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Abstract

Using field plots where rhizomania had not previcusly been detected, different inoculum levels of
beet necrotic yellow vein virus (BNYVV) were created by application of infested soil. A suscepti-
ble sugar beet cultivar (cv. Regina) was grown for two consecutive years (1988 and 1989), in the
presence or absence of drip irrigation. In soil samples taken in spring 1989, the different initial inoc-
ulum levels of 1988 could be distinguished using a quantitative bioassay estimating most probable
numbers (MPNs) of infective units per 100 g dry soil. The first sugar beet crop resulted in a ten-
thousandfold multiplication of inoculum of BNYVV (viruliferous Polymyxa betae). Mean MPNs of
BNYVV ranged from 0.6 and 7 per 100 g soil for the lowest inoculum level to 630 and 1100 per 100
g for the highest level, in plots without and with irrigation, respectively. In spring 1990, MPNs had
again increased. In both years, the initial inoculum level of 1988 had a significant linear effect on
log-transformed MPNs of BNYVV determined. Log-transformed MPNs for 1990 and 1989 showed
a positive linear correlation, despite a decreasing multiplication ratio at higher inoculum levels. Drip
irrigation during one or two years enhanced the increase in MPN of BNYVV, which was reflected
by the enhancement of multiplication ratios at all inoculum levels. The total P. betae population was
also higher after growing two irrigated crops than after growing two non-irrigated ones.

Additional keywords: Polymyxa betae, thizomania, BNYVV, soil-borne virus, MPN, quantitative
technique, bioassay, polyetic epidemic.

Introduction

Beet necrotic yellow vein virus (BNYVV), the causal agent of rhizomania in sugar beet,
is transmitted by the fungus Polymyxa betae Keskin. The vector is an obligate parasite,
which, after primary infection, develops zoosporangia releasing zoospores in a rapid mul-
tiplication cycle (Keskin, 1964), and thus has a potentially high multiplication rate. The
formation of resting spores, and their longevity, assures its survival in soil between suc-
cessive beet crops. The epidemiology of BNYVYV is largely determined by the behaviour
of its vector. Ecological aspects, including the influence of soil moisture and temperature
on fungal development, have been studied (Abe, 1987; Asher and Blunt, 1987; Blunt et
al., 1991; De Heij, 1991). However, quantitative epidemiology of the discase has received
little attention. Studies on the dynamics of BNYVYV in soil as influenced by a susceptible
beet cultivar have not yet been published.
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Field levels of BNY VYV infestation have been characterized by: (a) the resulting disea-
se incidence or severity or yield of susceptible cultivars as compared to yield of resist-
ant/tolerant cultivars (Winner, 1988); (b) the number of BNYVV-infected bait plants in a
bioassay on soil samples (Beemster and De Heij, 1987) and (c) the ELISA absorbance
values for BNYVYV in bioassay plants (Hillmann, 1984; Biittner and Biircky, 1990).
Quantitative methods used to assess the vector in soil did not include quantification of
BNYVYV (Goffart et al., 1987, 1989; Ciafardini and Marotta, 1989), and applications of
these methods to study the dynamics of non-viruliferous P. betae were not reported. A
bioassay procedure based on serial dilutions of BNYV V-infested soil permitted assess-
ment of the inoculum potential of both vector and virus (Tuitert, 1990).

In 1988, a field experiment was set up to examine disease development at different
initial inoculum levels of BNYVV, in the presence and absence of drip irrigation.
Preliminary reports of the work were given (Hofmeester and Tuitert, 1989; Tuitert and
Hofmeester, 1990). This paper presents the results of a study on the dynamics of BNYVV:
the quantification of inoculum build-up during two successive beet crops.

Material and methods

Field plot design. In 1988, a field trial was laid out on a calcareous clay soil (pH-KCI
7.4; organic matter 4.2%), located at an isolated site in an urban area in the Noord-
oostpolder, the Netherlands. Sugar beet had never been grown on this field and BNYVV
could not be detected in any of the plots by bioassay of soil samples taken in November
1987.

The experiment was arranged in a split-plot design, with irrigation levels as main plots
and inoculum levels as subplots and with four blocks (Fig. 1). The five inoculum level
subplots were not randomized within the main plots. In order to reduce the effect of in-
fested soil being moved from one inoculum level to another, subplots were laid out int a
fixed order of increasing inoculum level. Between and within blocks the irrigated and non-
irrigated main plots were separated by grass strips 3 m wide. Drilling and soil cultivation
always started in the uninfested control plot and, to clean the equipment, ended in an extra
uninfested area behind the plot with the highest inoculum level. Tillage practices were
performed when weather and soil were dry. Machines were cleaned before entering each
main plot. As became apparent during the first year, one complete block suffered from
water logging because of soil compaction. In view of the poor emergence and develop-
ment of the plants in all three years the data from this block were not used.

Plot size was 6 x 10 m. Sugar beet cv. Regina was sown in three consecutive years in
rows 50 cm apart with a sowing distance of 18.5 cm. Irrigation was applied along every
row with a drip irrigation system with emitters spaced 30 cm apart. Soil moisture was
recorded by tensiometers three to five times a week at 15 and 30 cm depth. During dry
periods, when soil moisture tension (Hillel, 1982: soil water potential presented as a posi-
tive value) at 15 cm depth exceeded 20 cbar, drip irrigation was used to supply about 10
mm water during 2-3 hours.

Generating different inoculum levels. Infested soil from a field in the Noordoostpolder
with a history of rhizomania was used as inoculum to create plots with different infesta-
tion levels. This soil was dried, ground and thoroughly mixed with sterilized river sand in
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Fig. 1. Layout of the experiment. For explanation of initial inoculum levels see Table 1. Because
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different proportions. Two days before sowing, the mixtures were applied to the plots
(3 kg per plot) by hand and were superficially raked into the soil. Volume ratios of infested
soil at the five inoculum levels are given in Table 1.

Soil sampling. Soil samples were composed of 1.3 cm diameter cores taken to a depth
of 25 cmin a 1 x 1.4 m grid in every plot (42 cores per sample). Soil was air-dried and
ground before use. Mean bulk density of the soil was 1.3 g - ml-. Samples were collected
before (1987) and shortly after introduction of the infested soil to the plots (April 1988)
and immediately after harvest (October 1988). In 1989 and 1990 samples were taken
shortly after drilling (May).

Assessment of BNYVV and P. betae in soil.  Samples collected in 1987 and 1988 were
analysed by bioassay for the presence of BNYVYV and P. berae. In 1987, five pots of 200

Table 1. Amount of BNYVV-infested soil applied per inoculum level in April 1987. The volume
ratio was based on a tillage layer of 30 cm.

Initial Amount of BNYVV-infested soil applied
inoculum level
Volume ratio (%) Average amount (g » m?)
0 0 0
1 0.00001 0.05
2 0.0001 0.48
3 0.001 4.80
4 0.01 48.00
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ml were filled with undiluted soil per sample. The dried soil samples of 1988 were mixed
with 50% (v/v) of sterile coarse sand. Ten pots of 200 ml were filied with this mixture per
sample. In each pot a sugar beet seedling (cv. Regina, 2-3 weeks old) was planted. For
this bioassay the detection limit was estimated as 0.08 infective units per 100 g of soil.
Samples collected in 1989 and 1990 were serially diluted. Assessments of the inoculum
potential of BNYVV in 1989 and of P. berae and BNYVV in 1990 were made by the most
probable number method (Tuitert, 1990). The soil used to infest the ficld in 1988 was ana-
lysed in the same way, both for P. betae and the virus. A dilution ratio of 10 with six repli-
cates per dilution was used. Greenhouse conditions and plant analysis for BNYVV and
P. betae for both types of assays were as described by Tuitert (1990).

The inoculum potential of BNYVV and P. betae in soil was estimated as the most
probable number (MPN) of infective units per 100 g of soil. The detection limit of the dilu-
tion method was a MPN of 0.6 units per 100 g of soil. Multiplication ratios of BNYVV in
1988 were estimated by dividing the measured MPNs in spring of 1989 by the calculated
MPNs for the initial situation (spring 1988). Multiplication after two beet crops was
estimated by dividing MPNs of 1990 by MPNs of 1988, both for BNYVYV and P. betae.
For 1989, multiplication ratios were calculated by dividing MPNs determined in the
spring of 1990 by those determined in 1989. The viruliferous proportion of the population
was estimated in 1990, by dividing MPNs determined for BNYVV by MPNs for P. betae.

Statistical analysis. Statistical computations were made using GENSTAT 5 (Payne et
al., 1988). The analysis was based on the split-plot design. Prior to analysis, angular trans-
formation was performed on percentages of infected bait plants in the bioassay on soil
samples from October 1988, in order to improve homogeneity of error variances (Mead
and Curnow, 1983). Analysis of variance (ANOVA) was performed on log-transformed
MPNs (log, (MPN-+1)), multiplication ratios (log, ) and percentage viruliferous P. betae
(log,(%+1)), because of the increase in variance with an increase in magnitude of the
untransformed data. Means of log values were back transformed and presented as geome-
tric means of the original data (Steel and Torrie, 1980).

Orthogonal polynomial contrasts were used to examine linear and quadratic trends in
data. Although not meant to be used for responses to a quantitative factor (Baker, 1980;
Dawkins, 1981), a LSD was given and Duncan’s new multiple range test was applied
(Duncan, 1955) for discriminating between means, only when interaction between factors
was absent. This was done to see whether the (quantitative) bioassay methods used could
distinguish between the plots with different initial inoculum levels, after growing one or
two beet crops. As no inoculum had been applied to the control plots, they were omitted
from the analysis of the multiplication ratio.

The log-transformed MPNs for BNYVV determined in 1990 and the multiplication
ratio in 1989 were regressed against the log-transformed MPNs in 1989. Two plots in
which BNYVV was not detected in 1989 were exciuded from the analysis. Stepwise
regression was performed with pooled data of non-irrigated and irrigated plots. In order to
consider the split-plot design in the regression, first the factors block and block times irri-
gation (representing non-irrigated and irrigated main plots or strips) were fitted. Then the
factors irrigation, log,, MPN and their interaction were added to the model. The signifi-
cance of the regression on log,, MPN was determined with F tests. The significance of the
irrigation effect was tested by comparison of fitted lines for each strip. The percentage of
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variance accounted for by the regression in the interactive model was calculated conside-
ring the split-plot structure and is presented as a partial R? adjusted. To justify the use of
log,, MPN 1985 for explanation of parameiers measured in 1990, the absence of signifi-
cant contributions of the factor ‘initial inoculum level” and its interaction with irrigation
to the regression model were checked. Fit of the linear model was assessed by examina-
tion of the significance of the regression, the percentage of variance accounted for and the
plots of standardized residuals versus expected values for the regressions. Non-linear
models, polynomial with a quadratic term and exponential, were fitted to the data and
results compared with those of the linear model.

The correlation between (angular transformed) percentages of BNY VV-infected plants
in the bioassay of October 1988 and the MPN of spring 1989 was determined.

Results

Field observations. In 1988, the beet crop developed well, only a slight yellowing of the
leaves was observed in plots of the highest inoculum level and low numbers of BNYVV-
infected plants were detected. In 1989, sowing was late and emergence was irregular
because of drought. Plants with root symptoms of thizomania were observed from the end
of June onwards. Disease incidence was high.

Soil temperatures above 15 “C were recorded soon after sowing in both years. The fre-
quency of rainfall events (= 1 mm per day, or occasionally per 2 days) and of irrigations
after emergence of the plants till harvest was, respectively, 52 (421 mm accumulated) and
11 in 1988, and 37 (292 mm accumulated) and 7 in 1989. In 1988, long dry periods did
not occur and the soil moisture tension did not attain extreme values. Irrigation kept the
soil moisture tension below 20-30 cbar at 15 cm depth at times when it would have
exceeded these values without irrigation. In 1989, there were three very dry periods and,
since timing and execution of irrigation were not always as recommended, also the irri-
gated plots were from time to time subjected to high soil moisture tensions.

Detection of BNYVV in soil in 1988. In the experimental field, BNYVV could not be
detected in samples taken before the start of the trial. After application of the infested soil
to the field, the inoculum could only be traced in soil samples from two plots of inoculum
level 3 and two plots of level 4 (Table 2). Immediately after harvesting the first beet crop,
BNYVYV was detected by bioassay at all inoculum levels. The average percentage of
infected bait plants increased with increasing inoculum levels. Irrigation significantly
increased these percentages (no significant interaction between inoculum level and irri-
gation). Three levels of infestation were distinguished by means of this bioassay (Table 2).

As at this time the most probable number method for estimation of infestation with rhi-
zomania had not yet been developed, no quantitative assessments of BNYVV were made.

Quantitative assessment of BNYVV in soil in 1989 and 1990. For a quantitative assess-
ment of the inoculum potential after growing one beet crop, soil samples were taken in
spring 1989. Two plots in which no virus was detected in October 1988 (at inoculum level
0 and 2), were BNYVV-positive in May 1989, for one plot (inoculum level 0) the situ-
ation was the reverse. The MPN determined in May 1989 showed a positive correlation
with the percentage of infected bait plants in the bioassay of October 1988, either trans-
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Table 2. Detection of BNYVV by bioassay in soil samples from five inoculum levels, taken at the
beginning and the end of the growing season in 1988. Six plots per inoculum level: three non-irri-
gated (NI) and three irrigated (IR). One sample per plot, ten plants per sample. Data are numbers of
BNYVV-positive plots and arithmetic means of percentages and angular transformed percentages
of BNYVV-infected plants.

Inoculum Number of BNYVV- Means of percentages of BNYVV-infected bait plants

level® or positive plots

irrigation April® October October
April®  October —_—

NI IR® NI IR Mean angular?

0 - 2 - - 0 7 6a

1 0 4 0 0 3 40 24 ab

2 0 5 0 0 7 54 30b

3 2 6 13 0 67 93 69c

4 2 6 13 0 83 100 83¢c

Significance (P-value)® <0.001

NI 30

IR 55

Significance (P-value)® 0.03

2 For explanation see Table 1.

® Due to an incident in the greenhouse all bioassay plants of level 0 (-), and 10-40% of those from
levels 1, 2 and 4 were lost.

¢ Irrigation had not yet been applied prior to this sampling date.

4 Mean values for the levels of each factor are given, because interaction between factors was not
significant. Means with the same letter are not significantly different according to Duncan’s new
multiple range test (P = 0.05). LSD (0.05) = 21.

¢ Significance = F probability of main effects in ANOVA of angular transformed percentages.
Interaction between irrigation and inoculum level was not significant at P=0.05. Analysis of ortho-
gonal polynomial contrasts showed a significant linear (P<0.001), but no quadratic effect of initial
inoculum level.

formed or untransformed (R? adjusted = 74%, P < 0.01).

Table 3 shows the geometric mean inoculum potential of BNY VYV per inoculum level
as determined in May 1989 and 1990. After one year, increasing MPNs were found with
increasing initial inoculum level. In 1989, the MPNs were significantly different for the
various initial inoculum levels. Irrigation in 1988 significantly influenced the MPN deter-
mined in the following year (Table 3, Fig. 2). Significant differences between plots that
had different initial inoculum levels were also recorded in 1990, and two years of irriga-
tion still resulted in higher MPNs as compared to the non-irrigated plots (Table 3, Fig. 2).
The size of the effect of one or two years of irrigation did not depend on the initial inocu-
lum level in either year; apparent interaction of inoculum level and irrigation was not sig-
nificant. One of the irrigated control plots showed a severe contamination of the front part
of the plot in 1990, therefore it was excluded from the calculations.

The effect of two years of extra moist conditions on the inoculum potential in 1990, as
demonstrated by the analysis of variance, could be the result of the effect of irrigation in
1988 only or in combination with an effect in 1989; therefore regression analysis was car-
ried out. The linear model gave the best fit for the range of values available (Fig. 3). The
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Table 3. Inoculum potential of BNYVYV in soil after growing one or two beet crops in an artificially infested field
(May 1989 and May 1990). Assessment of the most probable numbers (MPN) of infective units by means of the
soil dilution method, dilution ratio 10, six replicates per dilution. Data are geometric means of three MPNs per
inoculum level and arithmetic means of log-transfornmed MPNs. P-values refer to main effects in ANOVA.

Inoculum May 1989 May 1990

level or

irrigation*  MPN BNYVV/100 g soil® Mean log MPN BNYVV/100 g soil® Mean log,

MPN BNYVV MPN BNYVV

Non-irrigated  Irrigated Non-irrigated Irrigated

0 0.2 03 0.10 a* 15 150 1.69 a¢

1 0.6 7 053 b 32 450 2.09 a

2 12 44 1.38¢ 200 840 2.61b

3 80 280 2.17d 340 1200 2.81b

4 630 1100 291e 1700 3700 340c¢

Significance (P-value) <0.001 <0.001

NI 1.21 2.56

IR 1.63 297

Significance (P-value)? <0.01 0.04

2 For explanation see Table 1. NI = non-irrigated, IR = irrigated.

b Geometric means: back transformed mean log,, MPNs. For plots in which BNY V'V was not detected (four and
two respectively, for inoculum levels 0 and 1 in 1989) calculations were made using MPN = 0.

¢ Means with the same letter are not significantly different according to Duncan’s new multiple range test
(P =0.05). LSD (0.05) was 0.33 for 1989 and 0.46 for 1990.

¢ Significance = F probability of main effects in ANOVA of log , (MPN+1). Interaction between irrigation and
inoculum level was not significant at P = 0.05 in either year. Analysis of orthogonal polynomial contrasts
showed a significant linear (P < 0.001), but no quadratic effect of initial inoculum level.

logio MPN BNYVV

4.0 —
S i )

<

1990
. 1989

initial inoculum level

. | non-irrigated irrigated

Fig. 2. The inoculum potential of BNYVV in soil in May 1989 and May 1990, after growing one
or two beet crops, respectively, in an artificially infested field. Five inoculum levels, with or without
irrigation. Inoculum potential given as arithmetic means of log,(MPN + 1); MPN is the most pro-
bable number of infective units per 100 g soil.
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apparent effect of irrigation on individual MPNs was not statistically significant
(P =0.05) in an analysis of the effect with strips as experimental units because of the split-
plot structure.

Multiplication ratio of BNYVYV (viruliferous P. betae). For the severely infested soil that
was used to contaminate the field in 1988 the MPN of BNYVV was 710 per 100 ml soil,
the viruliferous population comprising 15% of the total P. betae population. Using this
MPN, the volumes of infested soil added to the plots in 1988 and the bulk density of the
field soil, the initial inoculum levels could be estimated as 6.6 - 1075 per 100 g soil for level
1 to 0.066 for level 4. Division of the MPNs assessed for 1989 by the ones calculated for
1988 indicated a ten-thousandfold multiplication of BNYVV in the first year (Table 4).
The multiplication ratio decreased with increasing initial inoculum level and jrrigation
enhanced multiplication at all levels.

With the MPNs determined in 1990, the overall multiplication after two beet crops was
assessed in the same way as that after one (Table 4). These two-year ratios also showed a
decrease with increasing initial inoculum levels. The difference in two-year ratios due to
two years of irrigation was not significant at P = 0.05.

Actual multiplication during the second year was estimated by dividing MPNs deter-
mined in 1990 by those of 1989. Geometric mean values for multiplication ratios ranged
from 70 for the lowest inoculum level in irrigated plots to around 3 for the highest level
either irrigated or non-irrigated (Table 4). Two years of irrigation had no effect on the
multiplication ratio in the second year. Because irrigation had caused a significant in-
crease of MPNs in the first year, initial inoculum levels in 1989 were not comparable.
Thus, stepwise regression was performed to analyse effects in the second year (Fig. 4).
Log,, transformed multiplication ratios decreased linearly with increasing log,, MPNs
(P < 0.001). The apparent effect of irrigation was not significant (P = 0.05).
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log ,, multiplication ratio 1989 Fig. 4. Relationship between log,, multiplica-
tion ratio in 1989 (Y) and the inoculum poten-
tial of BNYVYV in May 1989 (X). Regression
34 was based on individual assessments of all ini-
tially infested plots, except for two plots that
4 had an inoculum level in 1989 below the detec-
o tion level of the bioassay (X = 0.20). Regression
2 “_© was significant (P < 0.001) with partial R?

adjusted = 81%. The effect of irrigation was not
significant at P = 0.05. Equations for the non-
irrigated and irrigated data-set were, respec-
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Quantitative assessment of P. betae. In the bioassays on soil samples taken in 1987 only
0, 1 or 2 bait plants were infected by P. betae. The low incidence of P. betae permitted an
estimation of numbers of infective units of P. betae in soil by means of this ‘dilution’. In
1987, inoculum potential of P. betae in the field prior to infestation was 0.19 infective
units per 100 ml soil or 0.14 per 100 g soil. For the infested soil applied to the field in 1988
the MPN of P. betae was 4800 per 100 ml soil. By means of this MPN and the volumes
of soil applied to the plots, the numbers of infective units added to the resident population
were calculated. In this way, the initial inoculum levels could be estimated; they ranged
from 0.14 to 0.58 infective units of P. betae per 100 g soil for level 0 and level 4, respec-
tively. Because of the presence of the resident population, the initial levels of P. betae did
not differ by a factor of 10. The initial levels of P. betae for the inoculum levels of
BNYVV from 0 to 4 given in proportion to that at BNYVYV level 4 were 0.25, 0.25, 0.25,
0.32 and 1.0.

Bait plants of the quantitative bioassays in 1990 were examined for the presence of
P. betae (Fig. 5). The MPNs were high and only that for inoculum level 4 was signifi-
cantly different from the rest (Table 5). Two years of irrigation had caused an overall
increase of the population. Two-year multiplication ratios were calculated using the
MPNs in 1990 and the estimated MPNs in 1988. Multiplication was the same for all in-
oculum levels (ANOVA of log, , multiplication ratio, P = 0.05), but had been enhanced by
irrigation (P < 0.01), as was already apparent from the MPNs themselves. Mean log,
transformed multiplication ratios were 4.3 and 4.8 for non-irrigated and irrigated plots,
respectively; back transformed means were 2.2 x 10* and 6.3 x 104,

The viruliferous part of the population of P. betae was estimated by dividing the MPN
of the virus by that of the vector. The initial viruliferous percentages in 1988 were esti-
mated as 0, 0.04, 0.4, 3.4 and 11.0% of the total population for inoculum levels O to 4,

respectively. By 1990 they had increased to 1, 2, 8, 12 and 12% of the total population
(Table 5).
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Table 4. Estimated multiplication ratios of BNY VYV (viruliferous Polymyxa betae) at different ini-
tial inoculum levels, calculated after growing the first (1988) and the second (1989) beet crop. Data
are geometric means of multiplication ratios and arithmetic means of log-transformed multiplica-
tion ratios. P-values refer to main effects in ANOVA.

Level* One beet crop Two beet crops The second beet crop
(1988) (1988 + 1989) (1989)
Multiplication ~ Mean Multiplication Mean Multiplication ~ Mean
ratio (x10000)* log ratio (x10000)®*  log,, ratio log,,
ratio ratio ratio
NI IR NI IR NI IR
1 4¢ 10 4.8 50 740 6.3 33¢ 71 1.7
2 2 7 4.6 31 130 5.8 17 19 1.3
3 1 4 44 5 19 5.0 4.4 44 07
4 1 2 4.1 3 6 4.6 2.7 3.5 0.5
Significance (P-value)®  0.01 <0.001 <0.01
NI 42 5.1 1.0
IR 4.7 58
Significance (P-value)?  <0.01 0.08 0.71

2 Inoculum level; for explanation see Table 1. NI = non-irrigated, IR = irrigated.

b Values presented should be multiplied by 10 000.

¢ For two plots of this treatment BNYVV was not detected in 1989, whereby multiplication ratios
could not be determined. Calculations were made using missing values estimated by an iterative
approach in GENSTATS.

4 Significance = F probability of main effects in ANOVA of log-transformed multiplication ratios.
Interaction between irrigation and inoculum level was not significant at P = 0.05 in either year.
Analysis of orthogonal polynomial contrasts showed a significant linear effect in both years
(P <0.01, P <0.001 and P < 0.01 for 1988, 1988+1989 and 1989, respectively), but no quadratic
effects of initial inoculum level. LSD (0.05) was 0.38 for 1988, 0.42 for 1988+1989 and 0.61 for
1989.

Discussion

Qualitative detection of BNYVV in 1988. BNYVV was not detected prior to the intro-
duction of infested soil to the experimental field. The different amounts of BNYVV-in-
fested soil added to the plots created initial inoculum levels that could hardly be traced by
intensive soil sampling followed by bioassay. It may be assumed that the infective units
applied to the plots were randomly dispersed and that samples obtained by means of the
regular sampling grid were representative of the plots. Thus, comparison of the detection
limit of the bioassay used (0.08 infective units per 100 g soil) with the highest initial in-
oculum level (approximately 0.06 infective units per 100 g soil) explains why BNYVV
was only detected in a few plots.

Growing a susceptible beet crop resulted in a remarkable increase in the inoculum
levels after only one year. Even at the lowest initial inoculum levels plant roots encounter
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Fig. 5. The inoculum potential of Polymyxa betae in soil in May 1990, after growing two succes-
sive beet crops in an artificially infested field. Five inoculum levels, with or without irrigation.
Inoculum potential presented as log, ,(MPN + 1); MPN is the most probable number of infective
units per 100 g soil.

infective propagules, because during the season the root mass extends and root density
increases, so that a large area will be explored by roots, to varying depths and resulting in
various root densities (Brown and Biscoe, 1985). The total number of plants that became
infected and the time of primary infection of plants differed for the different low inocu-
lum levels of 1988, resulting in different amounts of infected root tissue. Soil samples
taken in October of 1988 and analysed by bioassay showed the presence of BNYVYV at all
inoculum levels. Apparently, an abundance of resting spores formed during the season
was already able to germinate, in the bioassay, immediately after harvest of the crop and
did not need a long maturation period after being liberated from infected root debris. The
average percentage of infected bait plants increased with increasing inoculum level, indi-
cating that differences between these levels were still present and could be detected even
though the initial random pattern of propagules had probably changed to randomly dis-
persed clusters of propagules.

In spite of phytosanitary precautions taken, after one year three of the control plots had
become contaminated; two of these contaminations were detected in QOctober of the first
year, the additional one in May of the second year. The contamination of the control plots
could have been caused by a number of factors, including dispersal by wind (at the time
of application of infested soil), water, animals and man.

Quantification of BNYVV in 1989 and 1990. Soil samples taken after winter should be
more representative of the plots as a whole than those taken at an earlier time after harvest,
Cultivation of the soil should have distributed the root remnants more evenly through the
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Table 5. Analysis of the inoculum potential of Polymyxa betae in soil and of the percentage of the
viruliferous population in May 1990, after two successive beet crops in an artificially infested field.
Assessment of the most probable numbers (MPN) with the soil dilution method, dilution ratio 10,
six replicates per dilution. ANOVA of log, (MPN + 1) and log,, (% viruliferous populiation + 1).
Data are geometric means of MPNs and percentages and arithmetic means of their log-transformed
values. P-values refer to main effects in ANOVA.

Inoculum Inoculum potential of P. betae Viruliferous P. betae population
level or

irrigation? MPN/100g  log (MPN+1) % log,, (% virul.+1)
0 7000 3852° t 0.34 a®

1 6500 381a 2 049 a

2 5200 372a 8 095b

3 5760 376a 12 1.10b

4 20700 4320 12 1.13b
Significance (P-value)® <0.01 <0.001

NI 3.64 0.73

IR 4.14 0.87

Significance (P-value)° <0.01 0.29

2 Inoculum level; for explanation see Table 1. NI = non-irrigated, IR = irrigated.

5 Means with the same letter are not significanily different according to Duncan’s new muitiple
range test (P = 0.05). LSD (0.05) for log (MPN + 1) was 0.28 and for log (% viruliferous+1) 0.33.
¢ Significance (P-value) = F probability of main effects in ANOVA. Interaction between irrigation
and inoculum level was not significant at P = 0.05 for either parameter. Analysis of orthogonal poly-
nomial contrasts showed a significant linear (P < 0.01) and quadratic (P < 0.01) effect of initial
inoculum level on log, (MPN + 1). For log, (percentage viruliferous population + 1} only a linear
effect was significant (P < 0.001).

tillage layer, roots should be more disintegrated and resting spores may have matured.
Therefore, in spring 1989 soil samples were taken for quantitative assessment of the inoc-
ulum. In the only inoculated plot, of inoculum level 2, where BNYVV was not detected
in October 1988, it was detected in the following spring. In two plots of level 1, non-irri-
gated, BNYVYV was detected neither in spring 1989 nor in October 1988. Here, the mean
inoculum level was still below the detection level of the quantitative bioassay (calculated
as MPN = 0.6 infective units per 100 g soil). Assuming that all infective units introduced
in 1988 resulted in clusters of infective propagules with a radius of 30 cm, based on spread
from an inoculum source (Tuitert, 1993) the (Poisson) probability of obtaining one in-
fested soil core would be approximately 0.05. Although soil cultivation in autumn 1988
and spring 1989 would enlarge but also dilute the infested patches, the chance of missing
infested areas during the sampling procedure cannot be disregarded.

MPNs of BNYVV determined at successive inoculum levels in 1989 did not differ by
a factor of 10, but differences between the initially applied densities were reflected (Table
3). For Phytophthora parasitica, another fungus with a secondary multiplication cycle,
Neher and Duniway (1991) also found that population densities during the season ranked
according to volumes of inoculum added to the soil. Mean log MPNs enabled a distinc-

354 Neth. J. Pl. Path. 98 (1992)



tion between the five original inoculum levels (Table 3). The bioassay results of October
1988 permitted a division into three groups of infestation levels only (Table 2), despite the
significant correlation of the (angular transformed) bioassay results with log MPNs in
1989. It is noticeable that after one year mean MPNs of inoculum level 4 attained values
corresponding to the MPN of the soil used as inoculum in 1988.

In 1990, MPNs had increased as compared to 1989. The significance of main effects in
ANOVA showed that after two successive beet crops inoculum levels were still deter-
mined by the initial levels of inoculum applied and that two years of irrigation resulted in
higher MPNs. The MPNs increased with increasing initial inoculum level, and three
groups of levels could be distinguished in 1990 (Table 3). In all control plots contamina-
tion had increased to detectable levels. Because irrigation had caused an increase in in-
oculum in the first year, the initial levels in 1989 for non-irrigated and irrigated plots were
no longer identical. By regression analysis a significant linear relation was shown between
log-transformed MPNs of both years.

The increase in BNYVV per year. The estimated ten-thousandfold increase in inoculum
levels of BNYVV during 1988 reflects the high reproductive potential of P. betae by
means of its secondary cycle. Multiple infection of plants might have been responsible for
the observed decrease in multiplication ratio with increasing inoculum level in the first
year. Multiplication ratios in 1989 were small compared to those in 1988; mean ratios for
low to high inoculum levels ranged from approximately 70 to 3.

Assessments of changes in the population of P. betae and/or BNYVV in soil have not
been made before, only reports on the colonization of roots by P. betae are available. In
the early work of Kanzawa (1974} a linear correlation was found between the numbers of
resting spore clusters (seven concentrations each differing by a factor of 10) added to the
soil and the percentage of rootlets infected by P. betae after 40 days. Biircky et al. (1986)
reported an increase in the number of P. berae-infected root pieces and intensity of infec-
tion with resting spores with increasing inoculum level (0.1-100% dilutions of infested
soil). Unfortunately, their assessments were neither really quantitative nor statistically tes-
ted. With values read from figure 3 of Goffart et al. (1987), a logistic increase of mean
numbers of resting spores of P. betae per g root of bait plants with increasing concentra-
tion of spores in the soil can be demonstrated. The estimated multiplication ratio of the
fungus in the 5-week period was lowest at the highest density of spores in soil (dilutions
of infested soil tested: 0.006-100%). Since the amount of spores was given per g of root
and total root weights of plants at the different soil dilutions were not presented, these cal-
culations cannot be translated to soil populations.

Rintelen and Walla (1985), on the other hand, did not detect differences in percentages
of infected root pieces in roots of sugar beet grown for 5 weeks in dilutions of infested soil
(1-33%). These assessments did not take into account the degree of infection of the root
pieces. Very likely, differences were not observed because the soil used had a high in-
oculum level and the dilution range was too limited.

Results may be different when P. betae is examined, which is the case with the roots,
as compared to BNYVYV only, done in our experiment. Nevertheless, the conclusion of
Rintelen and Walla (1985) that the amount of infection in the roots is not dependent on the

degree of contamination of the soil appears to be contradicted by the results presented
here.
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Decreasing multiplication ratio of BNYVV in 1989. Regression analysis revealed that
log-transformed multiplication ratios decreased linearly with increasing log MPN. The
reason for the lower multiplication at higher inoculum levels may be found in the availa-
bility of infection sites. At high levels of inoculum, sites on roots will quickly be occupied
through primary infection, so sites for secondary infection will sooner become limiting at
these levels compared to lower inoculum levels, where primary infection is less frequent
and larger zoosporangia might be formed (Keskin, 1964).

There is no reason to suppose that there would be a decrease in the proportion of resting
spores germinating at higher inoculum levels. But it is not known what proportion of a
population will germinate during the season, and if this proportion is influenced by virus
content of the resting spores. A complicating factor with P. betae is that perhaps only a
fraction of the resting spores contained in one cluster will germinate (Habibi, 1969); so
the germinated ‘cluster” continues to be an infective unit.

The trigger in the infection process determining if a plasmodium follows the pathway
to zoosporangium or resting spore is unknown. At some stage there may be a general
change from zoospore production to the formation of resting spores (Asher and Blunt,
1987). Possibly the onset and impact of that trigger is influenced during the infection pro-
cess, e.g. by the abundance of initial infection.

An interacting factor could be the influence of the transmitted virus on root growth.
BNYVV may inhibit root growth and cause roots to die. To compensate for the loss of
roots and the effects of blocked vessels, plants will form extra roots; a proliferation well-
known as a rhizomania symptom. The net effect of these phenomena on multiplication of
P. betae is not known. Non-viruliferous P. betae can acquire BNY VYV from systemically
infected roots (Abe and Tamada, 1986). There are, however, records of inhibition of infec-
tion of roots regenerated from BNYVV-infected tap roots by non-viruliferous P. betae
(Schidsser, 1990). The efficiency of acquisition of virus from infected roots by P. betae
will of course play a role in the increase in BNYVV. Alteration of epidemic components
of a fungal (leaf) disease by simultaneous virus infection of the plant has been observed
by Nelson and Campbell (1991).

The observation of decreasing multiplication with increasing inocujum level indicates
that when effects of different factors (e.g. resistant cultivars) on BNYVV in soil are stu-
died, multiplication ratios may not be directly comparable unless initial inoculum is more
or less uniform, or a range of inoculum levels is used. Effects of sanitation (the reduction
of initial inoculum, c.f. Van der Plank, 1963), on the inoculum levels in soil are likely to
be quickly diminished when a beet crop is grown, because of the accompanying increase
in multiplication of BNYVYV at lower inoculum levels.

Two-year multiplication ratios of BNYVV and P. betae. Two consecutive beet crops
resulted in a higher multiplication ratio for BNYVV at the lowest inoculum levels. The P.
betae population already present at the experimental site was high relative to the small
amounts of inoculum added in 1988. Only the P. berae population at inoculum level 4 was
increased (threefold) by the addition of inoculum. Two-year multiplication ratios for
P. betae were equal for all levels, thus resulting in similar MPNs for levels O to 3, and a
higher MPN at level 4. Apparently, the initial differences in virus content of the P. betae
populations did not affect the multiplication of P. betae. The higher two-year multiplica-
tion ratio for BN'Y VYV than for P. betae at low inoculum levels (even when BNYVYV levels

356 Neth. J. Pl. Path. 98 (1992)



are corrected for the MPNs found at the uninfested control) is striking. It should be em-
phasized that initial inoculum levels for BNY VYV each differed by a factor of 10, but that
this was not the case for P. betae, because of the presence of the resident population. This
circumstance interferes with the comparison of multiplication ratios for vector and virus
at equal initial inoculum levels of BNYVV. Even so, it appears that virus acquisition by
P. betae was more efficient at low initial inoculum levels. Once BNYVV has multiplied
in a root, at low inoculum levels a majority of non-viruliferous zoospores infecting the
root will acquire the virus during plasmodium formation. At high inoculum levels, many
zoospores infecting the BNYVV-infected root will already be viruliferous, and thus the
net increase in viruliferous propagules will be less. Furthermore, there may be more
secondary infection cycles at the lower inoculum levels, causing an increasing virus con-
tent and spread in the roots, compared to the high inoculum levels, where priumary infec-
tion will be more prominent.

By dividing the MPNs of BNYVYV and P. betae an estimation of the viruliferous pro-
portion of the population of P. betae can be obtained, on the assumption that the rate of
germination and infection is the same for viruliferous and non-viruliferous P. betae
(Tuitert, 1990). Implicitly it is also assumed that for successful infection of bait plants by
P. betae or BNYVV the same number of non-viruliferous or viruliferous propagules is
required. Because of these assumptions the real viruliferous percentage of the population
may be over- or underestimated; however, the figure enables comparison of different soil
samples. The geometric mean viruliferous percentages ranged from 1 to 12%. At the three
highest inoculum levels the viruliferous percentage of the population of P. betae after two
beet crops corresponded with the percentage of that in the soil used as inoculum in 1988.
In comparison, 1-2% of secondary zoospores of an efficient viruliferous isolate of P. gra-
minis appeared to be carrying particles of barley mild mosaic virus (Jianping et al., 1991).

Influence of soil moisture conditions. Drip irrigation enhanced the increase in MPN of
BNYVV in both years (Table 3). The P. betae population was also higher following two
urigated crops compared to the non-irrigated situation (Table 5). Irrigation may have sti-
mulated multiplication by the formation of extra primary zoospores, by extra secondary
cycles, and both possibly combined with a greater ‘efficiency’ of infection by the zoospo-
res released (e.g. by swimming further). All these effects would result in a multiplicative
effect compared to the non-irrigated treatments, which is additive when transformed to log
values. Since irrigation may cause an increase in root density, especially in the tillage
layer (Brown et al., 1987; Wild and Russell, 1988), extra availability of infection sites may
be an important factor in the increase in inoculum caused by irrigation, especially at al-
ready high initial inoculum levels.

Soil moisture conditions in 1988 appeared to have favoured fungal development. In
June a dry period may have inhibited the life cycle of P. betae, and irrigation may then
have exerted its influence on multiplication. Irrigation was responsible for a threefold
higher multiplication ratio of BNYVV in 1988 (Table 4; antilog value of 4.7 minus 4.2).
'The objective of maintaining a threshold soil moisture tension of approximately 20 cbar
at 15 cm depth in the irrigated plots was not always achieved. De Heij (1991) reported that
even lower tensions (10-12 cbar) were required in pot experiments for primary and secon-
dary infection to occur. It is difficult to translate these precisely measured threshold ten-
sions from pot experiments using compact sieved soil to field conditions where soil is not
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homogeneous and where tensions are measured less precisely. Soil moisture tensions at
depths greater than 15 cm were lower but, especially in the first year, infection by the
superficially raked-in inoculum will mostly have taken place in the upper soil layers.
Preliminary results of Gerik et al. (1990) indicated that infection could take place at ten-
sions up to 40 cbar. For Plasmodiophora brassicae, germination of resting spores and pri-
mary infection was recorded at tensions up to 20 cbar (Dobson et al., 1982). Soil moisture
requirements for zoospore movement will also depend on the type (texture) of soil
(Duniway, 1976; Dobson et al., 1982).

In 1989, there were three very dry periods and from time to time high tensions were
recorded at 15 cm depth, and to a lesser extent at 30 cm depth. Nevertheless, differences
in soil moisture conditions between irrigated and non-irrigated plots were less con-
spicuous than in 1988. Regression analysis revealed that irrigation in the second year had
no significant effect on log MPN BNYVV in addition to irrigation in the first year.

The combined effect of two years of irrigation on log MPNs of BNYVV was just sig-
nificant (Table 3). Both one and two years of irrigation caused an approximately threefold
increase of MPNs of BNYVV (Table 3; antilog values of 0.42 and 0.41, respectively).
Because higher MPNs caused by irrigation in the first year have lower multiplication
ratios, a possible increase in MPNs by irrigation in the second year would be partly hid-
den by this reverse effect of inoculum level. The apparent smailer increase by irrigation at
high inoculum levels (Fig. 2), probably approaching ‘saturation’ level, was not significant
because interaction of inoculum level and irrigation was not significant. When inoculum
level 0 was excluded from the analysis of MPNs in 1990, the effect of irrigation was not
large enough to be detected significantly (P=0.08). The effect of irrigation on the two-year
multiplication ratios of BNYVV was therefore also not significant at the confidence level
applied (Table 4). Two-year multiplication ratios of P. betae were significantly increased
by two years under irrigated conditions.

Conclusion. The research described in this paper is the first report on the population
dynamics of viruliferous P. betae. The results indicate the potential hazards of introduc-
tion of small amounts of rhizomania-infested soil to a field. With an evenly distributed
infestation and favourable conditions for development of P. betae and BNY V'V the build-
up of inoculum can be very fast.
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