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Chapter 5 )
Isolation, Detection and Characterization |
of Pectobacterium and Dickeya Species

Jan M. van der Wolf, Greig Cahill, Frédérique Van Gijsegem, Valérie Helias,
Sonia Humphris, Xiang (Sean) Li, Ewa Lojkowska, and Leighton Pritchard

Abstract This chapter outlines isolation, detection and characterization methods
for soft rot Pectobacteriaceae (SRP) and finishes with recommendations for diag-
nostics of SRP and perspectives for improved detection using metagenomic and pan-
genomic approaches. For dilution plating and isolation of SRP, crystal violet pectate
is still the medium of preference, although it is poorly selective. To improve the
diagnostic sensitivity of detection methods, enrichment methods are used in which
selective growth of the pathogen is enhanced by incubation in a pectate broth under
low oxygen conditions. For molecular characterization, various finger printing tech-
niques are described, but today analysis based on phylogenetic markers are preferred,
in particular multi-locus sequence typing of housekeeping genes and comparative
genetics using whole-genome sequences. For phenotypic characterization, methods
are used based on serological, biochemical and physiological features. Currently the
most precise phenotyping method is protein mass fingerprinting using a MALDI-
TOF Mass Spectrometry. For detection of the pathogen, DNA-based amplification
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methods are generally used, including conventional PCR, real time (TagMan) PCR
assays and LAMP assays. They can detect the pathogen at a low density and allow
recognition of the pathogens at different taxonomic levels. An inventory has been
included of recently developed primer and probe combinations.

5.1 Introduction

Methods for detection and diagnostics are crucial in the management of diseases
caused by the soft rot Pectobacteriaceae (SRP) genera Dickeya and Pectobacterium.
Detection methods are required to test symptomless plant material for the presence of
SRP, but also for studies on the ecology and management of the pathogens. Isolation to
pure cultures is needed for full characterization, which may also comprise assessment
of the virulence and determination of virulence factors. For routine detection, high
throughput methods with an adequate diagnostic sensitivity are indispensable. In the
period between 1960 and 2000 antibody-based solutions were often the method of
choice. However, as the serological diversity of disease-causing SRP was high and
difficult to standardize, in recent decades DNA-based amplification methods have
been the preferred option, since specificity can be adapted to allow all variants of the
target organism to be detected. Nevertheless, for risk assessment studies, methods for
phenotypic characterization of the bacteria are also needed. In this chapter the various
methods for isolation, detection and characterization of SRP are briefly outlined.

5.2 Dilution Plating and Isolation

Understanding the ecology, taxonomy and epidemiological potential of SRP requires
methods to selectively detect, isolate and quantify them in their different habitats.
Many of SRP are widespread in nature and can be found in complex matrices (e.g.
soil, plants) and aquatic ecosystems (e.g. rivers, lakes, aerosols, snow), which can
contain large microbial populations. Artificial selective media are therefore essen-
tial for isolation and identification of Pectobacterium and Dickeya spp. from these
environments.

5.2.1 Chrystal Violet Pectate (CVP): A Selective Medium
Extensively Used to Isolate SRP

To recover SRP from the environment, semi-selective media are used (Meneley
and Stanghellini 1976; Burr and Schroth 1977) of which crystal violet pectate
(CVP) medium in various forms is the preferred option (Cuppels and Kelman 1974;
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Pérombelon and Burnett 1991; Hyman et al. 2001; Helias et al. 2012). CVP can be
used in either single or double layer forms. Its selectivity is based on the presence of
pectin as the major carbon source and the addition of crystal violet, which inhibits
the growth of Gram-positive bacteria. SRP metabolize pectin and form characteristic
deep cup-like cavities (Fig. 5.1) that are easily distinguishable from shallower and
wider cavities formed by pectinolytic pseudomonads. CVP-based media facilitate
the isolation of SRP from diverse environments but the cavity forming colonies are
frequently mixed with non-target bacteria, requiring additional steps to grow them
to pure cultures. Genus-specific growth media exist, such as NGM medium (Lee and
Yu 2006), which is useful for Dickeya spp. identification by targeting the ability of
this group to produce indigoidine. However, their performance as selective isolation
media is poor, especially for samples with a high microbial background. Therefore,
CVP remains the medium of choice for isolation of pectinolytic bacteria, including
Dickeya and Pectobacterium spp. from diseased or asymptomatic plants and tubers.
Preparation of test material depends on the infection level: isolation can be made
directly from symptomatic plant material but an enrichment step is advisable prior
to isolation when latent infections are suspected.

The source of pectin is critical to CVP preparation as it needs to have a strong
gelling capacity, allowing the medium to solidify and to produce deep cavities,
making them clearly visible when metabolized by the target bacteria. In addition, it
must also be nontoxic in order to allow high recovery rates of all SRP. Few pectin
sources have been shown to combine these characteristics since the first pectin media
were described. Today, two pectin sources are commercially available, supplied by
Sigma-Aldrich (pectin from citrus peel P3850) and Agdia (DIPECTA, AG366). The

Fig. 5.1 Isolation of SRP on double layer CVP medium: Pectobacterium and Dickeya form
characteristic cavities in the medium (image credit Valérie Hélias, FN3PT-RD3PT)
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use of Sigma-Aldrich pectin in CVP failed to detect several pectinolytic strains and
produced only small cavities from others, making isolation difficult (Helias et al.
2012). Because of its excellent properties, AG366 pectin is now used worldwide for
research and diagnostic purposes on pectinolytic bacteria (Helias et al. 2012).

5.2.2 Liquid Enrichment Medium

As many studies require the recovery of SRP from latent infections or environ-
mental samples, where bacteria are present at low levels (e.g. soil, water, latently
contaminated plants), it is frequently necessary to selectively enrich the population
of pectinolytic bacteria to enhance recovery. This preliminary step aims to promote
the growth of pectinolytic bacteria and reduce competition from antagonistic or sapro-
phytic microorganisms, which can be present in the environmental sample, prior to
dilution and plating on CVP medium. For this purpose, a pectin enrichment broth
(PEB) (Meneley and Stanghellini 1976) is used to enrich SRP populations prior to
isolation on CVP media or direct detection with other techniques. The sample, ten-
fold diluted PEB, is incubated under anaerobic conditions (Pérombelon and van der
Wolf 2002) in order to restrict the proliferation of competing (saprophytic) bacteria,
whereas the growth of pectinolytic bacteria is enhanced. Enrichment for one day in
PEB at room temperature is helpful to selectively increase the number of SRP prior
to plating on the CVP agar (van der Wolf, Wageningen, the Netherlands, unpublished
results).

5.2.3 Isolation from Plant Material or Environmental
Samples

CVP remains the preferred diagnostic selective medium for the isolation of SRP
from diseased plants and tubers (Laurila et al. 2008; Tsror et al. 2009; Potrykus et al.
2016). The selectivity of the medium is sufficient for the isolation of the pathogen
from symptomatic stems, tubers or leaves. In practice, it is recommended that a small
amount of tissue, about 1 cm of infected stem/tuber sections from the leading edge
of the lesion, is sampled to minimize interference from contaminating saprophytes,
including P. carotovorum. After incubation in an appropriate buffer the supernatant
is used directly, or after further clarification and concentration, for dilution plating
(Humphris et al. 2015).

In latent infections of potato plants, bacteria may be present in all tissues, stems,
roots or leaves. They are more frequently found in the stolon end than in the rose
end of the tuber (Czajkowski et al. 2009) but are also often present in lenticels and
suberized wounds. Tuber extract consists of peel strips, including the stolon end or
stolon end cores, as used in quarantine bacterial tests (see EU Commission Directive



5 Isolation, Detection and Characterization of Pectobacterium and Dickeya Species 153

2006/56/EC). After crushing or macerating the tuber tissue in buffer, the supernatant
is centrifuged in order to concentrate the bacteria. The resulting pellet is then either
enriched to enhance bacterial recovery or dilution plated directly onto selective CVP
media (Humphris et al. 2015).

Densities of SRP in water are generally low and will not exceed 10° cfu per ml,
therefore bacteria should be concentrated by filtration or differential centrifugation.
Centrifugation is done twice, firstly at a low speed to clarify the supernatant and
secondly at a high speed to form a concentrated bacterial pellet, before dilution
plating onto CVP media. Alternatively, an enrichment step can be applied after the
first centrifugation by mixing equal amounts of the clarified sample and PEB. The
mixture is incubated for 2448 h prior to the second centrifugation.

After processing, samples are serially diluted from 10° to 10~3 for latent infections
and 10° to 107 for symptomatic samples to ensure that background saprophytes are
diluted out and isolated SRP colonies can be recovered. One hundred L of each
dilution are spread onto duplicate CVP plates previously dried to remove excess
surface moisture. The plates are then incubated upside down: one set of plates at 27 °C
and one at 37 °C for 48-72 h. Depending on bacterial species, characteristic cavities
formed by SRP appear after 24—48 h. Selected cavity forming colonies are purified
on nutrient agar before being used for further molecular/phenotypic characterization.

5.3 Molecular Detection Methods

Molecular detection methods, based on the ability to target and amplify sections of
bacterial genomic DNA, are the most commonly used methods to detect and differ-
entiate SRP. These approaches include conventional PCR (De Boer and Ward 1995;
Nassar et al. 1996; Kang et al. 2003), quantitative PCR (qPCR; Pritchard et al. 2013;
Kim et al. 2011), multi-locus sequence typing (MLSA; Ma et al. 2007a), multi-
plex identification using padlock probes (Stawiak et al. 2013) and loop-mediated
isothermal amplification (LAMP; Yasuhara-Bell et al. 2017). These PCR-based
methods rely on amplification of target-specific DNA sequences and can be designed
with specificity at any level of taxonomic organisation such as genus, species or
subspecies. Although these assays can be cheaper and faster than standard plating
techniques, and more specific than serological techniques, they do have some disad-
vantages. Target-specific primers cannot distinguish between viable or non-viable
bacterial cells, while false-positive and false-negative reactions can still occur with
off-target DNA or a failure to detect target region in the presence of the pathogen,
respectively. Development of specific primers for diagnostics is made more difficult
by the complicated taxonomic history of SRP, which has undergone several signifi-
cant revisions of both genus and species-level classification and the introduction of
new species (see Chap. 2). This has sometimes led to strains in culture collections
and online sequence databases having the incorrect taxonomic assignments that, in
turn, have led to problems when these strains are used for the design and validation
of diagnostic primers (Pritchard et al. 2016).
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PCR primer design to identify species and sub-species of SRP has commonly
targeted genes associated with virulence (Nassar et al. 1996; Frechon et al. 1998);
housekeeping (Park et al. 2006; van der Wolf et al. 2014) or phylogenetically-
divergent regions such as 16S rDNA or intergenic transcribed region (Duarte et al.
2004). However, the increasing availability of whole genome sequences for SRP has
recently made it possible to use a computational primer prediction pipeline to bulk
search across complete genome sequences to identify PCR primers that target the
species or sub-species of interest but not related non-target bacteria. The specificity
of the predicted primers is first tested in silico before in vitro validation of promising
diagnostic test candidates (Pritchard et al. 2016; Karim et al. 2019).

A comprehensive overview of detection methods, including molecular techniques,
for differentiating between SRP can be found in Czajkowski et al. (2015), Humphris
et al. (2015) and Motyka et al. (2017). A complete table of PCR primer sets used
to detect SRP with conventional, multiplex and real-time assays can also be found
in Czajkowski et al. (2015). PCR primer sets developed since publication of these
papers are referenced in the relevant section below and summarized in Table 5.1.

5.3.1 Conventional and Multiplex PCR

PCR identification of SRP has been possible since the 1990s and many of those
primer sets are still routinely used in microbiology laboratories. These include Ecal
and Eca2r primers (De Boer and Ward 1995) and Y45 and Y46 primers (Frechon
et al. 1998), specific for P. atrosepticum; ADE1 and ADE2 primers, specific for
Dickeya spp. (Nassar et al. 1996); BR1F and L1R primers, specific for P. brasiliense
(Duarte et al. 2004) and EXPCCF and EXPCCR, specific for P. carotovorum/P.
wasabiae/P. parmentieri (Kang et al. 2003). A few multiplex PCR assays have also
been developed that simultaneously detect Dickeya spp. and P. atrosepticum (Peters
et al. 2007; Diallo et al. 2009) and a more comprehensive assay based on existing
primer sets has been developed to detect Dickeya spp., P. atrosepticum and, in a single
reaction P. carotovorum, P. wasabiae and P. parmentieri (Potrykus et al. 2014).

For exact identification of P. wasabiae and P. parmentieri, application of species-
specific PCR is necessary. Multiplex PCR reduces time and effort in the laboratory by
allowing rapid detection of multiple targets in a single reaction. However, additional
optimisation is often required and specificity can be reduced (Humphris et al. 2015).

5.3.2 Real-Time (Quantitative) PCR

Real-time PCR has the advantage over conventional PCR of allowing both detection
and quantification of blackleg and soft rot pathogens. Real-time PCR assays can
either be based on SYBR green (Laurila et al. 2010; Kim et al. 2012) or TagMan
chemistries (Pritchard et al. 2013; Humphris et al. 2015) and, while they do improve
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specificity and can be carried out directly from plant extracts, the overall cost can
increase due to the use of fluorescent dyes (SYBR green) or unique reporter probes
(TagMan). SYBR green based detection uses a dsDNA binding dye to detect PCR
products as it accumulates during the PCR reaction, whereas TagMan-based detection
uses a fluorogenic probe specific to the target. TagMan assays therefore have the
advantage of being more specific, sensitive and reproducible than SYBR green but
they do require more optimisation and the cost is higher. There are several real-time
assays for detection of SRP at genus, species or subspecies level. These include
TagMan assays for the detection and quantification of all SRP, Dickeya spp. (Zijlstra
et al. 2019), P. brasiliense (Brierley et al. 2008), D. solani (Vaerenbergh et al. 2012;
Pritchard et al. 2013) and D. dianthicola (Pritchard et al. 2013; Karim et al. 2019),
for six Dickeya spp. (van der Wolf et al. 2014) and SYBR green assays for Dickeya
spp. (Laurila et al. 2010) and P. wasabiaelP. parmentieri (Kim et al. 2011).

There are currently only a few multiplex gPCR assays available for SRP, including
multiplex TagMan assays for (i) the simultaneous detection of blackleg causing
SRP (De Haan and Van den Bovenkamp 2009); (ii) detection of the Dickeya genus
and D. dianthicola (Dobhal et al. 2020) and (iii) the simultaneous amplification of
Pectobacterium spp. and P. parmentieri (Arizala et al. 2019).

5.3.3 Loop-Mediated Isothermal Amplification (LAMP)

Loop-mediated isothermal amplification (LAMP) is gaining popularity as a sensitive
and rapid amplification method that can be completed in a single step by incubating
at a constant temperature. LAMP assays can be used in the field for rapid non-
quantitative detection of pathogens or for quantitative detection using standard real-
time fluorescence monitoring equipment in the lab (Yasuhara-Bell et al. 2017). There
are numerous LAMP assays available for detection of SRP including for the Dickeya
genus (Yasuhara-Bell et al. 2017); D. solani (Dobhal et al. 2020); D. dianthicola
(Ocenar et al. 2019); P. carotovorum (Yasuhara-Bell et al. 2017) and P. brasiliense
(Li et al. 2011). The advantage of LAMP assays over real-time PCR is that they do
not require thermocyclers, thus making them suitable for incorporation into in-field
detection devices. However, primer design for LAMP is far more complicated in that
it requires four or six different primers specifically designed to recognize four or six
distinct regions on the target gene (Lees et al. 2019).

5.4 Phenotyping for Detection and Identification

The most frequently used assay for SRP identification is based on pectinolytic activity
and colony characteristics on CVP medium (see Sect. 5.2). An additional, easy-
to-perform, test for characterization of SRP is a pathogenicity assay to determine
the ability of the isolate to macerate potato tuber tissue (Lelliott and Dickey 1984;
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Pérombelon and van der Wolf 2002; Potrykus et al. 2016; Zoledowska et al. 2018).
The method is reliable but it should be taken into account that, on occasion, other
bacteria present in the potato ecosystem can also macerate potato tissue, including
Pseudomonas spp.

5.4.1 Biochemical Methods

Biochemical methods applied for the differentiation of SRP are based on a restricted
number of characteristics that sometimes indicate the natural variability within
bacteria from the same species. In general, SRP are catalase positive, oxidase nega-
tive, ferment glucose, reduce nitrate, produce p-galactosidase and H,S, utilize L-
arabinose, D-galactose, D-glucose, glycerol, D-mannose, D-ribose and sucrose but
do not produce urease or acid from adonitol (De Boer and Kelman 2001). Most
strains utilize L-rhamnose and D-mannitol but not dextrin (De Boer and Kelman
2001). To differentiate isolates belonging to the Pectobacterium genus from those of
the Dickeya genus, and to discriminate between different species, various physiolog-
ical and biochemical assays are used. For example, the most characteristic features
of P. atrosepticum strains are the utilization of a-methyl-D-glucoside, production
of reducing sugars from sucrose, growth on medium with 5% NaCl and lack of
growth at 37 °C (De Boer and Kelman 2001; Gardan et al. 2003). P. carotovorum has
similar features but is not able to utilize a-methyl-D-glucoside but grows at 37 °C
(Gardan et al. 2003). P. parmentieri strains utilize maltose/maltodextrin, raffinose,
lactose, B-galactose and a-melibiose as the sole source of carbon but not methyl «-
glycopyranoside, maltose or malonic acid. These features differentiate P. parmentieri
from closely related P. wasabiae strains (Goto and Matsumoto 1987; Khayi et al.
2016; Waleron et al. 2013b, 2018). About 50% of P. parmentieri strains are able to
grow at 37 °C and are resistant to 5% NaCl (Moleleki et al. 2013; Waleron et al.
2013a).

Dickeya strains show phosphatase activity, the ability to produce indole and sensi-
tivity to erythromycin. They can grow in a wide range of temperatures, from 21 to
41 °C with an optimal temperature of about 32 °C (Du Raan et al. 2016). Palacio-
Bielsa et al. (2006) developed a modern version of a biochemical test for the differ-
entiation of D. chrysanthemi biovars using a microtiter plate system. Slawiak and
Lojkowska (2009) and Palacio-Bielsa et al. (2006) modified the microtiter assay
and used it for the differentiation of different Dickeya spp. Additional features were
used for differentiation such as: growth at 25 °C, 39 °C and 41 °C in nutrient broth,
anaerobic hydrolysis of arginine, and polysaccharide inulin utilization in phenol red
peptone water. In addition, eight carbon sources were implemented in the testing
systems including acidification/alkalization on liquid Ayers, Rupp and Johnson
medium (Ayers and Rupp 1919) with bromothymol blue mixed with different
carbohydrates: (—)-D-arabinose, 5-keto-D-gluconate, mannitol, (+)-D-melibiose,
(+)-D-raffinose and (—)-D-tartrate, B-gentiobiose and (+)-L-tartrate.
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Strains of the same species show variation in their biochemical and physiological
features. In addition, results of biochemical tests can be ambiguous, and procedures
are sometimes difficult to standardize and are time consuming. As an alternative,
commercial automated techniques such as the Biolog system (Biolog, Inc, Hayward,
CA), for testing substrate utilization by SRP strains, are applied. The system is useful
for rapid identification of some species and subspecies, e.g. for P. atrosepticum,
P. betavasculorum, P. carotovorum and Dickeya spp. (De Boer and Kelman 2001;
Waleron et al. 2018).

5.4.2 Serological Assays

Serological methods, including immunofluorescence staining and immunofluores-
cence colony staining, as well as fatty acid methyl ester analysis and volatile
profiling, are also used for distinguishing SRP (Czajkowski et al. 2015). Serological
or immunological methods are based on the application of antibodies against the
specific antigenic properties of the target microorganisms. Serological techniques
were commonly and routinely used for detection and characterization of a specific
serogroup of P. atrosepticum (serogroup I), which was until recently the most preva-
lent blackleg causing organism (De Boer et al. 1987; Pérombelon and Kelman 1987;
Pérombelon et al. 1998; Sledz et al. 2000). For the differentiation of SRP, poly-
clonal antibodies are mostly used against whole living cells or glutaraldehyde fixed
cells (van der Wolf and Gussenhoven 1992; De Boer et al. 1987). Sporadically,
polyclonal antibodies against specific bacterial antigens have been used. Yarkus and
Schaad (1979) reported the effectiveness of polyclonal antibodies against the ribo-
some fraction of five Dickeya strains for identification of Dickeya spp. The obtained
antibodies were specific to Dickeya spp. and did not react with the P. carotovorum, P.
atrosepticum, Escherichia coli or Pantoea agglomerans cells. In contrast, polyclonal
antibodies against whole cells cross-reacted with fluorescent pseudomonads (van
der Wolf et al. 1993). The highest specificity can be obtained with monoclonal anti-
bodies, which have been produced, for example, against the lipopolysaccharides of P.
atrosepticum serogroup I (Vernon Shirley and Burns 1992; Gorris Maria et al. 1994).
However, since their production costs are high, and the cost of reagents for molecular
methods have decreased considerably, monoclonal antibodies are no longer used for
routine analysis.

Immunofluorescence staining (IF) methods are based on the application of anti-
bodies conjugated with a fluorophore (e.g. fluorescein or rhodamin) to recognize
specific epitopes on the bacterial cell surface (e.g. proteins, exopolymeric substances,
lipopolysaccharides). The specific interaction can be visualized under UV-light using
a fluorescent microscope. IF based methods were successfully used for P. atrosep-
ticum (Allan and Kelman 1977) and D. dianthicola (Janse and Ruissen 1988). For P.
carotovorum, serological methods were found less useful due to their high serological
variation (De Boer et al. 1987).
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5.4.3 Fatty Acid Methyl Ester Analysis

Fatty Acid Methyl ester analysis (FAME) has been used to differentiate P. caro-
tovorum and P. atrosepticum strains (De Boer and Sasser 1986). Species of Pecto-
bacterium were reported to produce at least 10 different/characteristic fatty acids with
chain lengths between 12 and 18 carbon atoms. A database was created that allowed
differentiation of Pectobacterium spp. on the basis of the ratios between different
fatty acids (Dawyndt et al. 2006; Waleron et al. 2018). Cother et al. (1992) used
FAME to identify Dickeya spp. isolates in alpine water. All isolates contained cis-9-
hexadecanoic, hexadecanoic, tetradecanoic acids, with most strains also containing
dodecanoic acid. Nevertheless, FAME analyses allow differentiation of Dickeya spp.
from Pectobacterium spp. but are not able to differentiate Dickeya isolates up to the
species level (van der Wolf et al. 2013).

5.4.4 Electronic Sensor Systems

Volatile compounds produced by SRP or SRP-infected plant tissues have also
been used for detection and characterization purposes. For example, in Pectobac-
terium-infected plant tissue, acetaldehyde, ethanol, 1-propanol, acetone 3-hydroxy-
2-butanone, 2-butanone and ethanol are detected (Lui et al. 2005). However, not all
these compounds can be attributed to Pectobacterium, as some are also detected in
uninfected plant tissue. Only a few can be related solely to the presence of Pectobac-
terium spp.. Lui et al. (2005) found that acetic acid ethenyl ester (vinyl acetate) was
uniquely associated with P. atrosepticum and cyclohexene, diazene and methoxy-(1,
1-dimethyl-2-hydroxyethyl)-amine were exclusively associated with P. carotovorum
in potato tissue.

The first electronic sensor system (so-called ‘electronic nose’) was developed
in 1999 and contained sensors able to detect compounds produced by Pectobac-
terium spp. during potato tuber infections in storage (de Lacy Costello et al. 1999).
The authors expected that the “electronic nose” would be useful for application in
commercial storage but to date there has been little uptake of the method.

5.4.5 MALDI-TOF Mass Spectrometry

Currently, the most precise phenotyping method is protein mass fingerprinting using a
MALDI-TOF Mass Spectrometry. Together with dedicated software and a fingerprint
databank, it allows quick and reliable analysis of SRP strains. MALDI TOF MS was
able to generate specific spectra for the various Dickeya spp. (van der Wolfetal.2013).
Results indicated that D. solani strains clustered tightly but differed significantly
from strains of D. dadantii subsp. dadantii, D. dadantii subsp. dieffenbachia and
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D. dianthicola. MALDI-TOF MS analysis was also able to identify P. brasiliense
strains from blackleg diseased plants (de Werra et al. 2015), and was used for the
description of P. peruviense as a new species (Waleron et al. 2018).

A combination of capillary isoelectric focusing and MALDI-TOF MS allowed
rapid and reliable identification of Dickeya and Pectobacterium spp. in plant tissue
(§alplachta et al. 2015). The obtained protein profiles, with several unique peaks,
were species-specific and allowed D. dianthicola, D. dadantii, D. dieffenbachiae, D.
chrysanthemi, D. zeae, D. paradisiaca, D. solani, P. carotovorum, and P. atrosepticum
to be identified by hierarchical cluster analysis. It was found that the presence of plant
tissue did not affect the results, making the proposed procedure very promising with
respect to fast and reliable detection and identification of bacteria in plant tissues
(galplachta et al. 2015; Horka et al. 2013).

5.5 Genotyping for Identification

Genotyping is a technology where genetically related genera, species, subspecies
or individual strains are discriminated through analysis of small genetic varia-
tions, which can have major impacts on phenotype, metabolism, virulence and
pathogenicity. Multiple strategies have been developed as genotyping tools for the
identification and differentiation of economically important SRP at both genus and
species levels. These include pulsed-field gel electrophoresis (PFGE) (Kim et al.
2009; Tsror et al. 2013; Potrykus et al. 2016), amplified fragment length polymor-
phism (AFLP) (Nabhan et al. 2012; Ngadze et al. 2012), PCR-restriction fragment
length polymorphism (PCR-RFLP) (Darrasse et al. 1994b; Nassar et al. 1996; Toth
et al. 2001; Waleron et al. 2002), DNA amplification using arbitrary primers (AP-
PCR) (Parent Jean et al. 1996), repetitive sequence-based PCR (RS-PCR) (Potrykus
et al. 2014; Degefu et al. 2013), phylogenetic analysis of rDNA gene sequences
(Fessehaie et al. 2002; Duarte et al. 2004), multi-locus sequence typing (MLSA) of
housekeeping genes (Ma et al. 2007a; De Boer et al. 2012; Waleron et al. 2013a)
and whole-genome sequence analysis (Zhang et al. 2016). Such investigations of
the genetic diversity have been used in the classification and taxonomy of SRP as
well as in disease diagnosis and have been of fundamental importance in disease
management and seed potato certification programs.

5.5.1 PCR-Restriction Fragment Length Polymorphism
(PCR-RFLP)

The most common strategy for developing genotyping methods has been through
the targeting of pathogenicity related genes, e.g. hrpB genes and pel genes (Darrasse
et al. 1994a) including pel[ADE (Nassar et al. 1996), pelY (Frechon et al. 1998) and
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pell (Diallo et al. 2009). PCR-RFLP has been used successfully in classification
of SRP (Darrasse et al. 1994b; Nassar et al. 1996), where the target PCR products
are digested with several restriction endonucleases in independent reactions, and
the banding patterns displayed by agarose gel electrophoresis for identification of
signature PCR—RFLP patterns. Using this strategy, Darrasse et al. (1994b) classified
Pectobacterium isolates into several groups, confirming the potato blackleg pathogen
P. atrosepticum to be a homogenous group, whereas P. carotovorum was shown to be
more genetically diverse. Nassar et al. (1996) digested a pelADE gene cluster from
78 Dickeya strains and formed 16 RFLP groups that were highly correlated with the
biovar and pathovar groupings established previously based on host specificity and
geographical distribution.

An alternative PCR—RFLP protocol based on the 16S-23S intergenic spacer of
soft rot bacteria was used to differentiate among species and subspecies of SRP (Toth
et al. 2001). Waleron et al. (2002) applied a PCR-RFLP assay to differentiate these
pectinolytic species based on the housekeeping gene recA. Restriction analyses of
the recA gene with four restriction endonucleases revealed the presence of 57 restric-
tion groups with two distinct RFLP profiles for P. atrosepticum, 16 profiles for P.
carotovorum, 14 profiles for Dickeya spp., and single profiles for each of P. betavas-
culorum, P. odoriferum and P. wasabiae. These analyses led to the establishment of
Pectobacterium and Dickeya as separate genera (Gardan et al. 2003; Samson et al.
2005).

5.5.2 Amplified Fragment Length Polymorphism (AFLP)

Another widely used genotyping strategy involves randomly surveying for genomic
polymorphisms among closely-related bacteria by means of amplified fragment
length polymorphism (AFLP) (Avrova et al. 2002; Nabhan et al. 2012; Ngadze
et al. 2012), DNA amplification using arbitrary primers (AP-PCR) (Parent Jean
et al. 1996), and repetitive sequence-based PCR (RS-PCR) (Degefu et al. 2013).
In AFLP protocols a set of short oligo adaptors are ligated to the sticky ends of
genomic DNA fragments after restriction enzyme digestion. A subset of the restric-
tion fragments is selectively amplified using primers complementary to the adaptor
sequence, and separated and visualized by denaturing agarose gel electrophoresis,
or on an automated capillary gel apparatus, followed by cluster analysis of similarity
matrices derived from the AFLP patterns (Avrova et al. 2002). Using AFLP anal-
ysis, P. carotovorum and Dickeya spp. exhibited a high level of molecular diversity,
whereas P. odoriferum, P. betavasculorum, P. atrosepticum, and P. wasabiae showed
considerably less variation (Avrova et al. 2002; Nabhan et al. 2012; Ngadze et al.
2012). Yishay et al. (2008) adapted the AFLP analysis to separate P. carotovorum
isolates of monocot from isolates of dicot plants in diverse geographical locations,
which led to the establishment of P. aroidearum for isolates of P. carotovorum from
monocot plants (Nabhan et al. 2013). Furthermore, AFLP analyses provided the
earlier evidence to separate P. carotovorum from P. brasiliense, and group the latter
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into 12 clusters, reflecting their geographical origins (Nabhan et al. 2012; Yishay
et al. 2008; Ngadze et al. 2012).

5.5.3 Random Amplification of Polymorphic DNA (RAPD)

Random amplification of polymorphic DNA (RAPD), also known as DNA amplifi-
cation, uses a set of decamer (8—12 nucleotides long) arbitrary primers for random
amplification of genomic DNA, resulting in differentiable amplification patterns in
agarose gel electrophoresis. The technique has proved to be useful in discriminating
between P. atrosepticum and P. carotovorum (Parent Jean et al. 1996). However,
its resolving power is much lower than targeted, species-specific DNA comparison
methods, such as repetitive sequence-based PCR (RS-PCR) (Degefu et al. 2013). RS-
PCR (ERIC-PCR or BOX-PCR) employs primers that specifically amplify target
regions containing multiple noncoding repetitive sequences called enterobacterial
repetitive intergenic consensus (ERIC) element or BOX elements, enabling the gener-
ation of unique DNA fingerprints with sufficient resolution to differentiate soft rot
bacteria at species, and even strain level. RS-PCR analyses were used to classify
D. solani in Finland (Degefu et al. 2013) and to differentiate potato isolates of
Pectobacterium and Dickeya spp. in South Africa and Zimbabwe (Ngadze et al.
2012).

5.5.4 Multi-Locus Sequence Analysis (MLSA)

While Pectobacterium and Dickeya spp. can be taxonomically separated from other
Erwinia and Enterobacter spp. on the basis of 16S rRNA sequence analysis (Kwon
Soon et al. 1997), the interspecies and intraspecies relationships within SRP are illus-
trated using sequences of specific housekeeping genes or the multi-locus sequence
analysis (MLSA) technique. DnaX sequences have been found useful for differenti-
ation of Dickeya spp. (Slawiak et al. 2009), whereas recA (Parkinson et al. 2009) and
gapA (Cigna et al. 2017) are used to differentiate all SRP. However, MLSA studies
based on the sequences of multiple housekeeping genes will further improve the reli-
ability of the characterization (Ma et al. 2007a; De Boer et al. 2012; Waleron et al.
2013b; van der Wolf et al. 2013). Housekeeping genes, including acnA, gapA, icdA,
mdh, mtID, pgi and proA, were chosen for MLSA analysis since they are present in
all enterobacteria and have a wide scattering within the genome, as their products are
involved in diverse aspects of bacterial metabolism, and none of them are clustered
in the genome (Ma et al. 2007b; De Boer et al. 2012). Furthermore, P. carotovorum
strains isolated by various researchers during 1970 to 1985 were re-characterized
using MLSA based on housekeeping genes, e.g. strains from different regions world-
wide were identified as P. brasiliense, while others from the United States were
identified as P. wasabiae. For example, Duarte et al. (2004) previously classified the
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potato blackleg and soft rot pathogens in Brazil as a new taxon, P. brasiliense, which
later proved to be widely distributed and caused blackleg on potato and soft rot in
many host plants. P. brasiliense has been the major causal agent of potato blackleg
in South Africa (van der Merwe et al. 2010), Kenya (Onkendi and Moleleki 2014),
Israel (Ali et al. 2013), the Netherlands (Nunes Leite et al. 2014) and China (Zhao
et al. 2018). More recently, P. brasiliense was also found widely spread in potato
growing regions of the United States and Canada (Ma et al. 2007a; De Boer et al.
2012; Waleron et al. 2013b), and has now become the dominant pathogen causing
blackleg disease in the Netherlands (van der Wolf et al. 2017). With new advances
in genome sequencing and bioinformatic toolkits, P. brasiliense was found to be
relatively heterogeneous (Li, Charlottetown, Canada, unpublished data; Portier et al.
2019). Three indels (insertions and deletions) were readily identified and used for
genotyping to demonstrate the relatively high intraspecies variation of P. brasiliense
(Table 5.2, Li, Charlottetown, Canada, unpublished data). For instance, in tropical
strains of P. brasiliense three unique indels were identified that also have putative
pathogenicity islands or similar gene structures not present in strains from China
and North America. The pathogenicity islands possibly originate from lateral gene
transfer (Li and De Boer, Charlottetown, Canada, unpublished data).

Table 5.2 Signature features of three indels encoding putative pathogenicity islands for separating
Pectobacterium brasiliense (tropical strains with high virulence) in genome comparison with
temperate isolates from North America

PAI-associated Measurement P. brasiliense Vy;gp strain
features methods Indel T Indel I | Indel I
Sequence signature G + C content, 50.01 52.00 56.68
GC-skew, codon
usage, etc
Virulence factors Virulence factor ++ ++ +++
database, VFDB
Presence of mobile NCBI-nr/nt, - - ++
elements (integrases, | UniprotKB, Pfam or
transposes, etc.) COG database
Phage or NCBI-nr/nt, ++ ++ -
prephage-related UniprotKB, Pfam or
genes/gene cluster COG database
tRNA genes Use tRNA gene ? ? ?
search tool of
tRNAscan-SE
High % of hypothetic | NCBI-nr/nt, ++ ++ +++
protein genes UniprotKB, Pfam or
COG database
Presence of direct Use repeat finder +++ +++ +++
repeats software REPuter
Presence of insertion | Search through ? ? +++
sequences ISfinder database
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5.5.5 Future Directions for Genotyping

With the support and rapid progress of next generation sequencing (NGS), the
growing number of sequenced bacterial genomes provides a rich source of informa-
tion for new approaches to resolve complex diagnostic questions in plant pathology.
Developments in real-time long-read sequencing, such as Oxford Nanopore tech-
nologies (MinlON and etc.) have made significant progress in generating high
quality genome sequences with decreased error rates (Votintseva et al. 2017). The
genotyping of soft rot bacteria increasingly benefits from NGS and bioinformatics,
such as full genome strategies for pairwise comparison by ANI and dDDH (Zhang
et al. 2016), genome-wise identification of indels and SNPs (Khayi et al. 2015;
Golanowska et al. 2018; Li and De Boer Charlottetown, Canada, unpublished data),
pangenome description and characterization of within species diversity (Golanowska
et al. 2018, Zoledowska et al. 2018) and supervised machine learning (Ma et al.
2014) (see also Chap. 2). Newly emerging techniques and applications should enable
genomics-based strategies to become the first-line genotyping tools of the future.

5.6 Concluding Remarks

Isolation of SRP is a prerequisite for phenotypic and genetic characterization of
strains. Currently, CVP-medium is still widely used but the selectivity is limited
and there is certainly a need for improvements to increase isolation efficiency. For
rapid and cost-effective characterization of strains the sequencing of one or multiple
housekeeping genes is recommended. Biochemical methods that were used in the
recent past are time-consuming and the reproducibility is limited, although these
methods are still useful for full characterization of strains and for studies on biological
features.

For detection of SRP in plant material PCR-based amplification methods are
recommended, with testing of symptomless material preferably being preceded by
an enrichment step. For high throughput testing, TagMan assays, following auto-
mated DNA extraction, are the methods of choice. TagMan assays have shown their
robustness and, with the availability of a high number of whole genome sequences
of various SRP and the development of automatic pipelines for selection of primers
and TagMan probes, the development of new methods with the desired specificity is
relatively easy. In case of latent infections, enrichment is also required to detect low
densities of SRP; TagMan assays commonly cannot detect the pathogens below a
density of 10* cells per ml. For testing of potato, the assays should be able to detect
all pathogens that can cause blackleg, as there are few seed lots entirely free from soft
rot causing pathogens. It can mean that additional assays may need to be developed.

Serological detection methods may still be used in epidemiological studies in
which strains with a specific serogroup are introduced but the serological variation
is too high for testing of plant material. However, whole genome sequence analysis
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becomes increasingly the standard for characterization of SRP, which allows the
determination of the exact taxonomic position based on MLSA, ANI, isDNA-DNA
hybridization and similar methods (see Sect. 2.2.2). The information of many strains
is now available in public databases. The increasing amount of information will make
a pan-genomic approach to characterization an increasingly attractive proposition in
which the entire gene set of all strains of a species can be analysed efficiently with
advanced bioinformatic tools (Snipen et al. 2009).

Sequences continue to be used for the development of target specific DNA based
amplification assays, including TagMan and increasingly for LAMP assays, which
are less prone to disturbances by sample compounds and more suitable for on-site
detection. It is expected that the use of metagenomics, in which detection and diag-
nostics are combined, will be increasingly important in the future, allowing unbiased
analysis of potential pathogens but also of the microbial background on or within a
host plant.

Even within species, large differences in pathogenicity exist. Therefore, there is
still a need for rapid methods to characterize strains phenotypically, in particular
for methods to reliably determine the virulence of strains across plant genotypes.
Currently, the capacity of strains to macerate tubers is often used as an indicator of
pathogenicity and, while useful in determining its ability to cause soft rot, is not an
accurate indicator of blackleg disease. For this, only (repeated) field experiments with
inoculated planting material are reliable. The availability of new, high throughput
methods to determine the potential to cause disease in the field, possibly based on
the response of axenically grown plants on infections with SRP, will strongly support
ongoing and future diagnostic work.

References

Ali HE, Junaid M, Ahmad M, Bibi A, Ali A, Hussain S, Alam S, Shah JA (2013) Molecular
and pathogenic diversity identified among isolates of Erwinia carotovora subspecies atroseptica
associated with potato blackleg and soft rot). Pak J Bot 45:1073-1078

Allan E, Kelman A (1977) Immuno fluorescent stain procedures for detection and identification of
Erwinia carotovora var. atroseptica. Phytopathology 67:1305-1312

Arizala ED, Dobhal S, Paudel S, Gunarathne S, Boluk G, Arif M (2019) First report of bacterial soft
rot and blackleg on potato caused by Pectobacterium parmentieri in Hawaii. Plant Dis 104:970

Avrova AO, Hyman LJ, Toth RL, Toth IK (2002) Application of amplified fragment length polymor-
phism fingerprinting for taxonomy and identification of the soft rot bacteria Erwinia carotovora
and Erwinia chrysanthemi. Appl Environ Microbiol 68:1499-1508

Ayers SH, Rupp P (1919) A study of the alkali-forming bacteria found in milk, vol 782. US
Department of Agriculture

Brierley J, Lees A, Hilton A, Wale S, Peters J, Elphinstone J, Boonham N (2008) Improving decision
making for the management of potato diseases using real-time diagnostics. Potato Council Final
Report 253

Burr TJ, Schroth MN (1977) Occurrence of soft rot Erwinia spp in soil and plant material.
Phytopathology 67:1382-1387

Cigna J, Dewaegeneire P, Beury A, Gobert V, Faure D (2017) A gapA PCR-sequencing assay for
identifying the Dickeya and Pectobacterium potato pathogens. Plant Dis 101:1278-1282



168 J. M. van der Wolf et al.

Cother EJ, Bradley JK, Gillings MR, Fahy PC (1992) Characterization of Erwinia chrysanthemi
biovars in alpine water sources by biochemical properties glc fatty acid analysis and genomic
dna fingerprinting. J Appl Bacteriol 73:99-107

Cuppels D, Kelman A (1974) Evaluation of selective media for isolation of soft rot bacteria from
soil and plant tissue. Phytopathology 64:468-475

Czajkowski R, Grabe GJ, van der Wolf JM (2009) Distribution of Dickeya spp. and Pectobacterium
carotovorum subsp carotovorum in naturally infected seed potatoes. Eur J Plant Pathol 125:263—
275

Czajkowski R, Pérombelon MCM, Jafra S, Lojkowska E, Potrykus M, van der Wolf JM, Sledz
W (2015) Detection, identification and differentiation of Pectobacterium and Dickeya species
causing potato blackleg and tuber soft rot: a review. Ann Appl Biol 166:18-38

Darrasse A, Kotoujansky A, Bertheau Y (1994a) Isolation by genomic subtraction of DNA probes
specific for Erwinia carotovora subsp. atroseptica. Appl Environ Microbiol 60:298-306

Darrasse A, Priou S, Kotoujansky A, Bertheau Y (1994b) PCR and restriction fragment length
polymorphism of a pel gene as a tool to identify Erwinia carotovora in relation to potato diseases.
Appl Environ Microbiol 60:1437-1443

Dawyndt P, Vancanneyt M, Snauwaert C, De Baets B, De Meyer H, Swings J (2006) Mining
fatty acid databases for detection of novel compounds in aerobic bacteria. J] Microbiol Methods
66:410-433

De Boer S, Kelman A (2001) Erwinia soft-rot group. In: Schaad N, Jones J, Chun W (eds) Laboratory
guide for identification of plant pathogenic bacteria. APS Press, St. Paul, Minnesota

De Boer SH, Li X, Ward LJ (2012) Pectobacterium spp. associated with bacterial stem rot syndrome
of potato in Canada. Phytopathology 102:937-947

De Boer SH, Sasser M (1986) Differentiation of Erwinia carotovora ssp carotovora and Erwinia
carotovora ssp atroseptica on the basis of cellular fatty acid composition. Can J Microbiol 32:796—
800

De Boer SH, Verdonck L, Vruggink H, Harju P, Bang HO, De Ley J (1987) Serological and
biochemical variation among potato strains of Erwinia carotovora ssp. atroseptica and their
taxonomic relationship to other Erwinia carotovora strains. J Appl Bacteriol 63:487-496

De Boer SH, Ward LJ (1995) PCR detection of Erwinia carotovora subsp. atroseptica associated
with potato tissue. Phytopathology 85:854-858

De Haan EG, Van den Bovenkamp GW (2009) Test development in Erwinia at the NAK: BioPlex
real-time PCR. Gewasbescherming 40:172-175

De Lacy Costello BPJ, Evans P, Ewen RJ, Gunson HE, Ratcliffe NM, Spencer Phillips PTN (1999)
Identification of volatiles generated by potato tubers (Solanum tuberosum CV: Maris Piper)
infected by Erwinia carotovora, Bacillus polymyxa and Arthrobacter sp. Plant Pathol 48:345-351

De Werra P, Bussereau F, Keiser A, Ziegler D (2015) First report of potato blackleg caused by
Pectobacterium carotovorum subsp. brasiliense in Switzerland. Plant Dis 99:551

Degefu Y, Potrykus M, Golanowska M, Virtanen E, Lojkowska E (2013) A new clade of Dickeya
spp. plays a major role in potato blackleg outbreaks in North Finland. Ann Appl Biol 162:231-241

Diallo S, Latour X, Groboillot A, Smadja B, Copin P, Orange N, Feuilloley MGJ, Chevalier S (2009)
Simultaneous and selective detection of two major soft rot pathogens of potato: Pectobacterium
atrosepticum (Erwinia carotovora subsp atrosepticum) and Dickeya spp. (Erwinia chrysanthemi).
Eur J Plant Pathol 125:349-354

Dobhal S, Boluk G, Babler B, Stulberg MJ, Rascoe J, Nakhla MK, Chapman TA, Crockford AB,
Melzer M, Arif M (2020) Robust and highly reliable loop-mediated isothermal amplification
(LAMP) assay for specific and sensitive detection of Dickeya solani. J Appl Microbiol. https://
doi.org/10.1111/JAM.14579

Du Raan S, Coutinho TA, van der Waals JE (2016) Cardinal temperature differences, determined
in vitro, between closely related species and subspecies of pectinolytic bacteria responsible for
blackleg and soft rot on potatoes. Eur J Plant Pathol 144:361-369

Duarte V, De Boer SH, Ward LJ, de Oliveira AMR (2004) Characterization of atypical Erwinia
carotovora strains causing blackleg of potato in Brazil. J Appl Microbiol 96:535-545


https://doi.org/10.1111/JAM.14579

5 Isolation, Detection and Characterization of Pectobacterium and Dickeya Species 169

Fessehaie A, De Boer SH, Levesque CA (2002) Molecular characterization of DNA encoding
16S-23S rRNA intergenic spacer regions and 16S rRNA of pectolytic Erwinia species. Can J
Microbiol 48:387-398

Frechon D, Exbrayat P, Helias V, Hyman LJ, Jouan B, Llop P, Lopez MM, Payet N, Pérombelon M,
Toth I (1998) Evaluation of a PCR kit for the detection of Erwinia carotovora subsp. atroseptica
on potato tubers. Potato Res 41:163—-173

Gardan L, Gouy C, Christen R, Samson R (2003) Elevation of three subspecies of Pectobac-
terium carotovorum to species level: Pectobacterium atrosepticum sp. nov., Pectobacterium
betavasculorum sp. nov. and Pectobacterium wasabiae sp. nov. Int J Syst Evol Microbiol
53:381-391

Golanowska M, Potrykus M, Motyka-Pomagruk A, Kabza M, Bacci G, Galardini M, Bazzicalupo
M, Makalowska I, Smalla K, Mengoni A (2018) Comparison of highly and weakly virulent
Dickeya solani strains, with a view on the pangenome and panregulon of this species. Front
Microbiol 9:1940

Gorris Maria T, Alarcon B, Lopez MM, Cambra M (1994) Characterization of monoclonal anti-
bodies specific for Erwinia carotovora subsp. atroseptica and comparison of serological methods
for its sensitive detection on potato tubers. Appl Environ Microbiol 60:2076-2085

Goto M, Matsumoto K (1987) Erwinia carotovora ssp. wasabiae new subspecies isolated from
diseased rhizomes and fibrous roots of japanese horseradish Eutrema wasabi maxim. Int J Syst
Bacteriol 37:130-135

Helias V, Hamon P, Huchet E, Wolf JVD, Andrivon D (2012) Two new effective semiselective crystal
violet pectate media for isolation of Pectobacterium and Dickeya. Plant Pathol 61:339-345

Horka M, Salplachta J, Karasek P, Kubesova A, Horky J, Matouskova H, Slais K, Roth M (2013)
Combination of capillary isoelectric focusing in a tapered capillary with MALDI-TOF MS for
rapid and reliable identification of Dickeya species from plant samples. Anal Chem 85:6806-6812

Humphris SN, Cahill G, Elphinstone JG, Kelly R, Parkinson NM, Pritchard L, Saddler GS (2015)
Detection of the bacterial potato pathogens Pectobacterium and Dickeya spp. using conventional
and real-time PCR. In: Lacomme C (ed) Plant pathology: techniques and protocols, 2nd edn.
Methods in molecular biology, vol 1302. Humana Press, New York

Hyman L, Sullivan L, Toth I, Pérombelon M (2001) Modified crystal violet pectate medium (CVP)
based on a new polypectate source (Slendid) for the detection and isolation of soft rot erwinias.
Potato Res 44:265-270

Janse JD, Ruissen MA (1988) Characterization and classification of Erwinia chrysanthemi strains
from several hosts in the Netherlands. Phytopathology 78:800-808

Kang HW, Kwon SW, Go SJ (2003) PCR-based specific and sensitive detection of Pectobacterium
carotovorum ssp. carotovorum by primers generated from a URP-PCR fingerprinting-derived
polymorphic band. Plant Pathol 52:127-133

Karim S, McNally RR, Nasaruddin AS, DeReeper A, Mauleon RP, Charkowski AO, Leach JE, Ben-
Hur A, Triplett LR (2019) Development of the automated primer design workflow uniqprimer
and diagnostic primers for the broad-host-range plant pathogen Dickeya dianthicola. Plant Dis
103:2893-2902

Kelly RM, Cahill G, Elphinstone JG, Mitchell WJ, Mulholland V, Parkinson NM, Pritchard L,
Saddler GS (2012) Development of a real-time PCR assay for the detection of “Dickeya solani.”
In: Proceedings crop protection in northern Britain conference 2012, pp 201-206

Khayi S, Blin P, Pédron J, Chong TM, Chan KG, Moumni M et al (2015) Population genomics
reveals additive and replacing horizontal gene transfers in the emerging pathogen Dickeya solani.
BMC Genomics 16:1-13

Khayi S, Cigna J, Chong TM, Quétu-Laurent A, Chan K-G, Hélias V, Faure D (2016) Transfer of
the potato plant isolates of Pectobacterium wasabiae to Pectobacterium parmentieri sp. nov. Int
J Syst Evol Microbiol 66:5379-5383

Kim H-S, Ma B, Perna NT, Charkowski AO (2009) Phylogeny and virulence of naturally occurring
type III secretion system deficient Pectobacterium strains. Appl Environ Microbiol 75:4539-4549



170 J. M. van der Wolf et al.

Kim MH, Cho MS, Kim BK, Choi HJ, Hahn JH, Kim C, Kang MJ, Kim SH, Park DS (2011)
Quantitative real-time polymerase chain reaction assay for detection of Pectobacterium wasabiae
using YD repeat protein gene-based primers. Plant Dis 96:253-257

Kim MH, Cho MS, Kim BK, Choi HJ, Hahn JH, Kim C, Kang MJ, Kim SH, Park DS (2012)
Quantitative real-time polymerase chain reaction assay for detection of Pectobacterium wasabiae
using YD repeat protein gene-based primers. Plant Dis 96:253-257

Kwon Soon W, Go Seung J, Kang Hee W, Ryu Jin C, Jo Jin K (1997) Phylogenetic analysis of
Erwinia species based on 16S rRNA gene sequences. Int J Syst Bacteriol 47:1061-1067

Laurila J, Ahola V, Lehtinen A, Joutsjoki T, Hannukkala A, Rahkonen A (2008) Characterization
of Dickeya strains isolated from potato and river water samples in Finland. Eur J Plant Pathol
122:213-225

Laurila J, Hannukkala A, Nykyri J, Pasanen M, Helias V, Garlant L, Pirhonen M (2010) Symptoms
and yield reduction caused by Dickeya spp. strains isolated from potato and river water in Finland.
Eur J Plant Pathol 126:249-262

Lee Y-A, Yu C-P (2006) A differential medium for the isolation and rapid identification of a plant
soft rot pathogen, Erwinia chrysanthemi. J Microbiol Methods 64:200-206

Lees A, Roberts D, Lynott J, Sullivan L, Brierley J (2019) Real-Time PCR and LAMP Assays for
the detection of spores of Alternaria solani and sporangia of Phytophthora infestans to inform
disease risk forecasting. Plant Dis 103:3172-3180

Lelliott RA, Dickey RS (1984) Genus VII. Erwinia Winslow, Broadhurst, Buchanan, Krumweide,
Rogers and Smith 1920. In: Krieg NR, Holt JG (eds) Bergey’s manual of systematic bacteriology,
vol 1. Williams & Wilkins, Baltimore, pp 469-476

Li X, Nie J, Ward LJ, Nickerson J, De Boer SH (2011) Development and evaluation of a loop-
mediated isothermal amplification assay for rapid detection and identification of Pectobacterium
atrosepticum. Can J Plant Path 33:447-457

Lui L, Vikram A, Abu-Nada Y, Kushalappa A, Raghavan G, Al-Mughrabi K (2005) Volatile
metabolic profiling for discrimination of potato tubers inoculated with dry and soft rot pathogens.
Am J Potato Res 82:1-8

Ma B, Charkowski AO, Glasner JD, Perna NT (2014) Identification of host-microbe interaction
factors in the genomes of soft rot-associated pathogens Dickeya dadantii 3937 and Pectobacterium
carotovorum WPP14 with supervised machine learning. BMC J 15:508

Ma B, Hibbing ME, Kim H-S, Reedy RM, Yedidia I, Breuer J, Breuer J, Glasner JD, Perna NT,
Kelman A (2007a) Host range and molecular phylogenies of the soft rot enterobacterial genera
Pectobacterium and Dickeya. Phytopathology 97:1150-1163

Ma B, Hibbing ME, Kim H-S, Reedy RM, Yedidia I, Breuer J, Breuer J, Glasner JD, Perna
NT, Kelman A, Charkowski AO (2007b) Host range and molecular phylogenies of the soft rot
enterobacterial genera Pectobacterium and Dickeya. Phytopathology 97:1150-1163

Meneley JC, Stanghellini ME (1976) Isolation of soft rot Erwinia spp. from agricultural soils using
an enrichment technique. Phytopathology 66:367-370

Moleleki LN, Onkendi EM, Mongae A, Kubheka GC (2013) Characterisation of Pectobacterium
wasabiae causing blackleg and soft rot diseases in South Africa. Eur J Plant Pathol 135:279-288

Motyka A, Zoledowska S, Sledz W, Lojkowska E (2017) Molecular methods as tools to control plant
diseases caused by Dickeya and Pectobacterium spp: a minireview. New Biotechnol 39:181-189

Nabhan S, De Boer SH, Maiss E, Wydra K (2013) Pectobacterium aroidearum sp. nov., a soft rot
pathogen with preference for monocotyledonous plants. Int J Syst Evol Microbiol 63:2520-2525

Nabhan S, Wydra K, Linde M, Debener T (2012) The use of two complementary DNA assays,
AFLP and MLSA, for epidemic and phylogenetic studies of pectolytic enterobacterial strains
with focus on the heterogeneous species Pectobacterium carotovorum. Plant Pathol 61:498-508

Nassar A, Darrasse A, Lemattre M, Kotoujansky A, Dervin C, Vedel R, Bertheau Y (1996) Character-
ization of Erwinia chrysanthemi by pectinolytic isozyme polymorphism and restriction fragment
length polymorphism analysis of PCR-amplified fragments of pel genes. Appl Environ Microbiol
62:2228-2235



5 Isolation, Detection and Characterization of Pectobacterium and Dickeya Species 171

Ngadze E, Brady CL, Coutinho TA, van der Waals JE (2012) Pectinolytic bacteria associated with
potato soft rot and blackleg in South Africa and Zimbabwe. Eur J Plant Pathol 134:533-549

Nunes Leite L, De Haan E, Krijger M, Kastelein P, Van Der Zouwen P, Van Den Bovenkamp
G, Tebaldi N, van der Wolf J (2014) First report of potato blackleg caused by Pectobacterium
carotovorum subsp. brasiliensis in the Netherlands. New Dis Rep 29:24

Ocenar J, Arizala D, Boluk G, Dhakal U, Gunarathne S, Paudel S, Dobhal S, Arif M (2019)
Development of a robust, field-deployable loop-mediated isothermal amplification (LAMP) assay
for specific detection of potato pathogen Dickeya dianthicola targeting a unique genomic region.
PLoS ONE 14:6

Onkendi EM, Moleleki LN (2014) Characterization of Pectobacterium carotovorum subsp.
carotovorum and brasiliense from diseased potatoes in Kenya. Eur J Plant Pathol 139:557-566

Palacio-Bielsa A, Cambra MA, Lopez MM (2006) Characterisation of potato isolates of Dickeya
chrysanthemi in Spain by a microtitre system for biovar determination. Ann Appl Biol 148:157—
164

Parent Jean G, Lacroix M, Page D, Vezina L, Vegiard S (1996) Identification of Erwinia carotovora
from soft rot diseased plants by random amplified polymorphic DNA (RAPD) analysis. Plant Dis
80:494-499

Park D, Shim J, Kim J, Kim B, Kang M, Seol Y, Hahn J, Shrestha R, Lim C, Go S (2006) PCR-
based sensitive and specific detection of Pectobacterium atrosepticum using primers based on
Rhs family gene sequences. Plant Pathol 55:625-629

Parkinson N, Stead D, Bew J, Heeney J, Tsror L, Elphinstone J (2009) Dickeya species relatedness
and clade structure determined by comparison of recA sequences. Int J Syst Evol Microbiol
59:2388-2393

Pérombelon M, Burnett E (1991) Two modified crystal violet pectate (CVP) media for the detection,
isolation and enumeration of soft rot erwinias. Potato Res 34:79-85

Pérombelon M, Kelman A (1987) Blackleg and other potato diseases caused by soft rot Erwinias:
proposal for revision of terminology. Plant Dis 71:283-285

Pérombelon MCM, Bertheau Y, Cambra M, Frechon D, Lopez MM, Niepold F, Persson P, Sletten
A, Toth IK, Van Vuurde JWL, van der Wolf JM (1998) Microbiological, immunological and
molecular methods suitable for commercial detection and quantification of the blackleg pathogen,
Erwinia carotovora subsp. atroseptica, on seed potato tubers: areview. EPPO Bulletin 28:141-155

Pérombelon MCM, van der Wolf JM (2002) Methods for the detection and quantification of
Erwinia carotovora subsp. atroseptica (Pectobacterium carotovorum subsp. atrosepticum) on
potatoes: a laboratory manual, vol 10. Occassional Publication Scottisch Crop Research Institute
Invergowrie, United Kingdom

Peters J, Sledz W, Bergervoet JHW, van der Wolf JM (2007) An enrichment microsphere
immunoassay for the detection of Pectobacterium atrosepticum and Dickeya dianthicola in potato
tuber extracts. Eur J Plant Pathol 117:97-107

Portier P, Pédron J, Taghouti G, Fischer-Le Saux M, Caullireau E, Bertrand C, Laurent A, Chawki K,
Oulgazi S, Moumni M, Andrivon D, Dutrieux C, Faure D, Hélias V, Barny M-A (2019) Elevation
of Pectobacterium carotovorum subsp. odoriferum to species level as Pectobacterium odoriferum
sp. nov., proposal of Pectobacterium brasiliense sp. nov. and Pectobacterium actinidiae sp. nov.,
emended description of Pectobacterium carotovorum and description of Pectobacterium versatile
sp. nov., isolated from streams and symptoms on diverse plants. IntJ Syst Evol Microbiol 69:3214—
3223

Potrykus M, Golanowska M, Sledz W, Zoledowska S, Motyka A, Kolodziejska A, Butrymowicz J,
Lojkowska E (2016) Biodiversity of Dickeya spp. isolated from potato plants and water sources
in temperate climate. Plant Dis 100:408-417

Potrykus M, Sledz W, Golanowska M, Slawiak M, Binek A, Motyka A, Zoledowska S, Czajkowski
R, Lojkowska E (2014) Simultaneous detection of major blackleg and soft rot bacterial pathogens
in potato by multiplex polymerase chain reaction. Ann Appl Biol 165:474-487

Pritchard L, Glover RH, Humpbhris S, Elphinstone JG, Toth IK (2016) Genomics and taxonomy in
diagnostics for food security: soft-rotting enterobacterial plant pathogens. Anal Methods 8:12-24



172 J. M. van der Wolf et al.

Pritchard L, Humphris S, Saddler GS, Parkinson NM, Bertrand V, Elphinstone JG (2013) Detection
of phytopathogens of the genus Dickeya using a PCR primer prediction pipeline for draft bacterial
genome sequences: Dickeya diagnostics from draft bacterial genome sequences. Plant Pathol
62:587-596

§alplachta J, Kubesova A, Horky J, Matouskova H, Tesafova M, Horka M (2015) Characterization
of Dickeya and Pectobacterium species by capillary electrophoretic techniques and MALDI-TOF
MS. Anal Bioanal Chem 407:7625-7635

Samson R, Legendre JB, Christen R, Fischer-Le Saux M, Achouak W, Gardan L (2005) Transfer
of Pectobacterium chrysanthemi (Burkholder et al. 1953) Brenner et al. 1973 and Brenneria
paradisiaca to the genus Dickeya gen. nov as Dickeya chrysanthemi comb. nov and Dickeya
paradisiaca comb. nov and delineation of four novel species, Dickeya dadantii sp nov., Dickeya
dianthicola sp nov., Dickeya dieffenbachiae sp nov and Dickeya zeae sp nov. Int J Syst Evol
Microbiol 55:1415-1427

Slawiak M, Lojkowska E (2009) Genes responsible for coronatine synthesis in Pseudomonas
syringae present in the genome of soft rot bacteria. Eur J Plant Pathol 124:353-361

Slawiak M, van Beckhoven JRCM, Speksnijder AGCL, Czajkowski R, Grabe G, van der Wolf JM
(2009) Biochemical and genetical analysis reveal a new clade of biovar 3 Dickeya spp. strains
isolated from potato in Europe. Eur J Plant Pathol 125:245-261

Stawiak M, Van Doorn R, Szemes M, Speksnijder AGCL, Waleron M, van der Wolf JM, Lojkowska
E, Schoen CD (2013) Multiplex detection and identification of bacterial pathogens causing potato
blackleg and soft rot in Europe, using padlock probes. Ann Appl Biol 163:378-393

Sledz W, Jafra S, Waleron M, Lojkowska E (2000) Genetic diversity of Erwinia carotovora strains
isolated from infected plants grown in Poland. EPPO Bull 30:403-407

Snipen L, Almgy T, Ussery DW (2009) Microbial comparative pan-genomics using binomial
mixture models. BMC Genomics 10:385

Tian Y, Zhao Y, Chen B. Chen S, Zeng R, Hu B, Li X (2020) Real-time PCR assay for detection of
Dickeya fangzhongdai causing bleeding canker of pear disease in China. J Integr Agric 19:898—
905

Toth IK, Avrova AO, Hyman LJ (2001) Rapid identification and differentiation of the soft
rot erwinias by 16S-23S intergenic transcribed spacer-PCR and restriction fragment length
polymorphism analyses. Appl Environ Microbiol 67:4070-4076

Tsror L, Ben-Daniel B, Chalupowicz L, van der Wolf J, Lebiush S, Erlich O, Dror O, Barel V,
Nijhuis E, Manulis-Sasson S (2013) Characterization of Dickeya strains isolated from potato
grown under hot-climate conditions. Plant Pathol 62:1097-1105

Tsror L, Erlich O, Lebiush S, Hazanovsky M, Zig U, Slawiak M, Grabe G, van der Wolf JM, van de
Haar JJ (2009) Assessment of recent outbreaks of Dickeya sp (syn. Erwinia chrysanthemi) slow
wilt in potato crops in Israel. Eur J Plant Pathol 123:311-320

Vaerenbergh J, Baeyen S, Vos P, Maes M (2012) Sequence diversity in the Dickeya fliC gene:
phylogeny of the Dickeya genus and TagMan® PCR for “D. solani”, new biovar 3 variant on
potato in Europe. PLoS ONE 7(5)

van der Merwe JJ, Coutinho TA, Korsten L, van der Waals JE (2010) Pectobacterium carotovorum
subsp brasiliensis causing blackleg on potatoes in South Africa. Eur J Plant Pathol 126:175-185

van der Wolf J, De Haan E, Kastelein P, Krijger M, De Haas B, Velvis H, Mendes O, Kooman-
Gersmann M, Van Der Zouwen P (2017) Virulence of Pectobacterium carotovorum subsp.
brasiliense on potato compared with that of other Pectobacterium and Dickeya species under
climatic conditions prevailing in the Netherlands. Plant Pathol 66:571-583

van der Wolf J, Van Beckhoven J, De Boef E, Roozen N (1993) Serological characterization of
fluorescent Pseudomonas strains cross-reacting with antibodies against Erwinia chrysanthemi.
Tijdschrift Over Plantenziekten 99:51-60

van der Wolf JM, de Haas BH, van Hoof R, de Haan EG, van den Bovenkamp GW (2014) Devel-
opment and evaluation of Tagman assays for the differentiation of Dickeya (sub)species. Eur J
Plant Pathol 138:695-709



5 Isolation, Detection and Characterization of Pectobacterium and Dickeya Species 173

van der Wolf JM, Gussenhoven GC (1992) Reaction of saprophytic bacteria from potato peel extracts
and plant pathogenic bacteria in ELISA with antisera to Erwinia chrysanthemi (serogroup O1Ha).
Neth J Plant Pathol 98:33-44

van der Wolf JM, Nijhuis EH, Kowalewska MJ, Saddler GS, Parkinson N, Elphinstone JG, Pritchard
L, Toth IK, Lojkowska E, Potrykus M, Waleron M, de Vos P, Cleenwerck I, Pirhonen M, Garlant
L, Hélias V, Pothier JF, Pfliiger V, Duffy B, Tsror L, Manulis S (2013) Dickeya solani sp. nov.,
a pectinolytic plant pathogenic bacterium isolated from potato (Solanum tuberosum). Int J Syst
Evol Microbiol 64:768-774

Vernon Shirley M, Burns R (1992) The development and use of monoclonal antibodies for detection
of Erwinia. J Appl Bacteriol 72:97-102

Votintseva AA, Bradley P, Pankhurst L, del Ojo EC, Loose M, Nilgiriwala K, Chatterjee A, Smith
EG, Sanderson N, Walker TM (2017) Same-day diagnostic and surveillance data for tuberculosis
via whole-genome sequencing of direct respiratory samples. J Clin Microbiol 55:1285-1298

Waleron M, Czajkowski R, Waleron K, Lojkowska E (2013a) Restriction fragment length
polymorphism-based identification of ‘Dickeya solani’, A new genetic clade of Dickeya spp.
J Plant Pathol 95:609-613

Waleron M, Waleron K, Lojkowska E (2013b) Occurrence of Pectobacterium wasabiae in potato
field samples. Eur J Plant Pathol 137:149-158

Waleron M, Misztak A, Waleron M, Franczuk M, Wielgomas B, Waleron K (2018) Transfer of
Pectobacterium carotovorum subsp. carotovorum strains isolated from potatoes grown at high
altitudes to Pectobacterium peruviense sp. nov. Syst Appl Microbiol 41:85-93

Waleron M, Waleron K, Lojkowska E (2002) Genotypic characterisation of the Erwinia genus by
PCR-RFLP analysis of rpoS gene. Plant Protect Sci 38 (Special Issue 2):288-290

Yarkus M, Schaad NW (1979) Serological relationship among strains of Erwinia chrysanthemi.
Phytopathology 69:517-522

Yasuhara-Bell J, Marrero G, De Silva A, Alvarez AM (2016) Specific detection of Pectobacterium
carotovorum by loop-mediated isothermal amplification. Mol Plant Pathol 17:1499-1505

Yasuhara-Bell J, Marrero G, Arif M, de Silva A, Alvarez AM (2017) Development of a loop-
mediated isothermal amplification assay for the detection of Dickeya spp. Phytopathology
107:1339-1345

Yishay M, Burdman S, Valverde A, Luzzatto T, Ophir R, Yedidia I (2008) Differential pathogenicity
and genetic diversity among Pectobacterium carotovorum ssp. carotovorum isolates from
monocot and dicot hosts support early genomic divergence within this taxon. Environ Microbiol
10:2746-2759

Zhang Y, Fan Q, Loria R (2016) A re-evaluation of the taxonomy of phytopathogenic genera Dickeya
and Pectobacterium using whole-genome sequencing data. Syst Appl Microbiol 39:252-259

Zhao Y, Dou J, Geng G, Tian Y, Fan J, Li X, Hu B (2018) First report of Pectobacterium carotovorum
subsp. brasiliense causing blackleg and stem rot on potato in China. Plant Dis 102:1653

Zijlstra C, Groenenboom—De Haas L, Krijger M, Verstappen E, Warris S, de Haan E, van der Wolf
J (2019) Development and evaluation of two TaqMan assays for generic detection of Dickeya
species. Eur J Plant Pathol 156:311-316

Zoledowska S, Motyka A, Zukowska D, Sledz W, Lojkowska E (2018) Population structure and
biodiversity of Pectobacterium parmentieri isolated from potato fields in temperate climate. Plant
Dis 102:154-164



	5 Isolation, Detection and Characterization of Pectobacterium and Dickeya Species
	5.1 Introduction
	5.2 Dilution Plating and Isolation
	5.2.1 Chrystal Violet Pectate (CVP): A Selective Medium Extensively Used to Isolate SRP
	5.2.2 Liquid Enrichment Medium
	5.2.3 Isolation from Plant Material or Environmental Samples

	5.3 Molecular Detection Methods
	5.3.1 Conventional and Multiplex PCR
	5.3.2 Real-Time (Quantitative) PCR
	5.3.3 Loop-Mediated Isothermal Amplification (LAMP)

	5.4 Phenotyping for Detection and Identification
	5.4.1 Biochemical Methods
	5.4.2 Serological Assays
	5.4.3 Fatty Acid Methyl Ester Analysis
	5.4.4 Electronic Sensor Systems
	5.4.5 MALDI-TOF Mass Spectrometry

	5.5 Genotyping for Identification
	5.5.1 PCR-Restriction Fragment Length Polymorphism (PCR–RFLP)
	5.5.2 Amplified Fragment Length Polymorphism (AFLP)
	5.5.3 Random Amplification of Polymorphic DNA (RAPD)
	5.5.4 Multi-Locus Sequence Analysis (MLSA)
	5.5.5 Future Directions for Genotyping

	5.6 Concluding Remarks
	References




