TH,0, 0.1:
MnCl;-4H:0, 0.03; H;BO;, 0.3; CoCly-6H,0, 0.02; CuCly-2H0, 0.001; NiCl;-6H,0, 0.02;
NaMoOy-2H,0, 0.03; distilled H»O, 1 liter) Other: 65C, atmosphere of 0.05atm. O, + 0.01 atm.
CO, + 045atm. Hs

Nutrient agar; incubate cultures at 55°C

"Numerical amounts are grams unless specified.
*Most other Bacillus cultures will grow on nutrient broth and nutrient agar.
Based on Claus and Berkeley (1986).

The Prokaryotes (chapter 1.2.16),2006
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Identification of Bacillus spp.

= The identification of Baci/lus species is difficult, and molecular methods
are the basis for distinguishing species within this very large, complex
genus.

= Isolates may be identified tentatively to the genus Bacillus if they have
the ability to hydrolyze gelatin, utilize citrate, reduce nitrate, and
ferment L-arabinose and mannitol.

= Any isolate that is positive for all five of these phenotypic tests
probably belongs to the Bacillus subtilis group of closely related
species.

= This may include 5. mojavensis isolates which are endophyte,
nonpathogenic to plants, antagonistic to fungi, and to enhance plant
growth.

= Indole production is negative for some species such as subtilis,
polymyxa and cereus.

Spencer and Spencer,2004; ... 238



Colony morphology

Bacillus spp.

Bacillus subtilis

The cream
colored
colonies are
larger, but not
as large as B.
cereus.
The margin is
undulate, with
circular form
and flat
elevation.

Bacillus
cereus

Colonies are
large,
irregular
and flat with
an undulate
margin

Bacillus
polymyxa

Colonies are
white, large,
irregular and
flat with an
undulate
margin

Bacillus
megaterium

letibrary.org © Hedetniemiand Liao

White/
round,

“ glossy shade

yellow
colored
colony
with smooth
and entire
margin.

Virtual Microbiology
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Colony characteristics of B. cereus

1. Colonies of Bacillus cereus
grown on MYP medium are
pink and lecithinase
positive, but other bacteria
are not inhibited and can
interfere with isolation of 5.
cerevus.

2. Colonies of B. cereus grown
on Bacara medium are
pink-orange and are
lecithinase positive, but
other organisms are
inhibited.

Tallent et a/,2012 240



haracteristics used in the
identification of Bacillus spp.

B - ~
Bacillus species/group g |8 g S = e < 8 .:N S 8 8 Ak B E:
Rl & ® ® | TR ] S 8 2 S8 [F
3 s s, 2 | ]R8 = s ™ >3 & & 3 ] d
Q L = B 5 ® 1> = S S v } 3
2 S| 2183 S 3 3 &l | E
© 3 = EN. = 8 © Y, 9: § 2
& 3 & 3 g &
Gram reaction + sy 4 " + & 1 1 I = 1 1 1
Motility® = + + % n + + * + + 2 4 o +
Oval spores + + + - &3 5o e + + + h %
Spore position
Terminal - - - - - = + + + + = - + +
Central ‘ e 5 5 i i + + + o+ + = " - +
Subterminal 4 + + + + . +
Swelling of bacillary body = = = = = = \% o % % i 4 @ +
Growth at45 ¢ = v + v = o - v v v + v v -
Growth at pH 5.7 2 + + + + + + = v v ND - = "
Growth in 7% NaCl + v 4 o - " - - - A - - - =
Utilization of citrate v + 2 + " 4 v - v - - - = -
Anaerobic growth in glucose broth + + 5 - = N g - = v & & i +
Acid from:
Arabinose - = # v ND + v = - + + - + +
Mannitol 2 = - + g v = 7 3 = 4 o
Xylose o I # + | v - v + + - + |+
VP test 5 & - - - e v s = - - = = +
Starch hydrolysis - F + + = + + % = + g = + -

# All species may produce non-motile cells
® Taken from Leary, J.V and Chun ,W. 1985.

v =Variable ND=Notdefined = Indefinite SChaad 6’[' a/-, 1998 241



Characteristics used in the
identification of Bacil/lus spp.

Plant Pathogens Other Species
S 2 2
s TE S 2 S g
3 22 F 4 B o2 I = 3
= T 9 g2 =2 = = = | a2 g =
3o S 3 EF¥sofosog
3 £ A § 3 8 8 8§ 8 & % &
Gram reaction I + + + + 4+ + 1 1 1 i
Motility* + - -+ o+ o+ o+ o+ o+ o+
Spore position
Tcmnrlal + - - - - - -+ + + - +
Central - + o+ 4+ + o+ o+ o+ .
Subterminal + = = - - - -+ + + - -
SWG“IDE of bamlla:y t!)d}’ + - - - - - v + + -+ +
Growth at 45°C \% - -V + + + VvV VvV WV Vv
Growth at pH 5.7 v + - - - + + - Vv - +
Growth in 7% NaCl v - + V o+ o+ - e .. .
Utilization of citrate - + Vv o+ + o+ vV .y .
Anaerobic growth in glucose broth A - + o+ o+ - o+ o+ - %
Acid from:
Arabinose + ND - - o+ o+ OV -V o+ 4
Mannitol + + - = + + vV - ¥V + 4
Xylose - + - R T VA +
Voges-Proskaur test - - + + o+ o+ VvV o+ - - .
Starch hydrolysis + + + 4+ + + + + - - D

more strains negative, ND, not determined,

*  All species may produce non-motile cells,

+, 80% or more strains positive; +”, 80% or more stramns delayed positive; V, between 21-70% of streins positive; -, 30% or

! Adapted from Cowan (6) and Hosford for Bacillus megaterium pv. cerealis (12) and Leary and Chun for B. eirculans (15)

Glucose broth: Nutrient broth+1% glucose

Schaad et a/,2001

242



Table 2. Characteristics useful to differentiate among some species of Bacillus.

Characteristic®

Z | g
2 0 7 2 =
b 7} ° -U—' a["‘l—- & W = = = E
z % = .z 2 . 2 &% z g E 3
= 2 2 Y ¢ L " g & &= =2 3 5
= = g = ) &~ & = = " - =" o e
= = =] W L=} =t [ '_nﬁ =] o b = =} ] o
= = g = = = g & = =g T A - 2
= [t e =] =] e - . = = - = . . 7 =
. =} = = = = = b By = = T = a = =
- 2 % % 3§ § %3 £ g £ = & = 7T B 32
L] o = ¥ _— = = =
g i ] 5 ] ] ] = = = o = = s B
) . =] = = = = = = = 5] = o o = T = 2
Bacilius species = =¥ Q 0 Q ' Q o - - - Z 7] o, s —
anthracis + - + - - + + + + + - + - + + +
megaterium + - - - ND o+ + - + - Voo - Ay + -
Cerens + AY + - - ND o+ + + + - + + + + +
thuringiensis + + + - - + + + + + - + + + + +
lichenformis - - + + - + + + + + - + + \Y + -
subtillis - - - + - + + + + + - + + WV + -
puiniilus - - - + - + + + + + - - - + + -
firms - - - - - + + + - + - + + - + -
coagiilans W — + + - - — + + + - v + + \¥ _
polvmyxa - - + - - - - + + + + + + W + -
IACerans - - + + - - - + - + + + + - - -
circulans — — V + - W A% + - + _ vV + v \¥} _
stearothermophilus V - - + + v - v - + - A - + AV -
alvei A - + - - W - + + + - - — + + -
laterosporus - + + + - A - + - + - + - - + +
brevis — — - + - — - + - + - v — - + _
sphaericus V - — - - W Vv + — - — — — - v _
larvae - - + - - - + - - + - Voo - - + ND
popilliae - + + - - - + - - + - - - — — ND
lentimorbus - - + - - - - - - + - - - — - ND
pastenrii - - + - - + + ND - ND - + - ND WV -
panfothenticus — - + A\ - + + + - + — v - + A% —

“+, greater than 85% of strains positive; —, greater than 85% of strains negative: V = variable character; WD, no data available.

From Reboli and Farrar (1988).
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TABLE 15-1 Basic Characteristics for Identification of Selected Bacillus Species®

E
8 g
g g 2 s &
5 w Oe. g y 5] § U3 " §
S £ cgs% So0oo0 2t 8z g S
2 & 8 g%w B 2 £ £ 2 P58 EE
22 2 2 806 c 28 8 K< 38 8 5 3
EBEEEE FERERE B BB
> g % © 2 8 £ 2 Z g £ £ g 7 o § 5 9
i o 2 — B T E el e hed = — w
Siocteg’ $ R s 3%85¢8::385883:4848°¢
Morphologic group 1
B8 megatenum V 4 — % = % = = Y = —- % + =V 4 4+ n
B8 cereus + = 4+ o+ o+ o+ o+ = = + 4 = 4 + 4+ N
Bcereussubsp mycoides - + - + + + + + % - - + + — + + + N0
B anthracis — 4+ = 4+ 4+ VN 4 o F = = 4 4 = 4 o+ + N
B thuringiensis + 4+ + 4+ F 4+ + 4+ + = = 4 4+ — + + + n
8 licheniformis + F = = = o ok o o A+ = 4+ o+ = o 4 o+ o+
8 sublilis + + = = = 4+ — +# V¥ ¥V = 4 4 - F + + =
B pumilus + F = = = F = ko NV =+ 4t = = g = =
B fimus V 4+ = = = = = = = = = 4 4 = % + F+ =
B coagulans b = = = ¥ o+ o+ 4 k¥ = 4+ =¥V o+ -
Merphelegic group 2
B polymyxa + +# = = = - + % VvV = - - 4 + % + N
B macerans $ F = = = Y e = o F = = 4+ 4+ 4 = 4+ N
B circulans V 4 = = = Y ¥V = 4 ¥ = ¥ & — ¥ ¥ 4+ n
B stearothermophilus 4 ¥V — = = = = = 4 % 4 = + = V¥V ¥V 4+ n
B alvel + + = = = = o+ 4 = = = & = = & 4+ N
B laterosporus® 4 4 = = (4 - # = ¥ - = - % = 4+ 4+ = n
B brevis + + = = = ¥ = = = ¥ ¥ = 4 = ¥V % - N
Morphologic group 3
B8 sphaericus + + = = = ¥ = = = - —- ¥ = = = ¥ = n

* \-P, Voges-Proskauer; AS, ammonium salt; +, more than 85 percent of strains examined by Gorden et al, {See References) were positive; -,

more than 85 percent of strains negative; v, vartable; n,test not applicable; (+), under colony which must be scraped off to see positive reaction.

* Species grouped according to the classification scheme of Gordon et al. Morpholegic group 1: sporangium not swolien by spore; spore
elipsoidal or cylindrical, cantral or terminal; Gram positive. Merphologic group 2: sporangium swollen by ellipsoidal spore; spore central or
terminal; Gram variable. Momhalegic group 3: sporangium swollen by spore; spore spherical, subterminal, or terminal; Gram variable.
“Sporangium and spore have characlenstic cance shape,
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Table 6. Summary of the characters used in the simplified kev for Bacillus species.
= o)
[l
o U = o
] § = ,d
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B. megaterium + - - - + - W + - + A% + + —
B. cereus + + + + - + + + + + + W
B. thuringiensis + + + - + - + + - + + + + +
B. licheniformis + + + + + — + + — - W + + -
B. subiilis + + - + + — + + — _ vV + + _
B. pumnilus + + - + + - - - - - + + + -
B. firmus + - - - + - + + - - - + + -
B. coagulans + + + + - - W + - v + + W -
B. polvmyxa + + + - - + + + — _ vV + + _
B. macerans + - + + - + + + - - - + - -
B. circulans + - v + WV - v + - - WV + WV —
B. stearothermophilus W - - + - - W + + W + + -
B. alvei + + + - - - - + - v + + + -
B. laterosporus + - + + - - + - - - - + + +
B. brevis + - — + - — v — — — — + + _
E. larvae - - + - +* - A" - - - - + + -
B. popilline - - + - +* - - - - - - + - +
B. lentimorbus - - + - - - - - - - - + - -
B. sphaericus + - - - v - - - - v - - WV +
+, Greater than 85% of strains examined by Gordon, Haynes, and Pang (1973) positive; —, greater than 85% of strains
negative; ¥V, variable character.
*Growth in 2% NaCl agar.
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+. =80% strains positive; p, | 1-89
our strains that were positive (strain 12DX was negative in all cases of variable reactions); Np, no data.

» strains positive: —, <211 % strains positive; numeric values indicate the proportion of the

Character B. insolitus™  B. licheniformist  B. megareriumt B, pumilust  B. subtilist}

Endophytic isolates

Spore position/ Terminal Central Central Central Central
Spore shape Round Owal Oval Owal Owval
Vacuoles in cytoplasm + - + - -
Cell width = 1-0 um
Motility D
Anaerobic growth -

+ +

+
|
+
+

Distinguishing
phenotypic
characteristics of
plant-associated
Bacillus species.

Reva et a/.,2002

Voges—Proskauer -
Oxidase +
Nitrate reduction —
Hydrolysis of:
Casein —
Gelatin -
Starch —
Urea —
Acid from:
Arabinose -
Cellobiose +
Galactose
Glucose —
Inositol
Lactose —
Mannitol -
Maltose -
Mannose -
Raffinose +
Rhamnose
Sorbitol
Trehalose -
Kylose —
Use of:
Acetate
Citrate —
Gluconate
Propionate
Arginine dihydrolase
Phenvlalanine deaminase -
Growth in:
5% NaCl —
10% NaCl - - — + 5]
Growth at 50 °C - + - - -

+
+

+++ +++++
FH++ 0

|
+++ A+ ++

++ 9+

++ T+ ++++
|

Z
++++ T+ +
++ + +

£z
4+ 0
++ 2 |
+ 1
o+ + |

+ 4+
+
+

Z
4+ ++

|
+

|

|

+
+
+
+

Term

I+ + 1

T4+ +

+

inal
Ellipsoidal

[FData from Larkin & Stokes (1967) and Riuger er al. (2000).
i Data from Priest er al. (1988).
[ Data from Nakamura ef of. (1999).




Key differential characteristics
of the Bacillus spp.

Summary of test results

species Lecithinase Motility Penicillin Crystal formation
susceptibility

Bacillus anthracis +* - S

Bacillus cereus + + R

Bacillus megaterium - + R

Bacillus mycoides + R

Bacillus thuringiensis + + R +

Bacillus circulans - + R

Bacillus coagulans - + R

Bacillus licheniformis - + R

Bacillus pumilus - + R

Bacillus subtilis - + R

Bacillus sphaericus - + R

*B. anthracis may produce narrow lecithinase zones and colony may need to be scraped away to see

reaction.

Standards Unit, 2015 247



Identification of Bacil/lus species
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Species

B. megaterium
B. cereus

B. cereus mycoides

B. anthracis

B. thuringiensis
B. licheniformis
B. subtilis

B. pumulis

B. firmus

B. coagulans

B. polymyxa

B. mascerans

circulans

B.

B.

stearothermophilus

B. alvei

B. laterosporus*

B. brevis
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Identification of Bacillus species

Biochemical characteristics of Morphological Group 1

§ @ g ) 3 § 'é’ 0 4 2
3 il 8 £ 2| €| §| % ] S
H s | § 5| £ g S 5 S § 3
g o § S ] 3 S @ Y = 8
§ s | 8§l g g 8 % o 0 ¢
« = q o a
LV (egg yolk) reaction = + + + + - - = > -
Citrate utilization + + + ) + + + + + v
Anaerobic growth = + + + + + - - = +
V-P reaction - + + + + + + + - v
Nitrate reduction v + + + + + + - + v
Indole production - - - - o = o o - -
Growth in 7% NaCl + + + + + + + + + -
Starch hydrolysis + + + + + + + - + +
Casein hydrolysis + + + + + + + + + \
Gelatine hydrolysis + + + + + + + + + -
Urease activity \ \ \ = \ Vv v = > -
*Acid from: Glucose + + + + + + + + v +
itol v = = = = + + + + v
Xylose \ - - - = + + + \ v
Arabinose \ o - - - + + + % v
Haemolysis (blood agar) + + - +
Motility + - - +
Propionate utilization + -
Parasporal bodies - - - +
Tyrosine hydrolysis +/- + +/- - + - - o -/+ -
Growth in 0,001% lysozyme = + + + + - -/+ +/- . -

Valerius de Vos 249



Lysozyme test

= Inoculate a loopful of a broth culture into a tube of the
Lysozyme Resistance Medium and into a control tube of
nutrient broth.

= After incubation for up to 7 to 14 days observe for growth
or its absence.

= Members of the B. cereus group are resistant to lysozyme.
= Lysozyme Resistance Medium

Nutrient broth 99 ml

Lysozyme solution 1 ml

(10,000 enzyme units/ml of distilled water)

The members of the B cereus group spp. include B. cereus,
Bacillus anthracis, Bacillus thuringiensis, Bacillus mycoides,

Bacillus pseudomycoides and Bacillus weihenstephanensis. 250



i Tyrosine test

Inoculate plates of the Tyrosine Decomposition Agar
with one streak of inoculum and incubate.

Observe at up to 21 days for clearing of the tyrosine
crystals around and below the growth.

B. cereus and other members of the 5. cereus group
except for B. anthracis readily decompose tyrosine.

Tyrosine Decomposition Agar:
L-Tyrosine 0.5g
Distilled water 10 ml
Sterile nutrient agar 100 ml

The Prokaryotes (chapter 1.2.17),2006 251



i Casein decomposition test

= Inoculate plates of milk agar with one streak
of inoculum and examine after incubation at
/ and 14 days for clearing of the casein
around and underneath the growth.

s Casein Decomposition; Milk Agar

= Agar 1 g in 50 ml of distilled water Skim milk
powder 5 g in 50 ml of distilled water.
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Fatty acid composition of several species of the genus Bacil/lus rRNA group 1 of

Ash et al, 19912

Saturated acids Saturated (so-branched acids Saturated anteiso-branched acids Unsaturated acids
Other
Species 10:0 120 13:0 140 150 16:0 17:0 180 12:0 13:0 140 /150 A&0 17:0 N80 a@13:0 al4:0 @150 o1& @17:0 A61 a@l6:1 A1 alZ1 181 acids Reference
Croup 1"
B. cereus 3 Tr 3 10 2 55 3 3 3 7 9 Tr Kampfer(1994)
B. cereus 1 3 5 2 8 2 49 3 [ 4 1 4 3 8  Shidaetd (1997a)
B. thuringiensis 3 4 8 4 32 5 1 5 1 14 10 3 9 Kampfer(1994)
Group 2
B. amyloliguefadens Tr Tr 3 Tr 1 34 3 10 36 7 1 2 3 Kampfer(1994)
B. amyldiguefadens 3 1 25 4 14 38 12 1 2 Roberts et al. (1996)
(mean of 3 strains)
B. atrophaeus 5 1 31 4 9 36 7 3 2 Roberts et al. (1996)
(mean of 5 strains)
B. firmus 1 1 1 3 32 1 2 45 2 5 1 3 3 Kampfer{1994)
B. flexus 2 3 4 30 Tr 2 47 4 2 2 Tr 4 Kampfer (1994)
B. fumari oli 51 6 15 6 14 2 Logan et a. (2000)
(mean of 20strains)
B. jeotgali 1 3 2 49 2 4 9 4 5 7 11 Yoonetd. (2001c)
B. lentus 2 4 7 30 3 44 5 5 Kampfer(1994)
B. licheniformis Tr 2 1 34 3 11 27 9 1 3 9 Kampfer(1994)
B. licheniformis 4 1 29 4 7 38 1 5 1 Roberts et al. (1996)
(mean of 5 strains)
B. megaterium 2 2 Tr 6 28 Tr 1 49 3 4 1 1 3 Kampfer(1994)
B. megaterium 2 2 2 8 33 1 Tr 45 1 6  Shidaerd (1997a)
B. mgjavensis 2 1 22 3 9 43 13 3 3 Roberts et al (1996)
(mean of 22 strains)
B. oleronius 1 2 47 3 5 25 16 Kunigk et al. {1995)
B pumilus 1 1 Tr 1 43 37 5 2 3 7 Kampfer(1994)
B sonorersis 5 Tr 30 3 9 37 12 1 Tr Palmisano et al. (2001)
(mean of 8strains)
B subtilis Tr Tr 1 Tr 1 27 1 8 38 10 1 3 1 8 Kampfer (1994)
B subtilis Tr 2 1 28 2 6 45 7 Tr 9 Shidaetal (1997a)
B subtilis 3 1 29 2 10 40 9 2 2 Roberts etal. (1996)
(mean of 5 strains)
B vallismortis 3 1 25 4 14 37 12 1 2 Roberts et al. (1996)
(mean of 5 strains)
Other spedes
B badius 2 3 3 4 41 1 10 4 5 16 7 4 Kampfer(1994)
B badius 2 10 2 2 60 3 2 2 ] Shidaetal (1997a)
B badius 2 2 3 2 56 5 3 [ 2 4 [ 2 7 Heyndrickx et al (1997)
B drculans 3 1 3 4 14 47 7 6 1 14 Kampfer{1994)
B circulans 4 2 4 4 10 3 57 3 13 Shidaetal (1997a)
B coagulans 2 2 1 10 4 Tr 63 17 3 Kampfer (1994)
B coagulans 1 5 1 2 Tr 66 23 2 Shidaeral (1997a)
B simplex 1 1 4 3 10 1 69 3 6 1 Kampfer (1994)
B smithii 8 19 6 13 12 42 2 Andersson et al. (1995)

*Dataaregven for the type strains unless stated otherwise. The data for some unsaturated and branched fatty acids were combined in thistable. Data are given as percentage of total cellular fatty acids. Tr,traces (<1% ). Because some of
the values were summed off, the total sum of fatty acids is notin all cases 100%. More details about the heterogeneity of fatty acids within some species can be foundin the study of Kampfer (1994). Bacillus cobnii, grouped into rRNA

group 1 (Nielsenet al. 1994), showed 46-54% i1 5:0 and a1 540, and a proportion of unsaturated fatty acids from 22 to 27% (Spanka & Fritze 1993).

"For B.anthracis, fatty acid profiles were given by Lawrence et al. (1991). When grown on RCM-medium (a complex medium), B, anthracis produced (similar to B. cerens) high amounts of 16:0 (=350% ) and only 7% of i15:0. A

cultivation on a synthetic medium (RM-medium) increased the amount of i115:0 to 16%. Details are given by Lawrence et al. (1991).

Berkeley et al.,2002




Primers used for amplification and sequencing of

the 16S rRNA gene of Bacillus anthracis, B.

thuringiensis, and B. cereus

8F
1492R
Primers for amplification of the 16S rRNA gene

67F

1671R

Inner primers used for nested PCR on clinical samples
23F

136R
Primers used for sequencing of the 16S rRNA gene

104F
104R

1230F
1390F
1390R
8F
357F
357R
530F
530R
790F
790R
981F

981R

5°'AGT TGATCC TGG CTC AG 3’
5ACCTTG TTACGACTT3’

5TGA AAA CTG AAC GAA ACA AAC 37

5°CTC TCA AAA CTG AAC AAA ACG AAA 3’

5’ACA AAC AAC GTG AAA CGT CAA 3’

5°’AAA CGA AAC ACG GAAACTT 3

5'GGA CGG GTG AGT AACACG TG 3’

5'CAC GTG TTACTC ACCCGTCC 3

5TAC ACA CGT GCT ACAATG 3’
5°GGG CCT TGT ACA CAC CG 3’
5'CGG TGT GTACAAGGC CC 3
5'AGT TGATCC TGG CTC AG 3’
5TAC GGG AGG CAG CAG 3’
5'CTG CTG CCT CCC GTA 3’
5'CAG CAG CCG CGG TAATAC 37
5'GTATTACCG CGG CTG CTG 3’
5’ATT AGA TAC CCT GGT AG 3’
5'CTA CCA GGG TAT CTAAT 3
5'CCC GCAACG AGC GCAACCC 3T

5'GGG TTGCGC TCG TTG CGG G 37

Sacchi et a/,,2002
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ISR-PCR from Bacillus spp. strains
i PCR Amplification

1. Tag polymerase and 10X STR buffer (Promega).
2. Thermal cycler (PE 9700, Applied Biosystems, CA).
3. 100 mM Stock solution of primers:

= ISR-1494 (5'-GTCGTAACAAGG TAGCCGTA-3'") and
= ISR-35 (5-CAAGGCATCCACCGT-3").

Intergenic spacer region-PCR (ISR-PCR).

Spencer and Spencer,2004 255



DNA isolation

i ISR-PCR from Bacillus spp. strains

1. Lysis buffer TEC-SDS: 10 mM Tris-HCI, pH 8.0; 10
mM EDTA; 100 mM NaCl, and 2% (w/v) SDS.

2. 20 mg/mL Proteinase K in distilled water.
3. 3 M Sodium acetate, pH 5.2.

4. TE-buffer-saturated phenol.

5. Chloroform: isoamyl alcohol, 24:1 (v/v).
6. Isopropanol and 70% ethanol

7. RNAase A solution (10 mg/mL stock) in distilled
water.

Spencer and Spencer,2004 256



ISR-PCR from Bacillus spp. strains
Agarose gel electrophoresis

M112 34567 891011M2

= Lanes:

= M1, 1 kb DNA Ladder;
= 1, B. subtilis1 Al;

s 2, B. halodurans

= From lanes 3 to 10, Bacillus sp. alkaliphilic strains: 3, MIR32; 4,
MRL1; 5, MRL2; 6, MRL22; 7, MRL33; 8, MRL4; 9, MRL5; 10,
MRLS5;

= 11, control reaction without DNA template;

= M2, 100 bp DNA Ladder.

= Band between 200 and 600 bp are obtained for members of subtilis
and cereus groups and patterns including long ISR spacers,
generally between 600 and 1200 bp are typical or most alkaliphilic
Bacillus spp.

Spencer and Spencer,2004 257



Bacillus spp.
i Endoglucanase gene sequences

Specific primers for identification of B. subtilis

= Primers ENIF and EN1R from endoglucanase gene were
used to amplify a 1311 bp DNA fragment.

= The specificity of the primers was tested with seven
reference strains and 28 locally isolated strains of
endoglucanase positive Bacillus species.

= Two sets of primers:
= EN1F (103-124 bp) 5'-CCAGTAGCCAAGAATGGCCAGC-3/,

= ENIR (1,413-1,393 bp) 5'-GGAATAATCGCCGCTTTGTGC-
3") were designed by analyzing the conserved regions of
the alighed sequences.

Ashe et al., 2014 258



Bacillus spp.

Endoglucanase gene sequences
Specific primers for identification of B. subtilis

= Limit of detection of
endoglucanase gene in
different concentration of DNA.

= Lane 1100 ng, lane 2 50 ng, 12 3 4 56 7.8 9 101 12134
= lane 3 10 ng, lane 4 5 ng,

= lane 51 ng, lane 6 100 pg,

= lane 7 50 pg, lane 8 10 pg,

= lane 95 pg, lane 10 1 pg,

= lane 11 500 fg, lane 12 100 fg,
= lane 13 negative control,

= lane M size marker (1 kb
ladder, NEB).

Ashe et al,,2014 259



Bacillus spp.

Endoglucanase gene sequences

= PCR amplification for endoglucanase
gene in different Bacillus spp.

= Lane 1 size marker (500 bp ladder); 12 3456789 10 11 12

= lanes 2-5 B. subtilis ATCC-6,051, B.
cereus-ATCC 13,061, B. pumilus ATCC-
14,884, B. megaterium ATCC-9,885;

= lane 6 size marker (500 bp ladder);

= lanes 7-10 B. subtilis ATCC-11,774, B.
thuringiensis ATCC-10,792, B.
licheniformis ATCC-13,061, B.
amyloliguefaciens CF8;

= lane 11 size marker (500 bp ladder);
= lane 12 B. subtilis C11B1.

260
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Bacillus subtilis group

Bacillus pumilus
Common PCR

= PCR amplification of 16S rDNA from genomic DNA of tested
strains.

= A DNA fragment of 16S rDNA was amplified by PCR from 19
tested strain genomic DNA extracted using the method described
by Gao et al. (12).

= The PCR amplification was performed by using primer pairs
27f/1492r (27f: 5'-AGAGTTTGATCCTGGCTCAG-3’, 1492r: 5'-
GGTTACCTTGTTACGACTT3’) (8) and the following procedure:
denaturation at 94°C for 5 min; followed by 35 cycles of
denaturation at 94°C for 30 s, annealing at 54°C for 90 s, and
extension at 72°C for 90 s; and a final extension at 72°C for 7
min.

= The PCR product was purified from 1.2% agarose with a a Gel
Extraction kit (OMEGA).

Peng et al,2013
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Bacillus subtilis group

Bacillus pumilus
Nested PCR

= The PCR amplification was performed by using specific primers OLI-1 (5’-
GGGGGTAGCTTGCTACCTGCC-3") and OLI-2 (5'-CGTCATCCACTCCAGGT-
ATTAACCGAA-3") and the following procedure: denaturation at 94°C for 2
min; followed by 35 cycles of denaturation at 94°C for 20 s, annealing at
68°C for 20 s, and extension at 72°C for 20 s; and a final period of 10 min
at 72°C.

= The second-stage PCR was performed by using nested primer pairs JE2 (5’'-
GTGGGGGATAACTAGTCGAAAGAC-3")/Y2 (5’-
CCCACTGCTGCCTCCCGTAGGAGT-3’) and template from the first reaction
product.

= In the second stage, 30 cycles of denaturation at 94°C for 20 s, annealing
at 55°C for 20 s, and extension at 72°C for 20 s and a final period of 10
min at 72°C were used.

= The second PCR product was detected on 2% agarose gel with ethidium
bromide (0.5 mg/ml).

= A specific PCR product of 172 bp was predicted.
Peng et al,2013 262



Bacillus cereus group
motB gene (encoding flagellar motor protein)

= A PCR technique was

developed as a reliable and sl
rapid identification method
for the Bacillus cereus
group species, based on a
unique conserved sequence
of the motB gene (encoding

Sensitivity of PCR detection of Bacillus cereus

flagellar motor protein) DSM 4312 with primers BCFomp1/ BCRompl.
from Numbers above lanes indicate the level of

] inoculation as confirmed by conventional plate
Bacillus cer eus, count enumeration. N, negative control; M,

. .. ] molecular marker.
Bacillus thuringiensis, and
Bacillus anthracis.

Oliwa-Stasiak et a/,2010 263




Pathogeniciy test

Bacillus pumilus, ginger rhizome rot pathogen in China

=  Symptoms caused by Bacillus pumilus strain GR8 on rhizome slices. A, Healthy rhizome
slices that were inoculated with sterile distilled water and incubated in petri dishes for 2
days at 30°C.

= B and C, Severely rotten rhizome slices (symptoms: brown discoloration and water soaking)
that were inoculated with a suspension of strain GR8 at 10° and 108 CFU/ml, respectively.

= D-F, Mild rotten rhizome slices (symptoms: brown discoloration) that were inoculated with a
suspension of strain GR8 at 107, 10, and 10> CFU/ml, respectively.

Peng et al., 2013 264



i The genus Paenibacillus

The name Paenibacillus is derived from the Latin
adverb paene, meaning almost; almost a Bacillus.

Isolated from a wide range of sources, the
genus Paenibacillus comprises bacterial species relevant to
humans, animals, plants, and the environment.

Many Paenibacillus species can promote crop growth
directly via:

biological nitrogen fixation,
phosphate solubilization,

production of the phytohormone indole-3-acetic acid
(IAA), and

release of siderophores that enable iron acquisition.
Grady et a/,2016 265



i The genus Paenibacillus

s Species of Paenibacillus were originally included in the
genus Bacillus, which historically was defined based on
morphological characteristics in common with the type
species Bacillus subtilis, isolated in 1872.

= When 16S rRNA gene sequences were determined for
standard strains of 51 species then defined as Bacillus.

= Phylogenetic analyses showed that these sequences
segregated into at least five distinct clusters, one of
which was reassigned to the novel
genus Paenibacillus in 1993 and includes the type
species Paenibacillus polymyxa.

Grady et al,2016 266



Minor plant bacterial pathogens
Paenibacillus spp.

s Bacillus spp. (including Paenibacillus, a new described
genus which include species once assigned to the genus
Bacillus) are one of most frequently encountering bacteria
from soil that decompose organic materials.

= Some of them cause minor IElant diseases: Rot of tubers,
seeds, and seedlings and white stripe of wheat.

= They are also known as biocontrol agents for diseases and
insect pests.

» Paenibacillus polymyxa causes a brown root rot on the
storage roots e.g. ginseng root.

s Paenibacillus polymyxa was also isolated from calla lily
tul:|>eri::I showing soft rot in commercial plantations in
Polan
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Minor plant bacterial pathogens

Paenibacillus spp.
Plant associated Paenibacillus species

1.

In 1993 Ash et al., proposed that members of "group
3" within the genus Bacillus should be transferred to
the genus Paenibacillus, for which they proposed
Paenibacillus polymyxa as the type species.

Two of plant associated Paenibacillus species are:

Paenibacillus graminis isolated from plant roots, soil
and food.

Paenibacillus odoriferisolated from plant roots, soil
and food.

Some Paenibacillus species are known to infect various organisms,
including honeybees and the parasite vector Biomphalaria glabrata, and
occasionally present as opportunistic infections in humans(Grady et
al,2016). 268



Comparison of biochemical

characteristics of Paenibacillus strains
Paenibacillus spp.

= Supplementary Table S4. Comparison of phenotypic characteristics of
Paenibacillus species among different reports

Supplementary Table S4. Comparison of phenotypic characteristics of Paenibacillus species among different reports.

‘Voges-Proskavsr tast

Fasnibsciius | Pasnibsciius F. nograndsnsiz F. sonchi X18-57 | P, jifun iy DSk F graminis DS 152207 F. polymyxa ATCC 8427
ep. CART14 £p. CAS34 SERS 230197
1 1 1 - i} T -] 9 1| 12

Acid production from: .
O-Glucosa + + + + + e | ND
D-Sorbital £ + + £ £ . | -
D-Xylosa + + + - - | ND | ND
Glycaral + + + + + + +
Lactass + + + + + | WD
Maltasa + + + + + + ND
Mannital + + + | ND | ND | ND . ND
Sucrosa + + + + + + +
Catalzsa activity + + ND [ # | ND | ND . WDy
Growth at 3% NaCl v v ND| + |nMD | NMD | =
Growth at 5% NaCl - - ND [ - | ND | ND . ND
Hydrolysis of casain + + + - - -
Hydrolysis of starch - + + - - | ND | -
Nitrate reduction + + + + + | ND |«

Biochamical data abtainad from this study and from Ifarature. Astarisks indicata the ariginal raport. Undarlined numbars refer to data reproduced fram athar studies, as datailed balow. Hash symbal indicatas
tha hiochamical profils contsining typographic arrors. Tha rasults of biochamical tasts ara shown as positiva "+, nagativa °-", varisbla "\, or not datarminad "ND". Rasults obtsinad in our study that
contradicted thosae obtained in othar raports ara highlightad in gray.

Sant’Anna et al,2017

269



The genus Paenibacillus

Fatty acid composition of species of the
genus Paenibacillus?

Saturated acids Saturated iso-branched acids Satu rated anteiso-branched acids Unsaturated acids
Species 10:0 12:0 13:0 14:0 150 160 17:0 180 120 130 /140 {150 /160 17:0 18:0 o130 al40 o150 @160 @170 7161 @161 171 @l7:1 (1821 Reference
P alginolyticus Tr 1 3 1 5 10 2 70 6 Shida eral. (1997 a)
P alvei 2 1 9 1 1 6 5 58 ] 4 Shida ef al. (1997 a)
P ahei 2 1 8 Tr n 5 4 57 7 3 Nakamura (1996)
(mean of 6 strains)
P amylolyticus 3 Tr 13 2 2 9 3 46 2 Tr Shida et al. (1997 b)
P apiarius 1 2 5 Tr 8 4 5 60 16 1 Tr Shida etal (1997a)
P apiarius 1 1 4 Tr 14 5 6 52 10 3 2 Makamura {1996)
{mean of 6 strains)
P azoreducens 3 Tr 22 Tr 6 9 6 34 20 Meehanetal. (2001)
P azotofixans 2 Tr 18 1 2 7 1 62 5 Tr Shida eral (1997a)
P borealis 18 Tr 10 Tr 5 11 10 5 Tr 35 2 1 Tr Elo et al. (2001)
P. chondroitinus 1 2 6 2 2 10 1 70 3 Shida eral (1997a)
P chibensis Tr 1 5 1 4 12 3 58 14 Shida eral (1997hb)
P curdlanelyticus 1 1 7 2 2 24 1 56 3 Shida et al (1997a)
P. dendritiformis 1 3 6 6 5 8 43 21 3 1 Tcherpakovetal (1999)
P glucanolyticus 1 1 1 1 3 14 2 56 8 Tr Tr Shida eral (1997a)
F illinoisensis 2 1 24 2 1 6 1 57 5 Shida et al (1997 b)
F. kobensis 1 3 12 2 9 Tr 65 3 Shidaeral (1997a)
P. koreensis 28 21 51 Chung et al. (2000)
F larvae 3 2 28 1 n 3 7 28 9 Makamura (1996)
(mean of 6 strains)
P larvae ssp. 1 1 5] 10 5 5 49 21 1 Shida et al. (1997 a)
pulvifadens
P lgutus 1 Tr 20 Tr 3 4 6 37 1 Tr 1 Shidaeral (1997h)
P, lautus 2 7 2 3 9 58 9 4 Kampfer (1994)
P launs 1 Tr 16 1 1 7 1 57 10 2 Tr Shida eral (1997 a)
P. macerans 4 Tr 18 8 3 16 1 36 12 Tr Shidaeral (1997a)
P macquariensis 1 1 3 1 5 3 Tr 81 1 1 Tr Shida et al (1997a)
B pabuli 2 5 5 5 9 60 3 2 Kmpfer (1994)
P pabuli 1 Tr 10 1 2 5 1 74 4 Shidaeral (1997a)
P. peorige 1 Tr 11 1 8 7 5 55 10 Tr Tr Shida et al (1997a)
P polymyxa Tr Tr 9 Tr 1 6 2 63 17 Shida eral. (1997 a)
P thiaminolyticus 2 Tr 12 Tr 6 3 4 47 16 5 1 Nakamura (19 96)
{mean of 6 strains)
P thiaminolyticus 1 Tr 1 1 6 6 45 16 5 2 Shida eral. (1997 a)
Povalidus 1 1 11 1 4 12 3 57 7 Tr Tr Shidaeral (1997a)
4 Data are given for the type strains unless stated otherwise. The data for some unsaturated and branched fatty acids were combined in this table. Data are given as percentage of total cellular fatty acids. Tr, rraces (<1% ). Because
some of the values were summed off, the total sum of fatty acidsisnotin all cases 100%. For P. campmasensis (Yoon etal. 1998 ), 53% al5:0were reported asthe predominant fatty acid.

Berkeley et a/,2002 270



Identification of the bacterial pathogens
!'_ Fastidious bacteria

Fastidious and non-culturable xylem- or
phloem-limited bacteria

271



Fastidious bacteria

= Most phytopathogenic bacteria invade their host
plants through natural openings or wounds,
colonizing intercellular spaces, expressing virulence
factors and inducing various host plant responses.

= A few, however, are introduced directly into the
sugar- “rich phloem sieve tubes or into the water-
transporting xylem elements by vascular-feeding
insects.

= Their location within living (sieve tubes) or
degenerated (xylem elements) plant cells, rather
than in intercellular spaces, offers different
chaIIenges and opportunities for them to avoid the
host plant's defense system.

Fletcher and Wayadande,2002 272



Fastidious bacteria

= These vascular-colonizing bacteria can be
divided into three groups:

1. Wall-less mollicutes (phytoplasmas and
spiroplasmas).

2. Walled phloem-inhabiting bacteria(BLOs),
anc

3. Walled xylem-limited bacteria( Xy/e//a).

273



Identification of the bacterial pathogens
!'_ Xylella

Xylem-limited prokaryotes
Disease diagnosis and pathogen diagnostics

Xylella, a small piece of wood, a small log

274



Domain: Bacteria
Phylum: Proteobacteria

s Class: Gammaproteobacteria
Order: Pseudomonadales
Family: Pseudomonadaceae

Genus: Pseudomonas
Order: Xanthomonadales

Family: Xanthomonadaceae
Genera: Xanthomonas and Xylella

Deep phylo-taxono genomics reveals Xy/ella as a variant lineage of plant
associated Xanthomonas and supports their taxonomic reunification along
with Stenotrophomonas and Pseudoxanthomonas (Bansal et a/,2021)

Euzéby,2018;CABI,2018 275



‘L Xylella fastidiosa nomenclature

= XylellaWells et al. 1987, gen. nov.

= [ype species: Xylella fastidiosa Wells, Raju, Hung,
Weisburg, Mandelco-Paul and Brenner,1987, 141.

s Xylella fastidiosa gen. nov., sp. nov.: Gram-negative,
xylem-limited, fastidious plant bacteria related to
Xanthomonas spp.

The causal agent of PD was isolated from grape in pure culture for
the first time in 1978 (Davis et a/,1978). However, this xylem-
inhabiting, vector-transmitted, Gram-negative, very slow growing
bacterium, was only properly described, classified and named Xy/ella
fastidiosa in 1987 (Wells et al.,1987).

Janse and Obradovic,2010;.. 276



The genera Xanthomonas and Xylella
belong to the same family and are
made up of several species

Xylem-inhabiting Fastidious Bacteria

Pierce’s disease of grape

Xylella fastidiosa
» Small with rippled cell wall, Gram (-)

w \

i ) e 2 inventabrasilnet.t5.con
» No flagella O e

» Grows on complex nutritional media
» Transmitted by sharpshooter leafhoppers

Culturable...but slow.

277



‘L Pierce’s disease

= In 1892, Newton B.
Pierce, a bacteriologist
and state plant
pathologist of California,
examined grapevines
( Vitis vinifera) with a
scorch and decline of
unknown cause.

Newton B. Pierce

Newton B. Pierce, As the Special Agent of
Department of Agriculture was Appointed in 1890.

Gould & Lashomb,2005
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Habitat

Pathogen, endophyte and commensal
Evolved with plants to exist as a xylem-limited endophyte

= Xylella fastidiosa has been found in more than 600 plant
seefé)ezsll)oelonging to 63 diverse plant families (Castro et
ar., :

= It may colonizes or infects host plant species.

= X fastidiosa has been proposed to be primarily an
endophyte because an interaction does not always result
in disease (Chatterjee et a/.,2008).

= The bacterium colonizes a wide range of host plants, but
reports where there is a pathogenic effect of X, fastidiosa
on its host indicate a much smaller number of species, so
Xf is typically considered a commensalist (Sicar
et al.,2018).

= According to Castro et g/.,2021, in the vast majority of its
hosts, it Is considered a benign commensal.

Johnson et al,2021;.. 279



Habitat

Pathogen, endophyte and commensal
Evolved with plants to exist as a xylem-limited endophyte

= There is no apparent specificity between a particular
X. fastidiosa subspecies and insect vector species.

= In fact, individual aglassy winged sharpshooter
(GWSS) (Homaloaisca vitripennis) can acquire more
than 1 X. fastidiosa subspecies in its foregut and can
potentially transmit these strains to a variety of
plants where the bacterium can behave as:

1. Pathogen, or
2. @ commensal endophyte.

= However, alternative hosts are an important
component of the epidemiology of Xf diseases.

Castro et al,2021;.. 280



Habitat

Pathogen, endophyte and commensal
Evolved with plants to exist as a xylem-limited endophyte

= The bulk of the research on X. 7astidiosa is biased
toward isolates that are pathogenic in economically
important hosts.

= The mechanism by which X, fastidiosa causes disease
only in certain hosts, but not others, has not been
fully elucidated, and its interactions with commensal
hosts is largely understudied.

= However, it is speculated that compatibility between
xylem pit membrane carbohydrate composition and
X. fastidiosa—secreted cell wall-degrading enzymes
mediate disease onset and progression (Ingel
et al.,2019; Sun et al.,2011).

Castro et al,2021 281



Habitat

Pathogen, endophyte and commensal
Evolved with plants to exist as a xylem-limited endophyte

= In addition, the O antigen is a critical component in
evading initial immune recognition in the susceptible
grapevine immune system, and it is tempting to
speculate that O antigen composition dictates the
type of symbiotic association with the plant
commensalism versus parasitism (Rapicavoli et
al.,2018).

o Understandinﬁ the mechanisms that underlie how
different Xylella—plant host interactions skew toward
parasitism or commensalism is an area of research
that is ripe for exploration.

Castro et al,2021 282



Habitat
i Insect and plant hosts

Evolved with plants to exist as a xylem-limited endophyte

= It is a destructive disease which attacks a wide range
of susceptible, commercially grown crops including:

1. economically important crops (citrus, stone fruits,
grapevine and olive), in addition to

2. wild forest trees, shrubs and landscape plants.

= It is known to have a remarkably broad host range,
with 359 plant species, from 204 genera and 75
different botanical families recorded.

Shubib and Hamdan,2017; Johnson et a/,2021 283



Habitat

Evolved with plants to exist as a xylem-limited endophyte

Endophytic lifestyle

s Xylella fastidiosa is a gram-negative bacterium
(family Xanthomonadaceae) that has evolved with
plants to exist as a xylem-limited endophyte(Shubib
and Hamdan,2017).

= The bacterium is a plant endophyte native to the
Americas, which develops in up to 300 plant species
including ornamental and agricultural plants
(Godefroid et a/.,2019).

s Xylella rastidiosa — a devastating agricultural
pathogen with an endophytic lifestyle(Burbank and
Roper,2021).
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Milestones in the study of
‘L Xylella fastidiosa

= Xf has been identified as the causative agent of
Pierce’s disease, which has been causing extensive

damage to vineyards in California for almost 130
years.

= However, it was only at the end of the 1970s that

this fastidious bacterium could be isolated on solid
medium.

Pierce, N.B.; Newton, B. 1892. The California Vine Disease: A Preliminary
Report of Investigations; G.P.O.: Washington, DC, USA.

Clavijo-Coppens et al.,2010
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Milestones in the study of
Xylella fastidiosa

First report of Pierce’s disease and phony peach disease(Pierce and Newton,1892) 1890s
Graft transmission of Pierce’s disease and phony peach disease 1939
Leafhopper transmission of Pierce’s disease and alfalfa dwarf 1946
Tetracycline suppression of Pierce’s disease symptoms 1971
Association of rickettsia like bacteria with Pierce’s disease and phony peach disease | 1973
Isolation of bacterium from infected grapevine 1978
Pierce’s disease bacterium associated with leaf scorch 1980
Description of the Xylella fastidiosa species 1987

Pierce, N.B.; Newton, B. 1892. The California Vine Disease: A Preliminary

Report of Investigations; G.P.O.: Washington, DC, USA.

Lashomb et a/,2001
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Geographical distribution of Xy/el/la spp.
In Iran
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Geographical distribution of Xy/el/la spp.
In Asia: Iran, Israel and Taiwan

=  Symptoms resembling those
of Pierce's disease and almond

leaf scorch were observed in E—r T P —

vineyards and almond mesn. ressiaes osivsion. (Y

orchards in several provinces | = ™ e

Of Iran. Asi Taiw Present, restricted distribution [0
= Amanifar N, Taghavi M, g o

Izadpanah K, Babaei G
(2014). Isolation and
pathogenicity of Xy/lella
fastidiosa from grapevine and
almond in Iran.
Phytopathologia Mediterranea
53(1), 318-327.

EPPO Global Database,2022



Bacterial Leaf Scorch (BLS)
i BLS symptoms vs. Abiotic scorch

= BLS Symptoms:

= Irreqular, ‘tri-color’ scorch.

= Older leaves more severely affected.

= Abiotic scorch:

= Uniformly affects new and older leaves.

289



Symptoms caused by fastidious

Xylella fastidosa

i vascular bacteria

= Nine Xylella fastidiosa symptoms you should know about!

1.

Scorching(Leaf scorching, otherwise known as leaf burn
or sun scorch, is the browning of the plant tissue);

Discoloration;
Stunting;
Wilting;
Premature leaf abscission;
Shriveled fruit;
Premature fruit abscission;
Dieback;
Plant death.
BIOVEX0,2020 290



https://biovexo.eu/9-xylella-fastidiosa-symptoms-you-should-know-about/

Bacterial Leaf Scorch (BLS)
Xylella fastidosa

Bacterial Scorch

+ Symptoms include
interveinal
chlorosis and
browning along leaf
margins

+ Canopy shrinks

+ Transmitted by
leafhoppers

S Y i o T
== =l e

Wilting

Premature leaf
abscission

Shriveled fruit

Gould & Lashomb,2005; SlideServe,2020; BIOVEXO,2020
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Bacterial Leaf Scorch (BLS)

Xylella fastidosa

Red maple

Gould & Lashomb, 2005
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Bacterial Leaf Scorch (BLS)
Xylella fastidosa

ge(CVC)

Oleander

EPPO,2016 293



Bacterial Leaf Scorch (BLS)
Xylella fastidosa

/" ,"\ § ¢ X’ L %

Healthy Djs

. d

b

e'é‘gfd_

<~ d

‘d

Pear

Apricot (in mixed
infection with
phytoplasma)

Plane tree
(Platanus species)

D4



Bacterial Leaf Scorch (BLS)

Plane( Platanus species)
Xylella fastidiosa

1. Leaf scorch, usually occurring at
leaf margins first; tissues die,
leaves curl inwards. Often no
yellow boundary between

diseased/healthy tissue as in other /?‘ , "’“
¥ .é
o m

h OStS . ¢ Leafscorch,

usually occurring

2. Main veins remain green with atleaf margns st
remainder of leaf dying and Sy bofanes dissasad
tuning brown.

3. Diseased leaves in crown appear op:df"’h:bww
scorched, brown and curl inwards. el B

s, Discoloration/death of foliage and e sy ol o

and outwards as disease progresses 4

dieback of twigs/branches in
crown. These symptoms typically | Where is the
develop at base of crown before

moving upwards and outwards as

disease progresses.
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https://www.rhs.org.uk/advice/pdfs/xylella-plane.pdf

Bacterial Leaf Scorch (BLS)

Almond
Xylella fastidiosa subsp. multiplex

X. fastidiosa impacts — severe symptoms on almond

-

» Which area was first infected? How long? What genera of plants affected?
How wide spread is Xylella in Spain? Investigations ongoing.

AHDB Ornamentals Conference Stoneleigh 20th February,2018 296



Citrus variegated chlorosis(CVC)
A serious disease of citrus caused by the
bacterium Xy/ella fastidiosa subsp. pauca

= The growth rate of affected trees is greatly reduced, and twigs and
branches may wilt.

= Trees in nurseries can show symptoms of variegated chlorosis as do
trees aged over 10 years.

= Young trees (1-3 years) become systemically colonized by X. fastidiosa
faster than older trees.

= Trees more than 8-10 years old are usually not totally affected, but
rather have symptoms on the extremities of branches.

Small raised lesions appear on the
underside of the citrus leaves.

EPPO,2018 297



Bacterial Leaf Scorch/Scald
Xylella fastidosa

Plum leaf scald: typical scorched Leaf scorch symptoms caused by

symptom on plum leaf caused by Xylella fastidiosa on cherry.
Xylella fastidiosa. Courtesy D. Boscia, CNR-Institute for
Reproduced from Mizell et a/,2015. Sustainable Plant Protect ion.
298
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Oleander leaf scorch
Xylella fastidiosa

oleander leaf scorch (OLS)

-

leaves first have chlorosis

OLS strain restricted to
oleander

leaves have marginal “burn”

Oleander leaf scorch

In Arizona a severe
infestation in central Phoenix
has killed oleanders; detected
elsewhere sporadically

X fastidiosa infection moves down the row — but NOT by

pruning tools; the smoke tree sharp shooter was abundant in
these oleanders

Olsen,2008
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Pierce’s disease

Grapevine twig and fruits
i Xylella fastidiosa

= Symptoms of Xy/lella fastidiosa on grapevine showing

A marginal necrosis surrounded by a chlorotic halo on
the leaf and,

. irregular ripening of bark.

EPPO Global Database 300



Pierce’s disease
Grapevine twig and fruits

Xylella fastidiosa

“Green islands”, “"match sticks” and
leaf necrosis - all characteristic
symptoms of Pierce's Disease.

Courtesy Thomas A. Miller

Cluster showing delayed development and
shriveling.

Courtesy Bill Peacock

Peacock,2000 301



Phony peach disease(PPD)
Xylella fastidiosa subsp. multiplex (Xfm)

+

= Historical
paintings of a
healthy peach
fruit (left)
compared to a
phony peach fruit
(right) (from
Hutchins 1933).

Johnson et a/,2021

.
: \ .
.
Sha'y-
2, 3 Shal, Artiet
Plate L~Niley Peachen Left, normal: right, phoay. Natural size
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Phony peach disease(PPD)
Xylella fastidiosa subsp. multiplex (Xfm)

Symptoms of Phony peach disease on
Prunus persica (peach), reduced
growth of the tree on the left.

Janse and Obradovic,2010

Tree with phony peach disease (foreground)

showing advanced petal fall (bloom) and

leaf development as compared to healthy

trees in the background (still in full bloom
and with limited leaf expansion)

Johnson et al.,2021
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Phony peach disease(PPD)
Xylella fastidiosa subsp. multiplex (Xfm)

= Peach fruit ripeness
(color) comparisons on
June 23, 2020.

a.  Fruit on a tree with
phony peach disease
are less mature and
ripe as compared to

s. fruit on a healthy
peach tree.

304
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Typical symptoms

Preliminary diagnosis of BLS
Xylella fastidiosa

= Preliminary diagnosis of bacterial
Leaf Scorch, BLS is made by
interpreting the symptoms
described above in late-summer
and early fall.

= Especially useful diagnostic criteria
include:

1. leaf scorch,
2. premature leaf drop,

3. the random distribution of
affected branches around the
canopy,

4. thinning of the crown, and the
random appearance of the disease
within populations of trees.

Gould &Lashomb,2005




Xylella fastidiosa

| Healthy fruit between diseased citrus fruits

306
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Cell morphology
Xylella fastidiosa

Note wavy outer wall layer.

Under dark field microscopy, the bacterium has a rod-shaped appearance
with the following dimensions: 0.2-0.35 um by 1-4 ym. Under the
electron microscope, X. fastidiosa shows a characteristic rippled wall.

Scanning electron micrograph photo by E. W. Kitajima, Brazil 307



Cell morphology

The bacterial cells often possess a rippled
(undulating) cell wall

The undulating cell wall typical A dividing cell of Xy/ella
of Xylella fastidiosa fastidiosa

Cells of Xyl/ella fastidiosa from Colonies of Xyl/ella fastidiosa
Gould&Lashomb, 2005 grape. Note the terminal from oak on periwinkle wilt
fimbriae (or pili) (arrows) agar medium 308



http://www.apsnet.org/online/feature/bls/view.asp?ID=634
http://www.apsnet.org/online/feature/bls/view.asp?ID=634
http://www.apsnet.org/online/feature/bls/view.asp?ID=635
http://www.apsnet.org/online/feature/bls/view.asp?ID=635
http://www.apsnet.org/online/feature/bls/view.asp?ID=636
http://www.apsnet.org/online/feature/bls/view.asp?ID=636
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Disease development

Xylella fastidosa

Pit membrane

Xylem wall e———

Xylem vessel « l—-

00

X. fastidiosa is xylem-limited and can only
spread to the neighboring xylem vessel by
disrupting the pit membrane (PM). Picture
is adapted from (Chatterjee et al, 2008).

cells.
(Photograph courtesy of R. Jordan)
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Disease development
i Xylella fastidiosa

1. No disease is produced in many host
plants;

2. Some individual strains are able to
infect different hosts, but others do
not (Sherald,1993).

Liberato et al.,2009;.. 310



Pathogen host range

Xylella fastidiosa: A pathogen of landscape trees

»  Xylella fastidiosa is a pathogen that causes leaf scorch and
related diseases in over 150 plant species, including Pierce's
disease in grapevines (PD), phony peach disease (PP), plum

leaf scald (PLS), and leaf scorch in almond (ALS), oak (OAK),
and oleander (OLS).

Alfalfa dwarf Oleander leaf scorch

Almond leaf scorch Phony peach disease

Citrus variegated chlorosis | Pear leaf scorch

Coffee leaf scorch Periwinkle wilt

Elm leaf scorch Pierce’s disease of grapevine

Maple leaf scorch Plum leaf scald

Mulberry leaf scorch Sycamore leaf scorch

Oak leaf scorch 311




Pathogen host range

Xylella subsp. host plant families-the most
i abundant in species

= The total number of positive host plant species of X.
fastidiosa subspecies (subsp. or ssp.) was counted.

= The total number of plants reported infected by JX.
fastidiosa regardless of the detection method was
563 species, 264 genera and 82 families.

1. Artificial inoculations were positive in 122 plant
species.

2. While 234 plant species were reported positive in
natural infections.

EFSA (European Food Safety Authority), 2018



Xylella subspecies host plant families-

the most abundant in species
Top 10 host plant families

60 1

Top 10 host plant families
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40 A
30 A
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The most studied genera belonged to economically
important crops: Vitis, Citrus, Prunus and Olea.

EFSA (European Food Safety Authority), 2018



Pathogen host range

A heterogeneous species/subspecies
producing a variety of symptoms

= Genetic and phenotypic variation within the species has long
been recognized and host-specific pathotypes have been
identified.

= For example

= Strains shown to cause Pierce’s disease of grape also cause
almond leaf scorch and alfalfa dwarf.

= Similarly, the strain or strains responsible for phony peach
disease are also responsible for plum leaf scald.

= Strains causing citrus variegated chlorosis (CVC) are closely
related to strains responsible for coffee leaf scorch (CLS).

= Strain relationships become more complex when genetically
distinct strains cause similar symptoms in the same host.

Sherald,2007;.. 314



Pathogen host range
Diseases associated with Xy/ella fastidiosa

= Alfalfa dwarf = Oleander leaf scorch
= Almond leaf scorch (ALSD) = Olive quick decline
= Bacterial leaf scorch of syndrome (OQDS)
landscape trees (BLS) m Pear leaf scorch
= Citrus variegated chlorosis = Peach phony disease (PPD)
s Coffee leaf scorch = Pecan leaf scorch
= Elm leaf scorch = Periwinkle wilt
= Maple leaf scorch s Plum leaf scald (PPD)
= Mulberry leaf scorch = Pierce’s disease of grape (PD)
= Oak leaf scorch = Sycamore leaf scorch

Sherald,2007;.. 315



Pathogen host range
Tree hosts of Xy/ella fastidiosa

n Albizia julibrissin (Silk tree) n Liguidambar stryaciflua (Sweetgum)
s Acer negundo (Boxelder) s Magnolia grandiflora (Southern

s A. rubrum (Red maple) magnolia)

» A. saccharinum (Silver maple) = Morus alba (White mulberry)

= A saccharum (Sugar maple) = Olea europea (Olive)

= Cercis occidentalis (Western redbud) Phoenix reclinata (Senegal date paim)
» Chitalpa tashkinensis (Chitalpa) Platanus occidentallis (American

= Cornus florida (Flowering dogwood) SyEEY ) |

= Celtis occidentalis (Hackberry) = P mexicana (Mexican sycamore,

Mexican plane
s Fagus crenata (Japanese beech P )
(bonsai) s P. oaxacana (Oaxaca plane)

»n  Ginkgo biloba (Maidenhair tree) = P x acerifolia (London plane)

» Jacaranda mimosifolia (Jacaranda) = Prunus cerasif cra (Ornamental palm)
= Juglans (Walnut) s Pyrus communis (Pear)

Note: The genus Plantanus are often known in English as planes or plane trees. Some North American
species are called sycamores (especially Platanus occidentalis). Plane trees are a potential host.

Sherald,2007;Wikipedia,2019;..



Pathogen host range
Tree hosts of Xy/ella fastidiosa

n  Quercus alba (White oak) s Q. shumardii (Shumard oak)

s Q. bicolor (Swamp oak) n Q. stellata (Post oak)

n Q. coccinea (Scarlet oak) s Q. velutina (Black oak)

s Q. falcata (Southern red oak) s Q. virginiana (Live oak)

Q. imbricaria (Shingle oak) n  Ulmus americana (American elm)
s Q. incna (Bluejack oak) s U. glabra (Wych elm)

n Q. /aevis (Turkey oak) s U. pumila (Siberian elm)

» Q. /aurifolia (Laurel oak)

s Q. macrocarpa (Bur oak)

s Q. nigra (Water oak)

s Q. paulustris (Pin oak)

n Q. phellos (Willow oak)

s Q. prinus (Chestnut oak)

n Q. rubra (Northern red oak)

Sherald,2007



Major diseases

Partial list of species in the Xy/el/la genus by host plant

Alfalfa Almond Almond Coffee Mulberry Pear
Almond Asparagus Citrus Daylily
Coffee Blueberry Coffee Magnolia
Citrus Crepe myrtle Hibiscus Oleander
Grapevine Elm Oleander
Lupin Gingko Olive
Maple Lavender Peach
Oleander Maple Wattle
Rosemary Oak Westringia

Oleander

Olive

Peach

Pear

Plum

Sunflower

Wattle

Westringia

Three subspecies of sandyi, morus and tashke are associated with diseases of less

economic interest and with a limited host spectrum.
Australian Government Inspector-General of Biosecurity,2021-22

318




The recognized Xyl/ella spp.

and subspecies
Xylella fastidiosa and Xylella taiwanensis

= Schaad et al., 2004 proposed three subspecies based on:
Pathogenicity;

Phylogenetic characteristics;

3. DNA relatedness.

= Two main species:

1. Xylella fastidiosa subsp. fastidiosa (inaccurately named as X. £, subsp.
piercei)(Schaad et al.,2004),

. X fastidiosa subsp. multiplex (Schaad et al.,2004),
. X. fastidiosa subsp. pauca (Schaad et al.,2004),

. X. fastidiosa subsp. sandyi (Randal et al.,2009),

. X. fastidiosa subsp. tashke (Randal et al.,2009),

v. X fastidiosa subsp. morus (Nunney et al.,2014),

2. Xylella taiwanensis (Su et al.,2016).

[y

N

Schaad et a/,2004; Randall et a/,2009; EFSA Journal,2022 319



Diseases caused naturally by

Xylella fastidiosa is divided into six subspecies

i

= Initial research on the molecular genetic diversity of

PD strains and other Xf pathotypes was published in
2001 (Hendson et a/.,2001), reporting a division of Xf
species at a subspecies or pathovar level.

= Currently six Xf subspecies determined by:

1.

2.

internal transcribed spacer (ITS) sequences, and

multilocus sequencing through partial sequences of
11 housekeeping genes (Yuan et al.,, 2010; Su et a/.,
2013; Jolley et a/.,2018).

Johnson et al,,2021 320



Diseases caused naturally by

Xylella fastidiosa is divided into six subspecies

Xylella fastidiosa subsp. fastidiosa
(erroneously named X. 7 subsp. piercei)

Grape vines, citrus, coffee, alfalfa, almond,
and maple, Nerium oleander, rosemary,..

X. fastidiosa subsp. morus

White mulberry(Morus alba), red
mulberry(Morus rubra), mulberries( Morus
sp.), heavenly bamboo/nandina(Nandina
domestica)

X. fastidiosa subsp. multiplex

(primarily associated with forest trees or
Prunus spp.)

Britain’s native pedunculate oak (Quercus
robur), wych elm (Ulmus glabra), northern red
oak ( Q. rubra), peach, plum, pigeon grape,
almond, sycamore (plane),..

X. fastidiosa subsp. pauca

(well-known because of citrus variegated
chlorosis, CVC, and olive quick decline
syndrome, OQDS)

Citrus(CVC), olive quick decline
syndrome(OQDS), coffee, oleander, almond,;..

X. fastidiosa subsp. sandyi

Oleander plants (Nerium oleander),..

X. fastidiosa subsp. tashke

strains from the ornamental tree chitalpa tree
(Chitalpa tashkentensis)

Xylella taiwanensis

Pear leaf schorch diseae




Diseases caused artificially by
Xylella fastidiosa subspecies

Xylella fastidiosa subsp. fastidiosa | Pear (Pyrus communis), oak (Quercus
petraea), white willow(Salix alba)

X. fastidiosa subsp. multiplex Pear (Pyrus communis), Apple (Malus
domestica), oak (Quercus petraea),
willow(Salix alba)

X. fastidiosa subsp. pauca Pear (Pyrus communis), Apple (Malus
domestica), oak (Quercus petraea),
willow(Salix alba)

X. fastidiosa subsp. sandyi Pear (Pyrus communis), Apple (Malus
domestica)

X. fastidiosa subsp. tashke ornamental tree chitalpa tree (Chitalpa
tashkentensis)

Xylella taiwanensis No new host plants were reported for

the pathogen species Xy/ella
taiwanensis that so far was
recorded only in pear plants.
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Xylella fastidiosa subspecies and
host range
i Sequence types (STs)

s Every subspecies is subdivided into sequence types (STs),
each with different host ranges (Sicard et a/., 2018;
Nunney et al/.,2019).

= Sequence types found in almond trees (P. dulcis) and
location (Jeger et al., 2018; Amanifar et a/.,2019; Bahar et
al,2019; EPPO, 2019; Saponari et al., 2019; EFSA, 2020;
www.pubmlst.org).

= EFSA (European Food Safety Authority), Delbianco A,
Gibin D, Pasinato L, Boscia D, Morelli M, 2023. Update of
the Xy/lel/a spp. host plant database — systematic literature
search up to 30 June 2022. EFSA Journal 2023;21
(1):7726, 90 pp. https://doi.org/10.2903/j.efsa.2023.7726

Greco et al,2021; EFSA Journal,2023 323
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The subspecies categorization

of X. fastidiosa
Sequence types (STs)

s X, fastidiosa can be subdivided into sequence types (STs)
using a multilocus sequence typing (MLST) approach based
on seven housekeeping genes.

= MLST is a portable and robust platform that is widely used to
assign strains to genetic groups while providing information
on host plant species that may be susceptible to particular
strains.

= In case of ALSD(almond leaf scorch disease) strains
belonging to X. /astidiosa subsp. multip/ex, the strains were
subdivided into two different genotypes (ALSI and ALSII)

below the subspecies by random amplification of
polymorphic DNA (RAPD) analysis.

Greco et a/,2021 324



Xylella fastidiosa subspecies
Sequence types (STs) and locations

= Current distribution of X, fastidiosa subspecies
(subspecies pauca, fastidiosa and multiplex) was
reported, together with the identification of several
STs in EU.

Country Region X. fastidiosa Sequence type
subspecies (ST)
France  Corse, PACA Region multiplex STé
France  Corse, PACA Region multiplex ST7
France  PACA Region pauca ST53
Italy Apulia pauca ST53
Italy Tuscany multiplex ST87
Portugal Area metropolitana do Porto multiplex ST7
Spain Balearic Islands fastidiosa ST1
Spain Balearic Islands, Alicante province, Autonomous multiplex STé
Region of Madrid
Spain Balearic Islands multiplex ST7
Spain Balearic Islands pauca ST80
Spain Balearic Islands multiplex ST81

Bragard et a/,,2019 325



Xylella fastidiosa subsp.

fastidiosa, multiplex and pauca
Sequence types (STs) and locations

Subspecies Sequence type Location
Fastidiosa ST1 (ALSI, Tulare, M23, G-genotype, STL) USA (California), Spain (Majorca), Israel (Hula Valley)
Multiplex ST6 (ALSH) USA (San Joaquin County-California), Spain (Majorca, Alicante), France (Corsica)
ST7 (M12, A-genotype) USA (Kern County-California), Spain (Majorca), France (Corsica)
ST27 USA
ST81 Spain (Majorca), Spain (Menorca)
ST87 Italy (Tuscany)
Iran (Chahar Mahal-va-Bakh-tiari, West Azerbaijan, Semnan)
Pauca STS3 Italy (Apulia), France (Corsica)
ST80 Spain (Ibiza)
ST78 Argentina

According to Amanifar et a/,2019, in Iran, there are two subspecies of this plant pathogen
after considering gene sequencing and differences in biological and morphological traits of
bacterial colonies, namely, subsp. 7astidiosa isolated from grapes and subsp. multiplex
isolated from pistachios and almonds (Amanifar et a/, 2014, 2016). However, more gene
sequencing is necessary to determine the sequence types present in Iran.
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Xylella fastidiosa subsp.

fastidiosa, multiplex and pauca
Sequence types (STs) and locations

= Sequence types found on peach (P. persica),
European plum (P. domestica), and Japanese plum
(P. salicina) trees and location (Della Coletta-Filho et
al., 2017; EFSA, 2020; www.pubmlst.org).

Host Subspecies Sequence type Location
Peach Muitiplex ST26 USA (Riverside County-California)
ST10 USA (Georgia, Florida, Orange County-California)
Pauca ST53 France (Corsica)
European plum Multiplex ST6 Spain (Majorca)
ST10 USA (Georgia)
ST26 USA (Riverside County-California)
ST63 Brazil
ST81 Spain (Majorca, Menorca)
Paucapauca ST71 Brazil
Hybrid plum Multiplex ST41 USA (Georgia)

Peach and plum trees can be infected by subsp. pauca, while subsp. multiplexis the
etiological factor of PPD and PLS in countries where these diseases have long represented
a serious phytosanitary problem.
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Xylella fastidiosa subsp.

fastidiosa, multiplex and pauca

Sequence types (STs) and locations

= Sequence types found in other Prunus species and

locations (EFSA, 2020; www.pubmlst.org).

Host Subspecies Sequence type
Apricot (R armeniaca) Multiplex ST6
ST46
ST26
Purple leaf plum (P cerasifera) Multiplex ST6
ST7
ST15
ST34
ST40
Cherry (P avium) Fastidiosa STH
Pauca ST53
Prunus sp. (decorative prunus) Multiplex ST26

Location

Spain (Alicante)

USA (Riverside County-California)
USA (Riverside County-California)
France (Corsica)

France (Corsica)

USA (Riverside County-California)
USA (Riverside County-California)
USA

USA (San Bernardino-California), Spain (Majorca)
Italy (Apulia)

USA (Riverside County-California)

lists the sequence types found in other species of the Prunus genus. Of these, an
uncommon disease caused by X. fastidiosa is leaf scorch of purple-leafed plum (P
cerasifera), which was observed during a survey conducted between 2003 and 2004 in
southern California (United States). The symptoms of this disease are leaf scorching and

plant decline, similar to those of ALSD and PLS

Greco et al,, 2021
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pau’ca L. fem. adj. pauca few

| Nomenclature of X. fastidiosa subsp. pauca

= As more pauca strains become studied, their common
and peculiar genetic characteristics are being described
in increasing detail.

= This information enables a better understanding of
intra and inter-subspecies evolution in X, 7astidiosa, as
well as their relationship with host range and
geographic distribution.

Safady et a/,2009; de Souza et a/,,2020 329



Host plant species naturally infected
i Olive Quick Decline symptoms (OQDS)

X. fastidiosa subsp. pauca

= The highest number of plant species naturally
infected is recorded for:

1. X fastidiosa subsp. multiplex (203 hosts), followed
by

2. X. fastidiosa subsp. pauca (57 hosts), and

3 X fastidiosa subsp. fastidiosa (53 hosts).

= A dramatic outbreak of Xf subsp. pauca (Xfp) strain
ST53, namely CoDIiRO (Complesso del Disseccamento
Rapido dell’Olivo, meaning OQDS), decimating olive
trees was discovered in 2013 in Apulia, Southern
Italy(Saponari et al.,2014 and Cariddi et a/.,2014).
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Host plant species naturally infected
i Olive Quick Decline symptoms (OQDS)

X. fastidiosa subsp. pauca

= Olive quick decline syndrome (OQDS) has been
reported in the Salento area (Apulia region, southern
[taly)(Saponari et a/.,2014 and Cariddi et a/.,2014).

= Strains from subspecies pauca have been recently
isolated from olive trees with olive quick decline
syndrome(OQDS) symptoms in Brazil (Safady et
al.,2019) confirming its status of emerging pathogen in
different regions and crops.

EFSA Journal 2022; Safady et a/,2009; de Souza et a/,2020 331



Predisposing Factors for "Olive Quick
i Decline Syndrome(OQDS)

Synergistic action on X. fastidiosa subsp. pauca

= Indeed, a number of environmental factors can
interact with the host and the pathogen either to
predispose and enhance host colonization and
infection by the pathogen or to incite microorganism
pathogenicity in terms of virulence and
aggressiveness.

= Associated with the syndrome, several
phytopathogenic fungi were detected in the
rhizosphere, endosphere and phyllosphere of the
trees, along with the phytopathogenic bacterium
Xylella fastidiosa subsp. pauca.

Scortichini,2020; Nuti et a/,2021 332



Predisposing Factors for "Olive Quick
i Decline Syndrome(OQDS)

Synergistic action on X. fastidiosa subsp. pauca

= Together with Xy/ella fastidiosa subsp. pauca, some
pathogenic fungi such as Phaeoacremonium spp.
have been found associated with the disease.

= The main predisposing factors to the disease seem to
be:

= |ocal cultivar susceptibility, depletion of some
micronutrients in the soil that could be related to
some agronomical practices favoring the depletion of
soil fertility, an incorrect pruning cycle, climatic
changes that result in increased soil waterlogging,
and frost and drought events.

Scortichini,2020; Nuti et a/,2021 333



Predisposing Factors for "Olive Quick
Decline Syndrome(OQDS)

Synergistic action on X. fastidiosa subsp. pauca

n X /astidiosa subsp. pauca,
along with several
phytopathogenic fungi such
as Phaeoacremonium spp.
plus abiotic factors causes
dramatic damage to olive
trees, with symptoms of leaf
scorching and scattered
desiccation of twigs and
branches.

= Severe wilting in leaves,
twigs, and branches. Often
the disease progression
results in plant death.

Scortichini, 2020 334




Nomenclature of X. fastidiosa subsp. pauca

Relationships between three groups (pauca, multiplex and the third one
resulting from the grouping of subsp. fastidiosa, sandyi and morus)

= Using SKIf, a revised taxonomy paljca
of X. fastidiosa into three major -
clades defined by:

1. the subspecies pauca (clade 1 7°

U . W
2. multiplex (clade II), and

3. The combination of /astidiosa, | multiplex fastidiosa
morus and sandyi (clade III). s2ndy.

*morus

SkIf (Specific k-mers Identification) is a robust and rapid software, freely available, that can
be dedicated to the comparison of sequence datasets and is applicable to any field of
research. Here it was designed and exploited for comparative genomics on a dataset

of 46 X. fastidiosa genomes, including seven newly sequenced individuals.

Denancé et al,2019 335



Host plant species naturally infected
X. fastidiosa subsp. pauca

1 (Acacia saligna) (Dimorphotheca fruticosa)
2 (Acacia sp.) 14 (Dodonaea viscosa)

3 (Amaranthus retroflexus) 15 (Eremophila maculate)

4 (Asparagus acutifolius) 16 (Erigeron bonariensis)

5 (Catharanthus roseus) 17 (Erigeronsp.)

6 (Chenopodium album) 18 (Erigeron sumatrensis)

7 (Cistus albidus) 19 (Euphorbia chamaesyce)
8 (Cistus creticus) 20 (Euphorbia terracina)

9 (Cistus sinensis) 21 (Grevillea junipering)

10 (Citrus sp.) 22 (Hebesp.)

11 Arabic coffee (Coffea arabica) 23 (Heliotropium europaeum)
12 (Coffea sp.) 24 (Hibiscus rosa-sinensis)

Delbianco et al,, 2022 336



Host plant species naturally infected
X. fastidiosa subsp. pauca

26
27

28
29

30
31
32
33

34
35
36

Mallow (Hibiscus sp.)

(Laurus nobilis)
(Lavandula angustifolia)

(Lavandula dentata)
(Lavandula sp.)

(Lavandula stoechas)
(Myoporum insulare)
(Myrtus communis)
(Nerium oleander)

(Olea europaea)
(Olea europaea subsp. sylvestris)
(Pelargonium fragrans)

Delbianco et a/.,2022

38
39

40
41

42
43
44
45

46
47
48

(Pelargonium sp.)

(Periwinkle)
(Phillyrea latifolia)

Pistachio (Pistacia vera)
(Polygala myrtifolia)

(Polygala sp.)

Cherry (Prunus avium)
(Prunus domestica)
(Prunus dulcis)

(Prunus sp.)

(Prunus persica)

(Rhamnus alaternus)
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Host plant species naturally infected
X. fastidiosa subsp. pauca

Sage (Salvia officinalis)

50 Salvia rosmarinus

51 Salvia sp.

52 Spartium junceum

53 Holly oak (Quercus ilex)
54 Ulex parviflorus

55 Periwinkle (Vinca minor)
56 Westringia fruticosa

57 Westringia glabra

Delbianco et al,, 2022 338



Host plant species naturally infected
X. fastidiosa subsp. sandyi

Arabic coffee (Coffea arabica)

Coffea sp.
Coffea canephora

Hemerocallis sp

vu A W N =

Jacaranda mimosifolia

Magnolia grandifiora
Nandina domestica

Oleander or nerium (NMerium oleander)

O© 00 N O

Myrtle-leaf milkwort (Polygala myrtifolia)

Delbianco et al,, 2022 339



Host plant species artificially infected
X. fastidiosa subsp. pauca

1. Bidens pilosa

2. Brachiaria decumbens 18.
3. Brachiaria plantaginea 19.
4. Catharanthus roseus 20.
5. ditrus reticulata 21
6. ditrus sinensis 22.
/. Citrus sp. 23.
8. Citrus x nobilis 24.
9. Coffea arabica 25.
10. Coffea sp. 26.
11. Echinochloa crus-galli 27.
12. Jasminum azoricum 28.
13. Medlicago sativa 29.
14. Nerium oleander 30.
15. Nicotiana clevelandii g;

16. Nicotiana tabacum

17. Ocimum basilicum 33

EFSA Journal 2022;20(6):7356

Olea europaea
Polygala myrtifolia
Solanum americanum
. Arabidopsis thaliana
Periwinkle (common name)
Chenopodium album
Digitaria horizontalis
Malus domestica
Prunus avium

Prunus domestica
Prunus dulcis

Pyrus communis
Quercus petraea
Salix alba

Salvia rosmarinus

. Vitis vinifera
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Host plant species naturally infected
X. fastidiosa subsp. morus

White mulberry (Morus alba)

1

2 Red mulberry (Morus rubra)
3 Mulberries (Morus sp.)
4

Nandina/heavenly bamboo (Nandina domestica)

EFSA Journal 2022;20(6):7356 341



Host plant species naturally infected
X. fastidiosa subsp. multiplex, the
causal agent of phony peach disease(PPD)

Acacia dealbata (ACADA)
Acacia saligna (ACASA)

Acer pseudoplatanus (ACRPP)
Anthyllis hermanniae (AYLHE)
Artemisia arborescens (ARTAO)
Artemisia sp. (ARTSS)
Asparagus acutifolius (ASPAC)
Calicotome spinosa (CCOSP)
Calicotome villosa (CCOVI)
Carya illinoinensis (CYAIL)
Cercis siliquastrum (CCSSI)
Cistus creticus (CSTIC)

Cistus monspeliensis (CSTMO)
Cistus salviifolius (CSTSA)
Cistus x incanus (CSTIS)
Convolvulus cneorum (CONCN)
Coprosma repens (CPMRE)
Coronilla valentina (CZRVL)

Cytisus scoparius (SAOSC)
Cytisus villosus (CZSVI)
Dimorphotheca ecklonis (OSPEK)
Elaeagnus angustifolia (ELGAN)
Erigeron karvinskianus (ERIKA)
Euryops chrysanthemoides (EYOCH)
Euryops pectinatus (EYOPE)
Ficus carica (FIUCA)

Fraxinus angustifolia (FRXAN)
Genista corsica (GENCO)
Genista ephedroides (GENEP)
Genista x spachiana (GENSA)
Grevillea juniperina (GREJU)
Hebe (1HBEG) Host

Hebe elliptica (HBEEL)
Helichrysum italicum (HECIT)
Helichrysum sp. (HECSS)
Johnson et a/-:2021 Helichrysum stoechas (HECST)

Ilex aquifolium (ILEAQ)

Host
Host
Host
Host
Host
Host
Host
Host
Host
Host
Host
Host
Host
Host
Host
Host
Host
Host

Coronilla valentina subsp. glauca (CZRVG)

Host
Host
Host
Host
Host
Host
Host
Host
Host
Host
Host
Host
Host

Host
Host
Host
Host
Host

Lavandula angustifolia (LAVAN) Host
Lavandula dentata (LAVDE) Host
Lavandula stoechas (LAVST) Host
Lavandula x heterophylla (LAVHE) Host
Medicago arborea (MEDAR) Host
Medicago sativa (MEDSA) Host
Metrosideros excelsa (MTDEX) Host
Myrtus communis (MYVCO) Host
Olea europaea (OLVEU) Host
Pelargonium graveolens (PELGV) Host
Perovskia abrotanoides (PEKAB) Wild/Weed
Phagnalon saxatile (PGASA) Host
Phlomis fruticosa (PLMFR) Host
Pistacia vera (PIAVE) Host
Polygala myrtifolia (POGMY) Host
Prunus armeniaca (PRNAR) Host
Prunus cerasifera (PRNCF) Host
Prunus cerasus (PRNCE) Host
Prunus domestica (PRNDO) Host
Prunus dulcis (PRNDU) Host
Prunus persica (PRNPS) Host
Quercus suber (QUESU) Host
Rhamnus alaternus (RHAAL) Host
Robinia pseudoacacia (ROBPS) Host
Rosa canina (ROSCN) Host
Rosa Cluster-flowered bush hybrids (ROSXF)
Salvia rosmarinus (RMSOF) Host
Santolina chamaecyparissus (SNTCH)  Host
Spartium junceum (SPUJU) Host
Strelitzia reginae (STZRE) Host
Ulex europaeus (ULEEU) Host
Ulex minor (ULEMI) Host
Vaccinium (1VACG) Host

Vaccinium corymbosum (VACCO) Host
Vaccinium virgatum (VACVG) Host
Vitis aestivalis (VITAE) Host
Westringia fruticosa (WESRO) Host

From EPPO Global Database,2021.
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Diseases caused artificially by
Xylella fastidiosa subspecies

= Within the XF-ACTORS project, the susceptibility of

= Pear (Pyrus communis) to subspecies fastidiosa, multiplex, pauca and
sanayi,

s Apple (Malus domestica) to subspecies multiplex, pauca and sandyi),

= Oak tree (Quercus petraea) to subspecies fastidiosa, multiplex and
pauca), and

= White willow (Salix alba) to subspecies fastidiosa, multiplex and
pauca) has been proved in artificial infections by needle inoculation.

= Although in these experiments conducted under greenhouse
conditions, the pathogen was detected at some distance from the
inoculation point (e.g. 40 cm, as reported in the case of pear and
apple).

= Further studies will need to prove whether these new hosts are likely
to sustain infection under natural conditions.

EFSA Journal 2022:20(6):7356 343



Host plant species of Xy/ella spp.

The updated numbers of host plant species, genera
and families (according to the different categories)

Category A: Plant species positive with at least two detection
methods (among: symptoms observation on the test plant in
experimental vector transmission, ELISA, other immunological
techniques, PCR-based methods, sequencing and pure culture
isolation) or positive with one method (between: sequencing,
pure culture isolation).

Category B: The same as point A, but also including microscopy:
plant species positive with at least two detection methods
(among: microscopy, symptoms observation on the test plant in
experimental vector transmission, ELISA, other immunological
techniques, PCR-based methods, sequencing and pure culture
isolation) or positive with one method (between: sequencing,
pure culture isolation).
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Host plant species of Xy/ella spp.

The updated numbers of host plant species, genera
and families (according to the different categories)

Category C: Plant species positive with at least one detection method
(among: symptoms observation on the test plant in experimental
vector transmission, ELISA, other immunological techniques, PCR-
based methods, sequencing and pure culture isolation).

Category D: Plant species positive with at least one detection method
including microscopy (microscopy, symptoms observation on the test
plant in experimental vector transmission, ELISA, other immunological
techniques, PCR-based methods, sequencing and pure culture
isolation).

Category E: All positives plant species reported, regardless of the
detection methods (positive records but without the detection method
specified, symptom observations, microscopy, symptoms observation
on the test plant in experimental vector transmission, ELISA, other
immunological techniques, PCR-based methods, sequencing, pure
culture isolation).
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Host plant species of Xy/ella spp.

The updated numbers of host plant species, genera
and families (according to the different categories)

= Number of host plant species, genera
and families of Xy/ella spp. according to
categories A, B, C, D, E (based on the
detection methods applied:

Number of host plant species 412 417 648 657 664
Number of host plant genera 190 191 298 298 299
Number of host plant families 68 68 88 88 88
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Host plant species of Xy/ella spp.

The updated numbers of host plant species, genera
and families (according to the different categories)

v

= Number of host plant species, naturally infected,

susceptible to the different X. fastidiosa subspecies
according to categories A, B, C, D, E.
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Host plant species of Xy/ella spp.

The updated numbers of host plant species, genera
and families (according to the different categories)

= The highest number of plant species naturally
infected is recorded for X, fastidiosa subsp. multiplex
(203) according to category A, up to 210 for category
E), followed by subsp. pauca and subsp. 7fastidiosa.

2 203
B 50 2 4 203 53 7/ 1 173
C 53 2 4 210 57 8 1 368
D 53 2 4 210 57 8 1 374
E 53 2 4 210 57 8 1 385
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Strains differentiation

requirements, and genetic homology

| Based on pathogenicity, nutritional

a Strains differ in characteristics such as:

1.

Host range (the ability to cause
disease/pathogenicity);

Nutritional requirements;
Genetic homology.
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Characteristics differentiating Xylella from Xanthomonas

Thermomanas Xanthomenas Psaudoxanthomonas Stenotrophomenas Luteimonas Kylella
Characteristic haemolytica® campestris broegbfmm.s.isd maltophiliad® wephitis fastidiosa®

Temperature optimum (“C) A7-50 28 28 a5 28 26-28
Nitrate reduction — — — + — _
Esculin hydrolysis - + - + - —
Susceptibility toc
Ampicillin
Penicillin G
Erythromycin
Kanamycin

|
|
I
|
+

Neomycin
Streptomyrin
Predominant fatty acid:
Cl!:ﬂ iso
15:0 anieiso
Creo
Creeo iso +
C]_&]_ + + +
Ciza + +
Cl?:ﬂ iso
Cima +
Ci71 ise +
Hydroxy fatty acid:
Croo som +
C11:0 is0 201 +
G110 is0 301 +
Craosom
Cia0 20m
12:0 isc SOH
Major polar Eéﬁéds.h
Diphosphatidylghrcerol +
Phosphatidylethanolamine
Phosphatidylglvcerol +
Phosphatidylmonomethylethanolamine
Unidentified phospholipid
Quinone system Q-8 8 OB Q-8 05
Major polyamines?
Cadaverine +
Spermidine + + +

+4+++++
+ 1+

+

I

=

|

n
+ +
n
+
+

+ o+ +
+ 4+ + +

+

+
+

o+ + o+

*Symbols: +, positive for all stains; —, negatve for all straing nd, no dat; V+, most strains are vesistant; V—, most strains are susceptible,
lara from Busse eral (2002,

Data from Oyaizn and Komagata (1983), Busse and Auling (1988), Auling er al. (1991), Yang ecal. (1995h, d).

‘Data from Finkmann et al. (2000).

“Data from Ovyaizu and Komagata (1983), Palleroni (1984), Busse and Auling (1988), Stead (1992}, Yang et al. (1993h, d), Palleroni and Bradbury (1993), Vauterin et al,
(1995, 1996b), Finkmann et al. (20000,

Dam from Finkmann et al. (2000).

AData from Wells er al. (1987,

bDam on polar lipids for Xanthomonas campestris and Stenctrophomonas maltophilia from Busse et al. (2002},
Mo dam for Peudoxan thomonas broeghernensis, Luteimonas mephitis, and Xylella fastidiosa.

Bergey’s Manual of Systematic Bacteriology,2005
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Initial Xf strain differentiation into
Pierce’s disease (PD) group strains and

phony peach (PP) group strains research

PD group PP grou

Identification test strains” strains"
Growth on:

Nutrient glucose agar

PD?2 agar +

PW. BCYE. and CS-20 agar * +
Intensity of ELISA reaction with antisera ‘[0:”C

Pierce's disease strain T *

Phony peach strain + +++
Digestion of PCR amplification product by Rsal” +

aXylella fastidiosa strains that produce symptoms on Vitis vinifera grapevines and grow on PD2 agar.

bDiverse group of X fastidiosa strains that will not produce symptoms on grapevine and will not grow on PD2 agar,
probably several different, uncharacterized pathotypes.

Relative intensity of the absorbance from the enzyme-linked immunosorbent assays of antisera with strains from
the two groups.

dThe amplification product (733 bp) of the gene rpoD gene which encodes sigma 70 factor using primer pairs of
RST31/RST33, is further digested with Rsal restriction enzyme in order to differentiate two pathotype groups of X
fastidiosa strains, the Pierce's disease group and phony peach group.

Hendson et a/,2001; Schaad et a/,2001
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Initial Xf strain differentiation into
Pierce’s disease(PD) group strains and
phony peach(PP) group strains research

= Panel Cis the 733 bp amplified
rpoD gene which
encodes sigma 70 factor.

= Panel D is the Rsal digestion of
RST31-RST33 amplicons.
Numbers on the right are DNA
fragment size in base pairs.

= Overnight Rsal restriction
enzyme incubation, rather than
1 h, resulted in complete DNA
digestion.

= Two DNA fragments (149 and
572 bp) were evidenced.
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PCR Primers:

Fre
Modesto 3
Kern R 76
Dixon

Ke
Ke
Ke
= Temecula

B 700

Teme150fc/Teme454rg i
- 348

/16S1031r

Teme150fc/Teme454rg/ - 847
Dixon454fa / Dixon1261rg - 348

RST31/33 Rsal digestion - 572

- 149

A GAAGGGAG
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Characters useful for

differentiating subspecies of
Xylella fastidiosa

= Figures are mean percent. Characrer Subspecies
piercei multiplex pauca
= +/—, very slow growth, 10-12 —
days for visible colonies; +, slow latednesstor! N »
. piercei 5 5
gI‘OWth, 8_10 days fOI‘ V|S|b|e multiplex 58 84 45
g . auca 41 45 87
colonies; ++, relatively fast s
. . ITS similarity to:!
grOWth, 5'7 days fOI’ VlSlbIe piercei v 100 98.7 97.9
. multiplex 98.7 100 99.2
colonles; pauca 97.9 99.2 100
m PD2, Pierce’s disease medium; Growthon2 N "
PW, periwinkle medium; taken PWamedium e
from Hopkins. Susceptibiley co: - -
c1nicl l.Il. ) OW'. 1g 1g
= Relative intensity; +, weak; +++, | Carbenicillin = medium ow —ow
strong; taken from Hopkins. LS atsera ot . Db
= Serology tests differentiate subsp. | -2 T SRR
pauca from subsp. piercei and Fosts S e imon i cirmus
subsp. multiplex. bigeon grape
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Phylogenetic relationships

among X. fastidiosa strains
Using 16SrRNA and gyrB sequences

Phylogenetic trees based on
the nucleotide sequences of
the 16S rRNA (A)

and gyrB (B) genes of X.
fastidiosa strains.

All X. rfastidiosa strains
yielded nearly complete 16S
rRNA gene sequences of
1,452 bp.

When only one accession
number is shown, it
represents a gyrB sequence.

(A)

(B)

Rodrigues et a/,2003 354




Phylogenetic relationships of Xy/ella fastidiosa strains
from different hosts, based on 16S rDNA and 16S-23S

intergenic spacer sequences

The citrus, coffee, peach and plum strains were closely
related and separate from grapevine strains

100

0SL92-3

s PE.PLS
Pseudomonas boreopolis

Xanthomonas campestris

0 0-01

Cl.11067

97 = C0O.01
Cl1.52
80 C1.X0

PL.788

5s2
889

annl
een
92 GR.89357

PE.PLS

100

Xanthomonas campestris

0 00

Phylogenetic tree constructed using the neighbourjoining method,
based on 16S rDNA sequence data for Xylella fastidiosa and
Pseudomonas boreopolis, with Xanthomonas campestris as the
outgroup. Gaps and missing information excluded from the
analysis. The numbers above the branches are bootstrap values
obtained for 1000 replications (expressed as percentages; only
values greater than 70% are shown). Bar, 1% sequence
divergence.

Phylogenetic tree constructed using the neighbourjoining method,
based on 16S-23S intergenic spacer sequence data for Xylella
fastidiosa, with Xanthomonas campestris as the outgroup. Gaps
and missing information were excluded from the analysis. The
numbers above the branches are bootstrap values obtained for
1000 replications (expressed as percentages; only values greater
than 70% are shown). Bar, 1% sequence divergence.
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A phylogenetic tree based on genetic distances of
all available Xyl/ella fastidiosa sequence types
identified using multilocus sequence typing

= The five currently and generally
accepted subspecies are labeled
with different colors, while the
Taiwanese genotype causing
pear leaf scorch is shown in
gray at the bottom of the tree,
with a not-to-scale branch due
to its dissimilarity to the other
taxa.

= We highlight three specific
branches of interest with letters
A, B, and C, with associated
descriptions on the figure itself.

A - This branch represents taxon ST53.
This recombinant subspecies pauca genotype
has only been detected in Costa Rica and Italy.

B - Taxa in this clade are genotypes occurring
in the USA; it is nested within other genotypes
of subspecies fastidiosa from Costa Rica.

N L 3 subspecies multiplex
C - Subspecies morus is a recombinant of P 3

multiplex and fastidiosa, which is illustrated
by the unresolved placement of that node
between the two donor subspecies.

A = ————
[ ]

subspecies multiplex
(recombinant types)

© subspecies morus

© subspecies sandyi

APPROX. LENGTH OF AMERICAS TREE: 0.02

LENGTH OF ASIAN BRANCH = 0.12 Taiwanesel

Almeida and Nunney,2015



The phylogeny of Xy/ella fastidiosa
Distance tree of sequence types found

infecting urban trees

= A distance tree was constructed with
7,416 bp of concatenated sequence
data for each X. /astidiosa sequence

type.

= The two mulberry strains form a clade
that represents the newly described
subspecies morus, while amenity tree
strains nest closely within the
subsp. multiplex clade.

= Percentages represent bootstrap
support from the re-sampling
distribution.

= Values in parenthesis represent the ten
locus sequence types in this analysis.

Harris and Balci,2015

@E

100

100

Temecula 1 (Grapevine)

M23 (Almond)

ST-20 (ST, ;4)

X. fastidiosa
subsp. fastidiosa

L GBS514 (Grapevine)

ST-29 (ST, - 5) X. fastidiosa
subsp. morus
Mul0034 (Mulberry)
100
ST-8 (ST,;-2) \
94
9.8 ST-8 (ST, 1)
} X. fastidiosa
subsp. multiplex
100 M12 (Almond)
S5T-41(ST,;-3) |/
9a5c (Citrus) } X. fastidiosa
subsp. pauvca
3.0




The phylogeny
Maximume-likelihood of Xy/ella fastidiosa spp. SNPs(single
nucleotide polymorphisms) alignment. * along the branches

indicating a statistical value from bootstrap =99%. Clades I-V

are highlighted. The Italian strains are in bold

All the genomes available for
Xylella fastidiosa spp. were
downloaded from NCBI. A

phylogeographic analysis was

performed using BEAST.

SNP-sites: rapid efficient
extraction of SNPs from multi-
FASTA alignments.

This dataset included complete
genomes from USA (California,
Texas, Florida, Maryland and
Virginia) n = 14, Argentina n =
1, France n = 3, Italy n = 2,
Costa Rica n = 3, Brazil n = 5.

Xylella fastidiosa pauca | *

LKDKO1 France May 2012 COFFEA ARABICA
LRVJO1 Costa Rica Jun 2008 COFFEA ARABICA
JUJWOA Kaly Jan 2014 OLIVE TREES
LRVIO1 Costa Rica Feb 2011 NERIUM OLEANDER
LRVHO Costa Rica Feb 2011 NERIUM OLEANDER
AXBS01 Brazil COFFEA ARABICA
JNBTO1 Brazil 1996 ORANGE
* g
LRVFO1 Brazil 1999 CITRUS SINENSIS
* LRVED1 Brazil 1999 CITRUS SINENSIS
AWYHO1 Brazil COFFEA ARABICA
8 9asc Brazil CITRUS
FET Argentina
MPAZ01 Georgia Oct 2016 BLUBERRY

Xylella fastidiosa multiplex 1] X
JMHPO1 Virgina Oct 2002 SYCOMORE TREE

*
AUAJDN California

*
AAALD2 California
*
M12 California 2003 ALMOND

y AVGAD1 USA Sept 1986 QUERCUS RUBRA
Xylella fastidiosa mulberry || |* MUL34 Maryland Sept 2010 MULBERRY
AXDPO1 Maryland 2010 MORUS ALBA
\TA AAAMO4 California
Xylella fastidiosa sandyi

* JOAPO1 Florida 1987 GRAPEVINE

Xylella fastidiosa fastidiosa A
LSMJO1 California 2005 GRAPEVINE

LJZWDA Italy Mar 2015 COFFEA ARABICA

LKES01 France Sept 2012 COFFEA CANEPHORA

GB414 Texas GRAPEVINE
M23 California 2003 ALMOND

Tede1 California 1988 GRAPEVINE

02

Cella et a/,2018
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Plant sample

4
Screening test(s) !
Serological tests IF (Appendix 2), DTBIA (Appendix 1) , ELISA (Appendix 1)
Conventional PCR (Appendix 4)/real-time PCR test (Appendix 5 & 6)
JLAMP (Appendix 7)
When two tests are performed they should be based on different biological principles or
targeting different parts of the Genome

G = —
Test(s) negative I Inconsistent test | At least two tests positive 12} |
results

Flow diagram for the
diagnostic
procedure for Xyl/ella
fastidiosain plant
material.

4

:

Retesting and/or

k.

X. fastidiosa not
detected

Resampling |

X. fastidiosa detected |

recommended

Attempt assignation of subspecies
by molecular tests on plant extracts
(Appendices 10, 11 & 13)

7
P

k.

| Isolation I

At least two tests
Serological tests IF (Appendix 2), DTBIA (Appendix
1), ELISA (Appendix 1)
Conventional PCR (Appendix 4)/real-time PCR test
(Appendix 5 & 6) ¥

¥ s \ T
Subspecies \ X. fastidiosa
undetermined \,\ identified in culture
/ d idi : d d :
o X. fastidiosa detecte Assignation of subspecies by
K (uncultured) subsp. :
— Seteralnad molecular tests (Appendices 10 to 13)
X. fastidiosa detected and pathogenicity tests (optional

{uncultured) subspecies
undetermined

(1) Itis advised to include molecular test(s) for
detection on asymptomatic plant material
from a pest free-area

For testing of symptomatic plants from a
known outbreak area or a buffer zone around
an outbreak a single test including serological
tests (e.g. ELISA) may be considered sufficient.
For the conditions see Section 3.5.

Molecular tests for assignation of subspecies
can be used for confirmation of the
identification of X. fastidiosa

(2

-

(3

-

critical cases)

B 3
e
A/
Subspecies
undetermined \
// =
%l X. fastidiosa
confirmed subsp.
X. fastidiosa confirmed determined
subspecies undetermined

EPPO,2016 and 2018
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Flow diagram for the

diagnostic procedure

for Xylella fastidiosa
in vectors.

VECTORIS)

Y

Screening test(s) -

Conventional PCR (Appendix 4)/real-time PCR test (Appendix 5 & &)

JLAMP(Appendix 7)

When two tests are performed they should be bosed on different biological
principles or targeting different parts of the genome

y

¥

All tests negative

v

Inconsistent test
results

Y

X fostidiosa not
detected

Re-collection of
insects in the same
site recommended

At least two tests positive

¥

Sample with suspected presence
of X. fastidiosa

h 4

Subspecies determination (optional) by:
* Seguencing of the PCR/real-time PCR amplicon(s)
+ Maolecular tests (Appendices 10to 13)

EPPO,2016 and 2018




Advantages and disadvantages of diagnostic
techniques used to detect X. fastidiosa

ELISA fast fast, inexpensive false positive possible,
false negative possible
PCR most sensitive does not distinguish
dead from live bacteria,
expensive
Culture false positive not possible takes several weeks

Varela et a/., 2001 361



Sampling of plant material and

sample preparation in the laboratory

Sampling period for symptomatic or
asymptomatic plants and insects

= To maximize the likelihood of detection, sampling should be performed
during the period of active growth of the plants.

1. For outdoor plants in Europe this active growth period is usually from late
spring to autumn.

2. For tropical plant species grown indoors such as coffee plants, sampling
may be performed all year round.

= Laboratory samples = branches/cuttings with attached leaves including
mature leaves preferably be collected from a single plant.

= Young growing shoots should be avoided.

1. Symptomatic plants: branches/cuttings representative of the symptoms
seen on the plant

2. Asymptomatic plants: the sample should be representative of the entire
aerial part of the plant.

= Sampling for insects should preferably be done from late spring until early
autumn.

Loconsole,2016;.. 362



Sampling of plant material and
i sample preparation in the laboratory

Sampling period for symptomatic or asymptomatic plants

= The concentration of the bacterium in a plant depends
upon environmental factors, strains and the host plant
species or cultivars.

= Sampling should be performed during the period of
active growth of the plants (Hopkins, 1981).

= For tropical plant species grown indoors, such as coffee
plants, sampling may be performed all year round.

= For outdoor plants in Europe this active growth period
is usually from late spring to autumn.

= In autumn 2013, the presence of Xylella fastidiosa
was detected in olive stands (Sapnari et a/.,2017.

EPPO,2018 363



Sampling of plant material and
i sample preparation in the laboratory

Sampling period for symptomatic or asymptomatic plants

= Another studies were conducted during unusually
mild winters.

= But usually winters with more severe sub-freezing
temperatures might reduce the survival rate of X.
fastidiosa (Purcell, 1981).

= Perhaps even in evergreen plants such as California
blackberry and periwinkle (Purcell and
Saunders,1990).

364



Sampling of plant material and

sample preparation in the laboratory
Sampling process

= Samples should be processed as soon as possible
after arrival.

= If the plant samples originate from areas where
infected vectors may occur, it is recommended to
check whether insects are present in the sample
before opening the bags.

= If any insects are present, samples should be stored
in the refrigerator for approximately 12 h.

= For isolation, samples may be kept refrigerated for
up to 3 days.

EPPO,2018 365



Sampling of plant material and

sample preparation in the laboratory
Sampling process

1. Samples should be inspected for symptoms and, if
present, symptomatic leaves (including their petioles)
should be selected and processed (removing the
necrotic and dead tissue).

2. If no symptoms are noted, leaves should be
representative of the entire sample received in the
laboratory.

= Dirty samples should be cleaned.

Petioles of suspected grapevines were placed into Ziploc bags, and placing
those bags on ice. Once on ice, the samples must be transported to cold
storage (4°C or -20°C) where they can be stored for a short period of time
because nucleic acid extraction and freezing needs to occur before
samples lose their viability(Jones et a/.,,2016).

EPPO,2018 366



Laboratory sample

Minimum number of leaves (including their petioles) to be
used and approximate weight of the laboratory sample

Type of sample

Host plants/type of tissue

Minimum number of
leaves per laboratory

Approximate weight of
the laboratory sample

sample
Samples from Petioles and/or midribs or leaves 5 0.5-1¢g
individual plants with | of large size such
leaves (symptomatic or |as Coffea sp., Ficus sp., Vitis
asymptomatic) sp., Nerium oleander
Petioles and/or midribs of leaves 25 0.5-1g
of small size such as Polygala
myrtifolia and Olea sp.
Plant species without petioles or 25 0.5-1¢g
with small petiole and midrib
Dormant plants or Xylem tissue N.A(not applicable) 0.5-1¢g
cuttings
Other cuttings Stem N.A(not applicable) 1g

Composite sample from
asymptomatic plants
from several plants
(Bergsma, coffee,
olive)

Samples collected from, e.g.,
imported consignments or
nursery monitoring

100-200

Up to 10 g (per sample
or sub sample) or 10-50

9

EPPO,2016 and 2018; Diagnostic protocols for regulated pest,2018
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Plant sample transport and
storage in the laboratory

= Once samples are collected, they should be kept cool (e.g. 4-
15°C) and transported to the laboratory as quickly as possible.

s Lower temperatures can reduce sample deterioration.

s However, X fastidiosa does not survive well in cold
temperatures and for culture isolation work it is better to
process samples immediately rather than refrigerate.

1. If necessary, however, samples for isolation may be kept
refrigerated (e.g. 4°C) for up to three days.

2. For other tests, samples may be refrigerated for up to one
week.

3. For longer term storage, samples may be stored at -20°C or -
80°C for molecular or serological detection.

ISPM 27:Diagnostic protocols for regulated pest,2018 368



Isolation procedure
Surface sterilization
i Plant tissue segments

= It is very important to surface sterilize the sample in
order to avoid contaminants, because X. fastidiosa
grows very slowly (up to 30 days) and can be readily
overgrown by other microorganisms.

= Petiole or midrib samples are surface sterilized by
immersion in 70% ethanol for 1 min and flaming, or
in 1% bleach for 2 min, followed by two rinses in
sterile distilled water. Surface-sterilized plant tissue
segments are cut in the middle, squeezed with flame-
sterilized needle-nose pliers, and the sap that exudes
can be blotted directly onto media (Hopkins, 2001).

Diagnostic protocols for regulated pest,2018 369



Isolation procedure
i Surface sterilization

Plant tissue segments

= Alternatively, tissue is ground in PBS at ratios of 1:10
and 1:100 with a mortar and pestle or a homogenizer
(e.g. Homex) and then plated onto two different
types of specific media (e.g. PD2, BCYE, PWGQG).

= The application of ultrasonication during the
extraction process has been shown to improve
isolation from asymptomatic Coffea arabica plants.

= After tissue is ground in PBS, the crushed plant
material is ultrasonicated for 30-60s at 40 kHz.

Diagnostic protocols for regulated pest,2018 370



Isolation procedure
Culture defined media
i Plant tissue segments

= The surface-sterilized twigs (thin slices of 1-year-old
twigs, 1-2 mm thick) can be sliced
tangentially(peripherally) with a sterile scalpel and
the slices can be directly placed on the agar medium
in Petri dishes.

= The plates have to be incubated at 28°C for 8-10

days. The plates are kept in plastic bags to prevent
desiccation.

PONTE Project 371



Isolation procedure
Surface sterilization
i Plant tissue segments

= The plating process consisted of removing the
terminal 5 mm of each piece of petiole and dissecting
the tissue into 3-5mm segments.

s Each segment was squeezed in the center using
forceps or pliers and the fluid which was discharged
from each end of the segment was blotted onto PW.

= A total of 10-12 attempts per sample.

Torres,2012 372



Isolation procedure
Surface sterilization
i Insect vectors

s Insect vectors are surface sterilized as above and the

heads are severed from the body and homogenized
in 2 ml PBS.

= Drops of the insect tissue are plated onto specific
media as above i.e. PD2, BCYE, PWG.

Diagnostic protocols for regulated pest,2018 373



Isolation procedure

Sample preparation for culturing, PCR analysis and ELISA test
Olive samples

= Olive twigs (at least 10)
collected from a sampled
tree.

1. Leaves showing leaf
scorching and symptomless
leaves (N. 8-10
corresponding to 0.5-1 gr)

selected for the sample | - "Q "’ ’.’" .“.
preparation, (‘Q"yf' !m ”‘

2. petioles and midveins
excised for the extraction.

W

Loconsole,2016; .. 374



Isolation procedure

Sample preparation for culturing, PCR analysis and ELISA test
Almond and cherry samples

= |Leaves of almond(up)
and cherry (down)
collected in late summer
showing leaf scorch
symptoms.

1. The petioles and the
basal parts of the
almond (up) and

2. cherry (down) leaves
used for extraction.

Loconsole,2016;..



Isolation procedure

Sample preparation for culturing, PCR analysis and ELISA test
Oleander and Myrtle-leaf milkwort (Polgala myrtifolia) samples

= Samples and tissues

1.

2.

selected for
Oleander (up),

Polygala myrtifolia

(down).

OLEANDER

POLYGALA
MYRTIFOLIA

Loconsole,2016;..

376




Isolation procedure
i Culture defined media

From grapevine

= Necrotic tissue with yellow or burgundy red margins
developed at the edge of the leaves and then
coalesced.

= Severely affected leaves became fully necrotic and
fell prematurely, leaving matchstick-like petioles
attached to the cane.

s Affected twigs and branches declined and plant
dieback was observed within 1 to 5 years.

Su et al,2013 377



Isolation procedure
i Culture defined media

From grapevine

= Isolation can be performed from leaf veins, petiole,
small twigs or roots.

= In any case, it is critical to properly surface sterilize
the sample and to dilute the plant extract in sample
buffer.

= The xylem sap obtained either from the crushing of
leaf vein, petiole or small twig or from extraction with
vacuum infiltration of small twigs and roots can be
streaked on to CS20, PD2, PD3 or B.CYE media.

EPPO 378



Isolation procedure

Culture defined media
From grapevine leaves

1. For recovering the bacterium from the leaf, 1.0 g of petiole or
leaf vein is first surface sterilized in 0.5% of sodium
hypochloride for 10 min and then rinsed in four changes of
sterile distilled water and dried in a laminar flow cabinet.

2. Subsequently, it is ground in a sterile mortar containing 5 ml of
sample buffer (SB) (disodiumsuccinate 1.0 g/I; trisodium citrate
1.0 g/I; K,HPO, 1.5 g/I; KH,PO, 1.0 g/lI; 0.02 M of
sodiumascorbate; 5% of acid-washed insoluble
polyvinylpyrrolidone; pH 7.0), or

3. grape sample extraction buffer provided by Agdia (Tris
(hydroxymethyl) aminomethane 60.5g/l; sodium chloride
8.0g/l; polyvinylpyrrolidone (PVP), MW 24-40 20.0g/I;
polyethylene glycol 10.0g/l; sodium azide 0.2g/I; tween-20
0.5g/I; pH 8.2).

EPPO 379



Isolation procedure
Culture defined media
i From grapevine twig or root

= In case of twig or root, they have to be cut into 1-2
cm sections, stripped of bark, surface sterilized for 5
min in 0.5% of sodium hypochloride with 3% of ethyl
alcohol added.

= Then the pieces have to be rinsed in four changes of
sterile distilled water and crushed in a sterile mortar
containing 5 ml of sample buffer (SB).

EPPO 380



Isolation procedure
Culture defined media
i From grapevine twig or root

= In case of twig or root, they have to be cut into 1-2
cm sections, stripped of bark, surface sterilized for 5
min in 0.5% of sodium hypochloride with 3% of ethyl
alcohol added.

= Then the pieces have to be rinsed in four changes of
sterile distilled water and crushed in a sterile mortar
containing 5 ml of sample buffer (SB).

EPPO 381



Isolation procedure

Sample preparation for culturing, PCR analysis and ELISA test

T
LR

Grape and citrus samples
‘\ 'Citrus

Loconsole,2016;.. 382



Citrus variegated chlorosis

Xylella fastidiosa subsp. pauca

Leaf chlorosis between
veins caused by Citrus
Variegated Chlorosis (CVC).

Xylella fastidiosa bacterium,
causing Citrus Variegated
Chlorosis (CVC).

Chung and Brlansky,2009
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Autoaggregation and intense biofilm

formation when cultured /n vitro
Xylella fastidiosa subsp. pauca

a.  The reference CVC strain 9a5c
forms large aggregates and
compact biofilm structures, while
strain Fb7 remains mostly

planktonic and forms very little
biofilm on glass under agitation.

B.  Cellular suspensions spotted on
PW agar plates and drained to
the other side of the plates
forming the columns also show a
distinct biofilm formation

between the strains after 7 days
of growth, with a wax-like
texture for 9a5c and a gum-like
texture for Fb7.

de Souza et al,, 2020 384



Isolation procedure

Culture defined media
From citrus leaves

1.  Symptomatic leaves are surface-sterilized with 10%
bleach for 5 min, followed by two rinses in sterile
distilled water.

2. Midribs and petioles are aseptically excised and
placed on to sterile Petri dishes containing 1-2 ml of
PBS.

. Sections of 2-3 mm are obtained with a sterile
scalpel.

i. The sections are grinded and the sap is streaked on
to PW or SPW medium.

= The plates are incubated at 28°C for 21 days.
EPPO 385



Isolation procedure

Culture defined media
From citrus roots and stems

For isolation from roots and stem, after their surface-
disinfection to be performed as described above, segments of 4-
12 mm in diameter and 2-3 cm long are vacuum infiltrated with
succinate-citrate-phosphate buffer (1.0 g/l disodium succinate,
1.0 g/l trisodiumcitrate, 1,5 g/l K,HPO,, 1.0 g/l K,HPQO,, pH 7.0)
as described for grapevine.

= Then, the vacuum extract (3-4 ml per sample) is centrifuged at

4.500 g for 15 min and resuspended in 0.8 ml of buffer.

One drop (5 ul) is, subsequently, placed on to PW, SPW, CVC1
or CVC2 media.

The plates are incubated at 27-30°C and they are kept in plastic
bags to prevent desiccation. The plates are observed for colony
development at weekly intervals for a month with a binocular

microscope.

EPPO 386



Isolation procedure

Enrichment media
Grape Xylem sap collection

= Thirty ml of xylem sap from 3 different European grape cultivars (Vitis vinifera);
Cabernet Sauvignon, Pinot Noir, and Sylvaner were pooled together in a 50 ml
beaker.

= Six ml of the xylem sap from the 50 ml beaker was placed into a 10 ml beaker and
had the pH adjusted to 4.0.

= After pH adjustment the xylem sap was sterilized by placing it in a sterilized 0.13 mm
syringe with a sterilized 0.22 pm filter cap, and discharged into a sterilized 10 ml
beaker.

= Then 145 pl of “bacteria into SCP” is combined with the sterilized xylem sap and
dispersed into the 96 well plate, at 200 pl per well.

= This process is repeated again for pH’s 5, 6, and 7, with the 6 ml of xylem sap
coming from the originally pooled xylem sap in the 50 mL beaker.

= The pH was lowered with hydrochloride acid or raised with sodium hydroxide.
= PW media with X. fastidiosa was used as the positive control.

= The negative control was SCP.

SCP creation 1.0g Na, Succinate, 1.5g K,HPO,, 1.0g KH,PO,, 1.0g Na; Citrate, dissolved in 1
liter of deionized water, then 2 ml of the solution was placed into test tubes which were
autoclaved for 15 minutes at 140 degrees Celsius prior to use.

Zintzun, 2006 387



Isolation procedure

Culture defined media
PD2, BCYE or PWG

n Xylella fastidiosa is very difficult to isolate and grow in
axenic culture, even from symptomatic plants.

= The bacterium does not grow on most common culture
media and requires specific media.

= PD2, BCYE or PWG are widely used for the isolation
from different host species.

s The use of at least two different media is
recommended, in particular when isolation is attempted
for new hosts or in the case of a first detection.

= Whenever possible, isolation and achieving Koch's
postulates is considered to be the ‘gold standard’

(EFSA, 2016b). I o



Isolation procedure

Culture defined media
i BCYE and PWG

= Based on the experience of different laboratories
PWG is considered the best isolation media for
samples from most plants.

= Samples from Olive plants are best isolated on BCYE.

= It is very important to surface disinfect the
sample to avoid growth of saprophytes because
X. fastidiosa grows very slowly (the colonies can take
up to 28 days to be visible) and can be readily
overgrown by other microorganisms in the plates.

EPPO,2018 389



Isolation procedure

Imprint method
BCYE medium

+

= Stem cuttings from 58 different olive trees were cut into

pieces 8 to 10 cm long, washed under tap water, surface-
sterilized in 2% sodium hypochlorite for 2 min, soaked in
/0% ethanol for 2 min and rinsed three times in sterile
water.

Each piece was cut in half and squeezed at one end with a
plier, while the other end was gently pressed on a
buffered charcoal yeast extract (BCYE) growth medium to
make 2-3 imprints.

For each sample three BCYE plates were spotted (ca. 20-
30 spots per plate), incubated for 3-4 weeks at 28°C and
periodically inspected for the growth of Xy/e/la colonies.

Saponari et al,, 2017 390



Isolation procedure

Imprint method
BCYE medium

+

s Xylella fastidiosa colonies on BCYE agar medium

a.

b.

growing in different stem-prints obtained after
imprinting the fresh cut surface of the olive cuttings
on the medium.

Shows a low number of colonies per spot;
and c. show the high number of colonies growing mostly together.

Saponari et al,, 2017 391



Isolation procedure

Culture defined media
Incubation period

= Petioles from grapes were cut and ground in 1ml of distilled water
and dilutions (102 and 10-3) of this suspension were made.

= Aliquots of 300uL of each dilution were inoculated by triplicate in
liquid PW media.

= All cultures were incubated in the dark at 28°C under static
conditions. After 15 days PW broths were tested by DAS ELISA and
only those positive for X. fastidiosa were used in the isolation
procedure

= Solid PW broths were inoculated with 100uL aliquots of liquid PW
broth.

= Plates were incubated at 28°C and observed for bacterial colony
growth for 12 days.

= Colonies were tested by Gram staining, catalase and oxidase.

Aguilar et al,2008 392



Isolation procedure
Interpretation of isolation results

i

Colonies are usually visible after 2-3 weeks but the
plates should be observed for up 6 weeks.

The isolation is positive if bacterial colonies with
growth characteristics and morphology similar
to X. fastidiosa are observed within the above-
mentioned period on at least one medium.

The reference culture should also have grown on the
media used.

The presumptive identification of X, fastidiosa
colonies should be confirmed by serological or
molecular tests.

EPPO,2016 393



Culture defined media

Common and enrichment media
NA, NAG, CS20, PD1,5 PD2,6 PD3, and PW

= It has long been considered that X. fastidiosa is fastidious
and unable to grow on standard bacteriological media,
despite reports that Nutrient Agar can support growth.

= Nutrient agar has been shown to support X. /astidiosa
growth for grape and plum isolates.

= Bacterial colonies obtained on PD2, BCYE, CS20, are
transferred to nutrient glucose agar (NGA) and PW

medium or the medium used in the isolation(Schaad et
al,2001).

= Note that bacterial colonies obtained on PD2, BCYE, CS20,
or PW medium that will not grow on NGA, or grow very
grow very slowly on NGA(Schaad et a/.,2001).

Schaad et a/,2001;Almeida et al,2004;.. 394



Culture defined media

Common and enrichment media
i CS20, PD1,5 PD2,6 PD3, and PW

= A range of enrichment media such as CS20, PD1,
PD2, PD3, and PW have been used successfully to
culture X. 7fastidiosa.

1. These are rich in carbon and nitrogen sources.

2. Peptones, soybean, or yeast extracts are used as
major nutrient sources;

3. @amino acids are added as supplements; all have an
additional iron source (bovine hemin chloride or
ferric pyrophosphate).

Almeida et a/,2004;.. 395



Common and enrichment media

‘_L Common defined media

= In addition to these amino acids, Xy/ella fastidiosa
appears to have a demand for glucose or organic
acids, although the relative importance of each
source of C is still under dispute.

s Peptones, soybean, or yeast extracts are used as
major nutrient sources; amino acids are added as
supplements; all have an additional iron source
(bovine hemin chloride or ferric pyrophosphate).

Almeida et al,2004;.. 396



Common and enrichment media

‘_L Common defined media

= It has long been considered that X. /astidiosa is
fastidious and unable to grow on standard
bacteriological media, despite reports that Nutrient
Agar can support growth (Chang et a/.,1990; Fry et
al.,1990).

= Nutrient agar has been shown to support X.
fastidiosa growth for grape and plum isolates.

s Xylella rastidiosa can grow well on a simple,
chemically defined medium containing mainly amino
acids (especially glutamine) and salts of weak organic
acids such as succinate or citrate.

Almeida et al,2004; Purcell, 2007 397



Common and enrichment media

‘_L Common defined media

= The bacterium also grew on media with citrate and L-
glutamine as the only carbon and nitrogen sources.

= Potato starch was not essential for bacterial growth,
but no growth was observed on media without hemin
chloride.

= Agar inhibited bacterial growth when used as the
gelling agent.

Almeida et a/,,2004 398



Common defined media
Common and enrichment media

s Xylella fastidiosa grows exclusively in the xylem and
although the xylem sap contains a diversity of
compounds such as amino acids, organic acids, and
iInorganic nutrients, they are usually found in low
concentrations, limiting bacterial growth.

s Glutamine (GIn) and asparagine (Asn) are the main
amino acids in the xylem sap of plants and for this
reason they have been included in several artificial
media for Xf growth.

Sterilize Glutamine stock solution(4%) by membrane filtration using a 0.22
KMm Millipore. Upon autoclaving L-glutamine was structurally modified into
5-oxo proline and 3-amino glutarimide (a-amino glutarimide).

Purcino et a/,2007; Sandal et a/,,2011 399



Common defined media

Common and enrichment media
i CS20, PD1, PD2, PD3, and PW

= A range of enrichment media such as CS20, PD1,
PD2, PD3, and PW have been used successfully to
culture Xylella fastidiosa.

= These are rich in carbon and nitrogen sources.

= It is important to remind that all of the ingredients
have to be dissolved in the order given.

s It is recommended to use more than one single
medium for the primary isolation.

= The plates are kept in plastic bags to prevent
desiccation.

EPPO;.. 400



Common defined media

Common and enrichment media
i CS20, BCYE, PD2, PWG, and PW

= The PW or PWG media are well suited for bacterial
isolation from CVC symptomatic tissues (petioles or
branches of citrus).

= On these media, small (~0.30 mm of diameter),
white, and convex colonies are observed under a
dissecting microscope after approximately 10 days of
growth at 27°C-30°C.

= Other media like BCYE, CS20, and PD2 also support
cell growth, but it may take over 20 days for colonies
to be observable.

Almeida et a/,2014 401



Common defined media
PD2

= For the isolation of X. fastidiosa from several host plants including grapevine.

= Deionized distilled water 1.0L

= Soy peptone 209

= Bacto tryptone 4049

= Disodium succinate 1.0g

= Trisodium citrate 1.0g

= KHPO, 1.5¢

= KH,PO, 1.0g

= Hemin chloride stock solution (0.1% in 0.05 N NaOH) 10.0 mi
= Bacto agar 15.0 g
= MgSO,.7H,0 1.0g

= Bovine serum albumin fraction V (20% w/v)* 10.0 ml

= Autoclave at 121°C for 15 min.

*Bovine serum albumin is filter sterilized and added to the rest of the medium at 50°C.

Schaad et a/,2001;EPPO,2016 402



Bovine serum albumin
Preparation Note

= Bovine serum albumin (BSA or "Fraction V") is a serum albumin protein
derived from cows.

= Animal serum or albumin is routinely added to culture media as a source of
nutrients.

= Preparation Note
BSA is normally dissolved in buffers such as PBS, TBS, PBS-T, and TBS-T.

= Note 1: BSA might foam substantially when dissolved in any solvent; thus,
one must wet the BSA powder first and gradually add the solvent to
properly dissolve the powder. Some might even suggest to just leave the
BSA powder to dissolve without shaking at r.t.p. for 10 min as it would
dissolve quite easily in due time.

= What is the difference between albumin and serum albumin?

= They are both proteins made by the liver, however, and both have been
used historically to evaluate nutritional status.

= Note 2: not all albumins have the same efficacy in culture media.
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Common defined media
PD3

= PD3 (Davis et al.,1980)

s [t is the same as PD2 but bovine serum albumin is replaced with
soluble potato starch (2 g/l).

= S0, all of the ingredients can be directly sterilized in autoclave.

Extraction of Starch from Yellow Skin Potato
The experimental values of extracting starch from yellow skin potato indicate the
processing conditions at 3000 rpm and 15 min as optimum for the highest yield of
extracted starch.

Method in details: Six hundred grams of potatoes were washed thoroughly,
peeled, sliced, and chopped into small chunks. The distilled water was added to the
chopped potato and the extraction process was carried out through the use of a
centrifuge at different speeds (1000, 2000, 4000) rpm for different periods of time
(5, 10, 15 min). Thereafter, the centrifuged samples were filtered using Whatman
no. 1 and the supernatant was neglected to obtain wet starch. The wet starch was
dried at room temperature for 5 h, then crushed into a fine powder and stored in
sealed containers for later use(Altemimi,2018).

EPPO 404



Common defined media

CS20

m For the isolation of X. fastidiosa from several host plants including grapevine.
. Deionized distilled water:

. Soy peptone
. Bacto tryptone

. Hemin chloride stock solution (0.1% in 0.05 N NaOH)

= KH,PO,
= MgS0,.7H,0

. Phenol red stock solution (0.2%)

. L-glutamine

. Dextrose

. L-histidine-HCI

n Potato starch soluble
. Bacto agar

. pH 6.6

. Autoclave at 121°C for 15 min.

1.0L
20g
20g
15.0 ml
08g
1.0g
0449
5.0 ml
6.0g
1.0g
1.0g
2049
12.0g

1. To prepare Hemin chloride 0.1%, dissolve 1.2 g of NaOH in 600 ml of distilled water
and add 0.6 g of Hemin Cl and dissolve. Keep in a dark container.

2. To prepare Phenol red 0.2%, dissolve 0.6 g of phenol red in 30 drops of 20% NaOH
and bring the volume up to 300 ml with distilled water. Store in the refrigerator.

Schaad et a/,2001;EPPO,2013
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Common defined media

BCYE (Buffered charcoal-yeast extract agar)
Used for isolation of XF from citrus, coffee and olive

= BCYE medium (Wells et a/.,1981)

= Deionized distilled water 1L

= Yeast extract 10.0g
= Activated charcoal 2.0g
= L-cysteine HCI.H,O 04g
= Ferric pyrophosphate (soluble) 0.25¢
= ACES buffer (N-2-acetamido-2-aminoéthane sulfonic acid) 10.0g
= Bacto agar 17.0¢

= L-cysteine HCI and Ferric pyrophosphate are dissolved, filter sterilized (0.2
um filter), and added to the autoclaved basal media, pH 6.9.

Due to the difficulty of dissolving and re-suspending the individual components it is recommended that
ingredients are dissolved in the following order. ACES buffer is first rehydrated in 500 ml distilled water at 50
°C before addition of the yeast extract, activated charcoal and agar. Before adding the agar, the pH is
adjusted to 6.9 by the addition of approximately 40 ml 1 M KOH. The medium is autoclaved and then cooled
to 50 °C. Both the cysteine hydrochloride (0.4 g) and ferric pyrophosphate (0.25 g) are resuspended in 10
ml distilled water, filter sterilized and added to the cooled sterile medium. The ferric pyrophosphate needs to
be heated, under agitation, at 75°C for approximately 15-20 min (EPPO, 2018b).

Schaad et a/.,2001;EPPO,2016; Diagnostic protocols for regulated pest,2018 406



Common defined media

BCYE (Buffered charcoal-yeast extract agar)
Used for isolation of XF from citrus, coffee and olive

= Activated charcoal or activated carbon is nontoxic in nature and
is used as an adsorbent to remove broad spectrum of pollutants
in air, water and soil.

= The media contains charcoal, which acts as detoxicant and
activated charcoal decomposes hydrogen peroxide, a metabolic
product toxic to bacteria such as Xy/e/la and Legionella species.
activated charcoal may also collect carbon dioxide and modify
surface tension.

= Yeast extract acts as a rich source of vitamins, nitrogen as well
as carbon.

= ACES Buffer maintains optimal pH for growth while L-cystine
hydrochloride; ferric pyrophosphate stimulate growth of the
bacteria.
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Common defined media
BCYE modified

Yeast extract 10g
(Vetec) Activated charcoal 2049
L-cysteine HCI (Sigma)* 0449
(Sigma)** Ferric pyrophosphate 0.25¢
(N-2-acetamido-2-aminoéthane sulfonic acid) ACES buffer 10g
Difco Bacto agar 17 g
Deionized distilled water 940 ml
KOH solution 1M 40 ml
1. Warm ( =50°C) the Aces buffer in 500 ml of distilled water;

2. Add 40 ml KOH in 1N in 440 ml distilled water;

3. Add the active charcoal in step-2 solution;

4. Pool the step 1 and 3 solutions;

5. Add the yeast extract to pooled solution;

6. Adjust the pH to 6.85;

7. Add agar and autoclave;

8. Cool down the medium at 50°C and add pre- filtered L-cysteine and Ferric pyrophosphate.

* L-cysteine diluted in 10ml sterile water;
** Ferric pyrophosphate needs to be diluted in 10ml sterile water.

408
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Common defined media

The modified PCYE medium was as effective as BCYE for
isolation, growth, and quantification of X. fastidiosa

Higher frequencies of positive
isolations were obtained for
PCYE for the isolation of X.
fastidiosa from citrus
seedlings (36 of 38 versus 40
of 43 in BCYE) and coffee
trees (35 of 39 versus 33 of
42 in trees (35 of 39 versus
33 of 42 in BCYE). The level
of agreement of both media
was 86.8% for citrus
seedlings, 100.0% for citrus
trees, and 87.2% for coffee
trees.

Lopes and Torres,2006

Sample of Sample of Sample of
Culture medium and greenhouses, field field
positive or negative citrus seedings  citrus trees  coffee trees
1solation (%) (%) (%)
BCYE+/PCYE+ 33 (86.8) 9 (100) 30 (76.9)
BCYE+/PCYE- 2(5.3) 0 0
BCYE-/PCYE+ 3(7.9) 0 5(12.8)
BCYE-/PCYE- 0 0 4(10.3)

Comparing the efficacy of Buffered
charcoal—yeast extract agar (BCYE) and
modified medium named as phosphate

buffered charcoal-yeast extract
medium (PCYE). The latter, was found as
effective, less expensive, and
easier to prepare than BCYE.
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Common defined media

PW
Periwinkle wilt medium

= PW (For isolation of X. fastidiosa from several host plants including Gitrus
spp.)(Davis et al.,1983)

= Deionized distilled water 1.0 |

= Soytone 4049

= Bacto Tryptone 1.0g

= Hemin chloride stock solution (0.1% in 0.05N of NaOH) 10.0 ml
= MgS0,.7H,0 044

= KHPO, 1.2 g

= Phenol red stock solution (0.2%) 10.0 ml
= L-glutamine 4049

= Bovine Serum Albumin fraction V (20% w/v) 30.0 ml
= Bacto agar 12.0g

s Bovin Serum Albumin is filter sterilized and added to the rest of the medium at
50°C.

Schaad et a/,2001; EPPO,2013 410



Common defined media

PWG
A modified periwinkle medium (PW)

= The PWG substituted 9 gram of Gelrite for the agar used in PW and the amount
of 20%(W/V) bovine serum albumin solution was reduced from 30 to 15 ml per

liter.

= Deionized distilled water 1.0 |

= Soytone 4049

= Bacto Tryptone 1.0g

= Hemin chloride stock solution (0.1% in 0.05N of NaOH) 10.0 ml
= MgSO0,.7H,0 044

= K,HPO, 1.2 g

= Phenol red stock solution (0.2%) 10.0 ml
= L-glutamine 4049

= Bovine Serum Albumin fraction V (20% w/v) 20.0 ml
= Gelrite 9.0g

= Bovin Serum Albumin is filter sterilized and added to the rest of the medium at
50°C. 411
Hill and Purcell, 1995



Common defined media

Modified periwinkle-gelrite medium(PWG-M agar)
Periwinkle wilt gelrite or periwinkle wilt GelRite

= Gelrite gellan gum (Sigma) 90g
= Phytone peptone (e.g. BD BBL) 404

= Bacto tryptone (e.g. Oxoid) 1.0g
= Phenol red stock solution (0.2%) 10 ml
= L-glutamine (Sigma) 49

= Hemin chloride stock solution (0.1% in 0.05 N NaOH) 10 ml
= BSA (stored in refrigerator) 3.0g

= MgS0,.7H,0 1.0g
= K,HPO, 1.5¢
= KH,PO, 1.0g

m Distilled water to a final volume of a 1 liter

L-glutamine, hemin chloride stock solution and BSA are added after autoclaving. Bovine serum albumin (3

g) is dissolved in 15 ml distilled water, and 4 g L-glutamine is dissolved in 100 ml distilled water over a low

heat (c. 50°C) on a hot plate at low heat. Do not boil. Hemin chloride stock is 0.1% bovine hemin chloride

dissolved in 0.05 N NaOH. These three solutions are filter sterilized (0.2 um membrane) and added to the
cooled sterile basal medium.

EPPO; Diagnostic protocols for regulated pest,2018; Janse et a/,2012 412



Common defined media

SPW
Supplemented PW

= SPW (For stimulating the growth of X. 7astidiosa to be isolated
from sweet orange) (Hartung et a/., 1994).

s [t is the same as PW supplemented with:

= Malt extract 5.0¢

= Sucrose 10.0 g
= Myo-inositol 0.1g

= Thiamine chloride 0.01g
= Pyridoxine chloride 0.01g
= Nicotinic acid 0.005¢
= Glycine 0.002 g

EPPO,2003 413



Common defined media
CVC1

= CVCI1 (it has been developed for the isolation of X. fastidiosa from
Citrus spp.) (Chang et al.,1993)

= Deionized water 970 ml
= Bacto-peptone 4049

= Tryptone 1.0g

= K,HPO, 1.2 g

= KH,PO, 1.0g

= MgS0,.7H,0 044
= Phenol red stock solution (0.2%) 10.0 ml
= Agar 12.0g
= After autoclaving the following filter-sterilized compounds are added:
= Glutamine stock solution (8%) 50 ml
= Bovine serum albumin stock solution Frac V (10%) 60 ml
= pH®6.5

EPPO,2013 414



Common defined media
CVC2

= CVC2 (Chang et al.,1993)

= Itis the same as CVC1 plus 10.0 ml of hemin chloride stock solution
(0.1%) to be added before autoclaving.

EPPO 415



Culture media

XfD-series media
XFD1-XFD9, XfD5-c, XfD5-aa and XfD2-hc

= A simple defined solid medium containing citrate and
succinate, three amino acids (L-glutamine, L-asparagine, and
L-cysteine), hemin chloride, potato starch, gellan gum
(GelRite), and mineral salts supported the growth of grape
strains of Xylella fastidiosa, the bacterial pathogen that
causes Pierce’s disease of grape.

= All XfD media defined here had phenol red (10 mL, 0.2% in
H,0), K,HPO,.3H,0 (1.5 g), KH,PO, (1.0 g), and
MgSO,.7H,0 (0.5 g).

= XfD media were prepared with deionized water (final volume
brought to 1 L) and autoclaved.

= In preliminary tests we found no difference between using
deionized and distilled water.
Almeida et a/,2004 416



Culture media

XfD-series media
XFD1-XFD9, XfD5-c, XfD5-aa and XfD2-hc

XD No.
l 2 3 4 5 6 7 8 9 2-he 5-¢ 5-aa

Amino acids

L-glutamine (anhydrous) (g) 3.0 3.0 3.0 4.0 4.0 4.0 4.0 40 40 3.0 4.0

L-asparagine (anhydrous) (g) 1.0 1.0 1.0 1.0

L-cysteine (anhydrous) (g) 0.5 0.5 0.5 0.5
Carbon source

Trisodium citrate (g) 1.5 1.5 3.0 1.5 3.0 3.0 3.0 3.0 3.0 1.5 3.0

Disodium succinate (g) 1.5 1.5 1.5 1.5
Others

Hemin chloride (0.1% in 0.05% NaOH) (mL) 10 10 10 10 10 10 10 10

Iron pyrophosphate (g) 0.25

Potato starch (g) 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
Gelling agent

GelRite (g) 100 100 100 100 10.0 100 10.0 100 10,0 10.0 10.0

Agar (g) 15.0
X fastidiosa growth” + ++ + + + - + - - - - -
“ ++ = single colonies visible within 2 weeks; + = single or confluent colonies observed within 4 weeks; — = no visible growth within 4
weeks.

Note: All XfD media suggested here had phenol red. New X. fastidiosa defined media(XfD) and respective
reagents used (g/L). We used modified PD3 and PWG by the addition of phenol red dye to the media. XfD2
was the best of our defined media for X. fastidiosa growth. X. fastidiosa multiplied slowly on XfD1 (3-4
weeks), and we could not observe individual colonies on it without a microscope.

Almeida et a/,2004
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Salient characteristics

Colony morphology
Colony and cell size and shapes

i

The bacterium grows slowly on selective medium to
form small colonies that appear white to yellow.

Gram-negative, rod-shaped bacterium with
dimensions of 0.25 to 0.35 um in radius and 0.9 to
3.5 ym in length.

Cell replication is by binary fission.

The bacterial cells often possess a distinctive rippled
(undulating) cell wall, composed of three layers.

The wall consists of an outer, an inner (each
comprised of 3-layered unit membrane structure),
and a middle peptidoglycan layer.
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Colonial characteristics

Grapevine isolates
On PD2, PD3, CS20 and BCYE media

= Colony morphology and microscopical observation
grapevine after 10 days of incubation at 28°C on
PD2, PD3, CS20 or BCYE media.

s X. fastidiosa yields colonies 0.5-2.0 mm in diameter,
circular, with entire margins and convex elevation.

= Sometimes colonies are produced that are also
circular with undulate margins with an umbonate or
flat elevation.

1.

2.

Colonies on CS20 were opalescent, creamy in color, circular in form
and had entire margins.

Colonies on PD2 were opalescent, bronze colored, circular in form,
convex and exhibited twitching motility.

EPPO,2004 419



Colonial characteristics
Citrus isolates
i On SPW, PW, CVC1 and CVC2 media

= On SPW medium, isolated colonies are visible within
/ days after streaking. After 21 days of incubation at
27°C, their diameter is 0.35 mm.

= On PW medium, colonies appear 10-14 days after
isolation.

= On CVC1 and CVC2 media, colonies develop 25-30
days after isolation.

Xf was first isolated from grape and was successfully cultured on a
selective medium called Pierce’s Disease 2 (PD2) (Davis et
al,1980). Other derivative media also supported growth of Xf
(PD3), sugarcane (SC-20) and periwinkle wilt (PW) media were
developed by Davis et a/.,1981.

EPPQO,2004;Johnson et a/,2021 420



Colonial characteristics
On PW and PWS media

= Colonies of X. fastidiosa
isolated from symptomatic
grapevine plants.

= Both PW and PWS media
were adequate for
primary isolations.

= In subsequent attempts of
primary isolation, PW was
preferred because SPW
showed higher rates of

; : Colonies of X. fastidiosa on periwinkle wilt
contamination than PW. 2qar mediom P

Aguilar et al.,2008 421



Colonial characteristics
On PW agar

a.  Colonies of Xylella fastidiosa
subspecies multiplex (Xfm, causal of
phony peach disease, PPD)
bacterium on PW agar as seen by
relected light through a dissecting
microscope (bar = 0.05 mm) (Davis
et al.,,1981).

B. Negatively stained bacteria isolated
from peach infected with Xfm.

= Therodsare0.25t00.27by 1.2to |
2.4 um in size and have furrowed :
cell walls (magnification x 21,000)
(from Wells et al.,1987).

Johnson et al,,2021 422



Colonial characteristics
On modified periwinkle wilt medium

(PWG-M agar)

Xylella fastidiosa
subsp. fastidiosa isolated
from Coffea canephora on modified
PWG (size < 2 mm after 3 weeks).

Xylella fastidiosa subsp. pauca isolat
ed from Coffea arabica on modified
PWG (size <2 mm after 3 weeks)
(the background is a sheet of black
paper below the plate).

EPPO,2016
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Colonial characteristics

On modified periwinkle wilt medium
i (PWG-M agar without phenol red)

= Xf strains were cultured at 28°C on modified
periwinkle wilt modified medium (PWG-M agar
without phenol red) for up to seven days.

= Then, the cultures were transferred to a new plate
containing PWG-Magar or B-CYE medium and
incubated for up to seven days at 28°C.

= When required, for liquid cultures, Xf strains were
incubated at 28°C under 160 rpm agitation in PD2
broth.

Clavijo-Coppens et a/.,2021 424



On LMG, PWS and PD3 media

* Colonial characteristics

s C. Xylella selective media:

= Top row: LMG activated
carbon (black) medium;

= Central row: PWG medium
with gelrite;

s Lower row: PD3 selective
medium (Davis et a/.,1981).

s D. LMG charcoal medium.

= Pink colour indicates
presence of contaminants.

Janse et al., 2012 425



Colonial characteristics

On PD2 medium, a selective medium called
Pierce’s Disease 2 (PD2) (Davis et a/.,1980)

= The colonies of Xylella fastidiosa subsp. fastidiosa cultured at
%8°C okn solid PD2 medium are opaque. Size < 2 mm after
weeks.

= When required, PD2 medium was supplemented with 10 pg/ml
gentamicin (Gm) and 10 pg/ml chloramphenicol (Cm).

EPPO,2018:Shi and lin, 2018 426



Colonial characteristics

On buffered charcoal-yeast extract
medium (BCYE)

= Two colony types can be
observed:

= Smooth and rough, both
are circular and
opalescent.

= When grown on BCYE1
medium, colonies are
small, 0.6 mm in diameter
after 10 days at 27°C,
expanding to 1.5 mm

after 30 days. Collection strain of

= On this medium, rough Xylella fastidiosa subsp. fastidiosa ATCC
colonies exhibit green or 35879 on BCYE (size < 2 mm after
red margins when viewed 3 weeks).

under reflected light.

EPPO,2016 421



Colonial characteristics

On buffered charcoal-yeast extract
medium (BCYE)

= Purified colonies of an
isolate X. fastidiosa
subsp. pauca Salento-1,
c2;rown on BCYE agar for

0 d at 28°C were

slightly convex, white,
opales-cent, mucoid
when touched with a
loop, circular with entire
margins, with a

. Colonies of Xylella fastidiosa subsp.
diameter of about 1.2- pauca Salen-to-1, after incubation at
1.5 mm and a smooth 28°C for 20 d on BCYE agar plates.
surface.

Bleve et al,,2016 428



Colonial characteristics

On PD2, and CS20 agar media
* Leaf scorch of blueberry(BLSB)

= Two major colony morphotypes:
smooth and “pit"-like Xy/lella
fastidiosa colonies on: PD2, and
CS20 agar media.

a.  Colonies on PD2 resembled the
pit-like colonies of A-type
strains grown on PWG agar
media.

B. The G-genotype strains were
consistently (>99%) associated
with smooth colony
morphotypes.

Nissen et a/,2010; Chen et a/,2007 429




Colonial characteristics
Almond leaf scorch (ALS)

Two major colony morphotypes: smooth and pit-like

= Two genotypically distinct types
of X. fastidiosa strains, G-type
and A-type, coexist
simultaneously in the same
infected almond orchard.

= A, Smooth type;

= B, “pit"-like type;

= C, “pit"-like and smooth type;

= D, "pit"-like and non-"pit"-like
A-type; and

= E and F, triple-cloned colonies

from a single almond petiole (E,
smooth G-type; and

s F, "pit"-like A-type).

Chen et a/,2005 430



Diagnostics methods

= Genetic diversity were found amongst X. /astidiosa strains.

The differences between pathogenic populations can be
observed using:

Traditional methods,

Monoclonal antibodies,

Random amplified polymorphic DNA (RAPD),
Arbitrary-primed (AP-PCR),

Restriction fragment lenght polymorphism (RFLP),
Variable number of tandem repeated (VNTR),
Repetitive sequence based-PCR (rep-PCR),
PCR-RFLP,

Intergenic spacer (ITS) 165-23S rDNA sequencing,
Clamped homogeneous electric field — CHEF,
Plasmid profile.
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Summary of detection methods

i for Xylella fastidiosa

Lashomb et a/,,2002

Number of samples Sensitivity”
comfortably (number of
Assay accommodated bacterial cells) Cost Labor
Culture 10-100s 1000 Low Low
ELISA 100-1000s 100,000 Med Med
PCR 100s 100 High Med
|C-PCR*” 100s <100 High High
"Lowest approximate number of bacterial cells that the assay can detect.
“Immunocapture-PCR
432




Diagnostics methods

Salient characteristics
Xylella fastidiosa

Single, straight rods, 0.25-0.35%0.9-3.5 ym, that can form long
filamentous strands under some cultural conditions.

Gram negative.

Nonmotile, lacking flagella.

Endospores not produced.

Aerobic.

Colonies are non-pigmented: cream to white.

Two colonies types occur: umbonate and rough with finely undulate
margins, or convex, smooth and entire (Bradbury,1991).

Indole production, denitrification negative.
Oxidase negative and catalase positive.

Optimum temperature for growth, 26-28°C; optimum pH for
growth, 6.5-6.9. Nutritionally fastidious.

Found mainly in the xylem of plant tissue.
The mol% GC of the DNA is: 51.0-52.4 (Tm); 52-53.1 (Bd).

Bergey’s Manual of Systematic Bacteriology,2005 433



Diagnostics methods

Some more biochemical characteristics
i Xylella fastidiosa

= Gelatin is hydrolyzed and gelatinase is produced.

= Many strains produce B-lactamase. Beta-lactamase
was detected with penicillin-starch paper strips.

= [-galactosidase, coagulase, lipase, amylase, and
phosphatase negative.

= Indole and HS are not produced.

434



Diagnostics methods

Key biochemical and physiological
characteristics of X. fastidiosa

Oxidase reaction -
Gelatin liquefaction +
Indole production -
H,S production -

DL-lactate +
Glucose fermentation -
Temperature optimum 26 to 28°C
pH optimum (X, fastidiosa is very 6.5 t0 6.9

sensitive to variations in pH)

Diagnostic protocols for regulated pest,2018 435



Beta-lactamase test

1. Preparation of penicillin-starch paper strips

= Beta-Lactamase Test is a means of detecting the enzyme beta-
lactamase, which confers penicillin resistance to various
bacterial organisms by cleaving the beta-lactam ring of
penicillins and cephalosporin antibiotics.

= Preparation of penicillin-starch paper strips:

= Strips of Whatman no. 3 filter paper (approximately 5 by 1 cm)
are immersed in a solution of 0.2% soluble starch (BBL) and 1%
penicillin (potassium penicillin G for injection).

= The strips are then allowed to dry at room temperature for
approximately 2 h on a perforated metal rack.

= Dried strips are then stored at -20°C, which ensures their
stability for at least 1 year.

Jorgensen et al,1977; Hardy Diagnostics,2017 436



Beta-lactamase test
2. Performig the Beta-lactamase test

= 1o perform the test, a strip is removed from the freezer and placed
in a disposable plastic petri dish.

= The strip is thoroughly moistened with either Gram or Lugol iodine,
producing a deep purple color, and excess liquid is then poured off.

= Approximately 10 colonies of the primary growth of the test
organism on agar media are then applied to the center of the
moistened strip by rubbing it with an inoculating loop in a circular
fashion, describing a circle approximately 5 mm in diameter.

1. If penicillinase is produced, the deep purple color of the strip
becomes white within 1 min in the area where the organisms
were applied.

2. If penicillinase is not produced, the strip remains purple or
becomes slightly yellow at the immediate site of inoculation.

Jorgensen et al., 1977 437



Mechanism of disease development
The fastidian gum(EPS)

i

The fastidian gum(EPS) may be linked directly to the
pathogenicity of this bacterium.

Terminal fimbriae (also called type 1V pili) are
important for biofilm formation.

In addition, although the bacterium lacks flagella for
motility, terminal fimbriae aid in a type of incremental
movement called "twitching motility" which enables
bacterial cells to move against the xylem stream
(transpirational flow in xylem).

Expression levels of the X. fastidiosa gum genes
gumC, gumD, and gum) are affected by cell densitk/),
suggestingbthat X. fastidiosa EPS production could be
regulated by a quorum-sensing mechanism.
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Mechanism of disease development
The fastidian gum(EPS)

a.  Genetic map of the Xy/lella

fastidiosa gum operon; plasmids i P g
and targeted genes for \p—_ed A
disruption are indicated. 3 E E g ™
s.  Repeating units in gum polymer
expected from gumD and gumH . & -
mutants compared with the wild U %
type, as added to the polyprenol. i
c.  Putative exopolysaccharide Wi ipe
structure expected for the gumH | « I Finain .
mutant compared with the wild [ G i 1.
type; gumbD not shown because
no additional residues are aumi B wikd type
expected to be added to
polyprenol.
439
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The fastidian gum(EPS)

Biofilm assessment
1. On glass slides

= Slides were affixed to the inner surface of the wide-mouthed
glass jars (cat. # 02-911-420; Fisher Scientific) with
polydimethylsiloxane (Sylgard 184).

= Following sterilization by autoclaving, 20 mL of the PD2 and/or
sap media were added to the jars, followed by seeding with Xf
to an initial OD¢,, nm of 0.05, and incubation at 28°C with
agitation at 100 r.p.m. for up to 10 days.

= Subsequently, the glass slides were removed, cleaned of
extraneous cells on the backside and the biofilms imaged by
scanning with an Epson Perfection 4870 Photo scanner at 600
dpi resolution and managed with ADOBE PHOTOSHOP.

= For scanning electron microscopy (SEM), the same set-up was
used with the addition of coverslips attached to the glass slides
with a small quantity of polydimethylsiloxane. Once removed
from the jar and then from the glass slides, coverslips were
prepared for SEM according to Meng et a/., 2005.

Zaini et al,2009 440



The fastidian gum(EPS)

Biofilm assessment
On glass slides(continued)

= Formation of biofilms on glass
surfaces by Xylella fastidiosa.

s Cells were cultured at 28 1C

and 200 r.p.m. and

photographs taken after 7 PD2 50% 60% 70% 80% 90%  100% sap
days. P B S BT min R s

= Arrows indicate the biofilm P e e N
formed at the air-liquid , ' P

interface and submerged

regions.

= Highest growth and more
robust biofilms are attained at
high sap: PD2 ratios.

Zaini et al,2009 441



The fastidian gum(EPS)

Biofilm assessment
2. In 96-well polystyrene culture plates

= Biofilm development was also assessed in 96-well polystyrene
cuIture plates. Xf cells suspensions were made to an initial
nm of 0.1 in various PD2:sap mixtures and 150 mL were
cfed to wells of 96-well polystyrene plates (Falcon 35-1177;
Becton Dickinson). Cultures were maintained for 5 days at 28
1C with agitation at 200 r.p.m.

= A Synergy 2 plate reader (Biotek) was used to quantlfy the
OD¢,, nm in each well, and this was considered the ‘total’
measurement.

= One hundred microliters of the supernatant of each well was
transferred to wells in new plates and once again absorbance
measured. This was considered the ‘planktonic cell’
measurement.

= Original plates were then rinsed three times with water using a
plate washer (Biotek). This step removes planktonic cells and
amlll cells loosely attached or deposited in the bottom of the
well.

Zaini et al., 2009 442



The fastidian gum(EPS)

Biofilm assessment
In 96-well polystyrene culture plates(continued)

To determine attached cells, 200 mL of aqueous 0.1% crystal
violet was added to each well and plates kept at room
temperature (¢ 23°C) for 20 min.

Plates were washed three times as before with water, followed
Py tgle addition of 200 mL of 6:4 acetone: ethanol and agitated
or 5 min.

The acetone: ethanol—dye solution was measured at ODg,, nm.
This was considered the “attached cell” measurement.
A total of 44 samples for each media condition were used.

Ten microliters from the ‘planktonic’ suspensions were serial
diluted and 10 mL of each dilution dropped onto PW agar plates
without spreading to determine the number of CFU.

Independent dilutions were prepared with samples from three
96-well plates and the number of colonies for each condition
was averaged.

Zaini et al,2009 443



The fastidian gum(EPS)

Biofilm assessment
In 96-well polystyrene culture plates(continued)

Effect of xylem sap on
growth and biofilm formation
on polystyrene surfaces by
Xylella fastidiosa .

After 4 days of growth at
281C and 200r.p.m. in 96-
well plates, OD of total and
attached cells were
measured.

OD of planktonic cells were
also measured and numbers
of CFU counted.

0.14 “{b}

0.00 ——d:l—

(a)

OTatal
u Attached

& # B P P P S
L SR LR AT

CPlanktonic

s
& ‘:@w‘*ﬁ @p-;.a‘? .‘@aﬁ @hﬁ ds""@q\ df"“@ﬂ

CFU mL™" x 10%

Zaini et a/,,2009
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Diagnostics methods
Green fluorescent cell staining

= Longitudinal sections
of infected citrus
petioles.

= Plant xylem is depicted in
red or blue.

s X fastidiosa cells are
green.

= Xylem - water transport
network.

= interconnected dead cells.
= Sap very low in nutrients.

445



Immunostaining

‘_L Diagnostics methods

= This section of an
inoculated young grape
stem cuts across three
water-conducting
vessels.

= One of the three
contains Xy/ella
fastidiosa cells which are
seen as the red
fluorescent ring revealed
by immunostaining with
the Texas red-anti-rabbit
antibody conjugate.

Labavitch et a/.,2001 446



Serological diagnosis
Serological methods vs. molecular tests

= In general, the accuracy of the results obtained in each
laboratory for the ELISA tests was lower than the
accuracy values obtained using the molecular tests.

= The majority of the deviations were recorded for the
samples containing the lowest bacterial concentration
(5x10% CFU/ml), with several replicates testing negative,
i.e. producing negative deviations.

= However, excluding from the analysis these replicates and
considering the results obtained for the Xy/e/la
contaminated samples containing 5x10°6 CFU/ml and
5x1075 CFU/ml and the Xy/ella-free samples, all
laboratories were proficient with an accuracy of 100%.

EPPO,2017 447



Serological diagnosis

Indirect double antibody sandwich enzyme-
linked immunosorbent assay (DAS-ELISA) test

= Antiserum preparation:

= Polyclonal antiserum Female New Zealand white rabbits
weighing 2kg were endovenously inoculated with
standardized bacterial suspension at 1x10° X, fastidiosa
cells/mL in PBS, and this procedure was repeated three
times at 14 day intervals.

= Ten days after the last injection, the blood was
collected through cardiac puncture and the serum titer
and specificity were determined by indirect enzyme-
linked immunosorbent assay (ELISA) (Clark et a/.,1986)
and pre immune serum was used as a negative control.

Peroni et al,2008 448



Diagnostics methods

Double antibody sandwich (DAS)-ELISA test
i Specificity of indirect ELISA assay

= Specificity of antiserum:

= The reactivity of the X. /astidiosa antiserum was
tested by indirect ELISA, and the average of the
results was expressed as the optical density at 405
nm as a function of the concentration of antigens.

= The antiserum had a robust reactivity and its
detection ranged from 10° to 10% bacterial cells, and
detected X. fastidiosa with similar magnitude in
sample plant extracts.

Peroni et al,2008 449



Diagnostics methods

Double antibody sandwich (DAS)-ELISA test
i Kits for serological detection of X. fastidiosa

= All the collected samples from olive, citrus and
grapevine trees were tested by ELISA, using specific
polyclonal antibodies to X. 7astidiosa (Loewe
Biochemica, Germany), according to the manufacturer’s
instructions.

= In the presence of PBS-buffer, extracts were obtained
from leaf petioles and midveins, using mortars and
pestles.

= Absorbance was measured after 30, 60, 120 and 180
minutes (min) with a microplate reader (ELX800,
BioTek) at 405 nm.

Afechtal et al,2020 450



Diagnostics methods

Double antibody sandwich (DAS)-ELISA test
i Specificity of indirect ELISA assay

= Specificity of antiserum:

= These polyclonal antibodies are highly specific for X.
fastidiosa, since it has no cross-reactivity in ELISA
with other endophytic citrus bacteria such as
Methylobacterium mesophilicum, Methylobacterium
extorquens, Curtobacterium flaccumfaciens, Bacillus
sp. and Pantoea agglomerans.

= The cross-reactivity can interfere in the specificity,
making the diagnosis useless, due to false positive
results even in the absence of the X. fastidiosa.

Peroni et a/,2008 451



Diagnostics methods

Double antibody sandwich (DAS)-ELISA test
Specificity of indirect ELISA assay

= Detection limit of CVC by Indirect ELISA.

= (NC) Negative control (without X.
fastidiosa); (PC) positive control
(1x10® X, fastidiosa cells in PW medium);
1 x 10° bacterial cells of:

s (A) Methylobacterium mesophilicum, 25 1
s (B) Methylobacterium extorquens, 20 1
s (C) Curtobacterium flaccumfaciens, 15 1
» (D) Bacillus sp.,

n (E) Pantoea agglomerans;

10 o

0.D. (405nm)

0S 4

00 ~

= (lanes F to O) 10-fold serial dilutions of NOPC A B CODEF GH I J KLMNDO
X. fastidiosa ranging from 1010to 101 Bacterial cells
cells.

= Therefore, the ELISA sensitivity ranges
between 10%and 10° bacterial cells,
similar to PCR sensitivity that can amplify
around 106 cells per sample.

Peroni et a/,2008 452



Diagnostics methods

Double antibody sandwich (DAS)-ELISA test
Kits for serological detection of X. fastidiosa

= Kits for serological detection of X. /astidiosa can be
supplied by different companies.

= The ELISA kits from Agritest and Loewe have been
validated for olives, oleander, almond, citrus, oak,

grape and other species (i.e. weeds) (Loconsole et
al,2014).

EPPO,2016:2017 453



Diagnostics methods

Double antibody sandwich (DAS)-ELISA test
Xylella fastidiosa (Xfas) ELISA Kit

Contents of Kit:
##96 test format# #
Antibody (IgG): 0.1 ml
Antibody-AP-conjugate: 0.1 ml
Positive Control: 10 tests
Negative Control: 10 tests
Coating Buffer: 1 liter
Wash Buffer: 1 x 5 liter
Conjugate/Sample Buffer: 1 x 1 liter
Substrate Buffer (5x): 1 x 25 ml
Substrate Tablets: 4 x 5 mg
. Tween 20: 10 ml
High-binding ELISA plates: 12x8 wells
Sealing Cover: 1
Storage:

Our ELISA reagents are standardized for use at a dilution of 1:200 and a test volume of 200 pl/well. The
products must be kept refrigerated (ca. 4°C) upon receipt. Once opened, we recommend using the
reagents within 5 months.

@ & ¥ ®© W $H »® ¥ = U

— =
e T S

Creative Diagnostics 2024 454



Diagnostics methods

Double antibody sandwich (DAS)-ELISA test
Kits for serological detection of X. fastidiosa

= Qualitative results:

= The ELISA test worked properly: the positive control of the kit
reacted positively, whereas no color change was observed with
the negative control of the kit.

= Loconsole et al., 2014 performed several laboratory tests, in
which the reactivity of different commercially available ELISA
kits was compared, and showed that a kit from Loewe
(Biochemica GmbH, Germany) detected a higher number of
known positive samples with reactions occurring within 2 hours,
following manufacturer’s instructions and using the controls
supplied with the kit

= Thus, this kit was used for this preliminary survey on the
presence of X. fastidiosa in Morocco.

Afechtal et al,2020 455



Diagnostics methods

Double antibody sandwich (DAS)-ELISA test
i Kits for serological detection of X. fastidiosa

= Qualitative results (ELISA absorbance values at
405 nm wavelength):

s A sample is assessed as “positive” when the OD s
value is at least three times higher than the OD,,. value
of the negative control, conversely it is categorized as
negative when the value is below this threshold.

= A test was considered positive if the specified test well
emitted a blue color and generated an absorbance
reading >0.3000 using 620 nm as the measurement
wavelength on the SPECTRAFlour ELISA Reader.

EPPO,2016 and Torres,2012 456



Diagnostics methods

Double antibody sandwich (DAS)-ELISA test
Kits for serological detection of X. fastidiosa

= Performance values recovered in each laboratories for the ELISA test performed
using the kits Agritest and Loewe. Results of the homogeneity and stability tests

for the ELISA tests. OD 405 values are indicated for each replicate.

| HOMOGENEITY TEST
AGRITEST LOEWE
5X 1076 cells/ml 5X 1075 cells/ml 5X 10M4cells/ml healthy 5X 106 cells/ml 5X 1075 cells/ml 5X 107 4cells/ml healthy
Replicate 1 ) 1,722 0,197 0,037 2,510 1,449 0,148 0,040
Replicate 2 repetition 1 2,522 1,830 0,170 0,037 2,555 1,443 0,174 0,037
Replicate 3 2,649 1,777 0,168 0,013 2,488 1,391 0,157 0,010
Replicate 1 2,491 1,745 0,197 0,040 2,471 1,345 0,141 0,033
Replicate 2 repetition 2 2,485 1,835 0,169 0,028 2,533 1,447 0,174 0,018
Replicate 3 2,524 1,503 0,160 0,017 2,476 1,411 0,153 0,011
Quantitative homogeneity yes yes no yes yes yes no yes
Qualitative homogeneity yes yes yes yes yes yes yes yes
STABILITY TEST
AGRITEST LOEWE
5X 1076 cells/ml 5X 1075 cells/ml SX 10M4cells/ml healthy 5X 1076 cells/ml 5X 1075 cells/ml 5X 107 4cells/ml healthy
Replicate 1 2,733 1,557 0,111 0,045 2,730 1,602 0,130 0,045
Replicate 2 repetition 1 2,762 1,415 0,105 0,040 2,720 1,450 0,101 0,037
Replicate 3 2,796 1,643 0,099 0,020 2,747 1,629 0,123 0,025
Replicate 1 2,728 1,552 0,108 0,047 2,740 1,603 0,127 0,042
Replicate 2 repetition 2 2,768 1,423 0,105 0,036 2,715 1,445 0,103 0,030
Replicate 3 2,805 1,637 0,104 0,023 2,735 1,637 0,128 0,021
Quantitative stability no no no yes no no no yes
Qualitative stability yes yes yes yes yes yes yes yes
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Diagnostics methods
1. Plant sample preparation for ELISA test

= Tissue sources for ELISA tests can be leaves (including petioles), twigs
or canes.

= Samples can be prepared by macerating the leaves in extraction buffer
(1:10, w:v) using a mortar and pestle or tissue homogenizer (e.g.
Polytron, Homex, etc.).

= Samples can be frozen in liquid nitrogen for homogenization.

= For twigs and canes, the bark is removed, and pieces of stem can be
cut and minced with a razor blade and ground as described above.

= Comment: It should be noted that for some hosts species (e.g.
Quercus, Platanus) or some samples (due to the microbiota) high
background signals resulting in false-positive reactions (not confirmed
with molecular tests) can occur.

= In some cases, surface sterilization of the samples may help to
overcome this problem.

EPPO,2018 458



Diagnostics methods
Plant sample preparation for ELISA test

= Leaf peduncles and midribs excised from mature leaves are
the most suitable tissues for X. /astidiosa detection in
perennial crops.

= For annual herbaceous plants stem and leaf peduncles and
veins from basal leaves should be used.

= For each sample, at least 0.5-0.8 gr of tissue are recovered
from 5-10 leaves (according to the leaf size and consistency)
and used for DNA extraction or ELISA sap preparation.

= Samples should be inspected for symptoms and if present
symptomatic leaves (showing leaf scorching and necrosis),
selected and processed, removing the necrotic and dead
tissue.

DETECTION OF Xylella fastidiosa, 2015 459



Detection procedure
Plant sample preparation for ELISA test

0.5-0.8 gr of midveins and petioles excised from 10 leaves (size/symptoms/no

!l

symptoms/ecc.)

“ Advantage: process 0.5-0.8 gr of tissue
Rapresentativeness of the sample

Process 100 mg .
5 DNA extraction or "

ELISA/LAMP sap preparation

Loconsole,2016;..
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Detection procedure

Plant sample preparation for ELISA test
ELISA test

» Preliminary tests

- reactivity of different commercially

| available ELISA kits compared

_ A - kit from LOEWE (Biochemica GmbH,
ELISA sap Germany) detected a higher number

leaf tissues + extraction buffer (1:10) of known positive Sa mples

KIT LOEWE was used throughout the
validation and monitoring program in
2013-2014

Absorbance measured after 30, 60, 120 and 180 min with a
microplate reader at 405 nm.

REACTION POSITIVE = after 120 min, the absorbance 3 times
greater than the mean absorbance of healthy control samples.

Loconsole,2016;.. 461



Diagnostics methods

ELISA test
2. Colony suspensions were also tested by DAS ELISA

= Petioles from grapes were cut and ground in 1ml of distilled water
and dilutions (102 and 10-3) of this suspension were made.

= Aliquots of 300ul of each dilution were inoculated by triplicate in
liquid PW media.

m All cultures were incubated in the dark at 28°C under static
conditions.

= After 15 days PW broths were tested by DAS ELISA and only those
positive for X. fastidiosa were used in the isolation procedure.

= Solid PW broths were inoculated with 100ul aliquots of liquid PW
broth.

= Plates were incubated at 28°C and observed for bacterial colony
growth for 12 days.

= Colony suspensions were also tested by DAS ELISA.

Aguilar et al,2008 462



Diagnostics methods
ELISA test

Colony suspensions were also tested by DAS ELISA

= For each isolate two cell suspensions were prepared for species
confirmation with double antibody sandwich- enzyme linked
immunosorbant assay (DAS-ELISA).

= Using a 3mm inoculating loop, two clumps of bacteria were
removed from the PD3-G* media plates and thoroughly vortexed
in a 1.5 ml micro tube to suspend cultures in 1 ml of General
Extraction Buffer as provided in the Agdia DAS-ELISA Kkit.

= A test was considered positive if the specified test well emitted
a blue color and generated an absorbance reading >0.3000
using 620 nm.

A positive reaction was determined to be greater than the mean
of the absorbance at 490 nm of the negative controls plus
three times the standard deviation (Aguilar et a/,,2008).

Torres, 2012 463



Diagnostics methods

ELISA test
Colony suspensions were also tested by DAS ELISA

s DAS-ELISA of isolated
cultures.

= Photograph depicts results of e z
DAS-ELISA assay used to IR o o s s 8
identify suspected cultures (
as X. fastidiosa.

= Blue color indicates a
positive test where clear
wells indicate a negative
test.

= All clear wells in this
photograph correspond to
the negative controls.

Torres,2012 464



Diagnostics methods
Principle of the test

1. During the first step of the assay the surface of a microtiter plate is
coated with the antigen-specific coating-antibody (I1gG).

2. When an antigen-containing sample is added during the second step,
the antigen binds to the immobilized IgG, forming an antibody-
antigen complex.

3. This complex reacts with the enzyme-labelled antibody-AP-conjugate
during the third step by forming a double-antibody sandwich.

4. During the fourth step the alkaline phosphatase (AP) reacts with the
substrate 4- nitrophenylphosphate (PNP) in an enzymatic reaction,
resulting in yellow coloured 4-nitrophenol as product.

This colour development can be evaluated visually or measured in a
spectrophotometer at 405 nm after 1 and 2 hours.

The products must be kept refrigerated (ca. 4°C) upon receipt.
Once opened, we recommend using the reagents within 5 months.

465
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Diagnostics methods | &
The procedure for the ELISA test

= The following steps must be followed:

= 1. Coat the plate:

= Dilute the IgG (anti-X7.-IgG) or capture antibody/coating antibody 1:200
(Loewe)/1:500 (Agritest) in coating buffer in 1.5-2.0 mL microvials e.g.
Eppendorf tube (mix the prepared capture antibody solution thoroughly and use
immediately) and load 100 or 200 pl to each well of the microtiter plate.

= Prepare a humid box by lining an airtight container with a wet paper towel.
Keeping test wells in a humid box during incubation will help prevent samples
from evaporating.

= Cover the plate tightly and place it in a humid box.

= Incubate the plate at 37°C for 4 h.

= 2. Washing step:

= Remove the sap from the wells (use a quick flipping motion to empty the wells
into a sink or waste container) and wash 4 times the plates using the washing
buffer, remove any liquid by blotting the plate on paper towels.

Note: All antibodies and enzyme conjugates should be prepared in a container made of a material such as
polyethylene or glass that does not readily bind antibodies. Do not use polystyrene, polypropylene or polycarbonate.

466
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Diagnostics methods
The procedure for the ELISA test

3. Plant sap preparation and Antigen incubation:

Homogenize the samples in extraction buffer 1:10 (w/v): weigh at least
0.5 g of leaf petioles and basal portion of the leaves, cut in small
pieces using a razor blade (while processing the samples, sterilize the
blade between samples).

Transfer the plant tissue into the extraction bags and add 5 ml of
extraction buffer; crush with a hammer and grind by a semi-automated
homogenizer (i.e. Homex).

Transfer 1 ml of sap into a microcentrifuge tube that store at 4°C until
use, allowing plant debris precipitation.

Load 100 or 200 pl of plant extract to each well of the microtiter plate.

Include two wells per plate for both the positive and negative controls
(see next slide).

Cover the plate and incubate at 4°C overnight in a humid box.

467
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Diagnostics methods

The procedure for the ELISA test
Positive and negative controls

= Positive and negative controls should be prepared as described below:
= Positive controls:

= Obtain a 48-h culture of a virulent strain of the target bacterium on Nutrient
Agar medium or another suitable general medium and suspend in PBS buffer to
obtain a cell density of approximately 108 cells ml-

= This is usually obtained by a faintly turbid suspension equivalent to an optical
density of 0.1 at 600 nm.

= Negative controls:

= Healthy plant extract (for detection) or a suspension of the heterologous
bacterial species (for identification) should be used as negative controls. The
healthy plant should be the same species and preferably the same variety and
the same plant part at the same growth stage for better comparison with the
samples to analyse.

= Aliquots/extracts of the same host plant which previously tested negative for the
target bacterium can be used as negative controls.

4
EPPO Standard in 2010-09 o8



Diagnostics methods

The procedure for the ELISA test
Continued...

4. Washing step:
Repeat step 2.

5. Add the detection antibody (always make enzyme conjugate solution within 10
minutes before use):

Dilute enzyme-conjugated antibodies (anti-Xf.-AP conjugate) 1:200 (Loewe)/1:500
(Agritest) in conjugate buffer. Add 100 or 200 pl to each well of the microtiter plate.
Cover the plate and incubate at 37°C for 4h in @ humid box.

6. Washing step:
Repeat step 2.
7. Add Substrate:

Dissolve the p-nitrophenylphosphate(PNP) (0.6-1 mg/ml) in substrate buffer and add
100 or 200 pl per well. Incubate at room temperature (18-25°C) till the yellow color
reaction start to develop and read the plate at 60-120-180 min (if necessary, prolong
the reaction over-night) using a plate reader at A =405 nm.

The enzymatic reactions can be stopped by adding 25 pl 3 M NaOH (Sodium
Hydroxide) to each well.

DETECTION OF Xylella fastidiosa,2015:... 469



Diagnostics methods

The procedure for the ELISA test
Buffers required for ELISA (with no sterilization)

= PBS (pH 7.4):
NaCl 8g
KH,PO, anhydrous 0.2g
Na,HPO, anhydrous 1.15¢
KCI 0.2g
NaN;(optional) 0.2g
Bring final volume to 1L with distilled water.

= Washing buffer (PBST):
PBS 1L
Tween-20 0.5 ml
Store at room temperature.

= Coating buffer (1 L; pH 9.6):

Na,CO5 anhydrous 1.59¢g
NaHCO3 2.93 g
NaN; (optional) 0.2 g

Storeat 4°C.  DETECTION OF Xylella fastidiosa, 2015 470



Diagnostics methods

The procedure for the ELISA test
Buffers required for ELISA(with no sterilization)

= Extraction buffer/Conjugate buffer (1 L; pH 7.4):

PBST 1L
Polyvinylpyrrolidone (PVP-25) 20g
Bovin serum albumin (BSA) 2d

Store at 4°C.
= Substrate buffer (1 L; pH 9.8):

Diethanolamine 97 ml
MgCl, x 6H,0 0.2g
NaN; (optional) 0.2g

Bring to final volume of 1 L with distilled water. Adjust pH to 9.8 with 1N HCI.
Store refrigerated at 4°C.

DETECTION OF Xjlella fastidiosa,2015;.. 471



Molecular Diagnosis of Xy/ella
PCR approaches to X. fastidiosa study

= The most commonly used PCR approaches to X.
fastidiosa study, ranging from classical PCR, to
several PCR-based detection methods:

1. random amplified polymorphic DNA (RAPD),

2. quantitative real-time PCR (gRT-PCR),

3. hested PCR (N-PCR),

4. immunocapture PCR (IC-PCR),

5. short sequence repeats (SSRs, also called VNTR),
6. Single nucleotide polymorphisms (SNPs), and

7. multilocus sequence typing (MLST).

Baldi and La Porta, 2017
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Molecular Diagnosis of Xy/ella
PCR approaches to X. fastidiosa study

The most commonly used PCR
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Molecular Diagnosis of Xy/ella

PCR approaches to X. fastidiosa study
The most commonly used PCR

Forward primer Reverse primer Size Target Hosts Cil Wos R
- G-Scholar
RST31: GCGTTAATTTTOGAAGTGATTOGA RST33: CACCATTCGTATCCCGGTG 733 7.4 kb EcoRY restriction Grapevine, citrus, oak, red 193-285
tragment CAMOE, plum
XF1-F: CAGCACATTGGTAGTAATAC XF8_R: ACTAGGTATTAACCAATTGC 400 Grapeving, gmond, plum, (nd 2004) - 16
American elm
GACCATTACTGCTG 208-2: ACGG STATCA RAPD fragment Citrus, grapevine, mulbarry 118-180
amond, plum, &m, cak
ragweed, perwinkle
203-1: CACGGCGAGTATCGGCTTTC 203-2 CAOCGGOGAGTCGACGTAAAT 2000 - -
204-1: TTCGGGCCGTCAATGTGTTG 204-2 TTOGGGCCGTTTACTCAAG 80( - -
230-1: OCGTCGOCCATCAACGOCAAA 230-2: CGTOGCCCATTGTGCTGCAG 700
272-1: AGOGGGCCAATATTCAATTGC 272-2: AGCGGOCCAAMACGATGCGTG 700 - ,
272-1-int: CTGCACTTACCCAATGCATOG 272-2-int: GCOGCTTCGGAGAGCATTCCT 500
CVC-1: AGATGAAAACAATCATCGAAA 272-2: AGCGGGCCAMACGATGCGTG 800 - Citrus
CVC-1: AGATGAAAACAATCATCGAA 272-2-ink: ( JGCTTCGGAGAGCATTCCT 00 Citrus (specihic)
XF1788: AAMCAAT CACAGGGOACTAC XFo54r: CTATCCOGAACACTTICCTATG 79 PD-spaciic RAPD ragment Grapevine Perce's disease) 20-29
P01-1-2
XF1786: AMCAATCACAGGGGACTGC XF886r: ATATTCATAGATTOOGTCGA " Citrua, mubernry, oak
PEIWINSGS, PEAch, phum
INon-Pleroe s diseass)
0087 -8-8-19: COUUAGCACATTGOTAGTA 1439-8-A-19: CICCTOGOCGGTTAAGCTAL 1,348 16S1DNA Citrus, grapevine, mulerry $3-70
0067-8-8-19: CGACAGCACATTGGTAGTA 0838-a-A-21: COATACTGAGTGCCAATTTGL ]
0838-8-8-21: GCAAATTGGCACTCAGTAICG 1439-a-A-19: CTCCTOGCOGTTAN 800
FXYgyrd408: CAGTIAGGOGTGTCAGCO RXYgyr907: CTCAATGTAATTACCCAAGAT 429 it polypeptide of the
NA gyrase (gyr)
G1: GAAGTCGTAACAAGG L1: CAAGGCATCCACCOY 522 165 rONA Porcelan berry, wikd grape
Mulerry
Teme150fc: TCTACCTTATCGTOGGGAAC TemedSarg: ACAAC TALGTAT TAACCAATTGOC 348 165 rDNA Almond 54-78
Teme150fc: TCTACCTTATCO TOGGOOAL X11681031r: AAGOCACCAATCCATCTCTG 70K
DixondSdta: CCTTTTAOTTOGOGOAAMIAMA Dixon1281rg: TAGCTCACCCTCGOOGAGATC 847
REP1-R: IICQICGIATCCIGNN Xt-1: COGOGATATAGGAGGOATTAT 16( Amplified genamic fagment Citrus, grape. almond 3
muery, oak, perwrinke,
phum, coftes, oim, ragwesd
XF1988-L: GGAGGT TTACCGAAGACAGAT XF1988-R: ATCCACAGTAAAACCACATGC 638  Gena XF1068 Amaond, cleancer 21-42

Baldi and La Porta,2017
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Molecular Diagnosis of Xy/ella
PCR approaches to X. fastidiosa study

he most commonly used PCR

Forward primer

Reverse primer

- G-Scholar

XF2542-L:TTGATCGAGCTGATGATCG

ALM1: C
168-23SF: GATGACTGGGEATC

GCAGAMITAGAAACTTCAG

3

AGTCGT

307 BBF:

AAGTCAGGGTAGCGTCTIC

HQ-OLS08: 1GTAC CCTGAAACCAICTTG
DOSBL: AACAAGGGACCTTCCATGC

G1511: GATCCGOAAGTOGGGAGATTIACTATC

A1511: GATGOGGAAAC

SAGATTACTATT

AT CATGOTGGTGG

GTTCGACGATAAC

G2231: CGGTGOOGAMOGGTAATCE

AS4SE: TTTTTCAATGTTGGCGACAGGCTTACT
BOO1L: TTAGGTGGOAAGGATOGAAT

A284r:
GACGAGTTTGCCAAGTTTGATGATGAAATT
1088L: CGTGGGTCACGAGTCATAAA

PapB-258k TGAQTGCCTGCOGTGATA
XFPgIA_Pw: GCCTCCOGTGCGACTGCTTIC

Mul-15040-F: ATTTTCOGCOATTITGGAGTT

Xta-rpod-F4: ACTGAGGTTGTICGTTGOCTT

Xfo-dnaA-2F; TTOCATCAAATTGACGCGOT

XF2542-R: CAGTACAGCCTGCTGGAGTTA

CGTGATCTATGAA

16S-238R: GACACTITICGC

AGGCTACC

843 BBR: GGCTTICTCTGTOGAITITOG

IGAAGCTTTGAGTAAGGG
GOACCTAAAT

HQ-OLSO0S: 11C
D8S8R: AGCAATCGCT

G368r: GCCATTGCAAAGUAGTACGCTCA

AATAA]

AS18r: GCCTTTACGCOOL GA

M76e: CAACAATGCCGTTGTC

CAQCG

G706r: GGAGAAATGTTTOGCAAGACACGGC

AT08r: GGAGAAATGTTTGGCAAAGACAGGT

B482R: GOOCCGATCAAAATCAATCT

ABB0r: GCCAGTCOGAACCCACCAAG

B88R: TCACACAAAMCTACGGCACTO

PapB-256r: COAMCTTGGCAGCTAACG
XFPgIA_Rv: GCTGCGATTAGACACACATTG

Mul-15040-R: TTCTTGTGTACTCCGOCTCA

Xta-rpod-Ra: CCTCAGGCATGTCCATTTCL

Xfa-dnaA-2R: CGGCAAGCATGTAACACTGY

306

e

nops

RAPD tragment

Succingl-CoA synthetase

alpna subun (¢
DNA polymerase || subunit
beta (dnaN

DNA polyrmerase || subunit

{dnaN)

Ll polypeptide of the

yyvase (gyrs)
mdn Malate defwarogenase
mdh Malate delwarogenase

P8 Pepticyt-promd

Li-Uans iIsomerase

HA Citrate &

rpel 305 rdbosomal protein

S8

papB Serne proteass

Daciithiol system
oxdosductase. YA tamily
ANA polymemsae sigma-70
tactor rpol

Crvomosomal replcation

nitlatoe protein DnoA (dnad)

nd, Spanesh

broom, Brassics spp

Grape, am

Almand (specific)

Citr coffee, grapavine

mulDerry, aimond el

ragweed, panwinikie
Grape, Sea myrtie,
Redspike Mexican hat
other

Olsander (speciic)

Amond

Pecan, Grapevwa

Oleander, sycamomns

Mubenry and olive (specitic)

10-14
1-2

Baldi and La Porta,2017
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PCR detection and identification of
plant pathogenic bacteria

Name of primers and target DNA used

Genus Xylella

Species / hosts

Primer name

Target DNA

Var,

iant of PCR protocol

Sample (treatment)

Reference

Synonyms/observations

X. fastidiosa / citrus

X. fastidiosa citrus strains
specific
CVC-1/272-2-int
RAPD fragment
X. fastidiosa strains
(general)
272-1-int/272-2-int

Conventional

Bacteria, sap (DNA
extraction)

Pooler and
Hartung, 1995

XF2542-L/XF2542
XF2542 fimbrial protein
gene
ALM1I/ALM2

Genomic DNA (unknown)

X. fastidiosa

272-1/272-2 (external)
272-1-int/272-2-int
{internal)

RAPD fragment

Nested
+
Immunomagnetic
separation (IMS)

Immunomagnetic
separation of insects
tissue extracts

Pooler et al.,

1997

X. fastidiosa

S8 X fas (sets A, B, O)
165 rRNA gene

Multiplex

Plant tissue, vector

insects (DNA

Rodrigues ez af,,

PXYW;?E/?C}EES}TWT extraction] 2003
RST31/RS8T33 C tional
. A Conventiona
o Genomic DNA (unknown) Plant (DNA Costa et al.
X. fastidiosa Immunocapture and extraction) 2004
I'|%1r£l;lon conventional
RST31/RST33 Conventional
Genomic DNA (unknown)
HL5/HLé& Plant and insect Francis ef al
X. fastidiosa Genomic DNA (unknown) Real-time vectors (DNA b
S rea-tme ectons 2006
Probe (TagMan) extraction)
5°6FAM-labeled
3'BHQ1™ labeled

Palacio-Bielsa et a/.,2009




PCR detection and identification of
plant pathogenic bacteria

Name of primers and target DNA, sample treatment in the original article, variant of PCR protocol, reference
and observations for plant pathogenic bacteria according to ISPP nomenclature. When the nomenclature
reported in articles differs, the originally cited names of side of the table bacteria are indicated on the right

ILIJ}‘I‘AMR&ILI 1

Genomic DNA (unknown)

Primers
CVC-1/CCSM-1
X fastidiosa / citrus Probe Real-time Bacteria, leaf (DNA | Oliveira et al,
. TAQCVC 5°6FAM- (TagMan) extraction) 2002

grapevine

Genomic DNA (unknown)

Conventional

sodium ascorbate
addition)

X. fastidiosa / grapevine RST31/RST33 Conventional Bacteria, leaf (DNA | Berisha ez af.,
| Genomic DNA (unknown) i extraction) 1998
XfFI/XfR1 Real-time
e eal-time
ITS region (TaaM:
XfF2/XfR2 Taqilan) .
165 rRNA gene Sa? and_ macerated .
X_ fastidiosa { grapevine Probes chips ‘.Dl' scc.onf.{ar}- Schaad er al,
56FAM-labeled . ) trunks of vines 2002
3TAMRA labeled (ITS) Mult]lrp}cx-]{cd-tlmc xylem (untreated)
56FAM-lsbeled (TagMan)
3 TAMRA labeled (165)
XfF1/XfR1 Real-time Xylem sap (DNA Baumgartner
ITS region {TagMan) extraction) and Warren,
X_ fastidiosa [ grapevine Probe 2005
- 5'6FAM-labeled Leaf and petiole
3 TAMRA BIO (directly or previous | Fatmi ez al,
labeled ITS (Agar absorption) plating) 2005
Plant and xylem
X fastidiosa / citrus and RST31/RST33 fluid (PVPP and Minsavage et al.,

1994

X. fastidiosa grapevine

Multiprimer

2006

strains Minsavage et a/, | Recommended in the EPPO protocol.
X fustidiosa f citrus and RST31/RST33 Plant and xylem 1994; Pooler
- ) Genomic DNA (unknown) Conventional fluid (DNA and Hartung,
grapevine X fastidiosa citrus strains extraction) 1995; Anon.,
CVC-1/272-2-int 2004b
RAPD fragment
X fastidiosa / citrus and JB-1/]B-2 Conventional Plant tissue (DNA Ferreira ez al, Strains from various hosts amplified at annealing 64°C.
coffe RAPD fragment : extraction) 2000 Only citrus and coffe related strains amplify at 68°C.
X_ fastidiosa / grapevine RST31/RST33 Conventional E:Ci:jrr)‘ic,? P | Bextine and
and oleander Genomic DNA (unknown) -onventiona i plant it Miller, 2004
extraction)
XF1968-L/1968-R Conventional
. S . . . . Hernandez-
X fastidiosa [ grapevine, XF1968 methyltransferase Bacteria, plant tissue .
- , . Martinez et al,
almond, oleander gene (DNA extraction)

Palacio-Bielsa et a/.,2009




Molecular Diagnosis of Xy/ella
PCR approaches to X. fastidiosa study

The most commonly used PCR

Primer Name Sequence Reference Application
272-1-INT CIGCACITACCCAATGCATCG Pooler and 1 lartung (1995) Detection
272-2-INT GCCGCTTCGGAGAGCATICCT Pooler and Hartung (1995) Detection

27f AGAGTTIGATCMTGGCTCAG Lane (1991) Detection
143r GICCCCCACGATAAGGTAGA Lane (1991) Detection
5-5-X fas-0067-a-5-19 CGGCAGCACATIGGTAGTA Rodrigues et al. (2003) 165 Sequencing
S5-5-X fas-0838-a-5-21 GCAAATIGGCACTCAGTATCG Rodrigues et al. (2003) 165 Sequencing
S5-5-X fas-0838-a-A-21 CGATACIGAGIGCCAATITGC Rodrigues et al. (2003) 165 Sequencing
5-5-X fas-1439-a-A-19 CICCTCGUGGTITAAGCTAC Rodrigues et al. (2003) 165 Sequencing
1525r AAGGAGGTGWTCCARCC Lane (1991) 165 Sequerlcing
1439-3-5-19 GTAGCTTAACCGCGAGGAG Modified from Rodrigues et al. (2003) 165-235 Sequencing
Xf 165 1430F AGCAGGTAGCITAACCGCGA Mundell, this sh_ldj-' 165-235 Se{.]umcirlg
235 uni 322 GGITCITTTCGCCTITICCCIC Honeycutt et al. (1995) 165-235 Sequencing
G1 GAAGTCGTAACAAGG Jensen et al. (1993) 165-235 Sequencing
235- TACGGC CCT TIC GGA TAC AG Mundell, this study 165-235 Sequencing,
235-A-1998 ACCAGGTTCGCCTICCTTGAG Mundell, this study 165-235 Sequencing
23r GTGCCAAGGCATCCACC Li and de Boer (1993) 165-235 Sequencing
FXYgyrd99 CAGTITAGGGGTGTCAGCG Rodrigues et al. (2003) gyrB Sequencing
RXYgyr907 CICAATGTAATTACCCAAGGT Rodrigues et al. (2003) gyrB Sequencing
LHI185RNAF CGCGGTAATTCCAGCTCC Mundell, this sh_ld}' LI18SRNA
LH185RNAr CGGIGTGTACAAAGGGCAGG Mundell, this study LHI18SRMNA
LH285RNAF GAGAGTTCAAGAGTACGTGA Mundell, this sh_ld}' LIHZ8SRNA
LH285RNAr CAGCICIGACGATCGATIG Mundell, this study LH2BSRENA
Primer Set Forward Primer Reverse Primer Application uﬁ;iﬁp) l;:::lt;:et;l;'l T A;nnea:l‘i:g(“c]
27§-143r 27¢ 143r Detection 116 83.01-843 60
272-int 272-1-int 272-2-int Detection 472 79.4-809 62
165SetB  55-Xfas-0067-a-5-19  5-5-X fas-0838-a-5-21 165 Sequencing 771 82.05-84.28 56
165Set C  S5-5-X.fas-0838-a-A-21 S-5-Xfas-1439-a-A-19 165 Sequencing 619 83.63-84.48 56
1652nd  S-5-X.fas-0838-a-A-21 1525r 165 Sequencing 707 83.45-83.74 56
gyrB FXYgyrd9v9 RXY gyr907 gyrB Sequenclng 429 79.72.80.27 54
LHISSRNA LHI8SRNAf LHISSRNAr Leafhopper 185 rDNA 1156 8276-83.63 62
LHZ8SRNA LHZ8SRNAS LH28SRNAT Leafhopper 285 rDNA 800 89.6-89.95 62

Mundell,2005




Molecular Diagnosis of Xy/ella

Conventional PCR(C-PCR)
DNA extraction for plant material

= CTAB-based extraction

= 0.5-1 g of fresh small pieces of midribs, petioles, leaf basal part or twigs (1/4 of the
indicated amount, if lyophilized) should be weighed, put into the extraction bags or into
suitable tubes with 5 mL of CTAB buffer and homogenized using a homogenizer (e.g.
Homex, Polytron, etc.).

= 1 mL of extract should be transferred into a 1.5-mL micro-centrifuge tube and the sample
should be heated at 65°C for 30 min and then centrifuged at 16 000 g for 5 min. 1 mL of
the supernatant from centrifugation should be transferred to a new 2-mL micro-centrifuge
tube, with care being taken not to transfer any of the plant tissue debris. 1 mL of
chloroform:isoamyl alcohol (24:1) should be added and the sample should be mixed well by
shaking.

= After centrifugation at 16 000 g for 10 min, 700 pL of the supernatant should be transferred
to a 1.5-mL micro-centrifuge tube and 490 uL (approximately 0.7 volumes) of cold
2-propanol should be added. After mixing by inverting twice, the tube should be incubated
at -20°C for 20 min.

= Centrifugation of the samples at 16 000 g for 20 min will allow recovery of a pellet that
should be washed with 1 mL of 70% ethanol. An additional centrifugation at 16 000 g for
10 min and decantation in 70% ethanol should be performed. Sample should be air or
vacuum-dried. The pellet should be resuspended in 100-150 pL of TE buffer or RNase- and

DNase-free water.

EPPO Standards, 2016 479



Detection procedure

Conventional PCR(C-PCR)
Sample preparation DNA extraction

0.5-0.8 gr of midveins and petioles excised from 10 Ieaves (5|ze/symptoms/no
symptoms/ecc.) |

i Advantage: process 0.5-0.8 gr of tissue
Rapresentativeness of the sample

Liquid-nitrogen

Process 100 mg ;
i e DNA extraction or (

ELISA/LAMP sap preparation

Loconsole,2016;.. 480



Molecular Diagnosis of Xy/ella
i Conventional PCR(C-PCR)

Nucleic acid extraction from pure cultures

= For pure cultures, a single colony of fresh pure
culture is suspended in approximately 1 mL of
molecular-grade water; lysis should be performed at
100°C for 5 min.

s Extracts of total nucleic acids can be stored at 4°C for
immediate use or at —20°C for further use.

EPPO Standards,2016,2018,2019 and 2023 481



Molecular Diagnosis of Xy/ella

Conventional PCR(C-PCR)
Primers used for detection of ribosomal RNA (16S rDNA)

= Primers were designed based on the sequence of the
16S rRNA gene (XFr04) of X. fastidiosa strain 9a5c,
isolated from sweet orange in Brazil.

= [he primers, designated

= XFrO4af (5'-TAAGTG AAG AGT TTG ATC CTG GC-3),
and

= XFrO4ar (5'-AAAGGA GGT GAT CCA GCC-3"), directed
the amplification of the entire gene, producing an
amplicon of 1,545 bp.

Montero-Astua et a/,2007 482



Molecular Diagnosis of Xy/ella

Conventional PCR(C-PCR)
Primers used for detection of ribosomal RNA (16S rDNA)

XF1-F:
CAGCACATTGGTAGT
AATAC

0067-a-5-19:
CGGCAGCACATTGGT
AGTA

S-S-X.fas-0838-a-S-
21(Forward):
GCAAATTGGCACTCA
GTATCG

0067-a-5-19:
CGGCAGCACATTGGT
AGTA

Gl1:
GAAGTCGTAACAAGG

XF6-R:
ACTAGGTATTAACCAATTGC

1439-a-A-19:
CTCCTCGCGGTTAAGCTAC

S-S-X.fas-1439-a-A-
19(Rrverse):
CTCCTCGCGGTTAAGCTAC

0838-a-A-21:
CGATACTGAGTGCCAATTTGC

L1: CAAGGCATCCACCGT

1,348

603

745

522

16s rDNA

16s rDNA

16s rDNA

16s rDNA

16s rDNA

Baldi and La Porta,2017;..

Grapevine,
almond, plum,
American elm,

citrus

Citrus, grapevine,

mulberry

Porcelain berry,
wild grape,
Mulberry

Firrao and
Bazzi,
1994

Rodrigues et
al,
2003

Rodrigues et
al,
2003

Rodrigues et
al,
2003

Huang and
Sherald, 2004

483



Molecular Diagnosis of Xy/ella

Conventional PCR(C-PCR)
Primers used for detection of ribosomal RNA (16S rDNA)

Temel50fc:
TCTACCTTATCGTGG
GGGAC

Temel50fc:
TCTACCTTATCGTGG
GGGAC

Dixon454fa:
CCTTTTGTTGGGGAA
GAAAA

Teme454rg: 348 16s rDNA
ACAACTAGGTATTAACCAATT
GCC

Xf16s1031r: 700 16s rDNA
AAGGCACCAATCCATCTCTG

Dixon1261rg: 847 16s rDNA
TAGCTCACCCTCGCGAGATC

Baldi and La Porta,2017;..

Almond

Chen et al,
2005

Chen et al.,
2005

Chen et al.,
2005
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Molecular Diagnosis of Xy/ella

Conventional PCR

X. fastidiosa-specific (sets A to C) primers target ribosomal RNA (16S rDNA)

a.  Scheme of relative position of
the 16S rRNA gene-specific
primers for X. fastidiosa.

B. Ethidium bromide-stained
agarose gel of PCR products
after amplification of the 16S
rRNA gene with eubacterial
(Eub) or X. fastidiosa-specific
(sets A to C) primers.

= The expected sizes for specific
primer sets A, B, and C are

1,348, 745, and 603 bp,
respectively.

Rodrigues et a/.,2003

(A) §-5-X fas-0067-a-5-19

» >
L]

« <1S.-8-. r -a-A-
155X fas-0838-a-A-21 !IS S-X.fas-1439-a-A-18

§-5-X.fas-0838-a-5-21

745 bp (set B)

i
i
603 bp (setC) i

1348 bp (sat A) i

.........................................

(B)

1 234567 8 910 111213141516171818202122232425

1584 bp_y
831 bp—y

«—1348bp

«— 745bp
<— 603 bp

setC
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Molecular Diagnosis of Xy/ella
Conventional PCR(C-PCR)

Primers used for detection of the target genes RNA
polymerase sigma factor (RST) and ribosomal RNA (16S rDNA)

= The primer sets tested in this work have previously been used for
generic detection of X. /astidiosa by targeting conserved genomic
regions.

= The list includes primers RST31/33 targeting RNA polymerase
sigma-70 factor (rpoD)(Minsavage et al,1994), which are widely
accepted for the detection of the bacterium in quarantine programs
(EPPO, 2004), as well as primers targeting the 16S rDNA genomic
region (Firrao et al.,1994; Rodriguez et a/.,2003), which are more
suitable for accurate detection of a wider number of genetically
diverse strains of X. fastidiosa (Harper et al.,2010).

Target gene Primers Amplicon size (bp)  Sequence (5' ®3') References

RNA polymerase  RST:31 B} GCGTTAATTTTCGAAGTGATTCGATTGC o :

sigma factor RST33 733 CACCATTCGTATCCCGGTG Minsavage et o ., 1994
Geccmenen e -

Loconsole et al,2014 486



Molecular Diagnosis of Xy/ella
Conventional PCR(C-PCR)

Primers used for detection of the target genes RNA
polymerase sigma factor (RST) and ribosomal RNA (16S rDNA)

= The primer sets tested in this work have previously
been used for generic detection of X. fastidiosa by
targeting conserved genomic regions.

= The list includes primers RST31/33 (Minsavage et
al,1994), and primers targeting the 16S rDNA
genomic region (Firrao et a/.,1994; Rodrigues et
al.,2003), which are more suitable for accurate
detection of a wider number of genetically diverse
strains of X, 7astidiosa (Harper et a/.,2010).

Loconsole et a/,,2014 487



Molecular Diagnosis of Xy/ella
Conventional PCR(C-PCR)

Primers used for detection of the target genes RNA
polymerase sigma factor (RST) and ribosomal RNA (16S rDNA)

= PCR reactions for amplification of 16S rDNA and RNA
polymerase sigma factor (RST) were performed in 1X GoTaqg
buffer (Promega, USA) in a final volume of 25 pul containing 2 pl
TNA, 160 uM dNTPs, 0.2 yM of each primer and 1.25 U of
GoTaqg DNA polymerase (Promega, USA).

= PCR conditions were different depending on the primer set
used.

= They initially consisted of a denaturation step at 95°C for 5 min
followed by 35 cycles of 30 sec at 94°C, 30 sec at 50°C for XF1-
F/XF6-R or 55°C for RST31/RST33 and S-S-X.fas-0838-a-521/S-
S-X.fas-1439-a-A-19, and 40 sec at 72°C.

= All reactions were finally extended at 72°C for 7 min and
visualized on agarose gel.

Loconsole et al,2014 488



Molecular Diagnosis of Xy/ella
Conventional PCR(C-PCR)

Primers used for detection of the target genes RNA
polymerase sigma factor (RST) and ribosomal RNA (16S rDNA)

= Gel electrophoresis of PCR products recovered XF
from the samples XF1-XF12. M 12 34 567 809 101112+ - NIC
=  Target gene/primers:
1. RNA polymerase sigma factor RST-31/RST-33
(733 bp) Ll < 733bp
2. 16S rDNA XF-1/XF-6 (404 bp)
3. 16S rDNA S-S-X.fas-0838-a-S-21/S-S-X.fas-1439-
a-A-19 (603 bp)
M. DNA ladder;
A + = positive control; 700 bp —>
B. - = negative control; il
C NTC = non-template control.
=  The primer set XF1/XF6 and S-S-X.fas-0838-a-S-
215-S-X.fas-1439-a-A-19 gave comparable results,
while primers RST31/RST33 amplified DNA bands Wole-® x| bl < sty
showing a lighter signal.

Target gene Primers Amplicon size (bp)  Sequenee (5 ®37) References
RNA polymerase RST-31 . GCGTTAATTTTCGAAGTGATTCGATTGC . o
sigma factor RST-33 22 CACCATTCGTATCCCGGTG Minsavage ef af ., 1994
¢ XF1 N CAGCACATTGGTAGTAATAC = e
b5 rDIN/ el { g e s e Sttt “irrao ar azzi, 199
165 rDNA XE.6 404 ACTAGGTATTAACCAATTGC Firrao and Bazzi, 1994
¢ R 5-5-X.fas-0838-a-5-21 P GCAAATTGGCACTCAGTATCG S TSP S
165 rDNA SSXfas14390410 OO CTCCTCGCGGTTAAGCTAC Rodrigues et al, 2003

Loconsole et al,2014 489



Molecular Diagnosis of Xy/ella

Conventional PCR(C-PCR)
PCR primers

o PCR using universal primer set RST31-RST33 generated an expected 721-bp
amplicon, confirming the X. 7astidiosa identity of the Almond leaf scorch
disease(ALSD) strains. Target part of the rpoD gene (sequence is located in the
3’ end of the gene rpoD) coding for an RNA polymerase sigma-70 factor.

= RST31F: 5'-GCGTTAATTTTCGAAGTGATTCGATTGC-3’
= RST33R: 5-CACCATTCGTATCCCGGTG-3’

o 16S rRNA gene sequences are highly conserved at the species level, making
them good candidates for species identification.

s XF1-F: 5'-CAGCACATTGGTAGTAATAC-3’
s XF6-R: 5'-ACTAGGTATTAACCAATTGC-3’

o Universal primers 272-1-int and 272-2-int, targeting hypothetical protein HL
gene generate a PCR product of 500/600 bp may also be used to to detect all
known strains of X. /astidiosa including citrus as well as for grapevine.

o 272-1-int (forward): 5-CTG CAC TTA CCC AAT GCA TCG-3’
o 272-2-int (reverse): 5’-GCC GCT TCG GAG AGC ATT CCT-3’

Huang and Sherald,2004; EPPO,2016; ISPM 27,2018 490



Molecular Diagnosis of Xy/ella
Conventional PCR(C-PCR)

PCR primers: RST31F/RST33R, XF1-F/XF6-R and 272-1-int/272-2-int

Confirmation of presence of Xylella fastidiosa

Dilaceration of petioles and veins

= IF (antiserum
INRA/LSV)

PSR
o T

Isolation by
plating on

Confirmation of the species X fastidiosa: RSTBY/RSER: ML XELFIXTER

PCR (Minsavage et al. 1994)

Identifcation of the subspecies , phylogeny
PCR multiplexe (Hernandez-Martinez et al.,
2007)
and/or (Pooler & Hartung 1995)
MLSA (7 housekeeping genes)

Genome sequencing

Legendre et al, 2015 491



Molecular Diagnosis of Xy/ella
i Conventional PCR(C-PCR)

PCR primers

= Hypothetical protein HL gene:

= Despite a relatively high number of nucleotide
sequences of X, fastidiosa deposited for many genes,
including those described before, a very low number
of sequences of hypothetical protein (HL) still exist in
all public nucleotide databases.

Hypothetical HL5 AAGGCAATAAACGCGCACTA Francis et
protein (HL) HL6 GGTTTTGCTGACTGGCAACA al, 2006

Mang et al,,2016 492



Molecular Diagnosis of Xy/ella

Conventional PCR(C-PCR)
PCR primers

o The 165-23S rRNA intergenic regions of the porcelain berry,
wild grape, and mulberry strains of X. fastidiosa was amplified
by PCR with primers:

o G1 (5-GAAGTCGTAACAAGG-3') and
s L1 (5-CAAGGCATCCACCGT-3")
o CVC specific primers:

= Primers CVC-1 and 272-2-int, which generate a PCR product of
500 base pairs, are used for the detection of X, fastidiosa
causing Citrus Variegated Chlorosis (CVC).

= DNA fragments are used (Pooler & Hartung,1995):
s CVC-1: 5'-AGATGAAAACAATCATGCAAA-3’
m 272-1-int: 5'-GCCGCTTCGGAGAGCATTCCT-3".

EPPO,2004; Huang and Sherald,2004 493



Molecular Diagnosis of Xy/ella

Conventional PCR(C-PCR)
PCR primers

Assay Primers name Target gene Name Sequence (5'-3") References
GCGTTAATTTTCGAAGTGATT

RST-31F CGATTGC .

RNA polymerase sigma factor Minsavage et al., 1994
RST-33R CACCATTCGTATCCCGGTG
S-S-X.fas-0838-a-S-21 | GCAAATTGGCACTCAGTATCG

16S rRNA Rodriguez et al., 2003
S-S-X.fas-1439-a-A-19 [ CTCCTCGCGGTTAAGCTAC

PCR

FXYgyr499 CAGTTAGGGGTGTCAGCG

gyrB Rodriguez et al., 2003
RXYgyr907 CTCAATGTAATTACCCAAGGT
HL5 AAGGCAATAAACGCGCACTA

Internal transcriber spacers (ITS) Francis et al., 2006
HL6 GGTTTTGCTGACTGGCAACA

Waliullah et a/,2019
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Conventional PCR(C-PCR)

Master mix composition, cycling parameters and amplicons for conventional
PCR using the 16S rRNA gene-targeted primers of Rodrigues et a/.,2003

PCR primers

m SetA:

= S-S-X.fas-0067-a-S-19 (forward): 5-CGG CAG CAC ATT GGT AGT A-3’

= S-S-X.fas-1439-a-A-19 (reverse): 5’-CTC CTC GCG GTT AAG CTA C-3’

= Primer set A amplifies a product of 1348 bp.

m Set B:

= S-S-X.fas-0067-a-S-19 (forward): 5-CGG CAG CAC ATT GGT AGT A-3’

= S-S-X.fas-0838-a-A-21 (reverse): 5'-CGA TAC TGA GTG CCA ATT TGC-3’
= Primer set B amplifies a product of 745 bp.

= SetC:

= S-S-X.fas-0838-a-S-21 (forward): 5’-GCA AAT TGG CAC TCA GTA TCG-3’
= S-S-X.fas-1439-a-A-19 (reverse): 5'-CTC CTC GCG GTT AAG CTA C-3’

= Primer set C amplifies a product of 603 bp.

ISPM 27, DP 25: Xylella fastidiosa, 2018
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Molecular Diagnosis of Xy/ella

Conventional PCR(C-PCR)
PCR primers

= OLIGO Primer Analysis Software was used to

facilitate the design of 2594F and 2594R, which flank

FX2594 in the M12 genome.

= Designed to amplify a 1323-bp DNA fragment from
A-type strains of X, fastidiosa.

= The 2594F-2594R primer pair was approximately
1000-fold less sensitive than the RST32-RST33

primer pair.

2594F

2594R

GAAACTGGCACGGACCGCT

AGCAGCTTGCCGACCCTCGATA

1323

ALS
OLS

This study

ALS = almond leaf scorch strains; OLS = oleander leaf scorch

Nissen et a/,2010
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Program for designing the primer pair of
2594F and 2594R for Xyl/ella fastidiosa

LOCATION OF 2594F AND 2594R PRIMER SITES FLANKING THE FX2594 LOCUS

WITHIN THE M12 GENOME

Yellow denotes forward primer 2594F (5-GAAACTGGCACGGACCGCT-3")

Red denotes reverse primer [Jllll (5-TCGTCGAACGGCTGGGAGCTAT-3")

OLIGO Primer Analysis Aqua denots sequence for gene FXSSH
Software was used to SEEINITION Xyleiis rascidicss
facilitate the design of
2594F and 2594R, which
flank FX2594 in the M12
genome.

ag tcctcagegt ccaagectge
a g tgcca

°g

» gtgctggagce gaaggga > gagatcgacg

Nissen et al,,2010 497



Conventional PCR(C-PCR)
Primer pair CVC-1and 272-2-Int

PCR conditions: 94°C for 4 min followed by 30 cycles of (94°C for 1 min,
62°C for 1 min, 72°C for 1 min) and a final step of 72°C for 10 min.

Reagent Working concentration | Volume per reaction (pL) Final concentration
Molecular-grade water* N.A. 18.3 N.A.
Taq DNA polymerase x10 25 x1
buffer (Invitrogen)

MgClI2 50 mM 0.75 1.5 mM
dNTPs 20 mM 0.25 0.2 mM
Forward primer (CVC-1) 20 uM 0.5 0.4 yM
Reverse primer (272-2- 20 uM 0.5 0.4 yM
Int)

Platinum Taq DNA 5UpL™" 0.2 0.04U pL™"
polymerase (Invitrogen)

Subtotal 23

Genomic DNA from plant 2

extract (final

concentration and its 10-

and 100-fold dilutions) or

bacterial suspension

Total 25

*Molecular-grade water should preferably be used, or prepared purified (deionized or distilled), sterile
(autoclaved or 0.45-um filtered) and nuclease-free.

EPPO,2016 498



Molecular Diagnosis of Xy/ella

Conventional PCR (C-PCR)
Primer set RST31-RST33

= The test is based on Minsavage et a/.,1994.

= The target sequence is located in the 3’ end of the gene rpoD,
coding for an RNA polymerase sigma-70 factor/sigma-70 (gene

rpoD).

= The forward primer RST31 sequence is:
= RST31 (forward): 5'-GCGTTAATTTTCGAAGTGATTCGATTGC-3’

s RST33 (reverse): 5'-CACCATTCGTATCCCGGTG-3’

=  Amplicon size: 733 bp.
= PCR conditions
= 95°C for 1 min followed by 40 cycles of (95°C for 30 s, 55°C for

Primer Name

Sequence (5'-3") Target Gene

Reference

RST31
RST33

GCGTTAATTTTCGAAGTGATTCGA

CACCATTCGTATCCCGGTG Unique E.coliR 1 fragment

Minesavage et al., 1994
Minesavage et al., 1994

EPPO Standards,2016
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Molecular Diagnosis of Xy/ella

PCR Primers useful for detection of X. fastidiosa
Conventional PCR(C-PCR)

= To detect X, fastidiosa, three specific primers sets
can be used:

= RST31/33(target gene: rpoD, coding for an RNA
polymerase sigma-70 factor). For the PD
strain(Pierce’s disease of grapevine, the RST primers
can be used (Minesavage et a/.,1994)

= XF1-F/XF6-R (target gene: 16S rDNA);

Primer Name Sequence (5'-3") Target Gene Reference

RST31 GCGTTAATTTTCGAAGTGATTCGA Unique E.coliR 1 fragment Minesavage e al., 1994
RST33 CACCATTCGTATCCCGGTG Minesavage et al., 1994
XF1-F CAGCACATTGGTAGTAATAC Firrao and Bazzi, 1994
XF6-R ACTAGGTATTAACCAATTGC 165 :DNA Firrao and Bazzi, 1994

Janse and Obradovic,2010 500




Molecular Diagnosis of Xy/ella

PCR Primers useful for detection of X. fastidiosa
Conventional PCR (C-PCR)

= To detect Xylella fastidiosa, three specific primers sets can be
used.

= For the Pierce's disease strain of Xy/ella fastidiosa the RST
primers should be used (Minesavage et al, 1994).

= For strains not occurring in grapevine the XF primers can be used.

= [Itis important to use housekeeping genes such as ribosomal DNA
to ensure the DNA template does not contain PCR inhibitors.

= This eliminates the possibility of a false negative result.
= All primers were used at a concentration of 100 ng/pul.

Primer Name Sequence (5%-3)) Target Gene Reference

FD2/RP1 primer (Weisburg et al,,1991)
The National Diagnostic Protocol (NDP) for Xy/lella fastidiosa, 2012 501



Conventional PCR(C-PCR)
Master mix for the RST31/33 primer set

PCR conditions: 95°C for 1 min followed by 40 cycles of (95°C for 30 s,
55°C for 30 s, 72°C for 45 s) and a final step of 72°C for 5 min.

Reagent Working concentration Volume per reaction (uL) Final concentration
Molecular-grade water* N.A. 18.6 N.A.
Taq DNA polymerase x10 25 x1
buffer (Invitrogen)
MgCl2 50 mM 0.75 1.5 mM
dNTPs 20 mM 0.25 0.2 mM
Forward primer (RST31) 20 yM 0.375 0.3 uM
Reverse primer (RST33) 20 pM 0.375 0.3 uM
Platinum Taq DNA supLt 0.15 0.03uUpL™"
polymerase (Invitrogen)
Subtotal 23
Genomic DNA from plant 2
tissue extract or bacterial
suspension
Total 25

*Molecular-grade water should preferably be used, or prepared purified (deionized or distilled), sterile
(autoclaved or 0.45-um filtered) and nuclease-free.

EPPO,2016 502



Conventional PCR(C-PCR)
Master mix for the RST31/33 primer set

Master mix composition for PCR and cycling conditions for a final
reaction volume of 20 pl using the primers of Minsavage et a/.,1994

The oligonucleotide primers used are:
RST31 (forward): 5'-GCG TTA ATT TTC GAA GTG ATT CGA TTG C-3'
RST33 (reverse): 5'-CAC CAT TCG TAT CCC GGT G-3'

The master mix used for this PCR developed by Minsavage et al. (1994) is described in Table 2.

Table 2. Master mix composition, cycling parameters and amplicons for conventional PCR using the primers of
Minsavage et al. (1994)

Reagents Final concentration

PCR grade water -t

PCR buffer (Invitrogen)' 1%

dNTPs 200 M

MgCl2 1.5 mM

Primer RST31 (forward) 0.5 puM

Primer RST33 (reverse) 0.5puM

Tagq DNA polymerase (Invitrogen)' 1.25U

DNA volume 2 pl bacterial suspension or DNA extract

Cycling parameters

Initial denaturation 95 °C for 1 min
Number of cycles 40
- Denaturation 95°Cfor30s
- Annealing 55°Cfor30s
- Elongation 72°Cfordds
Final elongation 72 °C for 5 min

Expected amplicons
Size 733 bp

T For a final reaction volume of 20 pl.
bp, base pairs; PCR, polymerase chain reaction.

ISPM 27, DP 25: Xylella fastidiosa, 2018
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Conventional PCR(C-PCR)
Master mix for the RST31/33 primer set

2x Master Mix DreamTaq (COD. 4472942) and PCR amplification conditions

= XF
| o y
[ ) ACTORS

Aviinte T —
- e

rch & navitior

Diagnostic training workshop
Sampling and diagnostic tools for
Xylella fastidiosa
19-22 September, 2017 - Locorotondo, Italy

6. CONVENTIONAL PCR (MINSAVAGE ET AL., 1994)

Primers RST31 and RST33, which generate a PCR product of 733 base pairs

RST31 (forward): 5"-GCGTTAATTTTCGAAGTGATTCGATTGC-3
RST33 (reverse): 5'-CACCATTCGTATCCCGGTG-3'

Reagents [5(;?? centrated [Final Sol.] Vol.for one tube
Ultra pure water 9.5 pL
2x Master Mix DreamTa 125
(COD. 4472942) K 2 X 1 X W
RST 31 10 UM 0.2 Y] 05 |pL
RST 33 10 um 0.2 um 05 |l
PCR Mix Volume 23 pL
DNA Sample Volume 2 pL
Total Volume total per reaction 25 pL
PCR amplification conditions
94°C 5 min 1 cycle
94°C 30 sec
55°C 30 sec 35 cycles
72°C 45 sec
72°C7 min 1 cycle

Gel electrophoresis

Load B8-10 pl of PCR products on 1.2% Agarose gel in TAE 1X (STOCK 1lt 50X: Tris 242g, Acetic Acid
57 ml, EDTA 0,5 M-ph8 100ml) previously added of “GelRed Nucleic Acid Stain” (1pl/100ml of gel) 504
(BIOTIUM, cod. 410003-0.5ml).




Diagnostics methods

Master mix for the RST31/33 primer set
Rsal digestion of RST31-RST33 amplicons

= Restriction digestion:

= Aliquots (9 ul) of PCR products of the RST31-RST33 primer pair
were digested in a 10.5-pl reaction containing 1X NEBuffer #4,
5 U of Rsal restriction endonuclease (New England BioLabs Inc.,
Ipswitch, MA) and 0.5 pl sterile deionized water.

= Reactions were incubated at 37°C for 3 h and then terminated
by adding 2 pul of 6X blue gel loading dye (New England BioLabs
Inc., Ipswitch, MA).

= Restriction fragment length polymorphisms (RFLP) were
identified by electrophoresis in a 1% agarose gel, with all of
digested samples being loaded into wells.

= Visualization and determination of size of separated DNA
fragments was as previously described.

Nissen et a/,2010 505



Diagnostics methods

Master mix for the RST31/33 primer set
Rsal digestion of RST31-RST33 amplicons

Polymerase chain reaction (PCR) amplifications of almond leaf scorch isolates
from San Joaquin Valley of California using the A, three primer format, B, four
primer format, and C, RST31-RST33 primer set.

Panel D is the Rsal digestion of RST31-RST33 amplicons. Numbers on the right
are DNA fragment size in base pairs.

PCR Primers:

Fresno D 12
Fresno D 14
Kern ALS e
Kern M 12
Kern M 23
Modesto 3
Kern R 76

Dixon
Temecula

-700
- 348

A Temel 50fc/Teme454rg
/16S1031r

B Teme150fc/Teme454rg/

- 847
Dixon454fa / Dixon1261rg

- 348

RST31/33 -721

D RST31/33 Rsal digestion - 572

- 149

|

A GAAGGGAG
Genotype

Chen et al,, 2005 506




Conventional PCR(C-PCR)

Master mix for the 272-1-int/272-2-int primer set

Master mix composition, cycling parameters and amplicons for

conventional PCR using the primers of Pooler and Hartung,1995

The oligonucleotide primers used are:

The master mix used for this PCR is described in Table 3.

Pooler and Hartung (1995)

272-1-int (forward): 5'-CTG CAC TTA CCC AAT GCA TCG-3'
272-2-int (reverse): 5'-GCC GCT TCG GAG AGC ATT CCT-3'

Table 3. Master mix composition, cycling parameters and amplicons for conventional PCR using the primers of

Reagents Final concentration
PCR grade water —t

PCR buffer (Invitrogen)’ 1x

dNTPs 200 uM

MgClz 1.5 mM

Primer 272-1-int (forward) 0.4 yM

Primer 272-2-int (reverse) 0.4 uM

Taq DNA polymerase (Invitrogen)' 10U

DNA volume

2 pl bacterial suspension or DNA extract

Cycling parameters

Initial denaturation
Number of cycles
- Denaturation
- Annealing
- Elongation

Final elongation

94 °C for 1 min
40
94 °C for 1 min

67 °C for 1 min
72 °C for 1 min
72 °C for 10 min

Expected amplicons

Size

500 bp

1 For a final reaction volume of 20 pl.
bp, base pairs; PCR, polymerase chain reaction.

ISPM 27, DP 25: Xylella fastidiosa, 2018
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Conventional PCR(C-PCR)

Master mix for the S-S-X.fas-0067-a-S-19/S-S-X.fas-1439-a-A-19; S-S-X.fas-0067-
a-S-19/S-S-X.fas-0838-a-A-21 and S-S-X.fas-0838-a-S-21/S-S-X.fas-1439-a-A-19
primer sets targeting 16S rRNA gene(Rodrigues et a/.,2003)

m SetA:

= S-S-X.fas-0067-a-S-19 (forward): 5-CGG CAG CAC ATT GGT AGT A-3’

= S-S-X.fas-1439-a-A-19 (reverse): 5’-CTC CTC GCG GTT AAG CTA C-3’

= Primer set A amplifies a product of 1348 bp.

m Set B:

= S-S-X.fas-0067-a-S-19 (forward): 5-CGG CAG CAC ATT GGT AGT A-3’

= S-S-X.fas-0838-a-A-21 (reverse): 5'-CGA TAC TGA GTG CCA ATT TGC-3’
= Primer set B amplifies a product of 745 bp.

= SetC:

= S-S-X.fas-0838-a-S-21 (forward): 5’-GCA AAT TGG CAC TCA GTA TCG-3’
= S-S-X.fas-1439-a-A-19 (reverse): 5'-CTC CTC GCG GTT AAG CTA C-3’

= Primer set C amplifies a product of 603 bp.

ISPM 27, DP 25: Xylella fastidiosa, 2018 508



Conventional PCR(C-PCR)

Master mix for the S-S-X.fas-0067-a-S-19/S-S-X.fas-1439-a-A-19; S-S-X.fas-0067-
a-S-19/S-S-X.fas-0838-a-A-21 and S-S-X.fas-0838-a-S-21/S-S-X.fas-1439-a-A-19
primer sets targeting 16S rRNA gene(Rodrigues et a/.,2003)

Reagents Final concentration

PCR grade water ~t

PCR buffer 1x

dNTPs 200 pM

MgClz 1.5 mM

Primer (forward set A, or B or C) 0.2 uM

Primer (reverse set A, or B or C) 0.2 uM

Tag DNA polymerase (Invitrogen)' 20U

DNA volume 2 pl bacterial suspension or DNA extract

Cycling parameters

Initial denaturation 94 °C for 3 min
Number of cycles 30
- Denaturation 94 °C for 1 min
- Annealing 65°Cfor30s
- Elongation 72 °C for 2 min
Final elongation 72 °C for 7 min

Expected amplicons

Size Primer set A: 1348 bp
Primer set B: 745 bp
Primer set C: 603 bp

T For a final reaction volume of 20 pl.
bp, base pairs; PCR, polymerase chain reaction.

ISPM 27, DP 25: Xylella fastidiosa, 2018 509



Conventional PCR(C-PCR)

Master mix composition, cycling parameters and amplicons for conventional
PCR using the gyrB gene targeting primers of Rodrigues et a/.,2003

= The gyrB primers used are:

= FXYgyr499 (forward): 5’-CAG TTA GGG GTG TCA GCG-3’

n RXYgyr907 (reverse): 5’-CTC AAT GTA ATT ACC CAA GGT-3’
= The gyrB primer set produces an amplicon of 429 bp.

Reagents Final concentration

PCR grade water —t

PCR buffer 1x

dNTPs 200 uM

MgClz 1.5 mM

Primer FXYqyr499 (forward) 0.4 pMm

Primer RXYgyr907 (reverse) 0.4 uM

Taq DNA polymerase (Invitrogen)' 25U

DNA volume 2 pl bacterial suspension or DNA extract

Cycling parameters

Initial denaturation 84 °C for 3 min
Number of cycles 30
- Denaturation 94 °C for 1 min
- Annealing 60 °C for 1 min
- Elongation 72 °C for 2 min
Final elongation 72 °C for T min

Expected amplicons

Size 429 bp

T For a final reaction volume of 20 pl.
bp, base pairs; PCR, polymerase chain reaction.

ISPM 27, DP 25: Xylella fastidiosa, 2018
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Diagnostics methods

PCR amplify 16S-23S spacer region of rDNA
Conventional PCR(C-PCR)

Gel electrophoresis of the
amplified rDNA internal
transcribed spacer (ITS)
region of 7 Xylella rastidiosa
strains.

M1- Molecular marker 1Kb
Plus DNA.

Ladder; 1-13 Xylella
fastidiosa strains:

1-Citrus (X0); 2-4-Coffee
(6738, 6740, 6755); 5-7-
Grapevine (6068, 6752,
6753%; 8-9- Mulberry (6744,
6745); 10-Almond (6746);

11-Elm (6748); 12- Ragweed

§67493 » 13-Periwinkle
6751);

M2- Molecular marker pGEM.

M

E

650
bp

B WY DR S TS ST (11 B B )
S ~= RS -

P Rl B

M2

o 4 0ng

- <« Y%ng

A fragment of approximately 510
bases containing the 165-23S rDNA
region of all strains was obtained.

Martinati et a/,2007
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Diagnostics methods

In citrus plants and sharpshooter leafhoppers
i Nested-PCR

= Nested PCR is an effective method for detecting
organisms or their products in environmental samples
where the presence of low concentrations of the DNA
targets and high concentrations of contaminants
could inhibit DNA amplification.

= The detection of X, fastidiosa in insect samples is
difficult as the number of bacterial cells present in
insects is less than that present in samples of plant
tissues, so the use of nested-PCR could be an
efficient alternative assay.

Ciapina et al,,2004 912



Diagnostics methods

In citrus plants and sharpshooter leafhoppers
i Nested-PCR

= Samples were analysed using up to 3 different
bacterial extraction methods and a 2-step, nested
polymerase chain reaction (PCR) amplification using
oligonucleotide primers specific to X. fastidiosa.

= Eleven of the 27 taxa could not be tested due to
failure to amplify X, fastidiosa DNA in the positive
controls, regardless of the extraction method.

= S0, the nested PCR using the RST sets (primers
RST3I/RST33)(genes RNA polymerase sigma factor)
was highly sensitive and specific for detection of X.
fastidiosa in potential insect vectors.

McElrone et al,1999; PAIAO et al,?? 513



Diagnostics methods

In citrus plants and sharpshooter leafhoppers
i Nested-PCR

1. DNA extracts from three of the oleander plants with
high ELISA absorbance values were tested by nested
PCR with primer pair 272-1/272-2 followed by the
pair 272-1 int/272-2 int.

2. Two of the samples were positive for the bacterium
and one of the PCR products was cloned and
sequenced in both directions (GenBank Accession
No. EU009615).

Conserved region

: & »  Primer Nested-

Fig for unrelated parasite from Costa et a/,2016

Astua et al,2008 514



Diagnostics methods

In citrus plants and sharpshooter leafhoppers
Nested-PCR

= The conditions for DNA amplification were 8 pl of extracted DNA, 1X
PCR Buffer (Invitrogen, Carlsbad, CA, USA); 2 mmol [-1 MgCl,, 200
umol |=1 of each dNTP; 1.0 unit of 7ag polymerase and 30 ng of each
primer: CVC-1/272-2 int or 272-1/272-2.

= The final reaction mixture volume was 20 pl. The first primer set was
used for plant and bacterial samples and the second was used for
insect samples in the first round of the nested-PCR.

= The PCR cycling conditions were: 94°C for 2min, followed by 35 cycles
of 94°C for 1 min, 62°C for 1 min, and 72°C for 90s.

= After a final extension at 72°C for 5 min, reactions were held at 4°C.

= For the nested PCR, 3 pl of the first PCR reaction was used as a
template using the CVC-1/272-2 int primer set and it was amplified
using the conditions for DNA amplification and PCR cycling programme
described above.

Ciapina et a/,2004 915



Diagnostics methods

In citrus plants and sharpshooter leafhoppers
Nested PCR

= Detection of Xylella o TR N 1 e
fastidiosa in fed sharpshooter
by nested-PCR using the CVC- !
1/272-2 int primer. .
= Lanes: Y -
= M, Ladder 1kb DNA molecular sk
) —P e e - - -—
size;
= NC, Negative Control
(macerated head of healthy
sharpshooter); - -
= Positive samples showed an The use of Chelex 100 resin allowed a fast
amplified fragment of 500 and efficient DNA extraction to be used in

T the detection of X. fastidiosa in citrus plants
bp(0.5 kb) indicated by arrow. and insect vectors by PCR and nested-PCR

assays, respectively.

Ciapina et a/,2004 16



Molecular Diagnosis of Xy/ella

Conventional PCR(C-PCR)
i Multiplex PCR

= PCR-based diagnosis using conserved primers for JX.
fastidiosa strains (RST31/33) and also specific to X.
fastidiaosa subsp. pauca (CVC1/272-2 int) were
positive for all symptomatic tested olive leaf scorch
samples (n= 8 of 9), but no was obtained using twigs
from asymptomatic trees (n= 20).

= For DNA extraction and bacterial isolation, we used
leaves and twigs collected from non-symptomatic
sections of symptomatic branches.

Coletta-Filho et al,2016 517



Molecular Diagnosis of Xy/ella

Conventional PCR(C-PCR)
Multiplex PCR

= Primers CVC-1 and 272-2-int, which generate a PCR
product of 500 base pairs, are used for the detection
of X. fastidiosa causing Citrus Variegated Chlorosis
(CVQ).

= DNA fragments are used (Pooler & Hartung,1995):

s CVC-1: 5'-AGATGAAAACAATCATGCAAA-3’

s 272-1-int: 5'-GCCGCTTCGGAGAGCATTCCT-3".

EPPO,2004; Huang and Sherald,2004 518



Molecular Diagnosis of Xy/ella

PCR primers for X. fastidiosa strains and X. fastidiosa subsp. pauca
PCR amplifications for both primer sets

= PCR was carried out by using the primers RST31 and
RST33 that amplify a 733-bp DNA fragment of
several strains of X. /astidiosa (Minsavage et al.,
1994), and CVC1/272-2-int for specific amplification
of @ 500-bp product of the citrus (Pooler & Hartung,
1995) and coffee (Coletta Filho & Machado, 2001)
strains of the bacterium.

= The two primer pairs were used in the same reaction
(multiplex PCR).

Marucci et a/,,2003; Coletta-Filho et a/,2016 519



Molecular Diagnosis of Xy/ella
PCR primers for X. fastidiosa strains and X. fastidiaosa subsp. pauca
PCR amplifications for both primer sets

= PCR amplification was performed in a 13 pL volume
containing 1x master mix PCR (Dream Taq DNA
polymerase), 10 pmol of each primer of sets
RST31/RST33 (Minsavage et al., 1993) and CVC1/272-2
int (Pooler & Hartung, 1995), and 3 uL of total DNA
(100 ng/uL).

= Amplifications for both primer sets were conduced with
the following setup:

= Initial denaturation step at 95°C for 5 min, 36 cycles at
95°C for 45 sec, 55°C for 45 sec, and 72°C for 1 min,
with a final extension at 72°C for 5 min. The amplicons
were separated on a 1% agarose gel.

Coletta-Filho et a/,2016 520



Molecular Diagnosis of Xy/ella

Conventional PCR(C-PCR)
Gel electrophoresis of RST 31/33 primers

= Gel electrophoresis of RST 31/33
primers in olive samples inoculated
with different stains of Xy/ella fastidi LP N 1 234 56 789 101112131415
0sa subsp. pauca.

= L= (GeneRuler 1Kb ladder marker -
Fermentas). P and N represent
positive and negative controls.

= Lanes 1 and 2 represent olive plants )
inoculated with PBS: 3 to 7 Bands represent samples infected by X.

fastidiosa (positive samples).

represents plants inoculated with X.
fastidiosa strain 9a5c (ST13); 8 to

: : Note: CVC1/272-2-int for specific
10 represent plants inoculated with .
straianFGOI p(ST16) isolate from amplification of a 500-bp product of the

olive plants with leaf scorch citrus and coffee strains of the

symptoms; 11 to 15 represent olive bacterium(Marucci et a/,2003).
plants inoculate with strain PLS8
(ST71) from plum.

Coletta-Filho et al,2016 521



Conventional multiplex PCR

Mainly used for assignment of an isolate to Xy/e/la
fastidiosa subsp. fastidiosa, multiplex or sandyi

= The target sequences are a gene that encodes a putative
methyltransferase of the restriction/methylation system for the
XF1968 primers, a gene that encodes a putative fimbrial protein
for the XF2542 primers (these were assigned to the CVC X.
fastidiosa 9a5c strain) and a gene that encodes an intergenic
region between the genes coding for a conserved hypothetical
protein and a glycine cleavage H protein for the ALM primers
(this target area was assigned to the genome of the ALS strain
M12).

= Amplicon size:

s 638 bp with subsp. sandyi, multiplex,

= 521 bp with subsp. multiplex, and

s 412 bp with subsp. 7astidiosa, multiplex.

Hernandez-Martinez et a/,2006; EPPO,2018 522



Conventional multiplex PCR

Mainly used for assignment of an isolate to Xy/e/la
fastidiosa subsp. fastidiosa, multiplex or sandyi

= Primers:

= Oligonucleotides for subsp. multiplex, sandyr:

» forward primer XF1968-L 5'-GGAGGTTTACCGAAGACAGAT-3";
> reverse primer XF1968-R 5'-ATCCACAGTAAAACCACATGC-3’.

= Oligonucleotides for subsp. multiplex:

» forward primer ALM1 5-CTGCAGAAATTGGAAACTTCAG-3%;

> reverse primer ALM2 5'-GCCACACGTGATCTATGAA-3'.

= Oligonucleotides for subsp. 7astidiosa, multip/ex:.

» forward primer XF2542-L 5'-TTGATCGAGCTGATGATCG-3';

~ reverse primer XF2542-R 5'-CAGTACAGCCTGCTGGAGTTA-3'.

Hernandez-Martinez et a/,2006; EPPO,2018 523



Conventional multiplex PCR

Mainly used for assignment of an isolate to Xy/e/la
fastidiosa subsp. fastidiosa, multiplex or sandyi

= DNA Extraction Method:

= For pure cultures, a single colony of a fresh pure
culture is suspended in 0.9 mL of PCR-grade water;
lysis should be performed at 100°C for 5 min.

s Extracts of total nucleic acids can be stored at 4°C for
immediate use or at —20°C for further use.

Hernandez-Martinez et a/,2006; EPPO,2018 524



Conventional multiplex PCR

Mainly used for assignment of an isolate to Xy/el//a

fastidiosa subsp. fastidiosa, multiplex or sandyi

= Master Mix:

Reagent

Working concentration

Volume per reaction (pL)

Final concentration

Molecular-grade water* N.A. 10.25 N.A.
PCR buffer (Promega) 10x 2.5 1x
MgCl2 50 mM 1.25 2.5 mM
dNTPs 20 mM 1 0.8 mM
Forward primers (XF1968- 20 pM 1.25 for each (total 3.75) iuM
L, ALM1, XF2542-L) for
each
Reverse primers (XF1968- 20 pM 1.25 for each (total 3.75) 1M
R, ALM2, XF2542-R) for
each
Promega Taq DNA 5UpL”” 0.5 0.1UpL™"
polymerase
Subtotal 23
Genomic DNA extract 2
Total 25

*Molecular-grade water should preferably be used, or prepared purified (deionized or distilled), sterile
(autoclaved or 0.45-um filtered) and nuclease-free.

N.A.: not applicable, not available

EPPO,2018
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Conventional multiplex PCR

Mainly used for assignment of an isolate to Xy/e/la
fastidiosa subsp. fastidiosa, multiplex or sandyi

s PCR conditions:

= 95°C for 3 min, 40 cycles (95°C for 30 s, 55°C for 30
s and 72°C for 30 s) and a final step at 72°C for 5
min before cooling at 15°C.

s NIC (negative isolation control) and NAC (negative
amplification control) should produce no amplicons.

= PIC (positive isolation control) and PAC (positive
amplification control) should produce amplicons of
the relevant size.

Hernandez-Martinez et a/,2006; EPPO,2018 526



Conventional multiplex PCR

Mainly used for assignment of an isolate to Xy/e/la
fastidiosa subsp. fastidiosa, multiplex or sandyi

= Electrophoretic analysis of
PCR amplicons obtained from
samples of Polygala myrtifolia
(Pm646.1) by Hernandez-
Martinez et al.,2006.

= [t should be noted that
although the test is not
recommended for the
detection of X. fastidiosa
subsp. pauca, some sequence
type of subsp. pauca can
produce bands with this PCR.

.' P Témoins (+)

gt
-4

Hernandez-Martinez et a/,2006; EPPO,2018 527



MLST vs MLSA

i Genotype identification of bacteria

= Both methods depend on the sequencing of multiple
(usually four to eight) housekeeping genes, i.e.,
genes conferring a basic metabolic function.

= Multilocus Sequence Typing (MLST):

= MLST is usually applied to strains that belong to a
well-defined species. Here a sequence of multiple
(usually 5-7) housekeeping genes(HKGS) is analysed.

= Multilocus Sequence Analysis (MLSA):

= MLSA is more often used when species boundaries
are not well known and MLSA data are used to
improve species descriptions.

PAMBD.org; .. 528



MLST vs MLSA

‘_L Genotype identification of bacteria

= MLSA relies on the comparison of partial DNA
sequences of each gene or of concatenated
seguences among strains, while

= MLST is based on the analysis of the combination of
alleles at each locus, defining a sequence type (ST).

= MLSA provides a framework for species definition
and allows the identification of species by electronic
taxonomy, while

= MLST usually allows strains to be distinguished
below the species level.

Jacques et al,2012 529



Multilocus Sequence Typing (MLST) Scheme

‘L Identification of bacteria

= Briefly, in MLST each allele of a given gene is
assigned a number, so different strains of bacteria
can be characterized by a series of numbers,
representing one allele for each locus analyzed.

= The combination of the allele numbers at each locus
determine the so called sequence type (ST) for each
analyzed strain.

= For each house-keeping gene, the different
sequences present within a bacterial species are
assigned as distinct alleles and, for each isolate, the
alleles at each of the seven loci define the allelic
profile or sequence type (ST).

530



Genotype identification of bacteria
Multilocus Sequence Typing (MLST) Scheme

7 housekeeping genes
Strain A
abeX adk arak gdh pdhC pgm fumC
G ACTG A C C (™) ™G G TGA
1 1 1 1 1 1 1
Strain B
C CCAG G T C Az TG o AGA
2 2 2 1 2 1 2
Strain C
abeX adk arak gdh pdhC pgm fumC
G ACTA G T T cT GA A TGT
1 3 2 2 1 3 3

BIONUMERICS 531



Identification of bacteria

Multilocus Sequence Typing (MLST) Scheme

Step 1

Step 2

Step 3

* Genomic DNA extraction

~

/

» PCR amplification of target genes (atpD, fusA, ]

ginS, gltB, gyrB, infB, pps)

/

* DNA purification of amplified fragments

™

/

Step 4

» Sanger sequencing for amplified fragments

™

Step 5

» Sequence alignments to MLST Cronobacter
database

Step 6

* MLST outputs

Yand and Fanning,2015
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Identification of bacteria

Multilocus Sequence Typing (MLST) Scheme
Analysis of MLST sequences in BIONUMERICS

= Download BIONUMERICS software. BIONUMERICS
software is widely used for the storage and analysis of
MLST sequences.

= BIONUMERICS automatically analyses batches of
sequence trace files, connects to online MLST databases,
retrieves corresponding allele numbers, sequence types as
well as available clonal complex information.

= BIONUMERICS can process hundreds of isolates in only
seconds. Results are stored in the database and are
available for statistical and population analysis, clustering,
partitioning, identification using BIONUMERICS' impressive
set of analysis tools.

BIONUMERICS



Identification of bacteria

Multilocus Sequence Typing (MLST) Scheme
Analysis of MLST sequences in BIONUMERICS

= Setup scheme:

PubMLST)

Install plugin and

choose organism

from public MLST
databases

‘ Au(mmnlo&d f':";‘r v‘:";/’;w’:;—': Wt o8 53 Pout o Bip Sevelop @ MLUET datadase 157 8 Saaar Srgenam, o have @
of genes, trimming e J
positions, alleles, and
MLST types

.l

iF3esIeBE
i

\
|
|
!

are automatically
created for house-
keeping genes

NN S W -

8

BIONUMERICS

=
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Identification of bacteria

Multilocus Sequence Typing (MLST) Scheme
Analysis of MLST sequences in BIONUMERICS

Workflow scheme:

Fully automatic processing workflow e e
«Automatic import and assembly of batches of sequencer trace files from various

sources (AB, Beckman, Amersham, FASTA); file names are parsed into strain and
gene information using a parsing definition.

«Consensus sequences are automatically trimmed using start and stop signatures and
placed in the right direction.

*When the batch assembly is finished, an overview report is shown, listing status of
each strain/gene combination.

*Double-click on a problem contig to display the detailed information window.
*Double-click on a particular problem to open the Assembler with the problem position
selected.

For each problem position, show nearest existing alleles and suggested bases - easy
verification with chromatograms.

+Alleles and MLST types can be identified by real-time connection to MLST server
database, or by comparing to locally stored allele database (faster). In the latter case,
local database can be updated automatically at startup.

+Allele and MLST type information for own strains is stored in the database and can
be updated at any time for a selection of strains. BIONUMERICS will prompt you for
any change in allele/MLST type definition that has occurred in the MLST server
database.

«Calculate population modelling networks in the finest and most comprehensive

store result in
database

cluster analysis application available today, using standard or custom priority rules "4
and with branch significance support indication. — e
«Calculate and display partitioning for clonal complexes and use BIONUMERICS' rich m;‘:;:"m'm’%. { =

set of statistics tools.

BIONUMERICS




1. Multilocus sequence typing (MLST)
Conventional/traditional MLST scheme using
housekeeping genes

Drawbacks

= This MLST scheme relies on sequence analysis of seven
housekeeping genes which are required for basic cellular
maintenance.

= Housekeeping genes are usually relatively conserved, making
them good candidates for use in evolutionary phylogenetic
analyses of distantly related groups.

= The seven concatenated HKGs (series of housekeeping
genes) which were used to delineate 7/astidiosa isolates in
differnet species are:
leuA; petC; malF; cysG; holC; nuoL; gltT X (PubMLST).

= One drawback to using housekeeping genes is that they may
not provide enough variability to differentiate closely related
isolates.

Parker et a/,,2012; PubMLST: MLST allelic profiles and sequences 536



https://rest.pubmlst.org/db/pubmlst_xfastidiosa_seqdef/loci/leuA/alleles_fasta
https://rest.pubmlst.org/db/pubmlst_xfastidiosa_seqdef/loci/petC/alleles_fasta
https://rest.pubmlst.org/db/pubmlst_xfastidiosa_seqdef/loci/malF/alleles_fasta
https://rest.pubmlst.org/db/pubmlst_xfastidiosa_seqdef/loci/cysG/alleles_fasta
https://rest.pubmlst.org/db/pubmlst_xfastidiosa_seqdef/loci/holC/alleles_fasta
https://rest.pubmlst.org/db/pubmlst_xfastidiosa_seqdef/loci/nuoL/alleles_fasta
https://rest.pubmlst.org/db/pubmlst_xfastidiosa_seqdef/loci/gltT/alleles_fasta

2. MLSA-E, an alternative method for
discriminating between closely related X. fastidiosa
Using environmentally mediated genes

= An alternative for discriminating between closely
related X, fastidiosa isolates is to perform MLSA of
genes influenced by environmental factors, termed
environmentally mediated genes.

= Environmentally mediated genes are involved in
adaptation to environmental changes and are usually
subject to positive selection pressure, so they should
have greater sequence variability than conserved

housekeeping genes under stabilizing selection
pressure.

Parker et al,,2012 537



1. Multilocus sequence typing (MLST)

Methods
Using 7 housekeeping genes

= The MLSA-MLST method is used for the identification of Xylella
fastidiosa’s sub-species.

= This method involves the analysis of partial sequences of 7
housekeeping genes (cysG, gltT, holC, leuA, malF, nuolL and
petC) from the bacterium’s genome.

= This multi-loci analysis is a reference method in taxonomy
research and allows determining the phylogenetic position of
strains and naming them.

= These housekeeping genes are highly maintained within the X.
fastidiosa species but different strains have allele variants.

= In this method, an allele number is allocated to each
housekeeping gene and these 7 humbers define some kind of
an identity document called the Sequence Type (ST).

XYLELLA ACTION PLAN-2017/2018 538



Multilocus sequence typing (MLST)
Methods

Using 7 housekeeping genes

_ Biochemical Temecula MI12 (ALS0299)  9a5c (CVCO018)
Gene function _ (PD0001) gene . _
Gene function - gene position gene postion
position
amino acid
leuA 2-isopropylmalate synthase ARG 8elc PD1047 Xfasm_1205 XF1818
biosynthesis
ubiquinol eytochrome C
petC oxidoreductase, cystochrome  electron transport ~ PDI1775 Xfasm_1943 XF0910
C1 subunit
ABC transporter sugar transport of _ _
malF PD1465 Xfasm12_1606 XF2447
permease carbohydrates
biosynthesis of
cysG siroheme synthase 10SyHEnesis o ) PD1840 Xfasm12_2018 XF0832
heme, porphyrin
DNA polymerase 111
holC - po 3mer;?e - replication PD0104 Xfasm12_0112 XF0136
oloenzyme, chi subuni
NADH-ubiguinone
ntiol oxidoreductase, NQO12 aerobic respiration  PD0259 Xfasm12_0280 XF0316
subunit
altT glutamate symport protein rra.r;sporr of amino PDI1516 Xfasm12_1656 XF0656
acids

Multilocus sequence typing (MLST) is a technique in molecular biology for the typing of multiple
loci. Approximately 450-500 bp internal fragments of each gene are used. For each housekeeping
gene, the different sequences present within a bacterial species are assigned as distinct alleles
and, for each isolate, the alleles at each of the loci define the allelic profile or sequence type (ST).

Janse et al,2012; Wikipedia,2019
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Multilocus sequence typing (MLST)

Methods
Using 7 housekeeping genes

= The sequences for the primers are as follows:

= forward primer leuA-for 5'-GGTGCACGCCAAATCGAATG-3’; reverse primer leuA-
rev 5'-GTATCGTTGTGGCGTACACTG-3’;

= forward primer petC-for 5'-GCTGCCATTCGTTGAAGTACCT-3’; reverse primer
petC-rev 5'-GCACGTCCTCCCAATAAGCCT-3";

= forward primer malF-for 5’-TTGCTGGTCCTGCGGTGTTG-3’; reverse primer malF-
rev 5'-GACAGCAGAAGCACGTCCCAGAT-3/;

= forward primer cysG-for 5'-GCCGAAGCAGTGCTGGAAG-3’; reverse primer cysG-
rev 5'-GCCATTTTCGATCAGTGCAAAAG-3’;

= forward primer holC-for 5'-ATGGCACGCGCCGACTTCT-3’; reverse primer holC-
rev 5'-ATGTCGTGTTTGTTCATGTGCAGG-3’;

= forward primer nuolL-for 5'-TAGCGACTTACGGTTACTGGGC-3’; reverse primer
nuoL-rev 5’-ACCACCGATCCACAACGCAT-3’;

= forward primer gltT-for 5'-TCATGATCCAAATCACTCGCTT-3’; reverse primer gltT-
rev 5'-ACTGGACGCTGCCTCGTAAACC-3".

= The workflow is described in the PUbMLST Xy/ella fastidiosa database

http://pubmist.org/xfastidiosa).
(http://p of ) EPPO,2016



Multilocus sequence typing (MLST)

Some more housekeeping genes and specific primers used

for multilocus sequence typing (MLST) in X. fastidiosa

piu?
leuA®
lacF®
ribDP
cysG®
holC®
nuoL®
gitT®

piad
rptFd

Position

XFO136
XFO257
XFO316
XFO318
XFOB56
XF0832
XFO310
XF1632
XF18188
XF2447
XFO257
XF0832
XFO136
XFO316
XFOB56
XF0832
XFOS10
XF18188
XF2447
XF1632
PD_1902
PD_0101
PD_0215
PD_0062
PD_0315
PD_1485
PD_1924
PD_0407
PD_0731
PD1516
PD1840
PD1047
PD1465

Forward primer

GATTTCCAAACCGCGCTTTC
TTTGGTGATTGAGCCGAGGGT
CATTATTGCCGGATTGTTAGG
GGGTTAAACATTGCOGATCT
TTGGGTGTGGGTACGTTGCTG
GGCGGCGGTAAGGTTG
CTGCCATTCGTTGAAGTACCT
CAATGAAGATTCACGGCAATA
GGGCGTAGACATTATCGAGAC
TTGCTGGTCCTGCGGTGTTG
TTTGGTGATTGAGCCGAGGGT?
GGCGGCGGTAAGGTTG?
ATGGCACGCGCCGACTTCT
TAGOGACTTACGGTTACTGGGC
TCATGATCCAAATCACTCGCTT
GCCGAAGCAGTGCTGGAAG
GCTGCCATTCGTTGAAGTACCT
GGTGCACGCCAAATCGAATG
TTGCTGGTCCTGCGGTGTTG
CCGTAATCACAACTCAACAGGACA
ACAGTATCGCCGTCGAAGTGATGA
ATGAACACCCGTACCTGGTTCGTA
TGCGTGAATTRACATTGACCG
CCCAGTGCGTCGTTATCGATTATTGGT
TGAGAGCTGCYGATGTTCCAATGA
TAGTGCTGGCCTAACGATGTYGGT
ATCGCKCTGCCYATGTACCAAA
GCGCTCCATAGTTCGGAGTGATTT
TGGGAGGTCAAAGYACTGOCATCA
TTTTITCAGGGGTGTCGCGC
CCAAACATAGAAGCACGCCG
GGCCAGTGCTGTGTTTTGTT
TICTTTGGTGGGTTGGGTGT

Reverse primer

TCATGTGCAGGCCGCGTCTCT
CCATAAACGGCCGCTTTC
GCGGGAAACATTACCAAGC
CGGGTTCCAAAGGATTCCTAA
CGCTGCCTCGTAAACCGTTGT
GCGTATGTCTGTGCGGTGTGC
CGTCCTCCCAATAAGCCT
ATAGTTAATGGCTCCGCTATG
GTATCGTTGTGGCGTACACTG
CCTCGGGTCATCACATAAGGC
TCCATAAACGGCGCCTTC
GCATATGTCTGTGCGGTGTGC
ATGTCGTGTTTGTTCATGTGCAGG
ACCACCGATCCACAACGCAT
ACTGGACGCTGCCTCGTAAACC
GCCATTTTCGATCAGTGCAAAAG
GCACGTCCTCCCAATAAGCCT
GTATCGTTGTGGCGTACACTG
GACAGCAGAAGCACGTCCCAGAT
CTGCGAATCAGCATGGOGTA
CATGCATACRGCGATGYTTCCGAT
ATTTAGTCTCCACCATGAGCCGCA
CCTAGTCTGCGGCTTAAGCAGATT
TTTYGYACTCTCAAGCATCGCATC
ACAGCTTCTGGCAAGAACAAGCAC
CCGTATCAGCAACCACATGGAAGT
CAGCATTGATCGTRTTGCTGTRTG
ATGTCCGCTGTACATCCCATTCCT
GCATTGGCAGCAACACTOGAATCA
TTCCAACGTTACTGGACGCT
CGTATGTCTGTGOGGTGTG
GGGCTACTTGCTGGAGGAAG
CACACAGCATCAACGTCGTC

Gene function

DNA polymerase lll holoenzyme, chi subunit
dTOP-4-dehydrorhamnose-3, 5-epimerase
NADH-ubliquinone oxidoreductase, NQO12 subunit
NADH-ubiquinone oxidoreductase, NQO14 subunit
Glutamate symport protein

cysG Siroheme synthase

Ubiquinol cytochrome ¢ oxidoreductase

Twitching motiity protein

2-Isopropyimalate synthase

ABC transporter sugar permease
dTDP-4-dehydrorhamnose-3, 5-epimerase

cysG Siroheme synthase

DNA polymerase Il holoenzyme, chi subunit
NADH-ubiquinone oxidoreductase, NQO12 subunit
Glutamate symport protein

cysG Siroheme synthase

Ubiquinol cytochrome ¢ axidoreductase
2-Isopropyimalate synthase

ABC transporter sugar permease

Twitching motiity protein

Virulence protein: suggested to regulate pathogenicity
Copper resstance protein B precursor

Colicin V precursor

Fimbrial subunit precursor
Glutaryl-7-aminocephalosporanic acid acylase precursor
Polygalacturonase precursor

Fimbrial protein

Regulator of pathogenicity factors

Quter membrane afimbrial adhesin

Glutamate symport protein

Siroheme synthase

2-1sopropyimalate synthase

ABC transporter sugar permease

Baldi and La Porta,2017
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Multilocus sequence typing (MLST)

Primers

forward primers

reverse pn'mer

leuA-for 5'-GGTGCACGCCAAATCGAATG-3’

leuA-rev 5'-GTATCGTTGTGGCGTACACTG-3";

petC-for 5'-GCTGCCATTCGTTGAAGTACCT-3’

petC-rev S'-GCACGTCCTCCCAATAAGCCT-3'

malF-for 5'-TTGCTGGTCCTGCGGTGTTG-3'

malF-rev 5'-GACAGCAGAAGCACGTCCCAGAT-3'

cysG-for 5'-GCCGAAGCAGTGCTGGAAG-3'

cysG-1ev 5'-GCCATTITCGATCAGTGCAAAAG-3'

holC-for 5'-ATGGCACGCGCCGACTTCT-3’

holC-rev 5'-ATGTCGTGTTTGTTCATGTGCAGG-3'

nuolL-for 5'-TAGCGACTTACGGTTACTGGGC-3'

nuoL-rev 5'-ACCACCGATCCACAACGCAT-3

gltT-for 5S-TCATGATCCAAATCACTCGCTT-3'

gltT-rev 5'-ACTGGACGCTGCCTCGTAAACC-3’

The workflow is described in the PUbMLST Xy/ella
fastidiosa database
(http://pubmist.org/xfastidiosa).

EPPO,2018
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Multilocus sequence typing (MLST)

Methods
DNA extraction method

= Nucleic acid source: pure culture plant extract or
Insects.

= For pure cultures, a single colony of a fresh pure
culture is suspended in 0.9 mL of PCR-grade water;
lysis should be performed at 100°C for 5 min.

s Extracts of total nucleic acids can be stored at 4°C for
immediate use or at —20°C for further use.

EPPO,2018 543



Multilocus sequence typing (MLST)

Methods
Master mix

Reagent Working concentration Volume per reaction (L) Final concentration
Molecular-grade water* N.A. 36.2 N.A.
PCR buffer (Invitrogen) 10x 5 ix
MgCI2 50 mM 1.5 1.5 mM
dNTPs 20 mM 0.5 0.2 mM
Forward primers (leuA-for, 20 yM 0.75 0.3 M

petC-for, malF-for, cysG-
for, holC-for, nuolL-for,
gltT-for)
Reverse primers (leuA-rev, 20 pM 0.75 0.3 uM
petC-rev, malF-rev, cysG-
rev, holC-rev, nuolL-rev,

gltT-rev)
DNA Polymerase Platinum 5UpL”™” 0.3 0.03UpL™"
(Invitrogen)
Subtotal 45
Genomic DNA 5
Total 50

*Molecular-grade water should preferably be used, or prepared purified (deionized or distilled), sterile
(autoclaved or 0.45-um filtered) and nuclease-free.

N.A.: not applicable, not available

EPPO,2016



Multilocus sequence typing (MLST)

Methods
Master mix

= Each reaction mixture contained 5 to 15 ng/ul of DNA
template, 1x buffer solution (Promega), 1 mM
deoxynucleotide triphosphates, 1 uM of each primer, and
5U of 7ag polymerase (Promega) for a total 30-pl reaction
volume.

= The thermocycler (Eppendorf Mastercycler) reaction
conditions were an initial denaturation step at 94°C for 3
min, followed by 30 cycles of 94°C for 30 seconds, 60°C for
30 seconds for primer annealing, and an extension period
at 72°C for 1 min.

= The final step was an extension period at 72°C for 5 min.

= For genes over 1,000 bp, the extension time was

lengthened from 1 min to 90 seconds.
Schuenzel et a/,,2005



Multilocus sequence typing (MLST)

Methods
PCR conditions (for pure cultures)

= 95°C for 3 min, 35 cycles of (95°C for 30 s, 65°C for 30 s
and 72°C for 60 s) and a final step of 72°C for 10 min If
the amplicons are of good quality and at the expected size,
a template should be sent for sequencing with reverse and
forward primers.

= The results of sequencing should be compared with
sequences available on http://pubmilst.org/xfastidiosa/
(Scally et a/.,2005).

= NIC (negative isolation control) and NAC (negative
amplification control) should produce no amplicons.

= PIC (positive isolation control) and PAC (positive
amplification control) should produce amplicons of the

relevant size.
EPPO,2018 546



Multilocus sequence typing (MLST)

Methods
i Sequencing

= MLST directly measures the DNA sequence variations
in a set of housekeeping genes and characterizes
strains by their unique allelic profiles.

= The principle of MLST is simple: the technique
involves PCR amplification followed by DNA
sequencing.

= Nucleotide differences between strains can be
checked at a variable number of genes depending on
the degree of discrimination desired.

Wikipedia, 2020 547



Multilocus Sequence Typing (MLST) Scheme

‘L Identification of bacteria

= Briefly, in MLST each allele of a given gene is
assigned a number, so different strains of bacteria
can be characterized by a series of numbers,
representing one allele for each locus analyzed.

= The combination of the allele numbers at each locus
determine the so called sequence type (ST) for each
analyzed strain.

= For each house-keeping gene, the different
sequences present within a bacterial species are
assigned as distinct alleles and, for each isolate, the
alleles at each of the seven loci define the allelic
profile or sequence type (ST).
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Multilocus Sequence Typing (MLST) Scheme

‘_L Identification of bacteria

= Most bacterial species have sufficient variation within
house-keeping genes to provide many alleles per
locus, allowing billions of distinct allelic profiles to be
distinguished using seven house-keeping loci.

= For example, an average of 30 alleles per locus
allows about 20 billion genotypes to be resolved.

= MLST is based on the well established principles of
multilocus enzyme electrophoresis, but differs in that
it assigns alleles at multiple house-keeping loci
directly by DNA sequencing, rather than indirectly via
the electrophoretic mobility of their gene products.

PubMLST 949



Multilocus sequence
typing (MLST)
Interpretation of
sequencing results:
A table of
correspondence
between Sequence
Types (ST) and sub-
species is presented.

EPPO,2018

5T _‘E E E % E g -EE: EE é‘ refarence
1 I{1 |11 f{Ll]|1]1 fastidiosa Yuan et al (2010}
2 11|41 (L1 ]1]1 fastidiosa Yuan et al (2010}
3 {1 |1 j20(1 |11 fastidiosa Yuan et al (2010}
4 I1{1 |14l ]1]1 fastidiosa Yuan et al (2010}
5 2222222 sandyi Yuan et al (2010}
6 I3 3|3 [3 )33 mltiplex Yuan et al (2010}
7 3313|7333 mltiplex Yuan et al (2010}
g I3 5|54 )37 mltiplex Nunney et al. {2013}
9 I3 5|54 )34 mltiplex Yuan et al (2010}
10 5|43 |36 |35 multiplex Yuan et al (2010}
11 T 717 |9 (1lof8& |8 pauca Nunney et al. (2012)
12 T 717|929 (13|8 |8 pauca Nunney et al. (2012)
13 Tle | 7|9 (lo]7T |8 pauca Yuan et al (2010}
14 38 |8 |11|12)9 |9 pauca Yuan et al (2010}
15 53|33 [4)3]5 mltiplex Nunney et al. {2013}
16 T|& |8 |10f11]|8 |8 pauca Nunney et al. (2012)
17 1 (1 |loj12(18|10] 1 fastidiosa Nunney et al. (2014b)
18 91 |9 |13[14]| 5 |10 fastidiosa Nunney et al. {2012}
19 w1 10141511 1 fastidiosa Nunney et al. {2012}
20 1 (1 |1loj12(17 11|11 fastidiosa Nunney et al. {2012}
21 | 1 1014|1511 |12 fastidiosa Nunney et al (2014a)
22 3|5 |12[4 |33 mltiplex Nunney et al. {2012}
23 I3 5|36 |33 mltiplex Nunney et al. {2013}
24 I3 5|34 |37 mltiplex Nunney et al. {2013}
25 333|173 )33 mltiplex Nunney et al. {2013}
26 5313|136 |35 moltiplex Nunney et al. {2013}
27 6131567317 mltiplex Nunney et al. {2013}
28 63 |5 |18 7 |47 mltiplex Nunney et al. {2013}
29 43 |6 |18(5 |43 mars Nunney et al. (2014b)
30 4 (5| 6|8 ([543 mars Nunney et al. {2014b)
31 43 |6 |18 8 |6 |3 mars Nunney et al. (2014b)
32 43 |5 |12(4 |43 mltiplex Nunney et al. {2013}
33 11| & |14 (151913 |10 Munney et al.
fastidiosa'sandyi (2012)Tacques et al.
(2016)
34 I3 3|33 )36 mltiplex Nunney et al. {2013}
35 (o333 )33 mltiplex Nunney et al. {2013}
36 S35 |19|6 |3 |5 Nunney et al. {2013}

multiplex




ST E 'E % % E g E‘,‘::-c EE % reference
37 |3 |3 |5 |21 433 ltiplex Munney et al (2013).
8 [ 3|3 |5 |16] 337 ltiplex Nunney et al. (2013)
FEEEE IR ERE mmlfiplex Nunney et al. (2013)
40 [e[3a]sfw[7]3]7 mulfiplex Munney et al. (2013
NI E R ERE ltiplex Munney et al. (2013)
47 |6 |3 [5|12] 23 [3 ltiplex Nunney et al. (2013)
43 [3[3]s{ws[a]3]7 mnlfiplex Nunney et al. (2013)
44 (3355634 multiplex Numney et al. (2013}
45 |3 |35 |3[a[3]3 mmltiplex Munney et al. (2013)
46 | s |33 |36 33 ltiplex Nunney etal. (2013)
47 |13 1 Jwf23f20]s |1 fastidiosa Numney et al. (2012)
48 |3 [3z{3]6]3]3 mulfipler Nunney et al. (2013)
49 |33 [5]3[6[3][7 multiplex Nunney et al. (2013)
Multilocus Sequence z? 2 131 153- 2 141 ij 1}3 ATl Nunney et al. (2013)
5 o fiplex Nunney et al. (2013)
typi ng (M LST) 52 |10 1 |w|id]|1g|10]1 Fastidinsa Nunney et al. (2012)
. 53 | 7|6 |16 2410|1614 pauca Munney et 21 (20142)
7 nr
I nte rp retatl o n Of > o B e el e el fastidhosa/sandyi (20 Eﬁﬂ::‘qi:lelt al
Sequel‘ICII'lg reSUItS: 55 [ 1|1 |10]12]18[10]10 Fastidiosa Numﬁotla? (2017
34 .
A ta b I e Of e o I el el e el B fashidiosa/sandwn (20 ﬁﬁﬂz‘n}:fqi:let al.
016
corres pondence 57 |11 o]z Fastidiosa Nuu.e‘_\it al.} (2012)
8 |63 |s5]|zfal3]7 ltiplex Nunney et al. (2013)
betwee n Seq uence 59 9|19 |Bl1a]s |1 Eastidiosa Coletta-Filho et al (2017)
3|1 - Jios Colettz-Filho et 2l (2017)
Types (ST) and sub- |t ttets L .
yp - - . ol I et el el el B fastidiosa/sandyi (fﬂllizi?:zqife:léf al.
Species IS presented . _ (2016)
62 4|13 |6 |18 5|63 morus MNunney et al. (2014a)
63 | 3|63 HERE mmltiplex Coletta-Filho et 2l (2017)
64 [T 7]7 w|7]s pauca Colettz-Filho et 2l (2017)
65 | 7|6 ]7 T ERE pauca Colatta-Filho et al. (2017)
66 | 7|8 |8 |10|11]¢8 |8 pauca Coletta-Filho et al. (2017)
67 | 5|38 |3 123 |53 mmltiplex Coletta-Filho et 2l (2017)
68 |14 s[sf1f12]9 s pauca Colettz-Filho et 2l (2017)
60 | 7[s]7 ]9 ]23]17]s pauca Colatta-Filho et al. (2017)
70 (14| 7 |8 |11]22]% | & pauca Coletta-Filho et al. (2017)
71 |5 |88 |11]12]9 [® pauca Coletta-Filho et 2l (2017)
72 | 12|12 15|26 2418 1 candyi Denance et al. (2017)

EPPO,2018

Loconsole et al. (2016)
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Multilocus sequence
typing (MLST)
Interpretation of
sequencing results:
A table of
correspondence
between Sequence
Types (ST) and sub-
species is presented.

. g
- | | [g [ | e o =
= |= |5 T = = B
ST E|E [E |B|E E = % E reference
73 T 6|8 (271016 8 Loconscle et al.
pauca (2016)/Coletta-Filho et al.
{2017
74 T|6 |8 (282516 8 pauca Jacques et al. (2016)
75 Gl 1l |1of29] 1 (191 fastidiosa Jacques et al. (2016}
76 12113 |15 26|24 |18 1 Loconscle et al.
sandy1 (2016} Denancé et al.
2017y
77 1|1 [6]|30[26]5 |1 - Bergsma-Vlami et al.
fastidiosa 2017
T8 Tl&e 79238 |8 Pauca Tolocka et al. (2017)
79 3313 (283 3|3 multiplax Dienance et al. (2017)
BO T 6 1731|1016 |15 pauca B. Landa pers. comm.
Bl 313 31321 3|3 3 multiplax B. Landa pers. comm.

EPPO,2018
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Multilocus sequence typing (MLST)

Methods

Using housekeeping and non-housekeeping genes

PCR conditions:
95°C for 3 min, 35 cycles of
(95°C for 30 s, 65°C for 30 s
and 72°C for 60 s) and a final
step of 72°C for 10 min If the
amplicons are of good quality
and at the expected size, a
template should be sent for
sequencing with reverse and
forward primers.
The results of sequencing
should be compared with
sequences available
on http://pubmlst.org/xfastidi
osa/ (Scally et al/,,2005).

Primer pairs used in the MLST schem

oxidoreductase, NQO14  respiration

subunit

FLGEOTTCCAAAGCATTCCTAA-S

Gene
length/
. Biochemical Frimer sequences MLST
. Functian funetion [forward/reverse) fragment
used”
(bp}
10lC DNA polvmerase [11 Replication FLATTTOCAAACCGOGOTTTC-S 379379
holoenzy me, FTCATCTCCACCCCCCCTCTCT-
chisubunit
riE NADH-ubiquinone Aerobic FLCATTATTCCCCCATTCTTACG-Y 1821/357
oxidoreductase, respiration FLCCCCAMACATTACCAAGC-S
NQO12 subunit
QT Clutamate symport Transport of FITCGCETCTCCETACCTTECTG-3 951 /654
protein amino acids FLCCTCCCTCCTAAACCCTTOT-
cysl Siroheme synthase Biosynthesis of FLGOCGOCETAAGGTTG-3 1170/ 800
heme, FLCCCTATCTCTGTGCGETETGC-Y
porphyrin
it C Ubiguinol evtochrome Electron transport F-CTGCCATTCCTTGAAGTACCT-3 533333
¢ oxidoreductase, FLCTCCTCCCAATAACCCT-Y
evtochrome ¢l subunit
euA Zlsopropylmalate Amino acid FLCCCCTACACATTATCCACACY 1218/708
synthase biosynthesis SLTATCCTTCTCCCCTACACTC-Y
Inck ABC transporter sugar  Transport of F-TTGCTGGTCCTGCGGTGTIG-3 730/730
permease :ar'buE‘v:i rates F-LOCTCCCCTCATCACATAACGC-S
RNA RNA polymerase Replication SCCCTTAATTTITCCAAGTGATTCGATTGC- 733
polymerase  sigma-F0 factor FLCACCATTCOTATCCCCOGTG-3
HL HL protein Hypothetical F-AACGCAATAAACCOCCACTA-Y =21
protein SCGTTTTGCTCGACTGGC A AC ALY
163 rDNA 163 rbosomial DN A Replication FLCACCACATTCCTACTAATACY 404
F-ACTACCTATTAACCAATTCC-3
pil Twitching motility Surface structures F-CAATCAACATTCACCCCAATA-Y o915
protein F-ATACTTAATCCCTCCOCCTATC-3
D dTDP-4- Surface FITTGGTCATTGAGCCCAGCCT-3 429
dehydrorhamnose-3, polysaccharides FLCATAAACGCGOCGOTTTES
S-epimerase
uo NADH-ubiquinone Aerobic FLGETTAAACATTCCCCATCT-Y 1398

'A::ering to Scally efal, 2

& for typing of Xy/eliz

fastidiosa subspecies (Source: http://pubmlst.org/xfastidiosa/)

Elbeaino et a/,2014
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2. Multilocus sequence Analysis (MLSA)
Using Environmentally Mediated Genes (MLSA-E)

= An alternative for discriminating between closely related
X. fastidiosa isolates is to perform MLSA of genes
influenced by environmental factors, termed
environmentally mediated genes.

= Here multilocus sequence analysis of environmentally
mediated genes (MLSA-E) was applied to identify X.
fastidiosa isolate relationships.

= MLSA-E was used for genes related to processes
important for establishing X. fastidiosa infections and
colonization of the insect vector, such as surface
attachment, biofilm formation, virulence, and nutrient
transport and utilization.

Parker et al,2012 554



Multilocus sequence Analysis (MLSA)

Methods
Using Environmentally Mediated Genes (MLSA-E)

Genes selected

for final X.

fastidiosa MLSA-

1.
2.
3.
7
5.
6.
7/
8

9
1

E analysis:
acvi (virulence);
copB (copper
resistance);
cvaC@ (toxin);
fimA (attachment);
gaa,
pglAé (cell wall
degradation);
pilA (motility);
rpf” (pathogenicity);
xadA? (attachment);

0. etc.

Parker et al,,2012

Locus tag Gene size Amplicon
Gene (Temecula)  (bp) Category Description Forward primer (5'—3")  Reverse primer (5'—3")  size (bp) Reference(s)
acvB PD_1902 900 Virulence Virulence protein: suggested to ACAGTATCGCCG TC CATGCA TACRGC 743 34
regulate pathogenicity and GAAG TGATGA GATGYT TCCGAT
disease symptoms
copB PD_0101 930 Resistance Copper resistance protein B ATGAAC ACCCGT AC ATTTAG TCTCCA 607-862 68,82
precursor: encodes a copper CTGG TTCGTA CCATGA GCCGCA
resistance cation-
translocating ATPase
induced by copper exposure
cvaCe PD_0215 309 Toxin Colicin V precursor: encodes a TGCGTG AATTRA CA CCTAGT CTGCGG 330 20,62
bacteriocin precursor TTGA CCG CTTAAG CAGATT
proposed to be a defense
mechanism
fimA PD_0062 555 Attachment Fimbrial subunit precursor: CCCAGT GCGTCG TTTYGY ACTCTC AA 557 18-20, 24,
component of type [ pili TTATCG ATTATT GCAT CGCATC 25,46
important for biofilm GGT
formation and aggregation
gaa PD_0315 1,992 Toxin Glutaryl-7- TGAGAG CTGCYG ACAGCT TCTGGC 1129 4,5
aminocephalosporanic acid ATGTTC CAATGA AAGAAC AAGCAC
acylase precursor: encodes a
member of the newly
described family of B-
lactam antibiotic acylases
pglAs PD_1485 1,635 Cell wall Polygalacturonase precursor: TAGTGC TGGCCT AA COGTAT CAGCAA 828/829 63,71
degradation needed for degrading host CGAT GTYGGT CCACAT GGAAGT
plant cell walls to allow
colonization
pila PD_1924 447 Motility Fimbrial protein: major ATCGCK CTGCCY AT CAGCAT TGATCG 405 57
structural protein of type GTAC CAAA TRTTGC TGTRTG
IV pili used for twitching
motility and upstream
migration
pfF PD_0407 873 Pathogenicity Regulator of pathogenicity GCGCTC CATAGT TC ATGTCC GCTGTA 825 8,9,60
factors: involved in GGAG TGATTT CATCCC ATTCCT
biosynthesis of diffusible
signal factor (DSF) to
mediate cell-to-cell
signaling for biofilm
formation
xadA® PD_0731 2,994 Attachment QOuter membrane afimbrial TGGGAG GTCAAA GCATTG GCAGCA 1087/1108 25
adhesin: may contribute to GYACTG CCATCA ACACTC GAATCA

initial cell binding to
surfaces

@ Genes selected on the basis of dN/dS.

dN/dS ratio: Nucleotide substitutions in genes coding for proteins can be either
synonymous (do not change amino acid), alternatively called silent substitutions, or non-
synonymous (changes amino acid). dN/dS measured across the whole protein sequence
between two divergent species in theory tells you something about selection. If this ratio
= 1, then the whole coding sequence evolves neutrally, when 0 < dN/dS < 1, it's under
constraint, and when > 1 under positive selection.
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Multilocus sequence Analysis (MLSA)

Methods
Using Environmentally Mediated Genes (MLSA-E)

Nonhousekeeping Final MLSA-E
TemeCUIa/ga 5c Housekeeping genes genes gene regions
dN/ dS fOr Gene dN/dS Gene dN/dS Gene dN/dS
housekeeping sG 0.19 acvB 0.29 acvB 0.26
genesl gII'T 0.09 CUPB 0.28 EUP.B 0.26
. gyrB? 0.06 cvaC 0.34 cvaC 0.35
nonhousekeeping holC 0.1 exbD1 0.1
genes, and the leuA 0.07 fimA 0.40 fimA 0.37
final MLSA-E gene malF 0.10 gaa 0.23 gaa 0.22
) ] nuoL 0.10 pglA 0.21 pglA 0.21
regions used in petC 0.28 pilA 0.24 pilA 0.30
this study. pyrEe 0.08 pil] 0.10
rpfF 0.19 pfF 0.19
xadA 0.30 xadA 0.36
Xylella fastidiosa strain
Temecula was isolated from a Mean 0.12 0.24 0.28
naturally infected grapevine Median 0.10 0.24 0.26
with Pierce's disease in a wine-
grape-growing region of aUnless noted, housekeeping genes are from the MLST study.
California. Nonhousekeeping genes are from this study. The dN/dS (synonymous

substitution) ratios of the nonhousekeeping genes were significantly higher
than the dN/dS ratios of the housekeeping genes (Wilcoxon ranksum test,
two-tailed P= 0.0013).
Parker et al,2012 bgyrB used in other X. fastidiosa phylogenetic analyses. Cpyr~ used in initial
M| SRA-F analveec in thic chiidv
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Multilocus sequence Analysis (MLSA)

Methods
Using Environmentally Mediated Genes (MLSA-E)

» Master mix and PCR conditions:

= Isolate DNA was amplified by PCR on an S1000 thermocycler
(Bio-Rad Laboratories, Hercules, CA) in reaction mixtures
(50ul) containing the following components: 1.25 U
Perfect 7ag DNA polymerase, 1x Perfect 7ag PCR buffer, 0.2
mM deoxynucleoside triphosphates, 0.2 uM each primer, and
1 pl DNA template.

= Cycling parameters for all genes were 94°C for 3 min,
followed by 25 cycles of 94°C for 30 s, 62°C for 30 s, and
72°C for 45 s, with a final step of 72°C for 10 min.

= PCR products were verified by gel electrophoresis.

= DNA sequencing was conducted on an ABI 3730x| DNA

analyzer.
Parker et al,2012 o557



Multilocus sequence Analysis (MLSA)

Methods

Using Environmentally Mediated Genes (MLSA-E)

= Expanded subtree for X. fastidiosa
subsp. fastidiosa showing
variation in isolates from grape.

= Branch lengths are transformed to
enable viewing of branches and
relationships between haplotypes.

= BP (Bayesian posterior)
probabilities and maximum
likelihood bootstrap values are
presented above and below each
node, respectively.

= Asterisks indicate 100% support
values, while dashes indicate no
support on the basis of ML
analysis.

Parker et a/,2012

ORANGE | subsp. pauca

MrBayes
RAXML

* = 100% support
= not suj

gl

Cad

OLEANDER | subsp. sandyi

* GRLCAS
v
* | GR
= 5
*
¥ R
*

GR_CA3 subsp.
GRCATX1 | fastidiosa

EEEEEEEEE

subsp. multiplex

Porta,2017).

MLST is probably the best PCR-based approach

to identify and classify

X. fastidiosa. Also MLST may be more suitable
for strain/subspecies studies. (Baldi and La
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Molecular Diagnosis of Xy/ella

Three Real-time PCR tests for detection of
i Xylella fastidiosa

s [ hree real-time PCR tests are recommended
and have been validated.

= [wo tests based on Francis et a/.,2006
including:

1. SYBR green version, and

2. Tagman version.

= The test based on Harper et a/.,2010;
erratum 2013.

EPPO,2016 559



Real-time PCR
1. SYBR green version
i Xylella fastidiosa

= This PCR is suitable for the detection and
identification of Xy/ella fastidiosa.

= [he test is based on Francis et al.,2006.

= The target sequence is a conserved hypothetical
protein HL gene.

= Amplicon size: 221 bp.

s Forward primer HL5 sequence: 5’'-
AAGGCAATAAACGCGCACTA-3/;

s Reverse primer HL6 sequence: 5’-
GGTTTTGCTGACTGGCAACA-3'.

EPPO,2016



Real-time PCR

SYBR green version Master mix

PCR conditions: Pre-incubation at 95°C for 5 min, followed by 40 cycles of (95°C for 20 s
and 60°C for 40 s); melt-curve analysis is performed immediately after the amplification

protocol by collecting data over a temperature range of 65—95°C in 0.5°C increments

Working Volume per reaction . .
Reagent - Final concentration
9 concentration (uL) al concentratio
Molecular-grade water* N.A. 3.88 N.A.
SYBR Select Master Mix 2x 5.5 1x
(Applied Biosystems)
Forward primer (HL5) 10 uM 0.31 0.28 yM
Reverse primer (HL6) 10 pM 0.31 0.28 uM
Subtotal 10
Bacterial suspension or 1
DNA extract
Total 1"

*Molecular-grade water should preferably be used, or prepared purified (deionized or distilled), sterile
(autoclaved or 0.45-um filtered) and nuclease-free.

N.A.: not applicable, not available

EPPO,2016
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Real-time PCR

2. Tagman version
Xylella fastidiosa

= This PCR is suitable for the detection and identification of Xy/ella
fastidiosa.

= The test is based on Francis et a/.,2006.

= The target sequence is a conserved hypothetical protein HL
gene.

=  Amplicon size: 221 bp.

= Forward primer HL5 sequence: 5'-AAGGCAATAAACGCGCACTA-
3%

= Reverse primer HL6 sequence: 5'-GGTTTTGCTGACTGGCAACA-
3.

= The probe sequence is: 5'/FAM/-
TGGCAGGCAGCAACGATACGGCT-/BHQ1/3".

s  Automatic baseline and manual threshold of 0.1.
EPPO,2016



Real-time PCR

Tagman version Master mix

PCR conditions: Pre-incubation (UNG step) at 50°C for 2 min, initial denaturation
at 95°C for 10 min, followed by 45 cycles of (95°C for 15 s and 60°C for 60 s)

Reagent Working concentration Volume per reaction (pL) Final concentration
Molecular-grade water* N.A. 1 N.A.
Real-time PCR buffer 2x 5 1x

(TagMan® Universal PCR
Master Mix, Thermo Fisher
Scientific, 2x%)

Forward primer (HL5) 10 uM 0.9 0.9 uM
Reverse primer (HL6) i0 pM 0.9 0.9 uM
Probe 1 (probe) 10 uyM 0.2 0.2 uyM
Subtotal 8
Bacterial suspension or 2
DNA extract
Total 10

*Molecular-grade water should preferably be used, or prepared purified (deionized or distilled), sterile
(autoclaved or 0.45-um filtered) and nuclease-free.

N.A.: not applicable, not available

EPPO,2016



Real-time PCR
Third method
i Xylella fastidiosa

= This PCR is suitable for the detection and identification
of Xylella fastidiosa.

= The test is based on Harper et a/.,2010, erratum 2013.

= The target sequence is located at the level of the gene
coding for the 16S rRNA processing rimM protein.

= Forward primer XF-F sequence:

s 5'-CACGGCTGGTAACGGAAGA-3/;

s Reverse primer XF-R sequence:

s 5'-GGGTTGCGTGGTGAAATCAAG-3/;

= Probe XF-P sequence:

= 5’-6-FAM -TCG CAT CCC GTG GCT CAG TCC-BHQ-1-3".

EPPO,2016




Real-time PCR
Third method Master mix

PCR conditions: Pre-incubation at 50°C for 2 min followed by 95°C for 10 min, followed
by 40 cycles of (94°C for 10 s and 62°C for 40 s). Heating ramp speed: 5°C s1

Reagent Working concentration | Volume per reaction (pL) Final concentration
Molecular-grade water* N.A. 6.48 N.A.
Tagman Fast Universal 2x 10 ix
Master Mix (Applied
Biosystems)

Forward primer (XF-F) 10 uM 0.6 0.3 uM
Reverse primer (XF-R) 10 pM 0.6 0.3 pM
Probe 1 (XF-P) 10 pM 0.2 0.1 M
BSA 50 pg pL~* 0.12 0.3 pg pL ™"
Subtotal 18
Bacterial suspension or 2
DNA extract

Total 20

*Molecular-grade water should preferably be used, or prepared purified (deionized or distilled),
sterile (autoclaved or 0.45-um filtered) and nuclease-free.

N.A.: not applicable, not available

EPPO,2016
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Real-time PCR

Third method Master mix

PCR conditions: Pre-incubation at 50°C for 2 min followed by 95°C for
10 min, followed by 40 cycles of (94°C for 10 s and 62°C for 40 s). Heating
ramp speed: 5°C s—1

Reagent Working concentration | Volume per reaction (pL) Final concentration
Molecular-grade water* N.A. 6.48 N.A.
Tagman Fast Universal 2x 10 1x

Master Mix (Applied
Biosystems)

Forward primer (XF-F) 10 pM 0.6 0.3 uM
Reverse primer (XF-R) 10 yM 0.6 0.3 uyM
Probe 1 (XF-P) 10 uM 0.2 0.1 uM
BSA 50 pg pL~* 0.12 0.3pgpL™"
Subtotal 18
Bacterial suspension or 2
DNA extract

Total 20

*Molecular-grade water should preferably be used, or prepared purified (deionized or distilled),
sterile (autoclaved or 0.45-pm filtered) and nuclease-free.

N.A.: not applicable, not available

EPPO,2016



Detection procedure

Sample preparation for DNA extraction or ELISA/LAMP sap preparation

LAMP assay

symptoms/ecc.)

Process 100 mg .
5 DNA extraction or "

ELISA/LAMP sap preparation

0.5-0.8 gr of midveins and petioles excised from 10 leaves (size/symptoms/no

|
¥

“ Advantage: process 0.5-0.8 gr of tissue
Rapresentativeness of the sample

|

:l_ :L, AB35018 |

s

Loconsole, 2016
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Detection procedure

Sample preparation for DNA extraction or ELISA/LAMP sap preparation

LAMP assay

A. LAMP ASSAY: based on crude sap preparation for ELISA assay (laboratory tests)

RESULTS

pbla Serven G pre-ing st Lag Sz

Advantage:

1. crude sap rapresentative of the entire sample to overcome
erratic distribution of Xf in plants infected at early stage and
in symptomless samples

2. use for testing other susceptible hosts

Loconsole, 2016 o638



Molecular Diagnosis of Xy/ella

PCR approaches to X. fastidiosa study
i Genetic variation

= In order to characterize and differentiate strains and
pathotypes of X. fastidiosa, several molecular techniques
have been used.

= In the late eighties and early nineties, restriction fragment
length polymorphism (RFLP) and randomly amplified
polymorphic DNA (RAPD) analyses were largely diffused to
study strain differentiations of pathogenic bacteria.

= In the following years, RFLP and RAPD were often used in
combination with other techniques, such as REP PCR,
ERIC-PCR and contour-clamped homogeneous electric
field (CHEF), in order to improve sensitivity and reliability
of the test.

Baldi and La Porta,2017 569



Diagnostics methods

Genetic variation
rep-PCR

Repetitive sequence based-PCR technology (REP-PCR) was used
to identify unique PCR products for X. /astidiosa causing Pierce's
Disease (PD).

The DNA from X, fastidiosa strains were amplified with:
REP1-R (5'-IITICGICGIATCCIGGC-3") and

I1Q9EI§1% (5'-ICGICTTATCIGGCCTAC-3") primers (Versalovic et al.,

The overall reactions were adjusted to a final volume of 20 pl,
containing:

1 X PCR buffer (50 mM KCI, 200 mM Tris-HCI, pH 8,4),

2 mM MgCl,,

200 UM of each dNTP,

1 U of 7ag DNA polymerase,

30 ng of each primer (REP1-R and REP 2) and

50 ng of template DNA.

Travensolo et a/,2005 570



Diagnostics methods

Genetic variation
rep-PCR

The molecular profiles obtained by the
REP-PCR amplification showed three
distinct groups among the X. fastidiosa
strains.

The first group was outlined only by X.
fastidiosa isolated from citrus (9a5c,
11347, 10348, 10438, 11066, 11067/,
11834, 11380, 11775 and 11779), with
amplifying fragments ranging from 300
to 4,000 bp.

The second group was composed of
seven strains of X. /astidiosa from
citrus variegated chlorosis (11037,
11038, B-14, M2-1, 11399, 11400,
CVC-5) and one from coffee trees
(12288). The distinction of this group
was gossible due to the presence of a
300 bp amplified fragment.

The third group, comprised of strains
from grapevine (8935 and 9713) and
plum %9746 , showed a sufficiently
distinct profile from the others, with a
630-bp fragment.

Travensolo et a/,2005
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Molecular Diagnosis of Xy/ella

PCR approaches to X. fastidiosa study
i Genetic variation

= A more recent technique to study genetic variability
among strains exploits the so called short sequence
repeats (SSRs) that are located within the prokaryotic
genome (Kremer et al., 1999).

= Such short repetitive regions, due to the potentially
variable number of tandem repeats (VNTR), can be
highly polymorphic among different strains of bacteria
and therefore represent a valuable tool for molecular
studies.

= A set of 34 SSR markers were developed within the
genome of X. /astidiosa and used for genotyping

studies.

Baldi and La Porta,2017 o712



List of SSR markers
specific for X.
fastidiosa.

SSR markers proved to
be powerful tools to
distinguish genetically
similar isolates, as the
average level of
polymorphism found
among the 34 SSRs was
11.3 alleles per locus.

NNNNN

Citations WoS
G-Schotar

Baldi and La Porta,2017
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Vector-borne fastidious bacteria
Persistent and nonpersistent transmission

= Generally, vector acquisition of pathogens increases with
time spent feeding on infected plant sources of the
pathogen.

= Nonpersistent transmission: Transmission is called
nonpersistent if the rate of transmission drops to near
zero within a short time(hours).

s Persistent transmission: Describes situations in which the
vector can transmit over many days, in some cases, for
weeks or months.

= All phytoplasmas are transmitted to plants by phloem-

feeding insects in a persistent propagative manner.
nonpersist?b--* ‘5;-27:” 9 persistent *@

Epidermal’cell

Purcell and Almeida,2005;.. o74




Diseases caused by vector-borne
i fastidious bacterial pathogens

= Some plant parasites transmitted by insect vectors must multiply
and circulate throughout the body of the vector to be transmitted.

Xylella fastidiosa Xylem sap-feeders Noncirculative but
(numerous diseases) (Leafhopper known as persistent,
Glassy-winged propagative in vector
sharpshooter)
Ca. Liberibacter Psyllids Foregut-borne (non-
Citrus greening circulative), persistent
Aster yellows Leafhoppers circulative, propagative
phytoplasma (several spp.)
Spiroplasma citri Leafhoppers circulative, persistent
Citrus stubborn (several spp.) manner

Purcell and Almeida,2005;.. 575



Glassy-winged sharpshooter (GWSS)
The main vector of Xy/ella fastidiosa

= The leafhopper insect
known as glassy-winged
sharpshooter( Homalodisca
coagulata) (GWSS) is the
major vector of:

1. Pierce’s disease, and
2. Phony peach disease.

Photo by Bake Bextine

Courtesy Russell et al

Gould & Lashomb,2005 576



Sharpshooter(GWSS)

A model of the reproductive and behavioral tradeoffs facing
glassy winged sharpshooters during adult and immature stages

= These tradeoffs occur because of the low nutritional value of plant xylem, the
different requirements of the adults and immatures, and high egg parasitism.

Flight

Adults: % ‘Eggs.
Feed or Move Parasites

Oviposit - Maln Nymphs:
Oviposit - Parasi Feed - Malnutrition
Move - Lose plant

P/

Lashomb et a/,2002 S77

Predated B 1




PD of grapevine cycle

Role of insect vectors, such as the GWSS and the BGSS and excess
tylose production in the xylem lead to PD symptom development

= Xylella fastidiosa is acquired by its xylem-
feeding insect vectors, such as the GWSS and
the BGSS, during the feeding process. Once
acquired, it colonizes the insect’s foregut and
forms robust biofilms (indicated by white
arrows). Xylella fastidiosa is transmitted to a
new host plant when the insect vector feeds on
a new plant and deposits Xy/ella fastidiosa cells
directly into the plant xylem. Xy/lella fastidiosa
achieves systemic colonization of the xylem by
enzymatic degradation of the xylem pit
membranes that connect adjacent xylem
vessels.

s  Xylella fastidiosa colonization induces prolific
production of balloon-shaped defense related
protrusions called tyloses in the xylem. Systemic
colonization and vessel occlusion by bacterial
biofilms and excess tylose production lead to PD
symptom development.

=  GSS, blue-green sharpshooter; GWSS, glassy-
winged sharpshooter; PD, Pierce disease; PM,
pit membrane; VW, vessel wall.

-

L \ (] U[L{ o
(3]
L

Castro et al,2021 o738




Pathogenicity test

Susceptible cultivars —

= A general inoculation procedure is described below.

= Pathogenicity tests should use plants of the same host
from which the suspect X. /astidiosa was isolated.

o Whgre possible, the most susceptible cultivars should be
used.

= Some recommended examples include: for V. vinifera
(common grape vin ) the cultivars ‘Chardonnay’,
‘Cabernet sauvignon’, ‘*Chenin Blanc’ and 'Pinot Noir’; for
Camellia sinensis (tea), ‘Pera’, ‘Hamlin’, ‘Natal” and
‘Valencia’; and for Olea europaea (ollve) ‘Cellina di
Nardo’, ‘Frantoio’ and ‘Leccino’ (EPPO, 2018b)

» Catharanthus roseus (Madagascar periwinkle) is a
herbaceous plant that is easily grown in a greenhouse and
is susceptible to X, 7astidiosa (Monteiro etal.,2001).

Diagnostic protocols for regulated pest- DP 25: Xylella fastidiosa,2018 579



Pathogenicity test \‘

Needle inoculation

= Pathogenicity testing is recommended when requiring
additional information on strain aggressiveness,
potential host range, or to fulfil the requirements of
Koch’s postulates.

= Actively growing, susceptible plants need to be
maintained in a greenhouse or growth chamber at
26-28°C.

= Inoculation techniques should deliver inoculum

directly into the xylem vessels for development of
symptoms.

= The most widely used method for plant inoculation is
by needle puncture into the stem at the insertion of
tzrbeo 1p)etiole (Hill and Purcell, 1995; Almeida etal,,

Diagnostic protocols for regulated pest- DP 25: Xylella fastidiosa,2018 580



Pathogenicity test

0l%  Blade) |

Needle inoculation e st

= To facilitate the rapid uptake of the inoculum by the
transpiration system, inoculated plants should be young and
should be grown in pots with dry soil.

= Cultures of bacteria grown for 8-10 days on suitable media
should be used for pathogenicity tests.

= Bacteria are removed from solid media and suspended in PBS to
produce a turbid suspension of approximately 108—10° cfu/ml
(AbSgonm= 0.2).

= A drop (20-50 pl) of inoculum is placed in a leaf axil and
unctured through several times with a fine needle until the
iquid is completely absorbed.

= Control plants are treated in the same way except that the
suspending medium (PBS) is used instead of bacterial
suspension.

= Plants must be maintained in the greenhouse or growing
chambers at 26-28°C.

Diagnostic protocols for regulated pest- DP 25: Xylella fastidiosa,2018 581



Needle inoculation from axenic cultures

‘_L Pathogenicity test

= Deliver the inoculum directly into the xylem vessels
through puncturing the stem with a syringe needle or
pin.

= The inoculum should be visible turbid
sugpfefnsmn(Ae-,oo—O .2) containing 108 to 10° CFU/ml in
a buffer

= With pin-prick method, a drop of the inoculum is
pIaced on two of the lower internodes of the host
plant

= Symptoms (typical leaf scorch symptoms) produced
by X. fastidiosa strains in various hosts require 3
weeks after inoculation (Pierece’s disease of
grapevine) to 18-24 months (e.g. phony peach) for
symptom development.

Schaad et a/,2001; EPPO,2016 582



Needle inoculation

i Pathogenicity test

= Inoculation techniques
should ensure infiltration
directly into the xylem
vessels in order for
symptoms to develop.

= The most widely used
method for plant
inoculation is by needle
puncture in the stem at
the insertion of the
petiole.

EPPO,2016 583



Pathogenicity test

X. fastidiosa pathogenicity assays on grapevines
Needle inoculation

= In brief, 10uL droplets of X. 7astidiosa bacterial suspensions (ODgq, =
0.25) in SCP buffer (trisodium citrate, 1 g/L; disodium succinate, 1 g/L;
MgSQO,'7H,0, 1 g/L; K,HPO,, 1.5 g/L; and KH,PO,, 1 g/L; pH 7.0) were
applied on opposite sic2les of each of 4-5 internodes of ca. 3 ft high
grapevines in pots, starting with the second internode from the base.

= A sterile, tuberculin needle was used to puncture the stems to a depth
of 1 to 3 mm through each of the droplets.

= Plants were not watered for at least 36 hours prior to inoculation.

= Inoculated plants were maintained in an air conditioned green house
and carefully observed for the appearance of symptoms.

= Observations were recorded from the time the first visible symptoms
appe?]red (ca. 4-6 weeks post inoculation) and continued for another 2
months.

s Disease severity was quantified and expressed as a % of diseased
leaves (including bare petioles and bare nodes) on each inoculated
Blant by measuring the number of symptomatic leaves, the number of

are petioles and the number of bare nodes on each plant, and
dividing by the total number of leaves (asymptomatic or symptomatic),
bare petioles and bare nodes per plant.

Zhang et al,,2015 o84



Pathogenicity test

X. fastidiosa pathogenicity assays on grapevines
Needle inoculation

EB92-1/pSZ26 elicited typical
leaf necrosis delimited with
pinkish areas that were
identical in appearance to
plants inoculated with
Temeculal(TM1) strain.

As the infection progressed
the entire lamina underwent
necrosis leading to
defoliation.

Enlarged region from boxed
area in (C) illustrating unique
symptoms(D).

Zhang et al,,2015
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Recovery of X. fastidiosa from grapevine cuttings

‘_L Pathogenicity test

= Two grapevine cuttings (Vitis vinifera) of the variety
“Cabernet sauvignon” were mechanically inoculated
with the Temecula strain of X. fastidiosa by using the
pin-prick method.

= After these vines showed PD symptoms, 23 petioles
from symptomatic leaves were collected from these
plants, surface sterilized, cut into small (1 mm) pieces,
homogenized in buffer, and then dilution-plated on
PWG, PD3, and XfD2 media, following published
methods.

= After 1-3 weeks, we counted the number of CFUs by
using a dissecting microscope.

Almeida et al,,2004 86



Pathogenicity test

Stem tissue inoculation

+

An alternative method of inoculation is to raise a
flap(a thin and flat piece) of stem tissue by cutting
upward with a razor blade to expose the wood.

A few drops of bacterial suspension are placed under
the flap and the flap replaced and wrapped with
grafting tape.

Symptom development usually appears 60-80 days

after inoculation; however, this is known to be
varlable and could be up to 24 months depending on
host and strain combination (Hopkins, 2001).

For both methods of inoculation, if possible the
bacterium should be re-isolated to ulfil the
requirements for Koch'’s postulates.

DP 25: Xylella fastidiosa,2018 587
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Pathogenicity test

Bioassay on tobacco plants
Xylella fastidiosa

In addition, a bioassay can be performed on
Nicotiana tabacum (tobacco) plants by inoculating
the petioles with suspensions of X. fastidiosa strains
associated with almond leaf scorch disease (ALSD)
and Pierce's disease (PD) of grapevine (Francis

et al.,2008).

Leaf scorch symptoms develop 10-14 days after
inoculation.

= All PD strains and the ALSD strain Dixon caused

characteristic leaf scorch symptoms, whereas two
other ALSD-associated strains (M12 and M23) caused
severe leaf chlorosis followed by necrosis, leaf death,
and drooping of older leaves.

DP 25: Xylella fastidiosa,2018 588



Pathogenicity test

Bioassay on tobacco plants
Xylella fastidiosa

1 month old tobacco plants (‘Petite Havana SR1") were inoculated by cutting the top
of the stem and removing the lower juvenile leaves so that only three healthy adult
leaves in the lower portion of the plant remain (numbered 1-3).

= Bacterial inoculum is prepared from X. fastidiosa cultured on solid media at 28°C for
about 1 week. Bacteria from two plates are scraped off and resuspended in 1.5 mL
succinate-citrate phosphate buffer.

= A 1-mL tuberculin syringe with a 23-gauge needle is used to inject half of the plants
with approximately 20 pL of inoculum in each remaining tobacco petiole, near the
axils. The other half of the tobacco plants (control plants) are injected in the same
manner with buffer only.

= Plants continue growing from the site where the stem was cut. Leaves are classified
according to their appearance as control (healthy) or senescent (showing browning
symptoms) from buffer-inoculated control plants and asymptomatic (healthy) or
symptomatic (marginal leaf scorch) from X. fastidiosa-inoculated plants.

=  Symptoms start to develop 10—-14 days after inoculation (leaf scorch symptoms).

= Francis et a/.,2008 reports that tobacco inoculated with stains associated with almond
leaf scorch and Pierce's disease showed typical symptoms resembling those of grapes
and almond infected with X. /astidiosa.

EPPO,2016 589



Pathogenicity test

Bioassay on tobacco plants

Xylella fastidiosa

Symptoms were fully developed
6 weeks after inoculation.

The control plant mock inoculated
with water (left) and plant inoculated
with X, fastidiosa (right).

Advanced symptoms at flowering
time (2-3 months after inoculation).

The water mock-inoculated control
plant is showing normal leaf
senescence (left) and

the X. 7astidiosa inoculated plant is
showing marginal leaf scorching and
a chlorotic halo around the edge of
the scorch symptoms (right).

EPPO,2016
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Pathogenicity test

Bioassay on tobacco plants

Xylella fastidiosa

= Briefly, a pathogen suspension, at
108 CFU/ml (ODgyo = 0.3) was
injected with a Hamilton 250 pl
syringe including a thin needle with
bevel tip.

= The needle end was introduced into
approximately one half the plant
stem diameter to directly access the
vascular system.

= Three inoculations of X.
fastidiosa suspension of 10 ul each
(30 pl of total inoculum/plant,
3x106 CFU/plant) were applied at
the same side of the stem in a
section of 3 cm at around 10 cm
above the soil level.

Baro et al., 2022

UPWARDS
ZONE 2

UPWARDS
ZONE 1
u1)

————— - 3 =

Xylella
_

Synthetic

4 antimicrobial

peptide

DOWNWARDS
ZONE (D)

Viral
transfection

Scheme of pathogen inoculation, peptide
application points, and the leaves transfected with
PVX constructs, and details of inoculation/delivery

process in the stem of the plant.
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Storage methods

‘_L Maintenance procedures

= Lyophilization and storage on silica gel at
20°C are effective long-term storage methods
(Sleesman and Leben,1978; Hopkins,1988Db).

= Long-term culturing of X. fastidiosa frequently
results in the loss of virulence, e.q., after 18
months of weekly culturing on PD2 medium
(Hopkins,1984).

592



Bacterial strains and culture
i conditions

Xylella fastidiosa subsp. fastidiosa strain Temecula
(ATCC 700964) was used in this study and was
grown in PD2 liquid medium at 28°C.

Stocks of X. fastidiosa cultures were stored in PD2
broth plus 20% glycerol at -80°C.

Bacteria from these colonies were then transferred to
fresh PW and PD3 medium plates for continued
growth.

For long-term storage, bacterial cells were harvested
from petri dishes and maintained in PW broth with
20% glycerol at -80°C.

Hernandez-Martinez et a/.,2006;Cobine et a/,2013 593



Bacterial strains and culture
i conditions

= Freezer cultures were made by putting 0.75 ml of
sterile glycerol and 0.75 ml of Supplemental PW
broth culture in cryotubes.

= [he tubes were placed in Nalgene’s Cryo 1°C
Freezing container, put in a -80°C freezer and
lowered to the freezer temperature in 1°C increments

over four hours.
= After the tubes reached freezer temperature, they

were transferred from the freezing container to a
freezer box for long-term storage.

Mundell,2005 594



Identification of the bacterial pathogens
BLOs (bacteria-like organisms)

Phloem-limited prokaryotes
Disease diagnosis and pathogen diagnostics

1. candidatus Phlomobacter
2. candidatus Arsenophonus
3. candidatus Liberibacter

Note that ca. Liberibacter spp. are clustered in class
Alphaproteobacteria, family Rhizobiaceae and ca. Phlomobacter and
ca. Arsenophonus are clustered in class Gammaproteobacteria. 595



Fastidious phloem-limited bacteria

Fastidious Phloem-limited Bacteria

Small with rippled cell wall, mostly Gram (-)

No flagella -
Symptoms: stunting of leaves, shoot

proliferation, greening of floral parts

>
» Have not been cultivated
» Transmitted by insects

Serratia marcescens: Yellow vine disease of cucurbits
» Watermelon, squash, pumpkin
» Squash bug vector

Candidatus liberobacter asiaticus or africanus: Citrus greening
» All citrus...spreads very quickly, worldwide problem
» Psyllid vector

Huanglongbing = yellow dragon

& 2
o A
R B
Large "pancake” canker lesion on red F’i\' : oy
it fruit d by X. citri. N’
Cuppels Biology 418a ErapeIIult Tt caused by X, ciin ’4

www.apsnet.org
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BLO(bacteria-like organisms)

i Fastidious phloem-limited bacteria

= Phloem-inhabiting bacteria, which for several
years were thought to be rickettsia-like
organisms (RLO), were only discovered in
1972 (Agrios,2005).

= More than 20 plant diseases are associated
with or known to be caused by these
bacteria-like organisms (BLOs), which range
in size from 0.25 to 0.5 by 0.8 to 4.0
micrometers (Schubert,2002).

597



Plant diseases associated with BLO

Disease Association Plant Host Geographic Location
Pollen sterility of garlic Allium sativum Germany
Sugar beet latent rosette Beta vulgaris Europe
Papaya bunchy top Carica papava Caribbean Islands, Cent. Am.
Yellow vine disease of cucurbits Citrullus lanatus, Cucumis melo, USA
Cucurbita spp.
Citrus greening Citrus spp., Poncirus trifoliata, and  Asia and Africa
other rutaceous plants
Coconut palm decline Cocos nucifera Tanzania
Carrot yellows Daucus carota subsp. sativus USSR
Strawberries yellows Fragaria X ananassa Australia
Strawberry marginal chlorosis Fragaria X ananassa France and Spain
Brown blast of rubber trees Hevea brasiliensis China
Hop crinkle Humulus lupulus Eastern Europe
Larch witches” broom Larix decidua Germany
Tomato stolbur-like Lycopersicon esculentum Eastern Europe
Proliferation and stunting Melaleuca armilaris Israel
Potato leaflet stunt Solanum tuberosum Israel
Little leaf Sida cordifolia Puerto Rico
Spinach witches’ broom Spinacia oleracea Ttaly
Rugose leaf curl of clover Trifolium spp. Austraha
Yellows of clover Trifolium repens Canada
Clover club leaf Trifolium repens USA and England
Wheat yellow leaf curl Triticum spp. China
Yellows disease of grapevine Vitis vinifera Germany, Greece
Infectious necrosis of grapevine Vitis vinifera Czechoslovakia
Shoot proliferation Wissadula periplocifolia Jamaica

Schaad et a/,2001
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The genus
Candidatus Phlomobacter

Candidatus Phlomobacter fragariae Marginal chlorosis of strawberry

s (Candidatus Phlomobacter can be identified by
amplification and sequencing of the 16S rDNA.

= By sequence comparisons, two primers specific for
Phlomobacteria have been selected on the 16S rDNA
sequence.

= They are efficient and specific for Candidatus
Phlomobacter detection in plants.

= When used for DNA amplification in insects, these
primers are not specific, as Candidatus Phlomobacter
shares strong homologies with:

1. Insect bacterial symbionts;
2. Parasites;
3. Enterobacteria.

599



The genus Ca. Arsenophonus

Emergence and evolution of Arsenophonus
bacteria as insect-vectored plant pathogens

= Notably, two species:
1. Phlomobacter fragariae, and

2. Arsenophonus phytopathogenicus, have been
characterized as phloem-restricted plant pathogens
that are obligatorily transmitted by and hosted in
planthoppers.

= Bressan et al., 2012 reviewed the current
understanding on the lifestyle transition, evolution,
host interaction, and infection cycles of these
emerging plant pathogens.

Ca. Arsenophonus phytopathogenicus” is not a sister taxon to “Ca.
Phlomobacter fragariae”, but is a novel species, for the bacterium

600
associated with sugar beet and strawberry diseases.



Candidatus Liberibacter

i The genus

s Candidatus Liberibacter is a genus of Gram-negative
bacteria in the Rhizobiaceae family.

= Liberibacters are restricted to the sieve tubes of the
phloem tissue and possess a characteristic double-
membrane cell envelope.

= The outer cell wall membrane and the inner
cytoplasmic membrane can be observed. The
peptidoglycan layer between the inner and outer
membrane can be visualized by cytochemical
treatments.

= Members of the genus are plant pathogens mostly
transmitted by psyllids.

601



Cell structure
‘Candidatus Liberibacter asiaticus’(CLas)

= Pleiomorphic round and

elongated bacilliform-

like shapes

characteristic of ‘Ca. L.
asiaticus’.

= B, bacterial cells;

= SP, sieve plate;

= M, mitochondria.

= Scale bar is 0.5 ym

Hilf et a/,2013 602



The genus

Candidatus Liberibacter

Candidatus Liberibacter asiaticus

Huanglongbing (Citrus greening disease)

Candidatus Liberibacter asiaticus subsp. capensis

Present in an ornamental rutaceous (citrus
family) tree

Candidatus Liberibacter africanus

Huanglongbing (Citrus greening disease)

Candidatus Liberibacter americanus

Blotchy mottle on sweet orange

Candidatus Liberibacter psyllaurous

Associated with potato and tomato Psyllid
yellows

Candidatus Liberibacter solanacearum

Zebra chip disease of carrot, potato and
tomato

Candidatus Liberibacter crescens

Isolated from papaya growing in Puerto Rico

Candidatus Liberibacter brunswickensis

Associated with the psyllid Acizzia solanicola
on eggplant in Australia

Candidatus Liberibacter europaeus

Found in pear trees, where it seems to cause
no symptoms and is vectored by the psyllid,
Cacopsylla pyri

Liefting; Liefting co-workers; Bull et a/,2012; Bressan et a/.,2012; Wikipedia,2020
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‘Candidatus Liberibacter solanacearum’

Zebra chip disease of potato and spiky chlorotic apical growth, general
mottling of leaves, curling of midveins and stunting of tomato

A new disease observed in glasshouse tomato with
following symptoms:
— Spiky chlorotic apical growth
— General mottling of leaves
— Curling of midveins
- Stunting

Uncooked Cooked

NEW ZEALAND. IT'S OUR PLACE TO PROTECT.
NEW ZEALAND. IT'S OUR PLACE TO PROTECT.

Tomato/potato psyllid (Bactericera cockerelli) observed in

association with these affected crops. 604



Phylogenetic analysis of the 16S rRNA gene
‘Candidatus’ Liberibacter including a new Liberibacter
species ‘'Candidatus Liberibacter solanacearum’

Range Of SpeCifiC 16S rRNA ‘Ca. L.africgnus‘ '
PCR primers used in different ’-‘éfeés;::;c;"us e

|— ‘Ca. L. asiaticus’

combinations with universal

16S rRNA.

1 68 rD NA ‘Ca. L. asiaticus’

‘Ca. L. asiaticus’

Primers (fD2/rP1). A unique { S

1-kb fragment was amplified ~

‘Ca. L. americanus’

L[ ‘Ca. L. solanacearum’

‘Ca. L. americanus’

from symptomatic plants P

only.

[[Rhizobfum etli
Ensifer meliloti

_tecty _Smpionai

[ | | Y— Agrobacterium tumefaciens
Mesorhizobium loti
Aminobacter aminovorans

Devosia riboflavina

Caulobacter sp, K31

97% identical to

16S rBRNA gene of
‘Candidatus
Liberibacter asiaticus’

Parvibaculum lavamentivorans

Rickettsia massiliae
Ralstonia solanacearum

Escherichia coli

Liefting co-workers 605



Citrus huanglongbing (greemng)

disease (citrus greening)

Huanglongbing also called citrus greening or yellow
dragon disease is one of the most serious insect-
vectored pathogens of citrus which is thought to
have originated in China in the early 1900s.

Known in China for 100 years where it was called
“Huanglongbing” (HLB).

This name has been translated into English as
“yellow dragon disease”.

But Zhao in his 1981 review glves the English name

1_yellow shoot disease” more recently he
con rmed that this is the correct meaning in the
Chaoshan district of Guan dgdong Province where the
disease was first observe

606



HLB or Citrus Greening Disease
candidatus Liberibacter asiaticus,
africanus and americanus

= Three species
of Candidatus Liberibacter
cause huanglongbing:

s Ca. L. asiaticus,
s (Ca. L. africanus, and
s Ca. L. americanus.

s [he Asian form is the
most widespread.

Note: Association of phytoplasma with Ca. Liberibacter asiaticus’(CLas) in sweet
lime was reported for the first from Iran (Saberi et a/,2017).The HLB-associated
phytoplasma was a member of peanut witches’ broom (16SrII) phytoplasma group. Recently
same type of association (phytoplasma with Huanglongbing (HLB) disease) was reported
in pomelo (Citrus grandis) from India. Here, the pathogen belongs to 16SrXIV Group of
phytoplasma, ‘Candidatus Phytoplasma cynodontis’(Ghosh et a/,,2019).

Davis; Zhang,2019



HLB or Citrus Greening Disease
Synonyms for citrus greening disease

= South Africa
= Greening
= Yellow branch
= Blotchy mottle
s China
= Yellow shoot (Huanglongbing)
= Taiwan
= Decline (Likubin)
= India
= Die-back
= The Phillippines
= Leaf mottle
= Indonesia
= Vein phloem degeneration

Presentation by Dr. Jamba Gyeltshen 4/06/09 608



Candidatus Liberibacter
Strain differences

= There are three strains of the bacteria:
s Candidatus Liberibacter asiaticum:

= The Asian form usually produces a more severe disease
reaction than the African form. This form is also heat
tolerant, producing symptoms under cool to relatively
warm conditions (up to 32°C) (Bové et al.,1974).

n Candidatus Liberibacter africanum:

= The African form of the Jnathogen is heat sensitive, with
symptoms produced under relatively cool conditions (20-
24°C optimum) (Garnier and Bové,1993).

= Extended periods of high temperatures suppress symptom
development.

s Candidatus Liberibacter americanus:
= The American strain discovered in Brazil.
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Disease symptoms
BLO damage to hosts
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Within the citrus plant, the bacteria are limited to the phloem. This

condition causes the following symptoms:

Shoot color yellow

Leaves with characteristic blotchy mottling

Normally green tissue turns yellow (chlorosis)

Total foliage reduced

Leaf tips dieback

Premature fruit drop

Root systems remain poorly developed with relatively few
fibrous roots

Citrus fruits infected with HLB have the following characteristics:

Shape lopsided

Size small

Color remaining green with seeds aborted
Taste sour

Floyd and Krass,2006;...

Trees eventually die; but before that, fruit is distorted and bitter, can’t be used for juice.
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Detection
By symptoms

= Visual inspection is a very important tool for detection but it is
not enough because symptoms of HLB can be confused with
nutritional disorders (zinc, iron, manganese deficiencies) or with
other diseases (Citrus tristeza virus, Stubborn, citrus blight).

= Symptoms of HLB develop slowly. Infected trees gradually
decline in vigour and yield, and remain stunted or eventually
die. The disease develops irregularly so that individual trees
may show a mixture of normal and diseased sectors — this in
itself being a diagnostic characteristic.

= Symptoms first appear as leaf mottling and chlorosis in one
shoot or sector of the tree.

= Later, leaf symptoms resemble nutritional deficiencies (zinc,
copper and nitrogen) but may vary depending on the bacterial

strain.

www.ippc.int,2007 611



Detection
By symptoms

= On Leaves: The larger leaves on the lower parts of branches turn
yellow along the main and secondary veins that later change to a
“blotchy-mottle”. As the discoloration spreads away from the veins, the
leaves become pale to light yellow with unevenly distributed dark green
areas. Leaves on weak terminal twigs are small, up-right and show a
variety of chlorotic patterns, suggestive of zinc and iron deficiencies.

= The small leaves are pale at first and develop secondary chlorotic
patterns as they mature. Mature leaves show irregular patches
between the veins; the veins are often prominent and yellow.

= On Fruits: Fruits are reduced in size, of poor quality, and often fail to
develop normal fruit colour.

= The columella is curved causing the fruit to be distorted and lopsided.
Infected fruit have a bitter, salty taste, remain small and fall
prematurely.

s Seeds in affected fruit are abortive.

www.ippc.int,2007 612



HLB or Citrus Greening Disease
Sectoring of greening in citrus tree canopy
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HLB or Citrus Greening Disease
Candidatus Liberibacter asiaticus,
africanus and americanus

Fig. 2. Young sweet orange from Fig. 3. Pummelo foliage from south
commercial planting in S&o Paulo Brazil Florida displaying “blotchy-mottle”
with “yellow-shoot” symptom of HLB symptoms.

infection.

Fig. 4. Sweet orange foliage from Séao Fig. 5. Citrus hystrix tree in residential

Paulo, Brazil demonstrating asymetrical area of Miami showing severe vein
“blotchy mottle” symptom relative to the corking symptom of HLB.
mid vein.

Gottwald et a/.,2004 614



HLB or Citrus Greening Disease

Candidatus Liberibacter asiaticus,
africanus and americanus

Mandarin displaying stylar end lack Asymetrical “lopsided” and seed
of coloration, the characteristic death sweet orange.
leading to the common name for the
disease “greening”.

Gottwald et a/,2004; Floyd and Krass,2006 615



Citrus greening fruit symptoms

HLB-infected Sweet orange fruit from
Brazil with blotchy mottle symptom
on fruit surface.

HLB-infected Sweet orange fruit

from Brazil with diagnostic silver

spot that develops when passed
firmly with finger.

Gottwald et a/,2004
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Adult Asiatic or oriental citrus
psyllid, Diaphorina citri vector of HLB

HLB is vectored by the following two species of psyllids:

1. Asian citrus psyllid (Diaphorina citri);
2. African citrus psyllid ( 7rioza erytreae).

Adult Asian citrus psyllid
nymphs and characteristic
waxy feeding exudate.

Adult Asian citrus psyllid,
Diaphorina citri, vector of
HLB in Asia.

Adult African citrus
psyllid. Tryoza erytreae,
vector of HLB on the
African continent.

Gottwald et a/,2004; Floyd and Krass,2006
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Diseases caused by vector-borne
i fastidious bacterial pathogens

= Some plant parasites transmitted by insect vectors must multiply
and circulate throughout the body of the vector to be transmitted.

Xylella fastidiosa Xylem sap-feeders Noncirculative but
(numerous diseases) (Leafhopper known as persistent,
Glassy-winged propagative in vector
sharpshooter)
Ca. Liberibacter Psyllids Foregut-borne (non-
Citrus greening circulative), persistent
Aster yellows Leafhoppers circulative, propagative
phytoplasma (several spp.)
Spiroplasma citri Leafhoppers circulative, persistent
Citrus stubborn (several spp.) manner

Purcell and Almeida,2005;.. 618



Diaphorina citri
Vector of HLB

Diaphorina ciir/

Asian Citrus Psyllid

Vector of citrus greening disease
Top five list of pathogens
reported in Florida Sept, 05

Nymph feeding on

citrus leaf tissue

A. Wayadande 619



Citrus Huanglongbing (greening) disease

i New Pest Response Guidelines

= Floyd, J. and C.

Krass,2006 and 2012. = B EELepnEe
Guidelines
O USDA/ APHIS/ PPQ— P Huanglongbing Disease
Emergency and e OF CItIUS

Domestic Programs, | -
Riverdale, Maryland.

= http://www.aphis.usda.
gov/import_export/plant
s/ppd_manuals.shtml
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Plant preference for sampling

i Citrus susceptibility assessment

= Use the following order of plant preference when
sampling:

1. Orange, mandarin, tangelo, and tangerine
2. Pummelo, grapefruit, and sour orange
3. Lemon and lime.

= Sweet oranges and mandarin are more severe to HLB
disease.

= In contrast, group of lemon and grapefruits are
tolerant and limes (C. aurantifolia) and pummelo (C.
grandis) are the most tolerant.

Ahmad et a/,2011;.. 621



Sampling method

Examine trees for the presence of yellow shoots, foliar
mottling, zinc pattern deficiency, and yellow veins

a. Sampling points along
concentric annuli
transects at 5-mile

increments away from
a known positive host
tree.

8. Sampling points along
an arc transect
showing where
searching begins to

find the nearest host
tree for survey.

Floyd and Krass,2006 & 2012 622



=¢ Collect leaves with mid-ribs that are attached to stems.
=¢ | eaf samples

1. Send a minimum of 20 leaves with stems.

2. Place leaf and stem samples with paper towels in two resealable
plastic bags, one bag inside another larger bag.

. Express air from bag.

. Seal bag.
. Record sample identification number on bag.
6. Keep samples cool, but not frozen (in an ice chest).

o B W

=¢ Fruit samples

Sa m pling& 1. Place fruit in two paper bags, one bag inside another larger bag.
- - 2. Record sample identification number on bag.
Shlpplng 3. Keep samples cool but not frozen; in an ice chest is good.
Instructions 4. Do not send fruit samples without accompanying suspect leaf

samples from the same tree.

=t Pack resealable bags inside a sturdy cardboard box. Include packing
material to prevent movement in the box. Omit ice packs.

=¢ Assign and record for each sample a unique ID sample number. Assure
that the sample is linked to any survey data collected for that sample by
including the Survey ID number on the form.

= Include the completed PPQ 391 Specimens For Determination on page
B-2—and any relevant tags or barcodes that came with the
sample—inside the outer bag.

=¢ Use overnight delivery to ship samples; FedEx®is preferred. Send
samples on the same day they are collected, or before noon the following

Floyd and Krass,2006 day. Ship samples Monday through Thursday only.



i Sample collection

Host plant

= P