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ABSTRACT

Yu, Q., Alvarez, A. M., Moore, P. H., Zee, E, Kim, M. S., de Silva, A.,
Hepperly, P. R., and Ming, R. 2003. Molecular diversity of Ralstonia
solanacearum isolated from ginger in Hawaii. Phytopathology 93:1124-
1130.

The genetic diversity of Ralstonia solanacearum strains isolated from
ginger (Zingiber officinale) growing on the island of Hawaii was de-
termined by analysis of amplified fragment length polymorphisms
(AFLPs). Initially 28 strains of R. solanacearum collected from five host
plant species worldwide were analyzed by AFLP. A second analysis was
conducted on 55 R. solanacearum strains collected from three ginger
farms along the Hamakua Coast of Hawaii, the principle area of ginger
cultivation in the state. From the initial analysis, R. solanacearum strains

from ginger in Hawaii showed a high degree of similarity at 0.853. In
contrast, the average genetic similarity between R. solanacearum strains
from heliconia and ginger was only 0.165, and strains from ginger
showed little similarity with strains from all other hosts. The second
analysis of 55 strains from ginger on different Hawaiian farms confirmed
that they were distinct from race 1 strains from tomato. Strains from gin-
ger also showed greater diversity among themselves in the second analy-
sis, and the greatest diversity occurred among strains from a farm where
ginger is frequently imported and maintained. Our results provide evi-
dence that R. solanacearum strains from ginger in Hawaii are genetically
distinct from local strains from tomato (race 1) and heliconia (race 2).

Additional keyword: bacterial wilt, phylogeny.

Ralstonia solanacearum (Smith) Yabucchi causes bacterial wilt
on several hundred plant species, including crops such as potato,
tomato, tobacco, banana, peanut, and ginger, and it is responsible
for substantial yield losses worldwide (10,16). In Hawaii, bacte-
rial wilt is a limiting factor in ginger production and is reported to
have caused losses over 50% during harvests in 1998 and 1999. In
the absence of resistant cultivars, disease control is dependent on
detecting the pathogen in soil and propagation materials and plant-
ing pathogen-free propagative materials into areas free of a soil-
borne pathogenic R. solanacearum population. This is difficult
because R. solanacearum consists of a large and complex group of
strains that are not universally detected by a single probe. Al-
though specific probes are now available for detection and identi-
fication of different R. solanacearum populations (12,28,30), their
reactivities with local R. solanacearum strains that wilt ginger is
unknown. An understanding of pathogen diversity in local farms is
essential for utilization and further development of appropriate
detection methods.

R. solanacearum has been divided into three races based on the
host range of the pathogen (3,4). Race 1 affects a wide range of
hosts including potato, tomato, tobacco, diploid banana, peanut,
ginger, and olive (6,25,32). Race 2 is limited to musaceous hosts,
such as heliconia and triploid banana. Race 3 affects potato, par-
ticularly under cool environments. Quinon et al. (29) were the first
to show host specificity of certain isolates that would justify sepa-
ration of the ginger strains into a separate race 4. Strains from
mulberry were also classified as race 4 by He et al. (20). In later
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publications, the ginger strains were classified as race 4 and the
mulberry strains as race 5 (16,17).

Hayward (15) and subsequent workers divided R. solanacearum
into four, and later five, biovars based on differences in their abil-
ity to produce acid from three disaccharides (maltose, lactose, and
cellobiose) and oxidize three hexose alcohols (mannitol, sorbitol,
and dulcitol) (15,18,20). In 1992, Hayward et al. (19) also identi-
fied a tropical variant of biovar 2 (N2 or 2T), now referred to as
the sixth biovar. Pegg and Moffett (25) showed that both biovars 3
and 4 of R. solanacearum can attack ginger, but in Australia, only
strains belonging to biovar 4 were highly virulent and destructive.
Highly aggressive biovar 3 strains from Kerala, India, that wilted
ginger plants in 4 to 6 days as opposed to less aggressive strains
that take 10 days to exhibit symptoms have recently been reported
(S. K. Mathew, D. Girija, K. S. Binimol, and D. James, unpub-
lished data; A. Kumar, personal communication).

Restriction fragment length polymorphism (RFLP) has been
used to study the relationship of R. solanacearum strains repre-
senting the three races and five biovars (6). Nine probes were
employed, seven of which encode proteins required for virulence
and the hypersensitive response (6). It was hypothesized that viru-
lence and hypersensitive markers might provide especially rele-
vant information on pathogenic relationships. The results of this
study provided a classification system separating R. solanacearum
strains into two major divisions. Division I strains, including some
strains from ginger, were mostly isolated from Asia, and division
IT strains were mostly from America (6-8). Division I contained
all members of race 1 biovars 3, 4, and 5; and division II con-
tained all members of race 1 biovar 1 and races 2 and 3. Twenty-
eight distinct RFLP groups, which were later designated multilo-
cus genotypes (MLGs), were distinguished among sixty-two R.
solanacearum strains representing all races and biovars (6). In a



later study, the genetic analysis included 102 additional strains,
and 46 MLGs were identified (8). Eleven (race 1 biovar 4) strains
isolated from ginger in Australia and China were in MLG 23 (8).
Classification of R. solanacearum into two divisions was further
supported by evidence from 16S rRNA sequence analysis (23,
26,31,34), polymerase chain reaction (PCR)-RFLP of the hrp gene
region (26,27), and amplified fragment length polymorphism
(AFLP) (26).

The most recently proposed taxonomic scheme, which is based
on genotypic rather than phenotypic characteristics, redefines the
species complex in terms of subspecific “phylotypes,” based on
sequence analysis of the 16S-23S intergenic spacer region, infra-
subspecific “sequevars,” based on endoglucanase gene sequencing,
and clonal lines, based on DNA fingerprinting analysis (11). The
current taxonomy necessitates a reevaluation of genetic diversity
of R. solanacearum strains from ginger.

An initial AFLP fingerprinting analysis of 10 strains from gin-
ger clustered Hawaiian strains and clearly separated them from a
Philippine strain and from R. solanacearum strains isolated from
other hosts and locations (2). The objective of the present study
was to determine the genetic diversity of strains of R. solanacea-
rum collected from ginger on the island of Hawaii and to compare
these local strains with R. solanacearum strains collected world-
wide from a variety of hosts.

MATERIALS AND METHODS

Bacterial strains. Twenty-eight R. solanacearum strains (set I)
were obtained from international collections representing five dif-
ferent host plant species and nine countries (Table 1). Among
these were three blood disease bacteria (BDB) isolated from ba-

TABLE 1. Characteristics of Ralstonia solanacearum strains used in this study

nana in Indonesia. All strains were maintained as suspensions in
sterile water and were retrieved by plating on PY medium (8 g of
peptone, 1 g of yeast extract, and 18 g of agar in 1 liter of distilled
water supplemented with tetrazolium chloride [0.001%] after
autoclaving). All 28 strains were tested for reactions with genus-
specific monoclonal antibodies (MAbs Psl and Psla) and en-
zyme-linked immunosorbent assay was used to confirm that they
were R. solanacearum strains (1). Only those strains that were
positive for both antibodies were included in the AFLP analyses.

The genetic diversity of 55 additional strains (set II) isolated
from ginger in October 2001 from three farms on the island of
Hawaii was analyzed. These strains were designated as B, DSK,
and PO to represent the farms. Six strains, including two from
ginger isolated in 1993, two from tomato in set I, and two addi-
tional strains from tomato (Table 1) were included. All strains
used for the final AFLP analyses tested positive with MAbs Psl
and Psla (1).

Culture conditions and DNA extraction. Bacterial stocks
were grown on PY for 72 h at 29°C. Single colonies were used to
inoculate BG broth (10 g of peptone, 1 g of glucose, 1 g of casa-
mino acids, and 1 g of yeast extract per liter). The R. solanacea-
rum strains were grown in 5 ml of BG broth for 18 to 24 h. Ge-
nomic DNA was extracted based on the procedure described by
Chen and Kuo (5). DNA samples were purified and quantified be-
fore restriction digestion.

AFLP analysis. A preliminary screen for polymorphisms was
carried out on four R. solanacearum strains, two BDB strains, one
Enterobacter cloacae strain, and a distantly related Sphingomonas
paucimobilis strain. The protocol outlined by Vos et al. (35) was
used for digestion of genomic DNA with the following adjustment
in the digestion conditions: 250 ng of DNA was digested with

Strain no. Alternate strain no(s). Host Origin Race Biovar Ecotype MLG Provider
A4606 BD-1 Banana Indonesia .. .. BD* Buddenhagen
A4610 BD-4 Banana Indonesia BD Buddenhagen
A4612 BD-6 Banana Indonesia BD Buddenhagen
A3381 UW167, K160 Banana Costa Rica 2 1 B 24 Sequeira
A4125 BIOTE 1694 Banana Philippines 2 1 Bugtok? Natural
A4128 BIOTE 1690 Banana Philippines 2 1 Bugtok Natural
A4493 UW10, K204, S164 Heliconia Costa Rica 2 1 Sequeira
A3447 UW19, S205 Potato Colombia 3 2 ... 27 Thurston
A4496 UW35, K228 Heliconia? Banana Colombia 2 1 B . Buddenhagen
A4497 UW170, K229, B-H248 Heliconia Colombia 2 1 D Buddenhagen
A4494 UW15, S200 Banana Honduras 2 1 SFR . Sequeira
A4495 UW20, K260, S215 Banana Venezuela 2 1 SFR 28¢ Buddenhagen
A3911 C1017-1A Heliconia Hawaii 2 1 “287¢ Ferreira
A3916 PS8 Heliconia Hawaii 2 1 Ferreira
A3913 KV5.1 Heliconia Hawaii 2 1 Ferreira
A3915 PS7 Heliconia Hawaii 2 1 Ferreira
A3908 KV2.2 Heliconia Hawaii 2 1 Ferreira
A3906 KVI1.1 Heliconia Hawaii 2 1 . . Ferreira
A3450 UW30, K136 Tomato Trinidad 1 1 T 1 Dudman
A4492 UW6, K119, S118 Heliconia Costa Rica 2 1 R Sequeira
A3459 UW130, S225 Tomato Peru 1 3 T 9 Sequeira
A4515 GW1 Ginger Hawaii 4 4 Trujillo
A4516 GW2 Ginger Hawaii 4 4 Trujillo
A5181 DP-6 Ginger Hawaii 4 4 Hepperley
A5182 DP-9 Ginger Hawaii 4 4 Hepperley
A5183 DP-11 Ginger Hawaii 4 4 Hepperley
A5184 DP-13 Ginger Hawaii 4 4 Hepperley
A5185 DP-22 Ginger Hawaii 4 4 Hepperley
A3776 T6 Tomato Philippines 1 3 .. . Natural
A5155 UW25, K60 Tomato North Carolina 1 1 T 1 Kelman

2 BD = blood disease characterized by reddish brown fruit symptoms on banana in Sulawesi, Indonesia. Blood disease bacteria (BDB) strains have not been
assigned to a multilocus genotype (MLG), but they show a totally different hybridization pattern compared with the other R. solanacearum strains tested (7).

b Bugtok refers to the hardening and blacking of cooking banana fruits in the Philippines.

¢ Strain UW20 (AA4495) was placed in restriction fragment length polymorphism (RFLP) group 28 (MLG 28) by Cook et al. (6) and Cook and Sequeira (8).
Sequence data from the endoglucanase gene confirmed the RFLP data, and heliconia strain A3911 was in MLG 28. Because groups formed by endoglucanase
data are not based on the probes used by Cook and Sequeira (8), the heliconia strain is classified as MLG “28” (P. Prior and M. Fegan, personal

communication).
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5 units of EcoRI and 5 units of Msel at 37°C for 3 h. The reaction
conditions for adapter ligation and preamplification, described by
Vos et al. (35), were followed with the exception that 1 unit of Tag
polymerase was used.

Primer labeling and selective amplification. IRDye 700- and
Dye 800-labeled EcoRI primers listed in Table 2 were purchased
from Li-Cor (Lincoln, NE). Msel primers were obtained from Op-
eron Technologies (Alameda, CA). The reaction conditions were
determined according to the manufacturer’s directions (Li-Cor).

Gel analysis. An equal volume of loading dye (95% forma-
mide, 20 mM EDTA, and 0.08% bromophenol blue) was added to
each sample, which was then denatured at 95°C for 3 min and
placed on ice for 2 min before loading. The sample volume was
set to 1.0 ul and loaded with a Hamilton multichannel pipette
(Hamilton Company, Reno, NV) onto 25-cm gels prepared with
6.5% KB plus polyacrylamide gel matrix. Electrophoresis and
detection of the AFLP fragments were performed on an automated
DNA sequencer (Li-Cor IR?). The electrophoresis parameters
were set to 1,500 V, 40.0 mA, 40.0 W, 50°C, and scan speed of 4.
The run time was set to 2.0 h, and gel images were saved as .tif
files for analysis.

Data analysis. The gel images were scored using a binary scor-
ing system, recording the presence and absence of bands as 1 and
0, respectively. Semiautomated scoring was performed initially
with AFLP-Quantar (version 1.0, KeyGene Product, Wageningen,
the Netherlands) and then manually to make adjustments to the
automated score sheet when necessary. The data were exported
into a spreadsheet and formatted for the NTSYSpc cluster analysis
software (version 2.1, Exeter Software, Setaukat, NY). The AFLP
marker data were used to compute pair-wise Dice coefficients (9).
Cluster analysis was performed on the similarity matrix using the
unweighted pair group method using arithmetic means algorithm
(32) provided in the NTSYSpc software package. The cophenetic
correlation coefficient was calculated to test the goodness of fit
between the similarity and the cophenetic matrices.

RESULTS

The preliminary screen for polymorphisms carried out on the R.
solanacearum, E. cloacae, and Sphingomonas strains identified
primer sets used for the first analysis of 28 R. solanacearum
strains. Among the 28 sets of EcoRI/Msel primers with one to
three nucleotide extensions surveyed, the number of polymorphic
markers generated by each primer set ranged from 3 to 104. The
12 primer sets showing the most polymorphisms were selected for
genotyping 28 R. solanacearum strains collected worldwide

TABLE 2. List of amplified fragment length polymorphism primers used in
DNA fingerprinting of 28 Ralstonia solanacearum strains (set I) collected
worldwide and 55 strains (set II) collected from ginger fields of three farms
on the island of Hawaii

Polymorphic markers

Primer combination? Set I Set I1
E-AGG M-CG 49 89
E-ATC M-CG 44 11
E-ACG M-CG 50 30
E-AAC M-CG 34 59
E-ACA M-CA 59 83
E-AGC M-CG 38 ..
E-ATT M-CA 34 29
E-AGG M-CA 46 46
E-AGA M-CA 39 ..
E-ACG M-CC 36 38
E-ACC M-CT 74 36
E-ACC M-CG . 57
E-ATC M-CT 62

Total 565 478

2 E indicates EcoRI; M indicates Msel.
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(Table 2). Each primer set generated 34 to 74 markers. A total of
565 polymorphic markers were detected and analyzed.

Because the set II samples were mostly R. solanacearum strains
from ginger, a second preliminary screen was carried out on three
strains (PO1, PO6, and PO11) from ginger in Hawaii. Among the
32 sets of EcoRl/Msel primers with three nucleotide extensions
surveyed, the number of polymorphic markers generated by each
primer set ranged from 4 to 65. The 10 primer sets showing the
greatest number of polymorphisms were selected for genotyping
55 R. solanacearum strains collected on the island of Hawaii (Ta-
ble 1; Fig. 1). Each primer set generated 11 to 89 markers. A total
of 478 polymorphic markers were detected and analyzed.

Molecular variability of R. solanacearum strains from dif-
ferent regions of the world (set I strains). The genetic variation
among 28 R. solanacearum strains was estimated using pair-wise
comparison of genetic similarity. The average pair-wise genetic
similarity was 0.307 and ranged from 0.075 to 0.951. The most
closely related strains, strains A3911 and A3916 from Hawaiian
heliconia, shared most of their AFLP markers and had a genetic
similarity of 0.951. Two strains from ginger (A4515 and A4516)
also clustered together at 0.944. The most distantly related strains,
strain A4492 from heliconia in Costa Rica and strain A3450 from
tomato in Trinidad, had very few DNA markers in common with a
genetic similarity of only 0.075. Strains from ginger showed an
average genetic similarity of 0.827 within the cluster but had very
few DNA markers in common with strains from other hosts (simi-
larity less than 0.140), except for one strain from heliconia in
Costa Rica (A4492) and one strain from tomato in Peru (A3459),
which showed a genetic similarity of 0.491.

Pair-wise comparisons of genetic similarity of R. solanacearum
strains within and among different host plants revealed narrow ge-
netic diversity among strains from the same host within a confined
geographic area. The average genetic similarity of strains from
Hawaiian ginger and heliconia was 0.853 and 0.873, respectively.
In contrast, the average genetic similarity of heliconia strains from
different countries was only 0.496.

The relationships between R. solanacearum strains from ginger
and strains from other hosts collected from different geographic
areas were determined by cluster analysis on the 28 strains that
were positive for MAbs Ps1 and Psla. The resulting dendrogram
had five major clusters with similarity coefficients above 0.64
(Fig. 2). The first cluster included only BDB strains isolated from
banana fruits showing blood disease in Indonesia. The second
cluster contained race 2 biovar 1 strains isolated from banana and
heliconia in Costa Rica and the Philippines. The third cluster in-
cluded race 2 biovar 1 strains from banana and heliconia in
Columbia. The fourth cluster included two strains from banana in
Honduras and Venezuela and six race 2 biovar 1 strains from heli-
conia in Hawaii. The fifth cluster included seven strains from
ginger in Hawaii. The remaining strains, A3447 from potato (Co-
lumbia), A3450 from tomato (Trinidad), A4492 from heliconia
(Costa Rica), and A3459 from tomato (Peru), were not closely
related to any of the above clusters.

Molecular variability of strains from Hawaiian ginger (set
II strains). Results from set I showed high levels of genetic simi-
larity among strains from ginger in Hawaii, confirming the results
of an earlier study (2). A more comprehensive investigation
carried out on 55 ginger strains collected from three farms on the
island of Hawaii revealed greater diversity among local strains.
The average genetic similarity among strains within each farm
was 0.530, 0.526, and 0.463 for PO, B, and DSK, respectively.
The average genetic similarity of all 55 strains from ginger in set
IT was 0.507, whereas the average genetic similarity of strains
from ginger in set I was 0.853.

Cluster analysis separated ginger strains clearly from the four
reference strains from tomato (reference strains A3776, A5155,
A3459, and A3450 at the bottom of Figure 3). Although four sub-
clusters can be recognized among the 55 ginger strains from three



farms, no cluster was confined to a particular farm. Each subclus-
ter included strains from all three farms (except subcluster III,
which contained no DSK strains).

DISCUSSION

AFLP analysis of Ralstonia strains from set I samples provided
evidence supporting the separation of strains from ginger from
race 1 and 2 strains of R. solanacearum based on molecular
marker dissimilarity. Strains from Hawaiian ginger (Fig. 2, cluster
V) shared very little genetic similarity with strains from banana
and heliconia. The BDB strains from banana in cluster I (Fig. 2)
have been included in the R. solanacearum species complex but
are clearly distinct from the R. solanacearum race 2 strains from
banana (13). The close relationships between R. solanacearum

race 2 biovar 1 strains from banana in the Philippines and race 2
biovar 1 strains from banana and heliconia in Costa Rica (Fig. 2,
cluster II) support the hypothesis that these strains originated in
the New World. Likewise, the geographic origin of cluster IV
strains suggests that strains from heliconia may have been intro-
duced to Hawaii on propagative stocks collected in Central and/or
South America. The banana strain from Venezuela was in RFLP
group 28 (6). Strains from Hawaiian heliconia were placed in
MLG group 28 based on endoglucanase analysis (P. Prior and M.
Fegan, personal communication). Although these analyses were
not based on identical probes, there appears to be a close relation-
ship among these groups. Division II biovar 1 strains from banana
and heliconia are believed to be of New World origins, whereas
division I biovar 4 strains from ginger are believed to have origi-
nated in Asia. These results support this view.
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Fig. 1. Amplified fragment length polymorphism gel image of the Ralstonia solanacearum strains generated by an automatic DNA sequencer with the primer
pair E-AGG/M-CG. Lane 1, molecular weight marker (MW). Lanes 2 to 35, strains from the farm PO. Lanes 36 to 40, strains from the farm DSK. Lanes 41 to
56, strains from the farm B. Lanes 57 to 62, reference strains (one to six) in the order of A3450, A3459, A3776, A4515, A4516, and A5155.
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The clustering of strains collected from the major ginger pro-
duction area on the island of Hawaii suggests that they might have
evolved from a small population. These results support the conclu-
sion drawn from a previous RFLP analysis of a collection of
strains that also showed a tight clustering of strains from Hawai-
ian ginger with a high level of genetic similarity and a clear
separation from local strains from tomato and heliconia (1; A. M.
Alvarez and J. Berestecky, unpublished data). Strains from Ha-
waiian ginger also were clearly separated from a ginger strain
from the Philippines (2).

Our larger scale investigation of 55 Hawaiian ginger strains
revealed greater genetic diversity among the strains than evi-
denced in the first analysis, but no farm-specific subpopulation
existed among strains from ginger in Hawaii. Ginger plants on the
DSK farm consisted of a collection of clones of horticultural inter-
est, and the five ginger strains collected from this farm were
distributed widely among the clusters. The other farms were sin-
gle clone plantings of either cv. Chinese White or Japanese
Yellow, and strains from these farms also were evenly distributed.
The selection of the six reference strains, based on our previous
studies, included representative strains of tomato from different
geographic regions and two strains from ginger, A4515 and
A4516, isolated 8 years earlier in Hawaii (2). The strains from
ginger clustered with the 55 new ginger strains from three addi-
tional farms, whereas the four strains from tomato differed consid-
erably from the ginger strains (Fig. 3). When strains A4515 and
A4516 were analyzed with only five other ginger strains from the
set I samples, they were closely related (Fig. 2). When these two
strains were reanalyzed with the 55 strains from ginger of the set
II samples, greater diversity was detected, possibly due to partial

degradation of the DNA from strain A4515 because it showed far
fewer bands than A4516 in the set II analysis, whereas the band-
ing patterns of these two strains were almost identical in the set I
analysis. The DNA samples of the reference strains were prepared
for the set I analysis and were thawed several times during the
5 months in a —20°C freezer. The genomic DNA of 55 strains
from three farms was freshly isolated when the AFLP analyses
were performed. In the future, freshly isolated DNA samples
should be used for all reference strains when conducting this type
of experiment.

We have observed that some primer pairs generated more mark-
ers for certain groups of strains and fewer for others. Among the
nine pairs of primers used on both set I and set II analyses, four
pairs (E-AGG/M-CG, E-AAC/M-CG, E-AAC/M-CA, and E-
ACG/M-CC) produced more markers in set II than in set I (Table
1). These data reflect higher frequency of restriction sites for these
specific primer sequences within a group of strains. For example,
the primer pair E-AGG/M-CG generated far more polymorphic
markers on strains from ginger than on strains from tomato (Fig.
1). Our data added further support to the high resolution of AFLP
markers for studying genetic diversity (26).

The AFLP technique has been vigorously tested for its repro-
ducibility, and average error rates of 1 to 3% resulting from AFLP
protocol, gel resolution, and human errors have been reported (14,
32). Based on our own experience, even the use of different PCR
machines and automatic sequencers under identical conditions can
produce fluctuations in the AFLP bands that are amplified and
detected. For this reason, AFLP data from two different gels were
difficult to compare when lacking a sufficient number of mono-
morphic bands as references. We were able to combine a larger

Host Origin
A4606 Banana Indonesia
A4610 Banana Indonesia } |
A4612 Banana Indonesia
A3381 Banana Costa Rica
A4125 Banana  Philippines
E A4128  Banana Philippines Il
L——— A4493 Heliconia Costa Rica
A3447 Potato Columbia
r——A4496 Banana Columbia
L Ag497 Heliconia Columbia } 1]
A4494 Banana  Honduras
A4495 Banana Venezuela
A3911 Heliconia Hawaii
A3916 Heliconia Hawaii
A3913  Heliconia Hawaii v
A3915 Heliconia Hawaii
A3908 Heliconia Hawaii
A3906 Heliconia Hawaii
A3450 Tomato  Trinidad
A4492 Heliconia Costa Rica
A3459 Tomato  Peru
A4515  Ginger Hawaii
A4516  Ginger Hawaii
A5181 Ginger Hawaii
A5182  Ginger  Hawaii \Y/
A5183  Ginger Hawaii
A5184  Ginger Hawaii
A5185  Ginger Hawaii

[Tr vy vy v rrprr [T r e rrrrrrrrrr]

0.10 020 030 040 050 060 0.70 080 090 1.00

Genetic Similarity Coefficient

Fig. 2. Phenogram based on Dice similarity coefficients among 28 Ralstonia solanacearum strains collected from different countries. The five clusters are

indicated by Roman numerals. The cophenetic correlation coefticient = 0.99.
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number of samples from two different AFLP gels when we studied
the genetic diversity of a self-pollinated plant species, Caraca
papaya L., which shared a large portion of the AFLP markers in
all samples (21). However, there were hardly any common markers
among R. solanacearum strains, making it impossible to combine
set I and set II AFLP data. We had the same problem with the
large germ plasm collection of the self-incompatible plant species
Ananas comosus L. (pineapple), which showed a tremendous
amount of AFLP marker variation within the species. Thus, the
entire collection had to be run in two sequencing gels, necessi-
tating two separate cluster analyses with two sets of data (C. Y.

Kato, C. Nagai, P. H. Moore, F. Zee, M. S. Kim, D. L. Steiger,
and R. Ming, unpublished data).

Considering the genome size of bacteria, we expected lower
rates of polymorphism among bacterial strains than found within a
species of higher plants. The initial primer survey included EcoRI
and Msel primers with one, two, and three nucleotide extensions,
whereas in plants, three nucleotide extensions are most frequently
used (21,33). The total number of DNA fragments amplified by
primer pairs with three nucleotide extensions was very limited, re-
flecting the small genome of bacteria. However, the rate of poly-
morphism among strains was high, and there were, in fact, very
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few monomorphic bands. This high polymorphism rate is likely
the consequence of a rapid evolutionary process as a result of the
short generation time in bacteria compared with that of higher
plants and animals.

We initially included bacterial strains from different genera as
out-groups, but the resolution of the AFLP analysis was too high
for inclusion of other genera. In higher plants, the application of
AFLP markers for taxonomic classification above the species
level has been recognized as limited (22), and the same restriction
has been suggested for bacteria as well (24). We concur with the
proposal that AFLP analysis is best used to complement other mo-
lecular fingerprinting techniques for analysis of closely related
populations, whereas other methods of analysis should be used to
differentiate populations of R. solanacearum at higher taxonomic
levels (11).
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