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Abstract

The survival of the bacterial pathogen,Xanthomonas campestrispv. campestris (Xcc), was studied in plant
debris-infested soil with different matric potentials (0,−10,−30,−50,−100,−200, and−900 kPa), and on the
phylloplane of crops used for rotation with cabbage. Populations of cellulolytic and proteolytic microorgan-
isms were studied in relation to soil matric potential andXcc. The survival ofXcc was negatively correlated
(r = −0.710;P = 0.06) with soil matric potential and with the abundance of cellulolytic microorganisms
(P = 0.05). In saturated soil,Xccsurvived for only 19–28 days, while at−900 kPa there was no significant change
in the bacterial population within this period. Survival ofXccon the phylloplane of cabbage (Brassica oleraceavar.
capitata) (host) was similar to that on mustard and lettuce (48 days), whereas the pathogen was detected for only
9 days on rice. It appears that high matric potentials reduced populations ofXcc in soil, whereas epiphytic survival
of this pathogen depended on the plant species.

Introduction

Xanthomonas campestrispv. campestris(Xcc) the
causal agent of the black rot of crucifers, is a seed-borne
pathogen (Cook et al., 1952). Once established in a
cropping area, the ability of the bacterium to survive in
soil within plant tissues, or to colonize non-host phyl-
loplanes may account for recurrent epidemics of black
rot. This paper addresses the effect of matric potential
in reducing the survival ofXcc in debris-infested soil
and the differential survival of this pathogen on phyl-
loplanes of rotation crops used with cabbage.

Xcccan survive in plant residues, making a signifi-
cant contribution to black rot epidemics. Infested stems
of cabbage placed in soil harbored this pathogen for
at least six months (Schaad and White, 1974), while
in infested soil, populations of 106 colony forming
units (cfu) g−1 occurred (Fukui et al., 1994). When
disease-free cabbage seedlings were transplanted into

infested soils, a 45% disease incidence occurred at
harvest (Alvarez and Cho, 1978). In order to decrease
the populations ofXccin infested fields, two-year rota-
tions were suggested (Schaad and White, 1974). How-
ever, 2-year rotations are impractical in tropical areas
where growers need to transplant cabbage every 2
weeks throughout the year in order to supply the mar-
ket (Collier and Davidson, 1967; Hawaii Agricultural
Statistics Service, 1994).

Changes in the physical soil environment and soil
microbial populations may affect the survival ofXcc
in soils. It has been reported thatXcc survived for a
period of 42 days during a wet winter season and only
for 14 days during a dry summer (Schaad and White,
1974). However, there are only few studies about the
effect of soil water content on the survival ofXcc. An
increase in microbial diversity and microbial carry-
ing capacity were found to suppress soil-borne fungal
pathogens such asPythium(Boehm and Hoitink, 1992)



110

andPhytophthora(English and Mitchell, 1988). Nev-
ertheless, the dynamics of soil microbial populations
and their possible role in the survival ofXcc has not
been studied.

Soil particles infested withXcccan reach the leaves
of host and non-host plants. The contribution of the
epiphytic survival of the pathogen to black rot epi-
demics has not been established.Xcc from infested
soils normally reaches the leaves by wind or water
splash (Shaw et al., 1992), and often is dispersed from
cabbage to the phylloplane of weeds in the field (Dane
and Shaw, 1996).Xcc was reported to live as an epi-
phyte on the host for at least three months (Dane and
Shaw, 1994), and also can colonize non-host plants
such as tomato (Lycopersicon esculentum) (Timmer
et al., 1987) and lettuce (Alvarez et al., 1994). Epi-
phytic survival ofXcc on crops rotated with cabbage
has not been studied, and this should be considered in
the selection of appropriate crops.

The objectives for the present work were to deter-
mine the impact of soil–matric potential on the sur-
vival of Xccand to determine the persistence ofXccon
the phylloplane of non-host crops. We quantified the
survival ofXccat different soil–matric potentials; the
effect of soil–matric potential on populations of cellu-
lolytic and proteolytic microorganisms; and analyzed
the survival ofXccon the phylloplane of rotation crops
commonly used with cabbage.

Materials and methods

Bacterial strain

The bacterial strain 171LIIH-7 ofXanthomonas
campestrispv. campestris(Lux-Xcc) was used for the
bacterial survival studies. The plasmid pUCD607 con-
taining alux operon was inserted in the chromosome
of Lux-Xcc. Stable bioluminescence and pathogenicity
were demonstrated forLux-Xcc, and the pathogenicity
was comparable to the wild type strain (McElhaney,
1991). The plasmid pUCD607 confers resistance to
ampicillin, kanamycin and spectinomycin (Spc) (Shaw
and Kado, 1986).Lux-Xccalso has natural resistance
to chloramphenicol.

Soil and matric potential

The soil used for the survival studies was a medial,
isothermic, Typic Eutrandept (organic carbon 8.65%,
total nitrogen 0.65%, pHwater: 6.11, pHKCl : 5.58,1pH=
−0.53) from the Kula Experiment Station, island of

Maui (Ikawa et al., 1985). This soil is representa-
tive of the area where most of the crucifers are pro-
duced in Hawaii. After collection, the soil was stored
at 4◦C with a water content (θ ) (water mass/dry mass)
of 0.85 (w/w). A water retention curve was prepared
using ceramic pressure plates (Klute, 1986) by apply-
ing 0,−10,−30,−50,−100,−250,−400,−600 and
−900 kPa (data not shown). The curve was used to
obtain different matric potentials in soil by adjusting
the correspondingθ values.

Survival of Xcc in soil at different matric potentials in
relation to total number of bacteria, proteolytic
microorganisms and celluloytic microorganisms

To explain possible changes in the populations ofXcc
when incubated in soil at different matric potentials,
other groups of microorganisms were also traced in
the same soil samples. Debris was prepared as follows:
leaf-margins of 5-week-old cabbage plants (cultivar
Tastie) were inoculated by clipping them with scissors
infested withLux-Xcc. Twelve days after inoculation,
symptomatic areas were excised, dried at room temper-
ature (23±1 ◦C), ground to pass through a 1 mm2 sieve
and vacuum-dried for about 18 h at room temperature.
Before starting each experiment, 1 kg of the soil was
air dried for two days, ground to pass a 2 mm2 sieve,
and mixed with infested debris 1% (w/w). Five grams
of debris-infested soil were dispensed in petri plates
(4.5 cm diam) and sterile distilled water was added
using the data of the water retention curve to obtain
different matric potentials (ψ). Theψ values selected
for the experiment were 0.0,−10,−30,−100,−200
and−900 kPa, and the experiment was repeated. Petri
plates corresponding to each treatment were placed in
separate plastic containers and kept at room temper-
ature (23± 1 ◦C) during the experiment. At different
sampling times (day 1, 2, 10, 21) the soil contained
in each petri plate was suspended in 50 ml of phos-
phate buffered saline (pH: 7.4; 0.07 M) (PBS) and then
placed in a rotary shaker at 180 rev min−1 for 15 min.
Six, ten-fold dilutions were prepared in PBS and
plated in microfluorplates WFB (Dynatech, Virginia,
USA) using 20µl well−1 and eight wells per dilution.
Microfluorplates were prepared with 180µl well−1 of
liquid 523 medium (Kado et al., 1972) containing Cm
50 mg l−1, Spc 50 mg l−1 and Cycloheximide 50 mg l−1,
and processed by the MPN-microfluorplate method
(Arias et al., 1996). The total number of bacteria was
determined by spread-plating on tryptic soy agar (TSA)
medium. The experimental design was completely
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randomized with four replicates per treatment and per
sampling date, and a total of five sampling dates.

Another experiment was conducted including three
ψ(0.0,−50 and−900 kPa) with samplings at various
intervals during 25 days. Populations of proteolytic and
cellulolytic microorganisms were enumerated using
the most probable number (MPN) method with three
tubes per dilution, and four replicates per sampling
date. The culture media used for proteolytic and cel-
lulolytic microorganims were Pochon and Tardieux
(1962) and Krieg (1981), respectively. MPN were cal-
culated using the program MPNES (Woomer et al.,
1990). The number ofLux-Xcc per gram of soil
was evaluated by the MPN-microfluorplate method as
described above.

Survival of Lux-Xcc on the phylloplane of
host and non-host plants

Epiphytic survival of Xcc was determined on 3-
week-old seedlings of cabbage, mustard (Brassica
hirta) and lettuce (Lactuca sativa). Seedlings were

Figure 1. Schematic representation of the use of the MPN microfluorplate technique: (a) the epiphytic bioluminescent bacteria are
dislodged from leaf samples by shaking in buffer; then, leaves are removed from flasks to measure leaf area, (b) the suspension is diluted
in a ten-fold dilution series (in saline), (c) eight aliquots of each dilution are transferred to eight wells (one row) of the microfluorplate
containing liquid medium and incubated for 72 h, (d) microfluorplates are covered with transparent plastic and exposed to X-ray film for
3 h, (e) the films are developed, and the number of wells from which light is detected is used to form a code number, and (f) the estimated
number of bioluminescent cells present in the original sample is obtained using the MPNES computer program (Woomer et al., 1990).

grown in individual (350 cm3) pots in the green-
house. The growth medium was steam sterilized fer-
tile soil, vermiculite Therm-o-rock (1 : 1, v/v), CaCO3

and fertilizer Osmocote 17-6-12 (Sierra Chemical Co.,
Milipitas, Calif.). The seedlings were sprayed to run-
off with a suspension of bacteria (approx 108 cfu of
Lux-Xccml−1). To minimize splashing between plants,
each pot was watered daily at the soil level with 50 ml
of distilled water using a beaker. No free water was
present on the leaves at any time after inoculation.

Entire leaves were collected to obtain the best rep-
resentation of epiphytic populations ofXcc. Four basal
leaves, which were present at the time of inocula-
tion, were collected and processed from each of four
individual plants per species on every sampling date.
These four entire leaves were combined as one sam-
ple and placed in sterile, 250-ml Erlenmeyer-flasks
containing 20 ml of PBS. Flasks were placed on a
rotary shaker at 250 rev min−1 for 15 min for bacte-
rial extraction. Serial 10-fold dilutions were plated
in microfluorplates and processed using the MPN-
microfluorplate method (Arias et al., 1996) (Figure 1).
Individual leaf areas were measured using the computer
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program SIGMA-SCAN (Parker et al., 1988) after bac-
terial extraction. Numbers of bacteria were expressed
as MPN per leaf-cm2, each data point representing the
average of four replicate samples. Plants were assayed
on days 0, 3, 6, and 27, and the experiment was repeated
with samplings at days 0, 3, 6, 12, 19, 27, 33, 40, and
48. Rice (Oryza sativa, cultivar IR20) was included
in the second experiment and one additional sampling
was performed for this species 9 days after inocula-
tion. Symptomatic cabbage plants were removed and
not sampled further for epiphytic populations. Lesions
observed on mustard and lettuce during the experi-
ments were monitored with X-ray film.

Statistical analysis

All data were transformed to logarithm to obtain nor-
mality for the analysis of variance (ANOVA). To avoid
undefined numbers on data points equal zero, all data
were transformed to log(x + 1), wherex = number
of bacteria per leaf-cm2. One-way analysis of vari-
ance and Scheffé’s test for comparison of means of the
transformed data were performed within each sampling
date. Linear regressions were calculated for the num-
ber ofLux-Xccin soil vs. time for each matric potential.
Analyses were performed using the computer program
STATISTIX (Siegel, 1992).

Results

Survival of Xcc in soil at different matric potentials in
relation to total number of bacteria, and proteolytic
and cellulolytic microorganisms

The number ofLux-Xcccells recovered from the soil
samples decreased rapidly at high matric potentials

Table 1. Survival rates and average populations ofXanthomonas campestrispv. campestris(Xcc) in soil at different matric potentials

Matric potential (kPa) Rates of decrease ofXccpopulations Range of populations at
(log of the number ofXcc((g soil)−1 day−1) 20 daysXcc(g soil)−1

I1 II III

0(saturated) −0.310** −0.251** −0.214 0–5.2× 10
−30 −0.183** −0.240* N2 1.6× 10–2.2× 102

−50 N −0.253 n.s. −0.204* 0.9× 10–8.3× 10
−100 −0.261* −0.219* N 0.6× 10–4.2× 10
−200 −0.286 n.s. −0.172* N 0.2× 10–3.6× 102

−900(air dry) −0.031 n.s. −0.001 n.s. −0.129 n.s. 2.6× 103–9.5× 105

Slopes of the linear regressions were calculated for the survival curves in repeated experiments. Significance level of the regressions was
indicated as follows: n.s. (non significant); (*) significant atP = 0.05 and (**) significant atP = 0.01.
1 I, II and III correspond to the results of three different experiments.2 N: matric potentials not included in the corresponding experiment.

(less negativeψ values) (Table 1). The number of
Lux-Xccat the beginning of the samplings was approx
107 cells/g dry soil and remained in the order of 105

to 107 during the first 10 days (Figure 2a). At day
10, the number ofLux-Xccwas significantly lower for
the 0 kPa than for−30,−100, and−200 kPa treat-
ments (P ≤ 0.05), no significant differences inLux-
Xccwere found among these last threeψ (Figure 2a).
Xcc was not detected after 21 days of incubating
infested debris in saturated soil (0 kPa), while the num-
ber of Xcc remained nearly constant on the air-dried
soil (−900 kPa). Similar results were obtained in the
repeated experiment, whereXccwas not detected after
15 days in saturated soil, whereas at−900 kPa, no sig-
nificant differences were observed in the populations
of this pathogen.

The total number of bacteria within each treatment
appeared to be constant during the 21-day test period
(Figure 2b), (in the range of 105 to 108 cells/g dry
soil) whereas smaller populations were detected for
the driest treatment (−900 kPa) at every sampling date
(P ≤ 0.01).

The number ofLux-Xccrecovered from soil samples
at different matric potentials (0,−50 and−900 kPa)
was significantly lower in the 0 kPa at day 10 and
thereafter (P ≤ 0.01).Lux-Xccwas not detected after
15 days of incubation in debris-infested soil at 0 kPa
(Figure 3a).

Proteolytic microorganisms in soil decreased in
number over time in allψ regimes (Figure 3b). The
number of proteolytic microorganisms was lower in
soil at −900 kPa than at 0 and−50 kPa in the first
sampling (P ≤ 0.05) and did not differ among treat-
ments in the following sampling dates (Figure 3b). A
positive correlation was observed between the num-
ber of proteolytic microorganisms and the number of
Lux-Xcc(correlation coefficientr0.05,n−2=18 = 0.4667,
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Figure 2. Survival of the bioluminescent strain ofXanthomonas
campestrispv. campestris(171LIIH-7) (Xcc) in soil at six matric
potentials, (a) number ofXcc at different matric potentials, (b)
number of total bacteria on tryptic soy broth medium for the same
soil samples. Each point represents the average of four replicas.
Bars reflect the standard deviation of the mean.correspond to
initial numbers ofLux-Xccand total microflora respectively.

P ≤ 0.05) for the−50 kPa treatment, whereas no cor-
relation was observed between these two populations
in the other treatments.

A negative correlation was observed between the
number of cellulolytic microorganisms and the number
of Lux-Xccfor the 0 kPa(r0.05,n−2=18 = −0.467, P ≤
0.05) (Figure 3a). In general, the number of cellu-
lolytic microorganisms in the−900 kPa soil did not
change significantly over time (Figure 3c). On the con-
trary, for 0 and−50 kPa, a significant increase in the
abundance of this group was observed at 7 days of
incubation with respect to previous sampling dates
(P ≤ 0.01), and it remained high for the rest of the
experiment (Figure 3c). The abundance of cellulolytic
microorganisms was similar in both high matric poten-
tials (0 and−50 kPa). Only on day 3 were more cel-
lulolytic microorganisms detected at−50 kPa than at
0 kPa(P ≤ 0.05).

Figure 3. Numbers of: a bioluminescentXcc, proteolytic
microorganisms and cellulolytic microorganisms in soil at three
matric potentials, (a) relationship between survival of the bio-
luminescentXcc and number of cellulolytic microorganisms in
saturated soil (0.0 kPa), (b) Proteolytic microorganisms in soil at
three matric potentials, (c) number of cellulolytic microorganisms
in soil at three matric potentials. Each point represents the average
of four replicas. Bars indicate the standard deviation of the mean.
Symbols:�, H, andN correspond to initial numbers ofLux-Xcc,
proteolytic and cellulolytic microorganisms respectively.

Survival of Lux-Xcc on the phylloplane of host and
non-host plants

Xcc was recovered for up to 48 days on spray-
inoculated cabbage, mustard and lettuce leaves, with no
significant differences among these crops (P ≤ 0.05).
Initial populations ofXccwere 4.6×104 to 2×105 cells
per leaf-cm2, while the maximum numbers recovered
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Figure 4. Epiphytic survival of a bioluminescentXccafter spray
inoculation of cabbage, mustard, lettuce and rice determined by
the MPN-microfluorplate method. Each point represents the aver-
age of four replicas. Bars represent the standard deviation of the
mean.

from these crops at 48 days were 2–6 cells per leaf-cm2

(Figure 4). A low number ofXccwas detected both at
day 6 (10 cells per leaf-cm2) and day 9 (4 cells per leaf-
cm2) on rice andXcc was not detected at day 12 and
subsequent sampling dates on this crop (Figure 4).

The bioluminescentXcc strain was consistently
recovered from cabbage, mustard and lettuce by using
the MPN-microfluorplate technique. Lesions observed
on mustard and lettuce during the experiments were
monitored with X-ray film, but no bioluminescence
was detected on these species. Only one exposure (3 h)
of the X-ray film, after 72 h incubation, was needed to
record the total number of wells with bacteria emitting
light when processing samples from the phylloplane.
Leaves grew at different rates during the experiments
and a significant increase in leaf area was observed in
the four species (P ≤ 0.01). Cabbage-leaves increased
in size 330%, mustard 189%, lettuce 140%, and rice
47% in comparison to their initial size. These values
were used to estimate the apparent reduction in the
number of bacterial cells as a consequence of the leaf
growth during the 48-day period.

Discussion

Increasing soilψ resulted in reduced survival ofXccin
plant debris-infested soil. Twenty days after soil infes-
tation the lowest populations ofXcc were detected at

ψ = 0 kPa and the highest atψ = −900 kPa. Con-
tradictory interpretations of the possible effect of soil
water content on the survival ofXcchave been briefly
mentioned in the literature. In Georgia,Xccsurvived for
a short time during dry summer seasons (Schaad and
White, 1974), while short survival times was associ-
ated with wet soil conditions in Hawaii (Alvarez et al.,
1987). The present work is the first report that provides
quantitative data showing that high soil matric poten-
tials reduce the survival ofXcc. The effect of other
factors such as temperature should also be studied in
different areas and soil types to determine if matric
potentials have similar effects under different environ-
mental conditions.

Previous research has shown thatXcc survived
longer in soil within plant tissues than as free cells. This
pathogen was detected after 6 months in buried cab-
bage stem tissue (Schaad and White, 1974) and only
up to 100 days as free living cells on mist inoculated
soil (Dane and Shaw, 1994). Therefore, rapid decom-
position of plant residues is desirable for reducing pop-
ulations of the bacterium in soil. Our model system
included only 1 mm2 pieces of infected leaves to ana-
lyze the effect ofψ on the survival ofXcc. Although
the total survival time may vary if different plant tis-
sues and sizes are analyzed, we expect that the same
trends will occur.

Biotic and abiotic factors may account for the more
rapid extinction ofXccobserved in saturated soil sam-
ples. Water, by itself, could have produced an anaer-
obic environment detrimental for an aerobic organism
such asXcc. Oxygen depletion is known to result in
a change from aerobic to anaerobic microflora in soil
(Alexander, 1977). In activated sludge, 54% of the
strictly aerobic chemoheterotrophic bacteria (including
Pseudomonas (Xanthomonas) maltophilia) survived
after 8 days of anaerobiosis (Maurines-Carboneill et al.,
1998). Oxygen could have been a limiting factor
because of its low solubility in water (∼= 0.007 kg m−3

at 30◦C) and/or competition by fast growing organisms
as compared toXcc. Low levels of dissolved oxygen
were found to reduce the metabolism ofXanthomonas
campestris, i.e., by reducing the production of xanthan
gum (Flores et al., 1994). In relation to biotic factors,
the number of total bacteria found in soil incubated at
differentψ did not correlate with the number ofXccand
showed no significant temporal trends. The lowest pop-
ulations of total bacteria were found at extremely low
matric potentials, whereXcc survived for the longest
time.
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Xccsurvived longer in soil within plant tissue than as
free living cells (Shaad and White, 1974), therefore, a
fast decomposition of infected plant tissue is desirable.
Plant debris is mainly a source of carbon and nitrogen,
therefore, cellulolytic and proteolytic microorganisms
were analyzed as the first steps of its mineralization.
The number of proteolytic microorganisms decreased
with time at allψ tested. This trend has also been
reported for rice paddy soils, where the number of
proteolytic microorganisms decreased after irrigation
(Watanabe and Hayano, 1993). In our study, the abun-
dance of these microorganisms did not explain the
reduction ofXccpopulations in soil. However, a signif-
icant negative correlation was found between the num-
ber of cellulolytic microorganisms and the number of
Xccin soil at relatively high matric potentials. In soils,
cellulose degradation occurs mostly during anaerobio-
sis (Ljungdahl and Eriksson, 1985) and is accompanied
by the production of several organic acids and alco-
hols (Leschine, 1995). These compounds are poten-
tially detrimental toXcc survival. Since cellulolytic
bacteria in general are not plant pathogens, the use of
cellulolytic bacteria to accelerate the decomposition of
plant debris should be explored.

Considering thatXcc-infested soil can reach the
leaves by wind or water splash (Shaw et al., 1992) and
can enter through wounded roots (McElhaney, 1991),
cultural practices oriented to prevent root damage and
eliminate the pathogen from the superficial soil lay-
ers should be effective in reducing infection. From our
data, we conclude that if plant debris-infested soil is
maintained with a matric potential close to zero during
1 month, the population ofXcc would be drastically
reduced. This practice could replace the 1- or 2-year
rotations recommended by Schaad and White (1974).

We found that the MPN-microfluorplate technique
was adequate for monitoring bioluminescentXccon the
phylloplane, and by this method we were able to detect
as few as 2 cells per leaf-cm2. Fungal growth in these
samples was minimal and the X-ray film images were
generally sharp. For phylloplane samples, one expo-
sure of the microfluorplates after 72 h incubation was
sufficient to detect all the wells containing biolumines-
cent bacteria, whereas for soil samples two exposures
(at 48 and 72 h) were necessary.

When bacteria are applied to leaf surfaces, differ-
ent patterns of colonization may occur (Blakeman,
1985). In our preliminary experiments, leaf prints of
spray-inoculated cabbage-plants on a selective medium
and subsequent exposure of X-ray film, revealed the

presence ofLux-Xccas one or two small clusters of
colonies located at about 2.5 cm from the leaf margins.
This log normal distribution observed forXcc is also
characteristic of other bacterial populations on phyl-
loplanes such as ice nucleating bacteria (Hirano and
Upper, 1986). For epidemiological purposes each plant
represents a unit of inoculum; hence for the survival
studies the four inoculated leaves of each plant were
combined in one sampling unit. Although the use of
bulked samples can lead to overestimation of means
(Jaques and Morris, 1995), we consider that in this case,
combined samples represent each plant as a potential
focus of infection in the field. The leaf growth could
have contributed to underestimate the number of cells
per leaf-cm2 by up to one log unit theXccpopulations
on cabbage and mustard, by the conclusion of the exper-
iment. Nevertheless, the reduction in number ofXcc
on these plant species 48 days after inoculation, was
in the order of 2–3 log units (100–1000 times), which
cannot be solely explained as a dilution effect of the
initial inoculum on larger leaf areas, since leaves only
duplicate or triplicate in size.

The survival ofLux-Xccwas similar on cabbage,
mustard, and lettuce. Thus, a non-cruciferous crop,
such as lettuce, may act as a shelter forXccin the field.
On the contrary, rice leaves apparently prevented the
adherence ofXcc-inoculum, evident as small numbers
of cells per leaf-cm2 leaf at time zero. Many bacte-
rial pathogens have been reported to colonize leaves
of non-host plants, which may represent an important
means for the survival of inoculum (Blakeman, 1993;
Dane and Shaw, 1996). In order to manage population
sizes of bacterial pathogens on the leaves, the predom-
inant factors that affect bacterial abundance on plants
should be studied (Lindow, 1996). In the present work,
survival of Xcc differed among various phylloplanes.
Therefore, the appropriate selection of rotation crops
can contribute to reduce the persistence of this pathogen
in the field.
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