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Abstract Ralstonia solanacearum is the causal organism
of bacterial wilt of more than 200 species representing 50
families of plants in tropical, subtropical, and warm tem-
perate regions in the world. Traditionally classified into
five races based on differences in host range, R. solana-
cearum has also been grouped into six biovars on the basis
of biochemical properties. With recent developments in
molecular biology, various DNA-based analyses have been
introduced and used to confirm that this binary system does
not completely represent the diversity within R. solana-
cearum strains. Therefore, a new hierarchical classification
scheme has been suggested, which defines R.
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solanacearum as a species complex and reorganized the
concept of the species as a monophyletic cluster according
to a phylogenetic analysis based on genomic sequence data.
Here we discuss the current bacterial wilt situation and
genetic relationships based on the recent classification
system of Japanese R. solanacearum strains as well as
worldwide strains. We also review the genetic, biochemi-
cal, and pathological characteristics of R. solanacearum
strains, in particular, those affecting potato and Zingiber-
aceae plants as distinctly important pathogens in relation to
continuously problematic and recent emergent diseases in
Japan.
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Introduction

Bacterial wilt diseases caused by Ralstonia solanacearum
(Smith) (Yabuuchi et al. 1996) is a lethal vascular disease
of more than 200 species representing 50 families of plants,
including economically important crops such as potato,
tomato, eggplant, pepper, ginger, and banana (Hayward
1991, 1994a), and the disease is very difficult to control.
The importance of the disease has been widely recognized
in tropical, subtropical and warm temperate regions of the
world, including Japan and other Asian countries.

R. solanacearum embraces a diverse array of popula-
tions that differ in host range, geographical distribution,
pathogenicity, epidemiological characters, and physiolog-
ical properties. To describe this intra-specific variability of
R. solanacearum, many classification schemes have been
used for the identification and evolution of this bacterium
(Buddenhagen and Kelman 1964; Denny and Hayward
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Table 1 Classification of Ralstonia solanacearum species complex based on DNA information

Current Ralstonia solanacearum R. syzygii Blood disease
name® bacterium
Proposed R. sequeirae R. solanacearum R. sequeirae  R. haywardii subsp. R. haywardii R. haywardii subsp.
name” solanacearum subsp. syzygii celebensis
Phylotype® I (Asia) II (Americas) III (Africa) IV (Indonesia and other)

(origin)
Sequevar 12-18, 31, 34, 1-7, 24-28, 35, 36, 19-23, 29, 8-11, unk 9 10

44-48, unk 38-41, 50-52, unk 42, 43, 49

Biovar 3,4,5 N2 1,2, N2 1, N2 1,2, N2
Race 1,4,5 1,2,3 - 3, -

unk unknown, — not determined

# Based on the reports of Eden-Green and Sastraatmadja (1990); Vaneechoutte et al. (2004); and Yabuuchi et al. (1996)

® Based on the report of Remenant et al. (2011)
¢ Based on the report of Fegan and Prior (2005)

4 Based on the reports of Fegan and Prior (2005); Hong et al. (2012); Horita and Tsuchiya (2012); Waki et al. (2013); and Wicker et al. (2012)

2001; Okabe 1965). R. solanacearum has been traditionally
classified into races based on differences in host range and
into biovars on the basis of biochemical properties (Denny
and Hayward 2001; Hayward 1964, 1994b).

Over the last 3 decades, molecular biological studies
have been introduced to classify and identify R. solana-
cearum strains from diverse origins. Various genetic anal-
yses also have been conducted to assess genetic variability
between and within the population of R. solanacearum
(Cook and Sequeira 1994; Cook et al. 1989; Fegan et al.
1998; Gillings and Fahy 1993, 1994; Horita and Tsuchiya
2001; Poussier et al. 1999, 2000a, b; Taghavi et al. 1996;
Villa et al. 2005). These investigations have confirmed that
the traditional dichotomy system (race and biovar) does not
completely represent the diversity within R. solanacearum.
On the basis of results obtained by molecular analyses,
Fegan and Prior (2005) and Remenant et al. (2011) then
defined this pathogen as a species complex and suggested a
new classification system (Table 1).

In this review, we describe the development of both
classical (biological) and modern (molecular) classification
schemes on the genetic diversity of R. solanacearum Jap-
anese strains as well as worldwide strains. We also describe
the genetic, biochemical, and pathological characters of R.
solanacearum strains, in particular, bacterial wilt of potato
and Zingiberaceae plants as distinct pathogens in relation to
continuously present or newly emergent diseases in Japan.

Classification of R. solanacearum strains based
on biological properties and biochemical characters
For more than 4 decades, researchers of R. solanacearum

mainly employed a binary system using two approaches, race
and biovar, one emphasizing pathogenic specialization (host
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range or hosts primarily affected) and the other using
selected biochemical characters (metabolism of different
carbon sources) (Hayward 1991), respectively. Thus five
races (Buddenhagen and Kelman 1964; Denny and Hayward
2001; He et al. 1983) and six biovars (Hayward 1964, 1994b;
He et al. 1983) have been described and designated so far.

Race 1 affects tobacco, tomato, many solanaceous and
other weeds and certain diploid bananas, race 2 affects
triploid bananas (Moko disease) and Heliconia, race 3 affects
potato and tomato, race 4 and race 5 affect ginger and mul-
berry, respectively. On the other hand, six biovars (1, 2, N2,
3, 4, and 5) were differentiated on the basis of the utilization
and oxidation of six kinds of sugars (maltose, lactose, cel-
lobiose, trehalose, m-inositol, and p-ribose) and three kinds
of hexose alcohols (mannitol, sorbitol, and dulcitol).

Although this binary classification system has been
useful in assessing geographical and pathological differ-
ences within R. solanacearum strains worldwide, it does
not completely differentiate and characterize each strain as
in the case of biovar 2, which has been further subdivided
(Gillings and Fahy 1993; Hayward 1994b). It is therefore
important to investigate genetic variability among the
strains using various kinds of techniques to better under-
stand the distribution and population dynamics of this
bacterium not only under global environments but also in
agricultural plants and soils.

The geographical distribution and diversity of Ralstonia
solanacearum strains in Japan and Asia

In Japan, more than 46 species representing 24 families of
plants have been reported as hosts so far, and new hosts
continue to be found (Horita and Tsuchiya 2009, 2012).
Distribution of races 1, 3, and 4 (Horita and Tsuchiya 2001;
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Katayama and Kimura 1986; Morita et al. 1996; Tsuchiya
2008; Tsuchiya et al. 1999; Yano et al. 2005) and biovars
N2, 3, and 4 have been reported (Horita and Tsuchiya
2001; Horita et al. 2005, 2010). Race 1 strains have been
isolated mainly from solanaceous crops including tomato,
tobacco, eggplant, and sweet pepper. Race 3 has been
isolated from potato and race 4 from Zingiberaceae plants.
Ozaki and Kimura (1992) reported that Japanese R. so-
lanacearum strains that affect Solanaceae crops can be
divided into five groups (I-V) based on differences in their
pathogenicity on several Solanum species, which have been
used as resistant rootstocks for eggplant. Bacterial wilt of
ginger caused by race 4 has recently emerged in Japan, as
described later, and in many parts of Asia (including China,
India, Malaysia, the Philippines, northern Thailand, and
Indonesia) in the last decade.

The most important crop affected is tomato in the major
production areas of Asian countries. Bacterial wilt is
widely ranked among the top five diseases of other sola-
naceous crops, including eggplant, sweet pepper, and chili
(Elphinstone 2005). Bacterial wilt significantly affects
groundnut in Vietnam, the Philippines, Indonesia, and
India. R. solanacearum has been reported on banana in
several Asian countries, although further investigation is
required to substantiate suspected cases reported from
India, Malaysia, Sri Lanka, Taiwan, Thailand, and Vietnam
(Elphinstone 2005). In the Philippines, R. solanacearum is
still widespread throughout the country and is currently
among the top five pathogens affecting banana and plantain
(Elphinstone 2005). Moko disease and Bugtok disease is
commonly found in commercial banana and cooking
banana cultivars, respectively. Although the symptoms
differ, both diseases are caused by race 2 strains, which are
indistinguishable genetically. In Indonesia, the banana
blood disease bacterium (BDB) (a closely related species to
R. solanacearum) has been reported specifically (Eden-
Green and Sastraatmadja 1990) and is spreading through-
out the country and threatening banana production in
Southeast Asia (Elphinstone 2005).

R. solanacearum strains belonging to biovars 3 and 4 are
widespread and affect a very wide range of economically
important crops from at least 20 Asian and Middle Eastern
countries (Elphinstone 2005). On the contrary, biovar 2 and
N2 strains primarily affect potato production in most Asian
countries (Elphinstone 2005; Hayward et al. 1998; Horita
et al. 2010; Xu et al. 2009).

Classification of R. solanacearum strains based
on molecular analyses

The development of molecular biology has shifted the
types of approaches used to characterize, identify plant

pathogens and develop disease management strategies
(Schaad et al. 2003). Consequently, more efficient
approaches have been devised; the most popular and pos-
sibly the most accurate is DNA analysis.

Palleroni and Doudoroff (1971) clarified that DNA-
DNA homology between R. solanacearum strains each
belonging to distinct biovar is below the same species level
(<70 %) and suggested the possibility that this bacterium
originally consisted of multiple species. Accordingly, a
classification scheme, based on analysis of restriction
fragment length polymorphisms (RFLP) at the hypersen-
sitive response and pathogenicity (hrp) locus and addi-
tional loci from the core genome (Cook and Sequeira 1994;
Cook et al. 1989) revealed the existence of two evolu-
tionary divisions: division I, strains mainly isolated from
Asia and Australia; division II, strains mainly originating
from South and Central America. The genetic classification
based on geographical origin, thus correlates nicely with
the biovar classification because the strains from division I
match biovars 3, 4, and 5 and strains from division II match
biovars 1, 2, and N2. The diversification of R. solanacea-
rum into two major divisions later was confirmed using
additional molecular criteria addressing various elements
of the core genome [e.g., 16S ribosomal RNA gene [TDNA]
sequences and polymerase chain reaction [PCR]-RFLP
analysis of hrp genes (Poussier et al. 1999; Taghavi et al.
1996)].

Genomic fingerprint analyses using repetitive sequence-
based PCR (rep-PCR) and amplified fragment length
polymorphism (AFLP) are useful methods for assessing the
diversity and genetic relationships among R. solanacearum
strains (Fegan and Prior 2005; Horita and Tsuchiya 2001;
Horita et al. 2005; Jaunet and Wang 1999; Lewis Ivey et al.
2007; Norman et al. 2009; Nouri et al. 2009; Thwaites et al.
1999; Xue et al. 2011; Yu et al. 2003). Recently, sequence
information for the R. solanacearum genome has rapidly
accumulated, providing an efficient tool to identify and
discriminate individual strains (Castillo and Greenberg
2007; Fegan et al. 1998; Horita and Tsuchiya 2000; Lewis
Ivey et al. 2007; Liu et al. 2009; Poussier et al. 2000a, b;
Prior and Fegan 2005; Villa et al. 2005; Xu et al. 2009).
Based on the results obtained from these analyses, Fegan
and Prior (2005) defined this pathogen as a species com-
plex and suggested a new classification system (phylotype,
sequevar) according to the genomic DNA sequence infor-
mation (Table 1).

Phylotype
In recent years, phylogenetic relationships of worldwide

strains of R. solanacearum and related species (R. syzygii
and BDB) have been assessed intensively based on their
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Fig. 1 Phylogenetic
relationships of Ralstonia
solanacearum, R. syzygii, and
blood disease bacterium of
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genomic DNA sequence information. Pathogenicity-related
genes (hrpB, egl, peh, fliC), housekeeping genes (e.g.,
mutS, gyrB, gdhA), and tDNA (168, ITS), which have been
used for taxonomic analysis of bacterial species, were
employed for the DNA sequence analyses (Castillo and
Greenberg 2007; Fegan and Prior 2005; Fegan et al. 1998;
Poussier et al. 2000a, b; Prior and Fegan 2005; Villa et al.
2005; Wicker et al. 2012). As shown in the phylogenetic
analysis using nucleotide sequences of egl (Fig. 1), the
results suggested that R. solanacearum strains can be
divided into four major clades.

Fegan and Prior (2005) called these major clades phyl-
otypes (I-IV) and suggested that each phylotype should be
treated as a specific taxonomic group that corresponds
almost completely to separate species or subspecies. This
new classification scheme reorganized the concept of
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division and subdivision postulated on the basis of RFLP
analysis (Cook and Sequeira 1994; Cook et al. 1989) and
16S rDNA sequence (Poussier et al. 2000a; Taghavi et al.
1996).

Each phylotype is closely related to its geographic origin
(Fegan and Prior 2005). Strains in phylotype I originated in
Asia, whereas strains in phylotype II are predominantly
from the Americas. Phylotype III comprises strains from
Africa and nearby islands, while phylotype IV contains
strains isolated primarily from Indonesia and has also been
found in some Asian countries (including Japan) and
Australia. Phylotype IV also contains the two close rela-
tives of R. solanacearum, P. syzygii and BDB.

Moreover, each phylotype correlated with specific races
and biovars (Fegan and Prior 2005). Phylotype II contains
race 2 (affecting triploid banana and Heliconia)/biovar 1
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and race 3 (primarily affecting potato)/biovar 2 strains,
while phylotype I includes race 4 (affecting ginger)/biovar
3, 4 and race 5 (affecting mulberry)/biovar 5 strains
(Table 1).

Fegan and Prior (2005) also used a multiplex-PCR
method to differentiate each phylotype based on differ-
ences in the nucleotide sequences of the rDNA-ITS region.
This simple method is applicable to worldwide strains
including Japanese strains. However, some primers used in
the phylotype-aspecific multiplex-PCR amplify a specific
band common to a related soil microorganism, R. pickettii,
as well as to all strains of R. solanacearum, BDB, and P.
syzygii, so that it needs to be handled carefully (Horita and
Tsuchiya 2009).

Recently, Remenant et al. (2011) identified the whole
genome sequence of three distinct phylotype IV strains (R.
solanacearum, R. syzygii, and BDB) and compared their
genomic structure with those previously reported for five R.
solanacearum strains in phylotypes I, II, and III (Remenant
et al. 2010). Therefore, this species complex could be
divided into three genomic species. Phylotype I and III
strains were differentiated from phylotype II strains
(average nucleotide identity is below 92 %, less than for
the same species level) (Goris et al. 2007). Phylotype IV
strains consisted a single genomic species (average nucle-
otide identity is above 98 %, equivalent to more than 70 %
DNA-DNA homology), though they showed clear pheno-
typic differences among the strains (Denny and Hayward
2001).

Thus, Remenant et al. (2011) suggested the revision of
taxonomy of R. solanacearum species complex shown in
Table 1. Except for phylotype II (which was maintained as
R. solanacearum), phylotype I and III strains were assigned
a new species name, R. sequeirae. Phylotype IV strains
were proposed as one new species (R. haywardii) with
three subspecies names (subsp. solanacearum, syzygii, and
celebensis), which correspond to the former R. solana-
cearum, R. syzygii, and BDB, respectively (Table 1).

Sequevar

Each phylotype consists of a number of sequevars (Fegan
and Prior 2005; Wicker et al. 2012). The sequevar is
determined on the basis of the differences of the conserved
region of endoglucanase gene (egl/) sequence. Strains in the
same sequevar show more than 99 % similarity in their
sequences and cluster together with high confidence
(>50 %) in bootstrap trials (Wicker et al. 2012). Until now,
52 sequevars have been suggested (Fegan and Prior 2005;
Mahbou Somo Toukam et al. 2009; Wicker et al. 2012; Xu
et al. 2009) (Table 1; Fig. 1). Some of the sequevars are
correlated with specific races. For example, strains

belonging to sequevar 3, 4, 6, 24 and sequevar 1 in phyl-
otype II correspond to race 2 and race 3, respectively.
Moreover, sequevar 16 and sequevar 12, 48 in phylotype I
consist of race 4 and race 5 strains, respectively.

Multilocus sequence analysis/typing (MLSA/MLST)

In addition to the phylotype and sequevar, multilocus
sequence analysis/typing (MLSA/MLST) has been used to
discriminate and classify R. solanacearum strains (Castillo
and Greenberg 2007; Lewis Ivey et al. 2007; Liu et al.
2009; Poussier et al. 2000b; Villa et al. 2005; Wicker
et al. 2012), and Almeida et al. (2010) constructed an
MLSA/MLST database (http://www.pamdb.org/) for this
species as well as for other plant pathogenic bacteria
(Pseudomonas syringae pathovars, Xanthomonas spp., and
Acidovorax citrulli). As we described already, sequevar is
determined on the basis of the single gene (egl) sequen-
ces, so that the presence of bias possibly appears in the
analysis (Wicker et al. 2012). By targeting multilocus
sequences (principally multiple housekeeping genes),
strains can be distinguished from each other under uni-
versal criteria (Maiden 2006). MLSA/MLST also has been
used to assess the relative contribution of mutation and
recombination to the evolution of the species (Castillo and
Greenberg 2007; Pérez-Losada et al. 2006; Wicker et al.
2012), and work on its systematic use for classification is
ongoing.

Classification of Japanese strains of R. solanacearum
based on molecular analysis

Phylotype (proposal name by Remenant et al. 2011) and
sequevar of Japanese R. solanacearum strains and their
correlation with host, geographic origin, race and biovar
are shown in Table 2. Japanese strains can be divided into
two phylotypes (I and IV) and eleven sequevars (8, 13—-17,
34, 44, unknown 1-3) (Horita and Tsuchiya 2012; Waki
et al. 2013). Phylotypes I and IV consist of nine (13-17, 34,
44, unknown 1-2) and two (8, unknown 3) sequevars,
respectively. Strains in phylotype II or III have not been
isolated so far.

Phylotype of the Japanese strain is closely related to
biovar and its original host (Horita and Tsuchiya 2009).
Biovar N2 strains from potato belong to phylotype IV,
whereas biovar 3 and biovar 4 strains from potato and other
kind of plant isolates are all included in phylotype I.
Phylotype I strains have been isolated from a wide range of
crops and areas where the disease occurred (from Hokkaido
to Okinawa). On the other hand, phylotype IV strains have
been isolated only from potato cultivation areas.
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Table 2 Phylotype, proposed name, sequevar, host, geographic origin, race and biovar of Japanese strains of Ralstonia solanacearum species

complex
Phylotype® Sequevar®  Host Geographic origin ~ Race® Biovar®
(Proposed name)®
I (R. sequeirae) 13 Balsam pear, potato Okinawa 1
14 Tomato, eggplant, sweet pepper, hot pepper, potato, Russell prairie Honshu, Shikoku, 1
gentian, statice, bird-of-paradice flower, bellflower, udo, Portulaca Kyushu
spp., Angelica keiskei, Impatiens sultani
Ginger Honshu, Shikoku 4 4
15 Tomato, eggplant, sweet pepper, hot pepper, tobacco, potato, Hokkaido, Honshu, 1 3, 4,
cucumber, pumpkin, balsam pear, peanut, zinnia, portulaca, Shikoku, Kyushu, N2
geranium, kidney bean, udo Okinawa
16 Ginger Shikoku, Kyushu 4
17 Eggplant, potato Kyushu 1
34 Tomato, eggplant, sweet pepper, tobacco Honshu, Shikoku, 1
Kyushu
44 Tobacco, potato, strawberry, Russell prairie gentian, Kalanchoe spp. Honshu, Shikoku, 1 3
Kyushu
Unknown  Delphinium, potato Honshu, Kyushu 1 3
1
Unknown  Ginger, mioga, curcuma Honshu, Shikoku, 4 3,4
2 Kyushu
IV (R. haywardii 8 Potato Hokkaido, Honshu, 3 N2
subsp. Kyushu, Okinawa
solanacearum) — yUpknown  Potato Kyushu 3 N2
3

# Based on reports of Fegan and Prior (2005); Horita and Tsuchiya (2009, 2012); Horita et al. (2010, unpublished); Liu et al. (2009); Villa et al.

(2005); Waki et al. (2013); and Wicker et al. (2012)

° Based on report of Remenant et al. (2011)

¢ Based on reports of Horita and Ooshiro (2002); Horita and Tsuchiya (2001, 2009, 2012); Horita et al. (2010, unpublished); Katayama and
Kimura (1986); Morita et al. (1996); Suga et al. (2013); Tsuchiya et al. (1999, 2005); Waki et al. (2013); and Yano et al. (2005, 2011)

Some of the sequevars are also correlated with specific
race, original host and/or geographic origin (Horita and
Tsuchiya 2009, 2012; Horita et al. 2010; Waki et al. 2013).
Race 3 strains, which primarily affect potato belong to two
specific sequevars (8, unknown 3). Similarly, race 4 strains
affecting Zingiberaceae plants (ginger, mioga, curcuma)
belong to three specific sequevars (14, 16, unknown 2), and
two of which (16, unknown 2) consisted of ginger and
Zingiberaceae plant isolates only, respectively. On the
other hand, most isolates of Solanaceae crops and other
plants (except Zingiberaceae plants) belong to either se-
quevar 13-15, 17, 34, 44, or unknown 1 belonging to race
1, and two of these (13, 17) have been locally isolated from
Okinawa and Kyushu, respectively.

Genetic, biochemical, and pathological characters
of potato strains of Ralstonia solanacearum in Japan
In Japan, potato bacterial wilt has been recognized as a

serious, emergent disease since World War II, and its area
of occurrence is still expanding (Horita and Ooshiro 2002;
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Horita et al. 2010; Katayama and Kimura 1986; Narita
1958; Ooshiro 2008; Suga 2000; Suga et al. 2013). Geo-
graphic distribution and genetic, biochemical, and patho-
logical characters of potato bacterial wilt pathogen in Japan
have been widely assessed (Horita et al. 2010; Katayama
and Kimura 1986; Suga 2000; Suga et al. 2013). Regarding
the distribution of potato bacterial wilt, although the dis-
ease was first reported in the Hokkaido region, the northern
district of Japan (Narita 1958), the potato disease has not
been a serious problem there in the last 5 decades. On the
contrary, Katayama and Kimura (1986) reported that potato
bacterial wilt had frequently occurred in Nagasaki Prefec-
ture, Kyushu District, since the 1960s, and they collected
more than 200 strains from numerous potato-cultivation
fields between 1981 and 1983. Horita et al. (2010) also
surveyed and isolated about 100 strains from 25 areas in
the same district between 1993 and 1999, which suggested
that bacterial wilt disease had been widespread and con-
tinuous in potato-cultivating fields in such warm, temper-
ate, southwestern regions during more than last 4 decades.
Many strains of R. solanacearum from seriously damaged
fields have been isolated since 1999, and recently, an
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outbreak occurred in Okinawa Island, the southernmost
prefecture (Ooshiro 2008). On the other hand, a small
number of R. solanacearum strains from potato fields in
other comparatively warmer regions in Japan during spe-
cific years have also been reported.

Horita et al. (2010) determined the biovar and phylotype
of the Japanese potato strains as belonging to three biovars
(3, 4, N2) and two phylotypes (I and IV). Both biovar 4
(phylotype I) and biovar N2 (phylotype IV) strains were
common and were widely isolated from Hokkaido to
Okinawa, whereas biovar 3 (phylotype I) strains were
found in limited areas (Nagasaki and Okinawa Prefectures)
in Japan. Compared with the foreign potato bacterial wilt
strains, biovar 2 (phylotype II) strains are predominant not
only on American and European continents but also in
some African and Asian countries, and most strains are
thought to disseminate via infected seed potatoes world-
wide (Elphinstone 2005; Hayward 1991; Hayward et al.
1998; Nouri et al. 2009; Swanson et al. 2005). Thus, the
distribution of potato R. solanacearum strains in Japan
seems to be quite different from those of other countries.

When the relationship between pathogenic characters
and phylotypes of the potato strains in Japan was investi-
gated (Suga et al. 2013), the tested strains were divided into
17 types based on differences in their pathogenicity to
eggplant, S. integrifolium (rootstock for eggplant), tomato,
and others. In particular, almost all phylotype I strains were
pathogenic to eggplant, whereas all phylotype IV strains
were nonpathogenic to eggplant but some of them were
pathogenic to S. integrifolium. Consequently, phylotype IV
strains did not belong to any pathogenic group reported by
Ozaki and Kimura (1992).

Differences in pathogenic specificity to tomato cultivars
have also been shown. Strains belonging to phylotype IV as
well as phylotype I have affected tomato cultivation in
Korea, Indonesia, and Australia (Jeong et al. 2007; Wicker
et al. 2012), so we may need to pay attention to infection of
tomato plants by phylotype IV strains in Japan as well.

Suga et al. (2013) also assessed pathogenic differences
between potato phylotype I and IV strains against several
Japanese potato varieties and breeding lines and indicated
that phylotype IV strains show high virulence to the
breeding lines carrying bacterial wilt resistance conferred
from the wild potato Solanum phureja, which is resistant to
phylotype I strains. Several wild species of potato such as
S. phureja, S. stenostomum, and S. commersonii have been
used as genetic resources to breed for resistance to bacterial
wilt worldwide, and certain new potato varieties with a
high level of resistance have been recommended (Boshou
2005). However, the high levels of resistance of these new
potato varieties have been confirmed against only phylo-
type I or phylotype II strains. Phylotype IV strains have not
been commonly used as targets for breeding of bacterial

wilt resistance so far, since it has recently been categorized
as one of the taxonomic groups within R. solanacearum
and has been reported only from some Asian countries
(Japan, Korea, the Philippines, and Indonesia) and Aus-
tralia (Fegan and Prior 2005; Horita et al. 2010; Jeong et al.
2007). So further investigations using suitable R. solana-
cearum strains (include phylotype IV strains) are needed
before practical introduction of new potato varieties to the
field as well as to explore other new genetic resources for
breeding with resistance to Japanese potato phylotype IV
strains in the future.

From a plant quarantine point of view, phylotype II
strains have not yet been reported in Japan (Horita et al.
2010) because only domestic seed potatoes have been
distributed for cultivation and the import of the seed
potatoes from foreign countries has been strictly prohibited
by a plant protection law (Horita et al. 2010). Such a seed
potato management system may have prevented the dis-
semination of phylotype II strains inside Japan, although
both phylotypes I and IV strains are present. A supply of
clean seed potato and elimination of the pathogen from
infested fields are important factors for controlling the
disease. Clearly then, an accurate diagnosis system against
bacterial wilt pathogen needs to be developed for domestic
seed potato management.

Emergence and dissemination of ginger bacterial wilt
in Japan

Zingiberaceae plants (including ginger) are traditionally
cultivated from rhizomes and used as condiments, for
medicinal and ornamental purposes, and in food prepara-
tion in Africa, Asia, and the Americas. Bacterial wilt has
affected Zingiberaceae plants, and R. solanacearum has
been isolated in several countries or areas of Asia-Pacific
region, including Hawaii, Mauritius, and several Asian
countries (Elphinstone 2005; Hayward 1991; He 1986;
Kumar et al. 2005; Lum 1973; Quinon et al. 1964; Titatarn
1986; Uematsu et al. 1983; Xu et al. 2009; Zehr 1969). In
Australia, bacterial wilt of ginger has been present since
1955, but the disease has not been severe since 1970
(Hayward 1991; Hayward and Pegg 2013; Hayward et al.
1967).

In Japan, bacterial wilt of Zingiberaceae plants was first
reported in cultivation fields of Curcuma alismatifolia
(curcuma, introduced from Thailand as a planting material
for cut flowers in 1989) at Kochi Prefecture in 1995
(Morita et al. 1996). Since 1997, outbreaks of the disease
have occurred in ginger and mioga cultivation fields
throughout neighboring areas of the same prefecture
(Tsuchiya et al. 1999, 2005; Yano et al. 2005). Although
the pathogen has been present in the prefecture for some
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time, since 2005, the the pathogen has been spreading to
successive ginger fields prefectures such as Tochigi outside
Kochi (Waki et al. 2013), such as Wakayama and Shimane
Prefectures in Honshu district and in some prefectures in
the Kyushu District (Tsuchiya et al. unpublished data). In
most cases, the disease has emerged in an area after the
introduction of infected planting materials (ginger rhi-
zomes) originating from Kochi Prefecture where it was first
introduced (Tsuchiya et al. 2005) or from other Asian
countries (supplemental Fig. 1).

Causal pathogens were identified as race 4 based on
their specific pathogenicity to Zingiberaceae crops (Morita
et al. 1996; Tsuchiya et al. 1999, 2005; Yano et al. 2005,
2011) and biovar classification of the isolates from Kochi
Prefecture revealed that all of the strains were identical to
biovar 4 by comparing them with strains from Thailand and
Indonesia (biovars 3 and 4) and from Australia and China
(biovar 4) (Tsuchiya et al. 1999, 2005). Later, Waki et al.
(2013) confirmed that the ginger strains from Tochigi
Prefecture belonged to biovars 3 and 4. So far biovar 4
strains are found in these five countries, while biovar 3
strains have only been isolated from Japan, Thailand, and
Indonesia. Most of the Zingiberaceae plant isolates from
several other countries that were assessed with regard to
their pathogenic characters were classified as biovar 3 or
biovar 4 (Hayward 1994a).

All of the investigated Japanese and foreign Zingibera-
ceae strains belong to phylotype I (Waki et al. 2013).
Genetic diversity analyzed by rep-PCR revealed that the
Japanese race 4 strains are subclassified into two DNA
fingerprint types; type I showed high similarity to that of
Zingiberaceae strains from Thailand, and type II strains are
homogeneous to ginger strains from China and Australia
(Tsuchiya et al. 2005). Based on the fingerprint analysis,
two PCR primer sets were designed to discriminate each
strain representing type I or type II DNA fingerprints,
respectively (Horita et al. 2004). The analysis revealed that
strains from Thailand and Japan (Kochi, Tochigi, and some
prefectures in Kyushu district) were included in type I,
whereas strains from China, Australia, and some strains
from Japan (Kochi and Kagoshima prefectures) were
included in type II.

Phylogenetic analysis based on the egl sequences,
Zingiberaceae plant isolates in phylotype I were further
divided into several major groups each corresponding
closely to six sequevars (14,16-18, 47, and unknown 2 in
Tables 1 and 2) (Waki et al. 2013). These groups were
closely correlated with the host species and/or geographic
origin. Most of the Zingiberaceae isolates of R. solana-
cearum from Japan were genetically homogeneous to the
Zingiberaceae strains from Thailand (represent type I DNA
fingerprints and correspond to a specific sequevar,
unknown 2) and the ginger strains from China and
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Australia (representing type II DNA fingerprints and se-
quevar 16). A few exceptional Japanese ginger strains are
included in sequevar 14 with the Chinese and the Philip-
pine ginger strains. Thus, the pathogen originated from
different Asian countries and disseminated by infested seed
rhizomes, thereby dispersing the pathogen within Japan
and causing disease epidemics through separate routes.

Pathogenic characters of some Japanese strains from
Zingiberaceae plants were assessed after root-injuring
inoculation (Tsuchiya et al. 2005; Yano et al. 2011).
Zingiberaceae strains (ginger, mioga, and curcuma iso-
lates) representing type I DNA fingerprints were strongly
pathogenic to ginger, mioga, and curcuma. By contrast, the
rest of the ginger strains representing type II fingerprints
were strongly pathogenic to ginger, but weakly pathogenic
or nonpathogenic to mioga and curcuma. These findings
indicate that differences exist between type I and type II
strains in terms of host range.

In cross-inoculation tests with Japanese strains of R.
solanacearum, isolates from plants other than Zingibera-
ceae plant were not pathogenic to ginger; however, the
Zingiberaceae plant isolates in type I were strongly virulent
to potato, but weakly virulent or avirulent on other Sola-
naceae crops (e.g., tomato, tobacco, eggplant, pepper) and
peanuts (Yano et al. 2011). Some Thai ginger strains in
type I had similar pathogenic characteristics (Titatarn
1986; Uematsu et al. 1983). On the other hand, the path-
ogenic characteristics of the Japanese strains in type II
were the same as those of the ginger strains from China and
Australia (both are in the same DNA type II), which were
strongly pathogenic to most Solanaceae crops, but weakly
virulent or avirulent on tobacco and peanuts (Hayward
et al. 1967; He 1986; Pegg and Moffett 1971). These
results thus suggested that the DNA-based groupings of the
strains are closely correlated with the pathogenic charac-
teristics such as host range and virulence on specific
plants). However, further studies on pathogenicity tests
would also be desirable on the strains in other genetic
groups (sequevars).

As described, the bacterial wilt pathogens affecting
Zingiberaceae plants can be divided into several geneti-
cally distant groups, that differ in terms of geographic
origin, pathogenicity (host range, virulence on specific
plants), and biovar, for example, suggesting that some
strains might have disseminated locally and globally via
transplanting material. Efficient countermeasures must
therefore be independently considered and implemented
according to the local situation (i.e., whether the pathogen
is established, economic importance and degree of damage
to the host crop, pathogenic character of the pathogen).
Newly introduced (or imported) seed rhizomes should be
subject to a quarantine check, and the host cultivation
history of the rhizome-producing area (i.e., whether
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bacterial wilt disease has previously been recorded) would
be investigated as in the case of potato.

Conclusion

A DNA-based classification system of R. solanacearum
species complex has several advantages. (1) It can clarify
the phylogenetic relationship among the strains and can
differentiate the strains more precisely and exactly than
traditional conventional methods (pathogenicity and bio-
chemical tests). (2) Many strains that differed in host,
geographic origins and phenotypic characters, some of
which were difficult to collect and test in the same labo-
ratory, can be compared and discriminated at one time
under common criteria using the DNA sequences deposited
in a public database. (3) It is basically compatible with
traditional classification system (e.g., worldwide race
3/biovar 2 strains is equivalent to phylotype II/sequevar 1).
Thus, this system (phylotype and sequevar) has been well
received and become popular worldwide.

However, the system does have some critical problems.
(1) Phylotype and sequevar are informal classifications
under species and subspecies level as well as former
infrasubspecific system (race and biovar) (as mentioned,
each phylotype may be treated as one formal taxonomic
group in the near future). (2) As more strains are analyzed,
novel and unique DNA sequences might be found that do
not belong to any designated sequevar (Hong et al. 2012;
Horita and Tsuchiya 2012; Waki et al. 2013). However, the
basic criteria to establish a new sequevar are not clearly
evident based on previous reports. (3) The correlation of
the sequevars with other phenotypic characters (e.g., host
range, virulence, biovar) have not been assessed precisely
yet except for some special cases. Further systematic
analysis regarding these points is needed.

Regarding the proposed names of R. sequierae for
phylotype I and phylotype III and R. haywardii for phyl-
otype IV by Remenant et al. (2011) as mentioned earlier,
these names should remain as proposals at present, even
though a paper using those names has already been pub-
lished but without proper validation required by the Inter-
national Code of Nomenclature of Bacteria (Lapage et al.
1992) or proposed in the indispensable International
Journal of Systematic and Evolutionary Microbiology (1J-
SEM). Nor have the phylotypes/new species yet been
examined for their correlation to bacteriological/pheno-
typic properties in the usual phenotypical classification
system.

For newly emergent diseases such as ginger bacterial
wilt in Japan, the movement of infected, generally
asymptomatic, planting material represents the most sig-
nificant route by which the disease spreads globally and

domestically. Seed and plants for planting are thus gener-
ally rigorously inspected to ensure that material is patho-
gen-free. Methods range from visual inspection of material
to sampling backed by with laboratory diagnosis or the
imposition of post-entry quarantine measures to ensure
freedom from the pathogen and disease.
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