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ABSTRACT

Michel, V. V., and Mew, T. W. 1998. Effect of a soil amendment on the
survival of Ralstonia solanacearumin different soils. Phytopathology 88:
300-305.

The effect of a soil amendment (SA) composed of urea (200 kg of N
per ha) and CaO (5,000 kg/ha) on the survival of Ralstonia solanacearum
in four Philippine soils was investigated in a series of |aboratory experi-
ments. Within 3 weeks after application, the SA either caused an initial
decrease, a final decline, or no change in the pathogen population, de-
pending on the particular soil type. Aninitial decrease occurred in a soil
with a basic pH and resulted in a significantly (P < 0.001) lower patho-
gen population immediately and at 1 week after amending the soil. This
decrease was probably due to the high pH in the soil during urea hydroly-

sis. A final decline in the R. solanacearum population after 3 weeks oc-
curred in two soils in which nitrite accumulated after 1 week. In these
soils, no decline in bacterial levels occurred when nitrite formation was
inhibited by 2-chloro-6-trichloromethylpyridine. In the soil with low pH,
no nitrite accumulated and the R. solanacearum population did not de-
cline. The suppressive effects of pH and nitrite on R. solanacearum
growth were confirmed by in vitro experiments. Ammonium reduced
the growth of R. solanacearum, but was not suppressive. Interac-
tions of pH with ammonium and nitrite also occurred, whereby am-
monium reduced growth of R. solanacearum only at pH 9 and nitrite
was suppressive only at pH 5. Nitrate had no effect on R. solanacearum
growth in vitro.

The use of soil amendments (SAs) is a widespread means to
control diseases caused by soilborne plant pathogens (16). Bacterid
wilt caused by Ralstonia solanacearum (formerly Burkholderia
solanacearum) (39) is an important soilborne disease that affects a
wide range of staple and cash crops (15). Various SAs are known
to suppress bacterial wilt of tomato (Lycopersicon esculentum Mill.)
(24,25,32), tobacco (Nicotiana tabacum L.) (30), potato (So-
lanum tuberosum L.) (7,23), and banana (Musa sp.) (27). How-
ever, these studies were conducted at single sites and neglected
the effect of soil type on the survival of the pathogen and the fate
of the SA.

A recent four-site study in Taiwan tested the efficacy of a SA,
composed of urea and calcium oxide (CaO), in controlling bacte-
rial wilt of tomato in the field (22). Its effects varied widely; how-
ever, in experiments in which disease control was successful,
damaged tomato plants were observed in the amended plots. Such
damage indicated the presence of one or several presumably phy-
totoxic substances in the amended soil. Ammonia or nitrite formed
from the decomposition of ureain the soil may have been toxic to
the plants, because smilar problems have been reported in rela
tion to the control of several fungal diseases by means of urea ap-
plication (6,21,28).

The goa of the current study was to determine the importance
of the inorganic N ions produced by urea decomposition, such as
ammonium, nitrite, and nitrate, in suppressing R. solanacearum.
In laboratory studies, the effect of ureaand CaO on the survival of
this pathogen was examined in four Philippine soils. The effect of
these ions on the growth of R. solanacearum in vitro was aso
determined.
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MATERIALSAND METHODS

Sources of R. solanacearum. Three R. solanacearum strains
(T261, T281, and T293) were obtained from the Institute of Plant
Breeding at the University of the Philippines Los Bafios (UPLB).
All three strains were isolated from tomato and belonged to race 1
(4) and biovar 3 (14).

Sources of soil. Four soils were collected at three sites in the
Philippines (Table 1). Soil BRCI was collected near Manolo For-
tich (Bukidnon Province) and soil MMSU was collected at Batac
(llocos Norte Province), two major tomato production areas of the
Philippines. Soils #19 and #173 were collected near San Jose City
(Nueva Ecija Province), located in an intensive rice-growing area.
Soil types were Ultisol, Fluventic Ustropept, and Ustic Endoaquert in
Bukidnon, llocos Norte, and Nueva Ecija, respectively. Soil samples
were air-dried, sieved (1-mm mesh size), and stored at room tempera-
ture. Gravimetric water content of the soil matric potential at —0.03
MPa was determined for all soils with a pressure plate apparatus.

Inoculation of soil. Soils were infested with a 1:1:1 mixture of
the threeR. solanacearum strains. Each strain was grown on
triphenyl tetrazolium chloride (TTC) agar (18) at 30°C. After 48 h, a
suspension of each strain was prepared in sterile distilled water
and adjusted to optical density at 600 nm D= 0.3 (approxi-
mately 6 x108 CFU/ml). Equal volumes of the bacterial suspen-
sions were mixed to form the inoculum. The ratio of inoculum/soil
was 1:10 (vol/vol). Soil and inoculum were mixed thoroughly,
placed in polyethylene bags, and incubated at 30°C.

Three days later, 90-ml aliquots of infested soil were placed in
250-ml beakers. Ninety milliliters corresponded to 110, 110, 100,
and 110 g of infested soil for #19, #173, BRCI, and MMSU, re-
spectively. Beakers were covered with aluminum foil to avoid des-
iccation and placed in an incubator at 30°C. A separate set of
beakers was prepared for each sampling date.

Application of soil amendment. The SA used for the experi-
ments was developed at the International Potato Center (CIP) in



Peru to control bacterial wilt of potato (7). The amounts were 435 kg
of urea per ha (= 200 kg of N) and 5,000 kg of CaO per ha (quick-
lime). For the laboratory experiments, weight/surface was converted
to weight/volume based on the following assumption: after incor-
poration in the field, a layer of 20 cm will be mixed with SA.
Therefore, the SA added to 1 ha will affect a volume of 2 x 10°
liters (10,000 m? [= 1 ha] x 0.2 m x 1,000 liters'm®) of soil. Based
on this conversion, 19.5 mg of urea (= 9 mg of N) and 225 mg of
Ca0 were the amounts applied to 90 ml of soil. Two days after
placing the infested soil in beakers, reagent grade urea and CaO
were added and mixed thoroughly with the soil. Soil moisture was

taken immediately after incubation and 6 h later to determine the
number ofR. solanacearum and pH. The number of bacteria was
measured immediately after sampling, and pH was measured on
the same day or 1 day later (samples stored at 4°C). The number
of R solanacearum was determined by measuring gdin ab-
sorption mode with a spectrophotometer. The correlation between
ODgy and the number of CFU per milliliter was determined by
dilution-plating prior to the experiments. When no increase of
ODgy 0ccurred, CFU per milliliter was measured by dilution plating
on TTC. The pH was measured directly in the broth with a glass
electrode.

adjusted to —0.03 MPa by adding distilled water, and moisture Statistical analysis. The number of CFU per gram of dry soil

losses were corrected at weekly intervals.
Application of nitrification inhibitor. The nitrification in-
hibitor 2-chloro-6-trichloromethylpyridine (10) is toxic iditro-

and CFU per milliliter was transformed (lggx + 1]) for statisti-
cal analysis (31). For the soil experiments, each treatment was
replicated three times and the experiments were repeated once.

somonas spp. The action of these soil microorganisms, whichAnalysis of variance (ANOVA) using JMP software (SAS Insti-
oxidize ammonium to nitrite, is thereby inhibited and ammoniuntute, Cary, NC) was completed for each sampling date, and differ-
is accumulated in the soil. Reagent grade inhibitor (Sigma Cheménces of pathogen population, pH, and inorganic N concentrations
cal Co., St. Louis) was added at weekly intervals as a 0.01 M sbetween amended and nonamended treatments were tested for
lution to give a final concentration of 10 mg/kg of infested soileach soil separately, using linear contrasts (33). For the in vitro
(21), starting immediately before adding the SA. Control treatexperiments, each treatment was replicated three times. Growth
ments without SA were also treated with the inhibitor. was defined as the difference in the numbeRo$olanacearum

Determination of R. solanacearum population, pH, and in-

organic N. The R. solanacearum population, pH, ammonium-N

(NH4"-N), nitrite-N (NO,-N), and nitrate-N (NO5™-N) concentra-
tions were measured three times, at 0 (1 to 2 h), 1, or 3 weeks
following the SA application. The pathogen population was also
measured 3 days after infestation of the sails, i.e, just before be-
ing placed in beakers.

For the enumeration of R. solanacearum in soil, a 1:9 (wt/vol)
soil/sterile distilled water extract was prepared, serial dilutions

CFU per milliliter before and after the 6-h incubation. The growth
was subjected to ANOVA and each treatment was tested against
the control using linear contrasts. In the case of no significant dif-
ference, growth oR. solanacearumwas classified as normal. When
growth occurred but was significantly lower than that of the con-
trol, it was classified as reduced. In the case of no growth, it was
classified as suppressed.

RESULTS

were made, and then aliquots were spread on modified SM-1 me-
dium (34). The plates were incubated at 30°C, and typical mucoid Soil experiment. In the first series of experiments, the effect of
colonies with white or pink centers were counted after 2 to 3 dayshe SA (urea and CaO) d& solanacearum population, pH, and
Soil pH was determined in a 1:2.5 (wt/vol) air-dried soil/0.01 Minorganic N concentrations was measured in four soils designated
CaCl extract (1). After sedimentation of the soil, the pH was#19, #173, BRCI, and MMSU. The averafe solanacearum
measured in the clear extract with a glass electrode. population over all experiments in infested soil before adding the
An ammonia electrode (2) was used to measure ammonium in$A was 7.08 X1(f, 3.16x 10° 1.32 x 107, and 1.32 x 10° CFU/g
1:1.5 (wt/vol) soil/0.01 M CaGlextract. Nitrite and nitrate were of dry soil for soils #19, #173, BRCI, and MM SU, respectively.
analyzed in a single 1:1.5 (wt/vol) soil/deionized water extracBased on ANOVA and separation of means by the least significant
using high-performance liquid chromatography (8). The pH of thelifference (LSD) test (P < 0.05), populations in #19, #173, and
extracts was adjusted to below 6.5 with 5 pBB,. Extracts were  BRCI were significantly higher than in MMSU.
stored at 4°C until analysis. In MMSU, the population in the amended treatment was sig-
In vitro experiments. To measure the effect of pH on growth nificantly (P < 0.001) lower than that in the nonamended treat-
of R. solanacearum in vitro, 100-ml aliquots of broth (0.1% casein ment at the first two sampling dates (Fig. 1). However, at 3 weeks
hydrolysate, 1% peptone, and 0.5% glucose) in 250-ml Erlersfter amending, the difference was no longer significant. The popu-
meyer flasks were adjusted to pH 3, 4, 5, 6, 8, 9, 10, and 11 Igtion levels in #19 and #173 were marked by a significant (P <
adding 5 N NaOH or 5 N $30, after autoclaving. Nonadjusted 0.001) decline in the amended treatment at the end of the experi-
broth at pH 7 served as a control treatment. The effect of inoments. In BRCI, amending the soil did not significantly affect the
ganic N on the in vitro growth d® solanacearum was measured R. solanacearum population at any time.
at three pH levels. Treatments at concentrations of 5, 50, and
500 ppm (wt/vol) of ammonium, nitrite, and nitrate were prepared
using reagent grade NE8QO,),, NaNQ,, and NaNQ, respectively.
Before addition to broth with pH of 5, 7, and 9, stock solutions of ABLE 1. Properties of four soils collected in three provinces in the
these salts were filter-sterilized (0.2-um pore size). For each pm}l'gﬁ'?&" #19 and #173 from Nueva Ecija, BRCI from Bukidnon, and
f - . rom llocos Norte
level, broths without inorganic N served as a control treatment. An

additional control treatment was included in each in vitro experi- Soil designation
ment to measure the influence of the salt concentration (measuregl property Unit #19  #173 BRCI MMSU
as electric conductivity [EC]) on growth Bf solanacearum. There- Clay kokg 026 034 059 053

fore, 1 N NaSQ, was added to broth until the EC value was higherg;; kgkg 036 032 025 033

than in any other treatment. Sand kg/kg 0.38 0.34 0.16 0.14
Each of the three strains Bf solanacearum was tested sepa- pH (H.,0, 1:1) 5.1 6.7 6.1 8.1

rately. The strains were grown on TTC agar plates for 24 h dtlectric conductivity (1:1)  dS/m 01 05 0.2 03
30°C. A bacterial suspension was formed by adding 10 ml of stefs (Vakley-Black) g/tg g-g g-g 13-? 8-3
ile distilled water per plate. Each 100 ml of broth culture was in . gkg ) ‘ ‘ ‘

. : . Exchange Ca cmol/k 4.9 9.7 3.7 34.6
oculated with 1 ml of suspension and incubated for 6 h on a rotagyign chhangecapamy Cmong 93 183 129 45.2

shaker (160 rpm) in an air-conditioned laboratory with a temperasravimetric water content

ture ranging from 25 to 28°C. Ten-milliliter culture samples were_a —0.03 MPa kg/kg 0.335 0.350 0.510 0.540
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Adding a SA generally led to a significant (P < 0.001) pH in- did not rise above 7 and stayed at the same level for the duration
crease (Fig. 1). One exception was MM SU soil, in which amended of the experiment.
and nonamended treatments had the same pH. In #19 and #173, Hydrolysis and nitrification of urea were different for each soil
the SA initially increased pH to above 7, but pH later dropped (Fig. 1). The high ammonium concentrations at the first two sam-
below 7 a 1 and 3 weeks after anendment. In BRCI soil, the pH pling dates indicated rapid urea hydrolysis. Further ammonium
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Fig. 1. Populations of Ralstonia solanacearum (expressed as log;o[(CFU/g of dry soil) + 1]), concentrations of ammonium-N (NH,"-N), nitrite-N
(NO,™-N), and nitrate-N (NO3™-N; expressed as mg of N/kg of dry soil), and pH in four Philippine soils at 0, 7, and 21 days after adding a soil
amendment (SA). Data are means of two experiments. For each soil, the difference between treatment with SA (—e—) and that without SA (-e—)

was tested using linear contrasts. The highest level of significance that occurred in both experiments is indicated assfatlawssignificant
difference; *, **, and *** = significant difference aP < 0.05,P < 0.01, andP < 0.001, respectively. Soil moisture was maintained at —-0.03 MPa
matric potential. Soils were incubated at 30°C.
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nitrification was reflected by the low ammonium and high nitrate
concentrations at the last sampling date. One week after amend-
ing, nitrite accumulation occurred in soils #19, #173, and MMSU,
but no nitrite was detected 2 weeks | ater.

Soil experiment with nitrification inhibitor. In the second se-
ries of soil experiments, the effect of the SA on R. solanacearum
population, pH, and inorganic N concentrations was measured in
soils #19 ad #173 after application of the nitrification inhibitor.
The R. solanacearum population did not decline significantly in
the amended treatments of both soils (Fig. 2). The high concen-
tration of ammonium and the very low concentration of nitrate
3 weeks after adding SA indicated a nearly complete inhibition of
ammonium oxidation (Fig. 2). No nitrite was detected at any sam-
pling date.

In vitro experiments. Growth of all strains was suppressed at
pH 3, 10, and 11, and strongly reduced at pH 4 and 9 (P < 0.001).
At pH 5 and 8, growth reduction was weak or it did not occur at
all. Normal growth of all strains occurred at pH 6.

Nitrite was the inorganic N form that most affected the growth
of R. solanacearum. It suppressed growth of all strains at concen-
trations of 500 and 50 ppm at pH 5. At pH 7, a concentration of
500 ppm reduced growth of all strains, whereas no effect occurred
at pH 9. Growth of al strains was reduced by 500 ppm of ammo-
nium at pH 9. Growth was not affected by any other pH-nitrite or
pH-ammonium combination. No effect of nitrate on growth of R.
solanacear um was observed.

In al experiments, no difference was observed between the
growth of R. solanacearum in the control broth with high EC and
growth in standard control broth (data not shown).

DISCUSSION

Depending on the soil, adding the SA had different effects on
the R. solanacearum population dynamics (Fig. 1). An initial de-
crease of the pathogen population occurred in MM SU soil in con-
trast to afina decline in soils #19 and #173. No effect of the SA
on the R. solanacearum population was measured in BRCI soil.
The decline of the pathogen population in the amended treatments
of soils #19 and #173 coincided with the appearance of nitrite. In
both sails, nitrite was accumulated 1 week after adding the SA,
and the decline of R. solanacearum took place only after that time.
Furthermore, the SA had no effect in these soils when nitrite ac-
cumulation was blocked by adding a nitrification inhibitor (Fig.
2). In similar studies, the declines of Fusarium oxysporum f. sp.
dianthi (21) and F. oxysporum f. cubense (28) after urea soil ap-
plication were related to nitrite accumulation. Nitrite has been
reported to be at least partly responsible for the decline of several
soilborne pathogens or nematodes (29,36,40).

In contrast to soils #19 and #173, the occurrence of nitrite in
MMSU soil 1 week after adding the SA did not lead to a decrease
in pathogen population at 3 weeks. The in vitro experiments meas-
uring the direct influence of nitrite showed an interaction between
nitrite concentration and pH. An increase in nitrite toxicity due to
adecrease in pH has been reported for microorganisms in general
(38). Nitrous acid, the nonionized form of nitrite, has been re-
ported to be primarily responsible for the suppressive effect on
Phytophthora spp. (35). The degree of ionization is pH-dependent
and hence the portion of nitrous acid increases at low pH. This
could explain the different effect of nitrite in our soils tested. In
soils #19 and #173, after an initid basic value, the pH dropped
below 7, thereby increasing the toxicity of nitrite. In soil MM SU,
the pH stayed above 7 during the whole experiment, which might
have reduced the toxic effect of nitrite in this soil.

The toxicity of ammonia to living organisms has been docu-
mented (37). The ratio of ammonia/ammonium is pH-dependent,
with ammonia comprising about 1 and 10% at pH 7.3 and 8.3,
respectively (19). Ammonia, the nonionized form, was reported to
be more important for the inhibition of Phytophthora spp. (35). In

our study, ammonia was most probably not responsible for the
decrease in R. solanacearum populations in the soil. Relatively
high initial concentrations of ammonium occurred in al soils (Fig.
1), but a decrease in pathogen population at the beginning of the
experiment only occurred in MMSU soil, which had the lowest
initial ammonium concentration. Furthermore, in soils #19 and
173, no decrease in the R. solanacearum population was observed
when ammonium concentrations were maintained during the en-
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Fig. 2. Populations of Ralstonia solanacearum (expressed as log;o[ (CFU/g of
dry soil) + 1]), concentrations of ammonium-N (NH,4*-N), nitrite-N (NO,™-
N), and nitrate-N (NO3™N; expressed as mg of N/kg of dry soil), and pH in
two Philippine soils at 0, 7, and 21 days after adding a soil amendment (SA)
and a nitrification inhibitor (2-chloro-6-trichloromethylpyridine). Data are
means of two experiments with the exception of ammonium, nitrite, nitrate,
and pH of the nonamended treatment, which was determined only once. For
each soil, the difference between the treatment with SA (—e—) and that

without SA (—o—) was tested using linear contrasts. The highest level of
significance that occurred in both experiments is indicated as follows: ns =

no significant difference; *, **, and *** = significant difference Rt< 0.05,

P < 0.01, and® < 0.001, respectively. Soil moisture was maintained at —0.03

MPa matric potential. Soils were incubated at 30°C.
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tire experiment by use of a nitrification inhibitor (Fig. 2). In gen-
eral, reduction of soil pathogens due to ammonia toxicity occurs
when high concentrations of ammonia are measured (9,26,29,40).
In our in vitro experiments, a slight reduction in growth of R. so-
lanacearum at 500 ppm of ammonium at pH 9 was observed.
Since the soils in our study were amended with less than 0.01% of
N (wt/wt), there was probably insufficient ammonia generated to
decrease R. solanacearum popul ations.

Therefore, theinitial decrease in pathogen populations observed
in MMSU soil was probably due to a pH effect. The in vitro ex-
periments showed that at pH 9, growth of all three bacterial strains
was strongly reduced. During urea hydrolysis, a soil solution with
pH > 9 isformed at the reaction site (12). This may have led to an
important decrease in R. solanacearum population at the reaction
sites, resulting in an average decrease in pathogen population in
the whole soil volume during the first week. A pH effect would
also explain the lower R. solanacearum population in MM SU soil
compared with the three other soils before adding the SA. The pH
of MMSU was higher than 7; when extracted with water, it be-
came even higher than 8 (Table 1).

The absence of a SA effect on R. solanacearum population in
BRCI soil (Fig. 1) emphasized the importance of soil type in im-
proving the efficacy of the SA. For further application or im-
provement of the SA to control bacterial wilt (and other soilborne
diseases and nematodes), the soil-specific fate of the SA in each
soil type needs to be known. In relation to urea and CaO used in
our study, the most important reaction seemed to be the peak of
nitrite accumulation after SA application. Such accumulation can
occur under different soil conditions (13). One such condition is a
high concentration of ammonium at a high pH, in which the am-
monia concentration can reach a level high enough to become
toxic to Nitrobacter spp., thereby inhibiting oxidation of nitrite to
nitrate (12). Depending on the soil properties, the application of
urea alone can generate high ammonium and pH conditions, which
then can lead to nitrite accumulation (5). Different nitrogenous
amendments (including urea) have been reported to increase popu-
lations of Nitrosomonas spp. but not of Nitrobacter spp. (25), which
could lead to nitrite accumulation. The same treatments reduced
or stabilized mortality in three successive tomato crops due to
bacterial wilt compared with a nonamended control.

High soil temperature, an important environmental factor in the
tropics, was reported to increase nitrite accumulation after urea
application and to shorten the half-life of nitrite in the soil (17).
The duration of nitrite accumulation is of great importance be-
cause nitrite has been reported to be phytotoxic (3,11). If it is till
present at transplanting, it can damage the crop. In the best case,
the pathogen is more susceptible to nitrite than is the host plant.
This has been reported for Phytophthora root rot of avocado (40).
In the case of the host plant being as susceptible as the pathogen, a
nitrite-generating SA cannot be used for disease control.

On one hand, the site specificity and the generation of phyto-
toxic substances such as nitrite could restrict the use of the SA
tested in our study. In the case of an application or modification of
the SA, the effects on the pathogen as well as on the host plant
have to be studied carefully for each site. On the other hand, it is
most probable that the SA can also be used to control other soil-
borne diseases and nematodes. In the case of a possible control of
root knot nematodes (Meloidogyne spp.), which are reported to
increase the incidence of bacterial wilt (20), further research
would be worthwhile.
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