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ABSTRACT

Guidot, A., Elbaz, M., Carrere, S., Siri, M. 1., Pianzzola, M. J., Prior, P.,
and Boucher, C. 2009. Specific genes from the potato brown rot strains of
Ralstonia solanacearum and their potential use for strain detection.
Phytopathology 99:1105-1112.

Ralstonia solanacearum is the agent of bacterial wilt infecting >200
different plant species covering >50 botanical families. The genus R.
solanacearum can be classified into four phylotypes and each phylotype
can be further subdivided into sequevars. The potato brown rot strains of
R. solanacearum from phylotype IIB, sequevar 1 (IIB1), historically
known as race 3, biovar 2 strains, are responsible for important economic
losses to the potato industry and threaten ornamental crop production
worldwide. Sensitive and specific detection methods are required to
control this pathogen. This article provides a list of 70 genes and 15
intergenes specific to the potato brown rot strains of R. solanacearum

from phylotype IIB1. This list was identified by comparative genomic
hybridization on microarray and subsequent polymerase chain reaction
validation with 14 IIB1 strains against 45 non-IIB1 strains that covered
the known genetic diversity in R. solanacearum. The microarray used
consisted of the previously described microarray representative of the
phylotype I strain GMI1000, to which were added 660 70-mer oligo-
nucleotides representative of new genomic islands detected in the
phylotype IIB1 strain IPO1609. The brown rot strain-specific genes thus
identified were organized in nine clusters covering 2 to 29 genes within
the IPO1609 genome and 6 genes isolated along the genome. Of these
specific genes, 29 were parts of mobile genetic elements. Considering the
known instability of the R. solanacearum genome, we believe that
multiple probes are required to consistently detect all IIB1 strains and we
recommend the use of probes which are not part of genetic mobile
elements.

Ralstonia solanacearum is a gram-negative soilborne bacterial
plant pathogen with thousands of distinct strains in a hetero-
geneous species complex. The bacterium causes bacterial wilt in
>200 different plant species covering >50 botanical families,
including dicots and monocots, and annual plants as well as trees.
Economically important crop hosts include tomato, potato,
pepper, tobacco, peanut, ornamentals, banana, plantain, and euca-
lyptus (21). In European Union (EU) legislation, R. solanacearum
was listed as a major quarantine organism to control and eradi-
cate, and the potato brown rot strains of R. solanacearum were
placed on the U.S. Bioterrorism Select Agent list. Given the
important economic impact of bacterial wilt in addition to the
potential threat of this bacterium in several European countries
(8,23,26,38) and in the United States (24,33), it is highly desirable
to develop methods for specifically detecting strains of R.
solanacearum. Such methods, however, need to consider the high
phenotypic and genotypic diversity of R. solanacearum strains.

Several studies were conducted to unravel the phenotypic and
genotypic diversity within R. solanacearum. Strains were first
classified into five races according to host range (5) and five
biovars according to oxidization of various disaccharides and
hexose alcohols (19,22). The race and biovar classifications do
not correspond to each other, except that race 3 strains which
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represent the potato brown rot strains are generally equivalent to
biovar 2 (20). A new classification scheme based on nucleotide
sequence analysis of four marker genes was recently proposed
(11,12). This classification distinguishes four phylotypes. Phylo-
type I corresponds to the division 1 of Cook and Sequeira (7) and
contains strains belonging to biovars 3, 4, and 5 and to races 1, 4,
and 5. Phylotype II corresponds to the division 2 of Cook and
Sequeira (7) and contains strains belonging to biovars 1, 2, and 2T
and to races 1, 2, and 3. Phylotype III contains strains from Africa
and the Indian Ocean belonging to biovars 1, 2, and 2T and no
race was attributed to this group of strains. Phylotype IV is
reported to be highly heterogeneous; it contains strains from
Indonesia, Japan, and Australia belonging to biovars 1, 2, and 2T
and to races 1 and 3. Phylotype IV also contains the closely
related species R. syzygii and the blood disease bacterium (BDB).
Each phylotype can be further subdivided into sequevars based on
differences in partial sequence of the endoglucanase gene (egl).
This phylotype classification is broadly consistent with the former
race or biovar classification (11,12,28) and, in some cases, gives
an indication of the geographical origin or pathogenicity of the
strains. It is believed that, after the race or biovar classification,
the phylotype classification is to become the core organizing
principle for assigning a particular strain a phylogenetic position
with a predictive value on potential host range (11,12,37).
Whole-genome sequencing of a broad host range tomato phylo-
type I strain (GMI1000) was decisive in unravelling the broad
genetic diversity encompassed within R. solanacearum (31). A
microarray representing the GMI1000 genes was developed (25)
and used for comparative genomic hybridizations (CGHs)
between 18 strains. Interestingly, this demonstrated that a third of
the R. solanacearum genome consists of variable genes, probably
acquired by horizontal gene transfers (16). The distribution of
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variable genes between strains is related to the phylotype classi-
fication (16).

Recent phylogenetic evidence indicated that strains that fit with
the definition of the potato brown rot agent were placed into the
phylotype IIB sequevar 1 (i.e., the biovar 2 Andean strains of R.
solanacearum historically known as race 3, biovar 2). These
strains are highly pathogenic to potato and tomato and adapted to
highland temperatures. Strains that clustered into three of the four
phylotypes of R. solanacearum can wilt potato; however, it is the
phylotype IIB sequevar 1 strains (IIB1 strains) that are the most
persistent and potentially the most destructive for potato. These
IIB1 strains are specifically dangerous because they can cause
symptomless latent infection in seed potato tubers (6) but also in
geranium (23,24,27,32) and be disseminated worldwide through
imported cuttings or nurseries.

Several articles relate to methods for specific detection of po-
tato brown rot strains of R. solanacearum (10,15,36). Serological
techniques were developed (15,29); however, cross-reactions with
saprophytic bacteria from potato and soil may give false-positive
results. Molecular techniques based on polymerase chain reaction
(PCR) assays appeared more promising. However, all the PCR
methods described so far were based on the amplification of the
potato brown rot strain-specific DNA sequence identified by
Fegan et al. (10) (patent WO 2004/042016 A2) (36). This se-
quence encodes a mobile genetic element (i.e., a protein homo-
logous to ORF35 of B3 Mu-like phage present in the Pseudo-
monas aeruginosa [accession Q7AX27]). However, to ensure
specificity and reliability of the detection of a pathogenic micro-
organism, targeting of mobile genetic elements should be avoided
because particular strains of the pathogenic microorganism may
lose the element or, conversely, other unrelated microorganisms
may harbor the element, thereby yielding false negative and false
positive results, respectively.

Recently, DNA microarrays were reported to be powerful tools
for identification and detection of microorganisms, given that
thousands of probes can be used simultaneously. This technology
has already been used for identification and detection of plant-
pathogenic microbes (1,13,34), and Aittamaa et al. (2) used it to
distinguish several bacterial species pathogenic on potato. R.
solanacearum, however, was not included in their study. Con-
sidering the high genomic plasticity of R. solanacearum—speci-
fically, its ability to exchange genetic materials—using only one
probe for identification and detection of different pathotypes is
not adapted because the targeted probe could potentially move
from one pathotype to another. The use of DNA microarrays with
thousands of probes should strengthen the reliability of the
detection method. For this purpose, a list of specific probes for
each R. solanacearum pathotype must be established.

Lists of genes specific to two IIB1 strains, UWS551 and IVIA
1602, were established by comparative genomic analysis between
the completely sequenced genome of phylotype I strain GMI1000
against genome sequences of UW551 and IVIA 1602 (14,35). In
total, 402 and 48 genes were detected to be present in strains
UWS551 and IVIA 1602, respectively, and absent in strain
GMI1000. The low number of specific genes obtained for the last
strain is explained by the low percentage (6.38%) of genome
sequenced (35). However, the specificity of these genes in other
IIB1 strains was not validated except for one region detected in
strain UWS551, where a set of 38 contiguous genes (RRSL02400
to RRSL02437) was present in all 20 IIB1 strains tested and
absent in other 36 non-I1IB1 strains (14).

In the present work, we established the list of genes that are
specific to potato brown rot IIB1 strains of R. solanacearum. The
list was established by CGH on a microarray representing genes
of the reference phylotype I strain GMI1000 and of the phylotype
IIB1 strain IPO1609. Subsequently, the specificity of the genes
from this list was confirmed by PCR amplification from DNA of
14 1IB1 strains as opposed to no amplification from DNA of 45
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non-1IB1 strains. In addition to defining the nucleic acid se-
quences of all specific gene clusters, we designed primers ampli-
fying fragments of <1 kb from these gene clusters which could be
used for specific detection of phylotype IIB1 strains.

MATERIALS AND METHODS

Bacterial strains used in this study. The 14 phylotype IIB se-
quevar 1 (IIB1) strains and 45 non-1IB1 strains used in this study
are listed in Table 1, together with their geographical origin and
host of origin.

Whole-genome sequence draft of the IIB1 strain IPO1609.
A 20x sequence draft of the genome IPO1609 was established at
Genoscope according to the previously described strategy, except
that finishing was omitted (31). Assembling of these sequences
resulted in 10 supercontigs of 4 to 3,372 kb, with 6 contigs of
>10 kb covering >99% of the entire genome sequence. This
sequence and its annotation are available from GenBank under
accessions CU694431 to CU694431, CU914166, and CU914168
and from our website at http://iant.toulouse.inra.fr/bacteria/
annotation/cgi/ralso.cgi.

Design of oligonucleotides representative of genomic islands
specific to strain IPO1609 compared with GMI1000. The
predicted proteins from strain [IPO1609 were compared with the
predicted proteins from the previously sequenced strain
GMI1000. In all, 630 proteins which were absent of GMI1000 or
did not have a close homolog in this strain (<80% amino acid
identity or identity covering <80% of the total length of the two
proteins) were identified. A representative 70-mer specific oligo-
nucleotide for each of these 630 proteins was designed using
ROSO (30). In addition, 30 oligonucleotides representative of
some intergenic regions absent from strain GMI1000 were de-
signed. The list of these oligonucleotides was deposited at the
French agency for software protection (Agence de Protection des
Progammes) under accession IDDN.FR.001.300024.000.R.P.
2006.000.10300 and is available from the authors upon request.
The 660 oligonucleotides thus defined were used to complete the
previously designed microarray representative of strain GMI1000
(25) in order to generate the microarray used in the present study.

Genomic DNA extraction, DNA labeling, microarray hy-
bridization, and hybridization signal measurement and
analysis. DNA extraction and labeling and microarray hybridi-
zation were performed as previously described (16). Standard
control DNA used for all genome hybridization experiments
consisted of an equimolar combination of the genomic DNA from
three strains (GMI1000, IPO1609, and Molk2 which is a
phylotype II isolate originating from banana). Analysis was
conducted as previously described using ImaGene and GeneSight
(BioDiscovery) software (16) except that, in the present analysis,
a gene was considered absent in the tested strain when the base 2
logarithm of the ratio of the normalized hybridization signal with
the tested strain over the normalized hybridization signal with the
control DNA was lower than the cut-off value of —1 (instead of —2
as described by Guidot et al. [16]).

PCR validation. The list of candidate IIBI-specific genes
deduced from CGH experiments was checked by PCR ampli-
fication. The PCR primers used (Table 2) were designed to
amplify one genomic fragment from each gene. When possible,
one of the two primers for each gene was designed within the
sequence of the oligonucleotide spotted on the microarray. PCRs
were conducted in 25 pl of reaction mixture containing 10 ng of
DNA from each tested strain, 25 pmol of each primer (L/R),
1.5 mM MgCl,, 0.2 mM each of four dNTPs, 0.5 U of Red Gold
Star Tag DNA polymerase (Eurogentec), and the buffer supplied
by the manufacturer. PCR amplifications were performed as
follows: an initial denaturation step at 96°C for 5 min; followed
by 30 cycles of 94°C for 15 s, 59°C for 30 s, and 72°C for 30 s;
with a final extension step of 72°C for 10 min. Negative (PCR



reaction mixture without DNA) and positive (IPO1609 DNA)
controls were included in each experiment. The multiplex PCR
described by Fegan and Prior (11) for the R. solanacearum
phylotype identification was conducted on each tested DNA as a
positive amplification control.

RESULTS

Detection of “candidate IPO1609-specific genes” among a
collection of strains representative of the diversity of R.
solanacearum. CGHs on the GMI1000-IPO1609 microarray
designed in the present work were performed to compare the gene

TABLE 1. List of Ralstonia solanacearum strains used in this study®

content of 11 IIB1 strains and 20 non-IIB1 strains (Table 1). This
analysis identified a set of 136 oligonucleotides which were
detected as present in at least 10 of the 11 IIB1 strains and absent
in at least 19 of the 20 non-IIB1 strains (Supplementary Table 1).
These oligonucleotides were representative of 77 genes and 38
intergenic regions from the IPO1609 genome. Therefore, these
genes and intergenes were considered as “candidate IIB1-specific
genomic regions” (IIB1sgr).

A large proportion of these regions formed clusters in the
IPO1609 genome but a few genes mapping within these clusters
were not found in the IIB1sgr list. Based on (i) the known mosaic
structure of R. solanacearum genome, where complete sets of

Strain ID Host Origin Phylotype Sequevar Race Biovar Genomic analysis
IPO1609 Potato Netherlands 1IB 1 3 2 CGH and PCR
JT516 Potato Reunion Is. 1IB 1 3 2 CGH and PCR
CMR34 Tomato Cameroon 1IB 1 3 2 CGH and PCR
RE Potato Uruguay 1B 1 3 2 CGH and PCR
AP31H Potato Uruguay 1B 1 3 2 CGH

AP42H Potato Uruguay 1B 1 3 2 CGH and PCR
TB1H Potato Uruguay 1B 1 3 2 CGH

TB2H Potato Uruguay 1B 1 3 2 CGH

TCI1H Potato Uruguay 1B 1 3 2 CGH and PCR
TB10 Potato Uruguay 1B 1 3 2 CGH

ETAC Potato Uruguay 1B 1 3 2 CGH

RM Potato Uruguay 1B 1 3 2 CGH and PCR
PSS525 Potato Taiwan 1IB 1 3 2 PCR

CMR24 Potato Cameroon 1IB 1 3 2 PCR

CIP10 Potato Peru 1B 2T 3 2T PCR
NCPPB3987 Potato Brazil 1B 2T 3 2T PCR

Molk2 Banana Philippines 1B 3 2 1 CGH

CIP418 Peanut Indonesia 1IB 3 2 1 CGH

Uw9 Heliconia Costa Rica 1IB 3 2 1 PCR
CFBP1183 Heliconia Costa Rica 1IB 3 2 1 PCR

UW163 Plantain Peru 1B 4 2 1 CGH

Ant75 Heliconia Martinique 1B 4 NO 1 CGH

Ant80 Anthurium Martinique 1B 4 NO 1 CGH

Ant307 Anthurium Martinique 1B 4 NO 1 CGH

JY200 Anthurium Martinique 1B 4 NO 1 CGH

JY201 Anthurium Martinique 1IB 4 NO 1 CGH

Antl121 Anthurium Martinique 11B 4 NO 1 CGH and PCR
CFBP6797 Solanum Martinique 1B 4 NO 1 PCR
CFBP7014 Anthurium Trinidad 1B ND NO 1 PCR

TOM Tomato Uruguay A ND 2 1 CGH and PCR
B34 Banana Brazil 1A 24 2 1 CGH and PCR
A3909 Heliconia Hawaii JIV:N 6 2 1 CGH and PCR
CIP239 Potato Brazil 1TA ND 1 1 PCR

CIP301 Potato Peru TITA ND 1 1 PCR
CFBP2957 Tomato Martinique JIVN ND 1 1 PCR

CMR39 Tomato Cameroon TITA ND 1 1 PCR
ICMP7963 Potato Kenya ITA 7 1 1 PCR
CFBP6942 Solanum Cameroon 1 ND NO 2T CGH and PCR
CFBP6941 Tomato Cameroon 11T ND NO 2T CGH

CMR43 Potato Cameroon 1 ND NO 2T PCR

CIP358 Potato Cameroon 1T 2T NO 2T PCR
CFBP3059 Eggplant Burkina Faso I ND NO 1 CGH and PCR
CMR66 Solanum Cameroon 11T ND NO 2T PCR

JT525 Pelargonium Reunion Is. I 19 NO 1 PCR

JT528 Potato Reunion Is. 1T 19 NO 1 PCR

125 Potato Kenya I ND NO 2T PCR
NCPPB332 Potato Zimbabwe 1T ND NO 1 PCR
GMI1000 Tomato Guyana 1 ND 1 3 CGH
CMR134 Solanum Cameroon 1 ND 1 3 CGH

CIP365 Potato Philippines I ND 1 3 PCR

R288 Morus alba China 1 ND 1 5 PCR

PSS358 Tomato Taiwan 1 ND 1 3 CGH

PSS190 Tomato Taiwan 1 ND 1 3 CGH

PSS219 Tomato Taiwan 1 ND 1 3 PCR

ACH732 Tomato Australia v ND NO 2 PCR

Psi07 Tomato Indonesia v ND NO 2T PCR

Psi36 Tomato Indonesia v ND NO 2T PCR
MAFF301558 Potato Japan v ND NO 2T PCR

R. syzygii R28 Clove Indonesia v ND NO NO CGH and PCR

4 CGH = comparative genomic hybridization, PCR = polymerase chain reaction, ND = not determined, and NO = no race assigned.
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genes could have been acquired through horizontal gene transfers
or lost ”’en bloc” through deletions (16,31); (ii) the consideration
that some genes might be missing from this IIB1sgr list due to
lack of hybridization data; and (iii) taking into account the
possibility that certain genes that score next to the cut-off value
were miscategorized, we included into the IIB1sgr list all the sets
of one or two contiguous genes that were not originally detected
as being IIB1 specific but that are located within a IIB1-specific
gene cluster. Based on these criteria, 15 additional genes (identi-
fied with a “c” in Table 2) were included in the list of IIBI1-
specific genes.

When compared with the sequence of the predicted proteins
from strains GMI1000 using BlastP, five of these genes were
found to have a counterpart in this strain and, therefore, were
eliminated from the final list of IIB1-specific genes presented in
Table 2.

Validation of candidate ITB1sgr. The list of candidate IIB1sgr
detected by CGH was established based on the analysis of a
limited number of strains. Therefore, we validated this list on a
larger collection of strains representative of the diversity found in
R. solanacearum.

In total, 8 IIB1-strains (6 of which were also used for CGH
experiments) and 32 non-1IB1 strains (7 of which were also used
for CGH experiments) were used for this validation (Table 1).
This validation was conducted by PCR amplification of one
genomic fragment from each candidate IIB1-specific gene. All
tested DNA could be amplified using the multiplex PCR for the R.
solanacearum phylotype identification as described by Fegan and
Prior (11), thereby confirming that the tested strains actually
correspond to R. solanacearum isolates (Fig. 1).

Each primer pair that gave a positive amplification from non-
IIB1 strains or a negative amplification from IIB1 strains was ex-
cluded from the list of IIBlsgr. The results validated the
specificity of nine gene clusters and six individual genes (Table
2). Among these, 29 genes were predicted to be parts of mobile

>=>>> ======z=z=== %
i
uy o~ o™
2] o 3 T2
o [ £ = @ &
[ie] o™
A .. 028 8 L.358838%
T o o ol N o o
bp sr 22 eI sgwesDazP=
==¢d 2SR 29558560068

genetic elements (bacteriophage or insertion sequences) and 34
were classified as alternate codon usage regions (ACURSs)
according to Salanoubat et al. (31).

DISCUSSION

In the present work, we identified a set of 70 genes and 15
intergenes that were specific to potato brown rot strains from R.
solanacearum phylotype IIB1 historically known as race 3, biovar
2 strains. Within the IPO1609 genome, these brown rot strain-
specific genes are organized in nine clusters encompassing 2 to 29
genes and in 6 single genes. Among the 70 specific genes, 29
(41%) are parts of mobile genetic elements such as transposases,
recombinases, or phage proteins and 34 (49%) were classified as
ACURs. This suggested that most of these specific genes
originate from acquisition of foreign genes through lateral gene
transfers. We hypothesized that the occurrence of these genomic
islands within a R. solanacearum strain is related to the ability to
cause potato brown rot disease and that they could be considered
as pathogenicity islands (18). However, the functions encoded by
these specific genes could not be related to known pathogenic
determinants. Among these brown rot strain-specific genes, 37
(53%) encoded proteins with unknown functions, 6 encoded
proteins involved in DNA synthesis and repair (helicase, thy-
midylate synthase, N-6 adenine-specific DNA methylase, DNA-
binding protein, and part-B like nuclease), 2 encoded trans-
membrane proteins, 1 encoded a tetratricopeptide repeat (TPR)-
domain protein which is involved in protein—protein interactions,
and 1 encoded a lipocalin described to play an important role in
membrane biogenesis and repair and to be implicated in the
dissemination of antibiotic resistance genes and in the activation
of immunity (4).

The DNA sequences identified in this study to be specific for
potato brown rot strains of R. solanacearum are potentially useful
for the development of diagnostic assays. We designed primers

-
LR B

R L L LR EE R E R EEE:

P i e R e e i o e o e b e e e b e b e e y

g

P =t -~ L]

g.— 552 e @ o oo 3

gogg EEQEQED&QQ = %gw

m T @ [y b= - w o

u_g%mgou_:u_guEUEEmEUEmigqu

CoofwrFrdcs065060z250esrFrEadot =

Fig. 1. Validation of the specificity of the IPO_00043, IPO_02090, and IPO_02155 genes for IIB1 strains of Ralstonia solanacearum. This validation was
conducted by polymerase chain reaction (PCR) amplification of one genomic fragment from these three genes using the PCR primers given in table 2 and genomic
DNA from 8 IIB1-strains, 32 non-IIB1 strains, the IPO1609 strain as a positive control, and H,O as a negative control. The ID and phylotype of the strains are
given for each lane. A, Multiplex PCR as described by Fegan and Prior (11) for the R. solanacearum phylotype identification. B, PCR amplification of a fragment
of the IPO_00043 gene. C, PCR amplification of a fragment of the IPO_02090 gene. D, PCR amplification of a fragment of the IPO_02155 gene. These three last
fragments could be amplified from IIB1 genomic DNA only. M = molecular weight marker.
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from these sequences which amplified a PCR fragment from all
14 TIB1 strains tested in the present work whereas they did not
amplify any fragment from the 45 non-IIB1 strains tested.
Interestingly, the potato brown rot strain-specific primers 630 and
631 developed by Fegan et al. (10) amplified a sequence of 357
bp between the IPO_02173 and IPO_02174 genes from the
IPO1609 genome. This sequence is located not far from the
extremity of the potato brown rot strain-specific 29-gene cluster
number 7 identified in the present work. This sequence was also
detected in the sequenced potato brown rot strain UWS551 of R.
solanacearum (14). The authors found that the sequence ampli-
fied by the 630 and 631 primers corresponded to the extremity of
the potato brown rot strain-specific 38-gene cluster RRSL02400-
RRSL02437 of UW551. However, most genes of this specific
cluster encode various bacteriophage proteins which, therefore,
have the potential to move from one bacterium to another. For this
reason, detection methods based on this gene cluster may not be
reliable in the long term. In the present work, 41% of the potato
brown rot strain-specific genes were parts of mobile genetic
elements. Some articles relate the utilization of mobile elements
such as insertion sequences (IS) for specific detection of bacterial
pathogens (2). However, it is now well established that such
elements can be deleted from the genome or can be transmitted
from one strain to another by plasmid conjugation, DNA trans-
formation, or transduction by bacteriophages (17,18). R.
solanacearum is known to have a genome capable of rapid
evolution because of its natural competence for transformation
and the occurrence of horizontal gene transfers between strains
(including the transfer of mobile genetic elements) (3,9,31,37).
Thus, using a mobile element as marker for detection of particular
R. solanacearum strains would decrease the reliability of the
detection method by giving rise to false-positive or false-negative
results. In the present work, we identified 85 specific sequences
for the potato brown rot IIB1 strains of R. solanacearum, 52 of
which were not predicted to be part of mobile genetic elements
and 10 of which were also not predicted to be part of ACURs.
Detection methods based on one of these last sequences or,
preferably, on a combination of them should allow identification
of IIB1 strains with a high level of specificity and reliability.
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