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Most Ralstonia solanacearum strains are tropical plant pathogens, but race 3, biovar 2 (R3bv2), strains can
cause bacterial wilt in temperate zones or tropical highlands where other strains cannot. R3bv2 is a quarantine
pathogen in North America and Europe because of its potential to damage the potato industry in cooler
climates. However, R3bv2 will not become established if it cannot survive temperate winters. Previous exper-
iments showed that in water at 4°C, R3bv2 does not survive as long as native U.S. strains, but R3bv2 remains
viable longer than U.S. strains in potato tubers at 4°C. To further investigate the effects of temperature on this
high-concern pathogen, we assessed the ability of R3bv2 and a native U.S. strain to survive typical temperate
winter temperature cycles of 2 days at 5°C followed by 2 days at �10°C. We measured pathogen survival in
infected tomato and geranium plants, in infected potato tubers, and in sterile water. The population sizes of
both strains declined rapidly under these conditions in all three plant hosts and in sterile water, and no
culturable R. solanacearum cells were detected after five to seven temperature cycles in plant tissue. The
fluctuations played a critical role in loss of bacterial viability, since at a constant temperature of �20°C, both
strains could survive in infected geranium tissue for at least 6 months. These results suggest that even when
sheltered in infected plant tissue, R3bv2 is unlikely to survive the temperature fluctuations typical of a
northern temperate winter.

To endure in an environment that does not provide consis-
tent access to a living host, a pathogen must be able to persist
during periods of suboptimal conditions (1). Understanding
the limits of pathogen survival can lead to control methods for
vulnerable regions, while climates that exceed these limits offer
natural protection from establishment of an exotic pathogen
(30).

Ralstonia solanacearum is a soilborne plant pathogen that
causes bacterial wilt disease in over 200 plant species in warm-
temperate and tropical climates worldwide (21). R. solanacea-
rum can be transmitted by contaminated surface water and soil,
latently infected plant cuttings, and discarded plant debris.
This pathogen colonizes host plant vascular tissue after enter-
ing through naturally occurring root wounds. The bacterium
multiplies rapidly in the xylem elements, inducing characteris-
tic wilting before disseminating back into the environment to
infect a new host or die (21).

One subgroup of the R. solanacearum species complex, now
classified as phylotype II, sequevar 1, but historically and for
regulatory purposes known as race 3, biovar 2 (R3bv2), causes
brown rot of potato (2). Brown rot is a major source of potato
crop losses in the tropical highlands worldwide, costing grow-
ers an estimated $950 million each year (2, 12). The potato is
only one host of R3bv2, however, as the strain also infects
tomato plants, eggplant, and many wild and horticultural
plants (13, 25, 34, 47, 52). Infected geranium cuttings have

been accidentally introduced to North America and Europe
from the highland tropics, although the bacterium has not
become established in North America (25, 29, 40, 41, 53).
R3bv2 most likely originated in the Andes with potato plants,
since isolates from around the world are essentially clonal (14,
22, 39, 48). Phylotype II, sequevar 7 (formerly race 1), strains
that infect tomato, pepper, and tobacco plants are endemic to
the warm temperate and subtropical zones of the southeastern
United States, but these have never become established north
of the mid-Atlantic states.

R3bv2 is a quarantine pest in North America and Europe. It
is considered a threat because it can cause disease at cooler
temperatures than tropical R. solanacearum strains and is
widespread in the cool highland tropics (8, 9, 45, 46). If R3bv2
could overwinter in the harsher climate of the northern United
States and Canada, it could threaten the $4 billion North
American potato industry (http://www.agr.gc.ca/).

It has proven difficult to eradicate R3bv2 from northern
Europe, where it appeared in the 1990s. Although the patho-
gen survives poorly in 4°C water or in field soil in the Nether-
lands (49, 50), R3bv2 can overwinter in reservoir hosts. One
documented reservoir is the bittersweet nightshade, Solanum
dulcamara, a common weed found near water in both Europe
and North America (11). Although R3bv2 is still detected in
waterways in northern Europe more than 15 years after its
initial discovery, it has not caused significant disease-related
losses, probably because the relatively cool summer tempera-
tures are not optimal for wilt symptom development (4, 7, 12).

R. solanacearum remains viable for decades in pure water at
room temperature in the laboratory and is also easily dissem-
inated in irrigation water (10, 21, 35). However, in 4°C water,
R3bv2 does not survive as long as some other R. solanacearum
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strains, including those endemic to the southern United States
(31). Despite this poor cold survival in water, R3bv2 popula-
tions remain stable in potato tubers at 4°C, indicating that the
pathogen is adapted to endure constant low temperatures
when sheltered in host tissue (31). These data suggest that the
cool climate epidemiology of R3bv2 strains involves interac-
tions with host plants rather than direct physiological adapta-
tions such as the increased membrane fluidity and RNA sta-
bility that contribute to cold tolerance in some food-borne
mammalian pathogens (31, 33).

While previous studies found that R. solanacearum can sur-
vive months or years in soil in association with plant tissue, this
trait has not previously been studied under the cold and fluc-
tuating conditions typical of commercial potato-growing areas
in North America (16–20, 37, 50). In addition, although plant
pathogens commonly persist in decaying plant tissue, it was not
known if sheltering inside dead hosts improves R3bv2 survival
of suboptimal conditions. We therefore designed experiments
to assess the survival of R3bv2 in infected plant tissue at stable
subzero temperatures and during temperature cycles. We also
studied the virulence of R3bv2 cells following long-term incu-
bation inside geranium stems at subzero temperatures.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Two strains of R. solanacearum were
used in this study. UW551 is an R3bv2 (phylotype II, sequevar 1) strain isolated
in Wisconsin from a wilting geranium plant that originated in Kenya (53). K60,
the type strain of R. solanacearum, is a phylotype II, sequevar 7, strain isolated
from tomato plants in North Carolina and is historically known as race 1, biovar
1 (28). This study used spontaneous rifampin-resistant variants of both strains;
these were previously shown to have wild-type virulence and fitness (42). Strains
were streaked from �80°C glycerol or room temperature water stocks onto
Casamino Acids-peptone-glucose (CPG) solid medium amended with rifampin
at a final concentration of 50 mg/liter and incubated at 28°C for 48 h (23).
Overnight cultures were grown in CPG broth amended with 50 mg/liter of
rifampin and incubated at 28°C with shaking at 225 rpm for 20 h unless otherwise
noted. Medium ingredients were obtained from Difco Laboratories (Detroit,
MI), while all other chemicals and antibiotics were obtained from Sigma-Aldrich
(St. Louis, MO).

Survival in geranium tissue at constant subzero temperatures. To measure
the survival of R. solanacearum strains in stems of susceptible geranium plants,
we petiole-wound inoculated 10-week-old geranium plants (cv. “Designer Dark
Red”; Ball FloraPlant, West Chicago, IL) with a suspension of R. solanacearum
cells as described previously (41) to give a final cell concentration of 2.5 � 103

CFU/plant for strain UW551 or 2.5 � 104 CFU/plant for strain K60. The plants
were incubated in a growth chamber with a cycle of 14 h light at 24°C and 10 h
dark at 19°C.

After about 21 days (corresponding to symptom development in over 80% of
plants), symptomatic plants were unpotted and left to dry in a growth chamber
with a cycle of 14 h light at 24°C and 10 h dark at 19°C for 14 days before being
stripped of leaves. Each biological replicate was divided into three technical
replicates, consisting of 10 plants each. Stem pieces extending approximately 1.5
cm above and 1.5 cm below the crown of each plant were harvested with a razor
blade and sliced into 3-mm crosswise sections to ensure similar amounts of xylem
tissue in all segments. Tissue around the crown was used, as it contains the most
reliably high bacterial density (42). To enumerate initial and subsequent bacte-
rial population sizes, a single crosswise �0.3-g tissue slice was ground in sterile
water and serially dilution plated on CPG plates amended with 50 mg/liter
rifampin and 100 mg/liter cycloheximide. Typical R. solanacearum colonies,
which are cream colored with pink centers, slow-growing, irregular and mucoid,
were counted after incubation at 28°C for 48 h, with a detection limit of 100 CFU.

Each separate technical replicate of pooled stem segments was placed into
50-ml conical screw-cap tubes with or without 9 times as much (wt/wt) nonsterile
soil and incubated at �20°C, conditions representative of discarded host plants
that are either tilled over or incorporated into an above-ground pile of refuse
plants (cull pile). The soil was from a postharvest potato field at the University
of Wisconsin West Madison Research Facility. The experiment contained three

biological replicates, consisting of three technical replicates each for both soil
and nonsoil samples. Viable bacterial population size in infected geranium tissue
was measured at intervals by dilution plating as described above.

Survival following cycles of fluctuating temperature. After initial preparation
(outlined below for each host), infected plant samples were placed in a 5°C
incubator. After 48 h, samples were shifted to a �10°C freezer. Following
another 48 h, each replicate was sampled and placed again at 5°C to start the 96-h
cycle again. Each fluctuating temperature cycle experiment in this study con-
tained three biological replicates, with three technical replicates for each sam-
pling, with the exception of the geranium assay, which consisted of six biological
replicates, with three technical replicates each. Each biological replicate con-
sisted of 30 plants, split into three technical replicates of 10 plants per replicate,
with the exception of the potato tuber assay, which consisted of 25 potato tubers
per each of the three biological replicates.

Geranium inoculation and growth was as described for the stable �20°C
survival assay, except that stems were not dried. This was because preliminary
experiments found that drying the stems did not affect R. solanacearum survival
of cold stresses (data not shown). Stems were surface sterilized to reduce back-
ground contamination by fungi on dilution plates. Geranium stems were sub-
merged in deionized water for 10 min, followed by treatment with 10% (vol/vol)
bleach for 5 min, a 5-min deionized water rinse, treatment for 5 min in 10%
(vol/vol) ethanol, and two final 5-min deionized water rinses. Stems were then
dried, sliced, and placed in tubes without soil as described above. Samples were
placed at 5°C to begin the fluctuating temperature cycles.

Potato minitubers (cv. “Russet Norkotah”; Sklarczyk Seed Farm, Johannes-
burg, MI) were surface sterilized as above and then inoculated with R. solanacea-
rum as described previously (31). Briefly, each potato tuber was directly inocu-
lated by pipetting 1.5 � 109 to 2.5 � 109 CFU into a needle wound and incubated
in a sealed plastic box during temperature cycles. Tubers were destructively
sampled after every cycle by using a no. 5 cork borer to excise the tissue around
the point of inoculation. The tissue was then weighed, ground in water, and
serially dilution plated as described above.

Unwounded tomato plants (wilt-susceptible cv. “Bonny Best”) were inoculated
with R. solanacearum via a naturalistic soil soak method (43). Briefly, 12-day-old
tomato plants were transplanted into 10-cm pots with 80 g soil. At 25 days old,
a bacterial suspension was poured onto the potting mix to give a final concen-
tration of 5.0 � 107 CFU/g soil and plants were incubated in a 28°C growth
chamber and monitored daily. When wilt symptoms first appeared, approxi-
mately 4 cm of stem tissue spanning the cotyledons was removed and chopped
into 5-mm segments. Segments from five or six plants per biological replicate
were then pooled and initially sampled. Approximately 0.15 g of tissue was
ground in sterile water and dilution plated as described above. Biological repli-
cates were placed in 50-ml conical tubes before the fluctuating temperature
cycles described above were begun.

For the samples suspended in sterile water, R. solanacearum cells from 24-h
cultures were washed twice in sterile water and resuspended in sterile water at a
density of 3.0 � 109 CFU/ml. Suspensions were starved at room temperature for
48 h and then separated into 1-ml aliquots in 1.7-ml microcentrifuge tubes. Initial
and subsequent bacterial population sizes were determined by serially diluting an
aliquot as described above. In this experiment, the detection limit was 10 cells
because we plated 100 �l of the undiluted sample. The aliquots were then placed
at 5°C to start the fluctuating temperature cycle described above.

We used enrichment culture to verify that no culturable R. solanacearum cells
remained in samples that contained no bacteria detectable by dilution plating.
Approximately 0.3 g geranium, 0.15 g tomato, or 0.4 g potato tuber tissue was
incubated for 72 h with shaking at 28°C in 5 ml TTC supplemented with multiple
antibiotics (CPG amended with 5 mg/liter crystal violet, 25 mg/liter bacitracin,
0.5 mg/liter penicillin G, 5 mg/liter chloramphenicol, 100 mg/liter cycloheximide,
50 mg/liter rifampin, and 100 mg/liter 2,3,5-triphenyl tetrazolium chloride). For
water samples, enrichment culture was performed by pipetting 1 ml of the
suspension into 4 ml of CPG amended with 50 mg/liter rifampin and 100 mg/liter
cycloheximide and incubating the culture at 28°C with shaking at 225 rpm for
72 h. One hundred microliters of the resulting enrichment culture was then
plated on CPG amended with 25 mg/liter rifampin, 100 mg/liter cycloheximide,
and 5 g/liter sodium pyruvate to facilitate recovery of viable but not culturable
(VBNC) cells (24). Colonies were counted after 48 h at 28°C.

Virulence assays. We used a direct cut petiole inoculation method to measure
the virulence of R. solanacearum strain UW551 cells that had been incubated for
6 to 7 months at �20°C inside geranium stem tissue (44). Briefly, the first true
leaf of the 21-day-old tomato plants (wilt-susceptible cv. “Bonny Best”) was
removed with a razor blade, and 2 �l of bacterial suspension containing 250 to
350 CFU was placed directly onto the cut petiole surface. The inoculum con-
sisted of either UW551 streaked from a room temperature water stock or
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UW551 cells extracted from infected geranium tissue stored at �20°C, as de-
scribed above. To prepare inoculum, infected geranium tissue was ground in
sterile water in a 1:10 (wt/vol) dilution and the resulting suspension was directly
pipetted onto the cut petiole. An aliquot was dilution plated to determine the
inoculum concentration. Plants were incubated in a growth chamber at 28°C.
Plants were blinded for treatment identity and rated daily on a disease index
scale ranging from 0 to 4, where 0 indicates no disease, 1 indicates 1 to 25% of
leaves wilted, 2 indicates 26 to 50% of leaves wilted, 3 indicates 51 to 75% of
leaves wilted, and 4 indicates 76 to 100% of leaves wilted. Each experiment
included 16 plants per treatment, and the assay was repeated three times.

Statistical analysis. The statistical significance of all data was analyzed using
the JMP 8.0.2 software program (SAS Institute, Cary, NC). Data on strain
survival of fluctuating temperatures were tested for significance by comparing
strains using analysis of covariance (ANCOVA) of one strain, using time as a
continuous variable and biological replicates as a factor variable, and then plot-
ting the predicted values from the fitted model against the actual values of the
second strain. Data shown are the means of results from all biological replicates,
presented as log (numbers of CFU/g � 1). The mean values for log (number of
CFU/g � 1) are below the limit of detection in cases where some of the replicates
for a time point gave detectable CFU and others did not. Differences in virulence
on tomato plants between strains were tested using repeated-measures analysis
of variance (ANOVA) to analyze disease severity as a function of time (44).

RESULTS

R. solanacearum R3bv2 survived well in infected geranium
tissue at constant subzero temperatures. Populations of R3bv2
strain UW551 in chopped geranium tissue declined very little
over months of incubation at �20°C. Geranium tissue initially
contained an average of 7.1 � 108 CFU/g; this declined to
4.6 � 107 to 9.5 � 107 CFU/g tissue after 182 days of incuba-
tion at �20°C. There was no difference in survival between
samples incubated with soil versus samples incubated bare.
UW551 in frozen geranium tissue remained detectable by di-
lution plating for up to 1 year after introduction to subzero
temperatures, averaging 5.0 � 106 CFU/g tissue at 9 months
and 2.6 � 105 CFU/g at 12 months. Similarly, cells of endemic
U.S. strain K60 also remained detectable for months in in-
fected geranium tissue, with populations of approximately
6.0 � 106 CFU/g tissue at 3 months and 7.5 � 104 CFU/g tissue
at 4 months, decreasing from an initial population density of
1.8 � 108 CFU/g tissue (data not shown).

Virulence of R. solanacearum UW551 was reduced following
survival at constant subzero temperatures. To determine if
extended freezing affected bacterial interactions with hosts, we
inoculated tomato plants with R. solanacearum strain UW551
cells extracted from infected geranium tissue stored at �20°C
for 6 to 7 months, as described above. Post-in planta-freezing
R. solanacearum cells behaved differently in culture from those
that were grown in culture stocks. After 2 or more months of
incubation in frozen geranium plants, UW551 cells no longer
grew to a detectable level when inoculated directly into rich
broth, although they remained easily detectable by dilution
plating. Moreover, cells recovered from infected geranium tis-
sue stored at �20°C were significantly less virulent on tomato
plants than cells of the same strain inoculated directly from
culture stocks (P � 0.001; repeated-measures ANOVA)
(Fig. 1) About 20% of plants inoculated with recovered cells
remained alive at the end of the 30-day assay; of these, some
contained no detectable R. solanacearum cells, but others were
latently infected and contained as much as 1 � 109 CFU/g
tissue (data not shown).

Survival in plant tissue was reduced by fluctuating temper-
atures. To determine the effect of more natural temperature

conditions on bacterial survival, we measured population sizes
of R. solanacearum strains UW551 and K60 from infected
geranium, tomato, and potato tuber tissue subjected to tem-
peratures that fluctuated around freezing. When exposed to a
cycle of 2 days at �10°C followed by 2 days at 5°C, neither
R3bv2 strain UW551 nor endemic southeastern U.S. strain
K60 survived in geranium tissue longer than seven cycles (28
days) before falling below the limit of detection, which was 100
cells (Fig. 2A). Under these conditions, which occur repeatedly
during winters in the northern United States and Canada,
there were no differences in survival between K60 and UW551
(R2 � 0.83). Populations of both strains remained high after
the first two temperature cycles, averaging more than 1.0 � 107

CFU/g geranium tissue. Population sizes declined precipi-
tously in subsequent cycles. After seven cycles (28 days), nei-
ther strain could be recovered by standard dilution plating
on CPG, by enrichment culture in CPG broth, or by plating
on CPG amended with sodium pyruvate, suggesting that
geranium tissue did not protect either bacterial strain from
freezing damage.

We also measured the ability of R. solanacearum strains
UW551 and K60 to survive temperature cycles in infected
tissue of tomato plants, a natural host to both strains. Neither
strain could survive more than six �10°C to 5°C temperature
cycles (24 days) before falling below 100 cells/ml, the limit of
detection (Fig. 2B). Again, there were no differences in sur-
vival between the two strains (R2 � 0.94), with populations of
both strains declining rapidly after two cycles, as observed in
the geranium experiments. A single freeze-thaw cycle did not
reduce the population size of either strain, with both popula-
tions averaging around 1.0 � 109 CFU/g tomato tissue for both
the initial and the first cycle samplings. After three cycles (12
days), pathogen populations plummeted to an average of 1.0 �
104 CFU/g tomato tissue, suggesting that multiple temperature
fluctuation cycles reduced bacterial viability. After six cycles

FIG. 1. Ralstonia solanacearum R3bv2 had reduced virulence fol-
lowing long-term incubation in geranium tissue at �20°C. Young
Bonny Best tomato plants were inoculated through a cut petiole with
250 to 350 CFU of R3bv2 strain UW551 either taken from water stock
(closed triangles) or recovered from infected geranium tissue incu-
bated at �20°C for 6 to 7 months (closed circles). Plants were rated
daily on a disease index scale of 0 to 4, where 0 indicated healthy plants
and 4 indicated 75 to 100% wilted plants. Each point represents the
average disease index for four independent experiments, consisting of
16 plants per treatment; treatments differed by repeated-measures
ANOVA (P � 0.001).
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(24 days), neither strain was recoverable by either CPG broth
enrichment culture or plating on CPG amended with sodium
pyruvate.

The potato is the most economically important host of
R3bv2 strains like UW551, and this pathogen is often dissem-
inated in latently infected potato tubers. Strain K60 can also
infect potato plants. We therefore compared the abilities of
UW551 and K60 to survive freeze-thaw cycles in infected po-
tato tubers. In this host, neither strain could survive more than
five �10°C-to-5°C cycles (20 days) before falling below detect-
ability (Fig. 2C). There was little difference between the sur-
vival rates of UW551 and K60 over the course of five cycles
(R2 � 0.94), although UW551 populations underwent a larger
decline following cycle 2, dropping to an average of 7.7 � 103

from 7.8 � 108 CFU/g tissue. K60 population sizes dropped to
2.2 � 105 from 2.1 � 108 CFU/g tissue over the same interval.

Fluctuating temperatures also reduced R. solanacearum sur-
vival in water. To separate the contribution of temperature
changes from any protective or antagonistic effect of surround-
ing host plant tissue, we measured the survival of strains
UW551 and K60 following freeze-thaw cycles in sterile water.
Both strains survived cycles of �10°C to 5°C in water better
than they did in any plant tissue tested. In sterile water,
UW551 survived until the 10th cycle (40 days) before falling
below the detection limit, which was 10 cells, while K60 sur-
vived until the 12th cycle (48 days) (Fig. 3). R. solanacearum
cells in water did not undergo the rapid population decline
observed in every plant survival assay following the second
temperature cycle. After four cycles, populations of both
UW551 and K60 remained large, at 9.5 � 107 and 8.4 � 107

CFU/ml, respectively. While UW551 populations declined
quickly after four temperature cycles, the K60 population size
declined more gradually. In the absence of host tissue, K60
survived fluctuating temperatures better than UW551. Al-
though K60 survived longer than UW551, these differences
were not found to be significant when strain survival over the
entire time course was considered (R2 � 0.90).

FIG. 2. In infected host tissue, Ralstonia solanacearum populations de-
clined rapidly following fluctuating temperature cycles of 48 h at 5°C and then
48 h at �10°C. Closed triangles represent the mean population sizes of R3bv2
strain UW551, and open squares represent endemic U.S. strain K60. Mean
bacterial population sizes were measured by dilution plating: chopped stems
of symptomatic R. solanacearum-inoculated geranium plants (A), chopped
stems of wilting R. solanacearum-inoculated tomato plants (B), or cores of
potato minitubers inoculated with �2 � 109 CFU of the relevant R.
solanacearum strain (C). Infected plant material was sampled after each 4-day
temperature cycle. The experiment was repeated six times, with three tech-
nical replicates per biological replicate (A) or three times with three technical
replicates per biological replicate (B, C). The dashed line represents the
detection limit. Bars represent the standard errors of the means.

FIG. 3. In sterile water, Ralstonia solanacearum populations de-
clined following fluctuating temperature cycles of 48 h at 5°C and then
48 h at �10°C. Closed triangles represent the mean population sizes of
R3bv2 strain UW551, and open squares represent endemic U.S. strain
K60. Bacterial population size was determined after every cycle by
dilution plating. The experiment was repeated three times, with three
technical replicates per biological replicate. The dashed line represents
the detection limit. Bars represent the standard errors of the means.
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DISCUSSION

Previous studies suggested that R. solanacearum cells might
persist best in the environment when sheltered in plant debris
(31). Unexpectedly, we found that this pathogen was less likely
to survive cyclic cold stress when associated with a host than
when in pure water. The reason for this reduced survival may
be that when R. solanacearum cells thaw inside plant tissue
where nutrients are available, the bacteria undergo a respira-
tory burst that increases their vulnerability to damage inflicted
by a subsequent freeze. A freeze-thaw cycle is known to induce
a respiratory surge in soilborne bacteria, likely stimulated by
nutrients released from lysing dead cells (36, 38, 51). This
creates a period of prosperity for the remaining microbes (38),
but this temporary bounty may actually be detrimental to long-
term survival. In contrast, cells in water may be less vulnerable
because starvation-induced stress proteins can protect bacteria
from temperature damage (26, 27). We previously found that
starved cells of all R. solanacearum strains tested were more
resistant to cold stress than cells that were actively multiplying
(31). This supports the idea that an R. solanacearum popula-
tion with access to more nutrients in the form of host tissue will
begin growing more swiftly after a thaw but will be more
vulnerable to dying from another freeze than bacteria in a
lower-nutrient-level environment.

The living plant’s own defenses may also indirectly increase
bacterial freezing tolerance. R. solanacearum cells growing in
plants experience stress from host reactive oxygen species
(ROS) and antimicrobial compounds (5, 6, 15). The diverse
stress-protective mechanisms expressed by this pathogen dur-
ing bacterial wilt pathogenesis may also protect it from an
initial cycle of freezing stress. However, when the surviving
bacteria begin to grow again after the first thaw, these protec-
tive mechanisms may no longer be active, because the dead
plant no longer induces them. This mechanism could also ex-
plain why the second temperature cycle was far more detri-
mental to bacterial survival than the first. This cycle of nutri-
ent-facilitated growth, death by freezing damage, and renewed
growth of the survivors then continues as the temperature
fluctuates until the entire pathogen population is nonviable.

Following cold stress, R. solanacearum can become viable
but not culturable (VBNC) because of reduced tolerance for
reactive oxidase species (49). We previously found that during
prolonged storage in water at 4°C, R. solanacearum popula-
tions gradually diverged into (i) cells that formed colonies on
conventional medium, (ii) cells that formed colonies only on
medium treated with catalase to reduce ROS, and (iii) cells
that did not grow on either medium but had intact membranes
in a live/dead stain (31). To determine if bacteria were moving
into a VBNC state following the rapid temperature cycling in
these experiments, we plated samples on medium containing
sodium pyruvate, which, like catalase, increases the recovery of
R. solanacearum cells damaged by ROS stress (24). However,
this did not improve recovery of cells from any tissue or water
culture samples, suggesting that these populations did not con-
tain significant numbers of VBNC cells. Live/dead staining of
samples would confirm this result.

Prolonged but constant low-temperature stress appeared to
broadly weaken R. solanacearum. UW551 cells subjected to
extended periods at �20°C inside geranium tissue could form

colonies on plates, but they were debilitated. They grew poorly
or not at all in rich broth and did not recover even after
repeated subculturing. Of greater potential epidemiological
importance, they were also significantly reduced in bacterial
wilt virulence. Because relatively few viable cells were present
in the frozen geranium tissue, we inoculated tomato plants
through a cut petiole, a method that requires only a few hun-
dred pathogen cells. Petiole inoculation, which strongly favors
the pathogen because it bypasses the natural infection route
into the tomato, usually results in rapid disease progress and
typically kills the plant in less than 2 weeks (44). However,
plants inoculated with cells recovered from frozen geranium
stems wilted slowly or never developed symptoms. This reduc-
tion in virulence suggests that R3bv2 cells that survived pro-
longed exposure to cold or to temperature fluctuations in the
field might be significantly impaired in their ability to cause wilt
disease. Additional physiological studies are needed to under-
stand the mechanisms underlying this unexpected result.

Potato brown rot is widespread and persistent in many trop-
ical highland regions around the world, demonstrating that
R3bv2 survives in that environment (12). Temperatures in the
Andean highlands where R3bv2 originated are cool but mod-
erate, averaging 11°C year-round, with a mean minimum tem-
perature of 0.1°C and a mean maximum temperature of 21°C
at 3,400 m above sea level (http://www.worldweather.org/).
Mean low winter temperatures in the United Kingdom and the
Netherlands, where R3bv2 has persisted in waterways and
weeds, average 1.0°C and 0.9°C, respectively. However, the
winters in the northern United States and Canada are signifi-
cantly colder than those in northern Europe. Average low
temperatures in the upper Midwest are �12°C during the
coldest months, with a soil frost depth typically exceeding 75
cm. Subfreezing temperatures alternating with temperatures
above freezing commonly occur in 6 months of the year (http:
//www.esrl.noaa.gov/psd/data/usclimate/states.fast.html). These
conditions are stressful for many bacteria; Salmonella enterica
serovar Typhimurium and Escherichia coli cannot survive the
freeze-thaw cycles of a typical northern U.S. winter (32). In our
experiments, R3bv2 strains did not survive successive temper-
ature fluctuations around freezing, suggesting that R3bv2 has
no special adaptations for surviving repeated freeze-thaw cy-
cles. Further, an endemic North American sequevar 7 R.
solanacearum strain also could not survive repeated moderate
freeze-thaw cycles. This may explain why these strains have
never become established north of the mid-Atlantic states,
even though they are common in the southeast and have prob-
ably been disseminated repeatedly in soil, vegetable seedlings,
tubers, and cuttings.

Taken together, the results presented here suggest that
R3bv2 is not likely to become established in commercial po-
tato-growing regions of North America because it is not
adapted to survive frequent near-freezing temperature fluctu-
ations even when sheltered in host plant tissue. Additional
research under more-realistic conditions would permit explo-
ration of other potentially important survival parameters, such
as desiccation and microbial competition (3, 49). Specifically, it
would be desirable to quantify the ability of R3bv2 to survive a
northern winter in potato or geranium cull piles or at various
depths in natural soil. However, regulations governing re-
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search with Select Agent pathogens preclude experiments for
measuring R3bv2 survival in the field.
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