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ABSTRACT

Nicot, P. C., and Rouse, D. I. 1987. Precision and bias of three quantitative soil assays for Verricillium dahliae. Phytopathology 77:875-881.

Three widely used techniques to quantitatively assay field soil for
Verticillium dahliae were compared for precision, bias, and time required
to assay a sample. The techniques compared were dilution plating, wet
sieving, and the Andersen sampler technique. Precision was measured by
the standard error of the mean for repeated assays of 10 samples of
naturally infested soil. Bias was measured by the deviation between the
inoculum density estimates obtained with each of the techniques and the
true number of microsclerotia introduced into samples of steamed silica
sand. Wet sieving was the most precise method, but also the most biased
and time consuming, and gave the lowest recovery of the fungus from field
soil. On the average, only 64% of the microsclerotia introduced into

samples of steamed silica sand were detected with the wet sieving assay, and
estimates of inoculum levels in naturally infested soil samples were nearly
two to three times higher with the Andersen sampler and dilution plating
than with wet sieving. The Andersen sampler technique was unbiased and
efficient in detecting the fungus in field soil, but it was the least precise
technique. Finally, the dilution plating technique was the least biased witha
recovery rate of nearly 1009 in steamed silica sand amended with a known
number of propagules. It was the least time consuming, had the highest
recovery rate of the fungus in naturally infested soil, and was moderately
variable.

A wide variety of techniques have been developed to detect and
quantify Verticillium dahliae Kleb. in soil (5,21). Although
bioassays with indicator plants have been used (11,15), most of the
quantitative methods reported rely on spreading a known mass or
volume of soil on a selective substrate and recording numbers of
colony-forming units, The soil can be spread directly on the
substrate (2), through a modified Andersen sampler (6,7,9,17), or
after dilutions in water (8,10,12,20,24). Various techniques,
including washing and decanting (12), dry or wet sieving (1,2,6,18),
flotation on cesium chloride or sucrose (4), or combinations of the
preceding (19), have been used to concentrate the fungus in the
fraction of soil assayed, before spreading over the substrate.

Because the samples of soil taken by researchers in the field
usually consist of large volumes of soil, it is often impractical to
assay each sample in its entirety. Instead, one or several fractions
with a known mass or volume are taken at random or arbitrarily
from each soil sample and assayed separately. Such fractions will
be referred to as subsamples in the present study. The results from
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the assay of every subsample taken from a sample are usually
averaged to provide an estimate of the inoculum density of the
fungus in the sample. As with any quantitative technique, the
significance of this estimate depends on two critical qualities of the
soil assay: precision and bias. Precision, as an indication of the
degree of agreement of repeated measurements of the same
quantity, determines the level of confidence attached to the
repeatability of the soil assay (30). Bias measures the nearness of a
result obtained by a particular method to the true value or the value
accepted as true (30). If a soil assay were to be biased, it would be of
interest to determine whether the true soil inoculum density of a
pathogen was systematically over- or underestimated.

The worker starting a research program that requires some
information about soil inoculum levels of V. dahliae faces a
difficult choice. The large number of techniques developed to
quantitate the fungus in soil suggests that no particular method has
been identified as totally satisfactory. Comparative studies are
rare, and conflicting evidence has been reported on the efficiency of
some techniques to recover V. dahliae from soil (6,26,27).
Information on the precision and bias is scant or lacking for most
soil assays for V. dahliae.

The most complete information available about the qualities of a
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soil assay concerned a cesium chloride flotation technique (4). In
that study, the bias of the flotation technique was evaluated by
assaying soil samples to which known numbers of microsclerotia of
V. dahliae had been added. The reproducibility of the technique
was discussed, and repeated assays of various soils were conducted,
although no quantitative measure of precision was presented (4).
In other studies, the precision of assays was measured by the
standard error of the mean, or by a coefficient of variation (ratio of
the standard deviation to the mean), calculated from the results of
repeated assays of a few soil samples (2,6). A possible variation of
the precision of the assay with increasing inoculum density of V.
dahliae in soil samples was postulated, but no attempt was made to
quantify the relationship. Few workers have examined the bias of
soil assays for V. dahliae by adding known numbers of
microsclerotia or conidia to soil before the assay (4,20). An
alternate method involved the assay of 10-fold dilutions (with heat
sterilized soil) of artificially infested samples (9). The recovery of
the fungus in each dilution was compared with its expected value,
calculated on the basis of the dilution rate, and the inoculum
density found in the original sample. However, the observed and
expected inoculum levels in each dilution could be identical as long
as the assay consistently detected a certain percentage of the
propagules present in a sample, even if this percentage was quite
low. To be detected, even with this method, that particular type of
bias would require that one knew the true number of propagules of
the fungus present in the original sample.

In an attempt to provide information relevant to the choice of a
soil assay for V. dahliae, the present study was initiated to estimate
the precision and bias and to compare the cost in time of three of
the most widely used techniques for quantifying V. dahliae in soil:
wet sieving, Andersen sampler, and soil dilution techniques.

MATERIALS AND METHODS

Soil assay techniques. We used the wet sieving technique of
Huisman and Ashworth (18) and the modified Andersen sampler
technique of Butterfield and DeVay (6). Only the upper sieve plate
of the Andersen sampler (stage I; |.18-mm-diameter holes) was
used in the present study, as it was reported that less than 5% of the
propagules are captured on the lower plate (stage 2; 0.91-mm-
diameter holes) (6). The soil dilution plating technique used 10-g
subsamples of air-dried soil. The subsamples were mixed with 100
ml of water in 250-ml Erlenmeyer flasks. The soil suspension in
each flask was continuously stirred as 1-ml aliquots were drawn
with a pipette and evenly spread over a selective agar medium as
described below.

For each of the techniques, the agar plates supporting the
fraction of soil assayed were incubated for 2-3 wk in the dark at
20-22 C. The surface of the agar medium was gently washed under
a stream of water to remove soil particles before counting numbers
of microsclerotial colonies of V. dahliae with the aid of a dissecting
microscope (magnification 15X). The estimate of soil inoculum of
the fungus in a sample was expressed as an average number of
colony-forming units (cfu) of V. dahliae per plate, or converted
into an average number of propagules per gram of dry soil (ppg),
based on the soil dilution factor of each technique.

Choice of the selective medium. Many selective media have been
used to isolate V. dahliae from soil (29). They differ mostly in the
type of carbon source and compounds used to enhance the growth
and detectability of V. dahliae against that of other soil
microorganisms. Carbohydrates such as sucrose (2,3), various
sugars (13,22), polygalacturonicacid or sodium polygalacturonate
(1,6,14,16), and cellophane (2) are often used as a carbon source,
but they are absent in a few media (24,25). Compounds used as
selective agents include soil or plant extracts (14,16,24), biotin
(1,23), guanidine (1,6), a surfactant (Tergitol NPX, Sigma Co.)
(1,6), ethanol (3,25), pentachloronitrobenzene (3,13,14), and
antibacterial compounds such as streptomycin sulfate
(1-3,6,13,14,16,22,24,25), chloramphenicol (3,6,14,16,24), and
chlorotetracycline (6,14,16,24).

The enhancement of growth and detection of V. dahliae and the
suppression of growth of other soil microorganisms have been

876 PHYTOPATHOLOGY

compared for only a few of these very diverse media (1,6,14,16).
Thus, three commonly used media were compared ina preliminary
study: the pectate medium (PM) of Huisman and Ashworth as
modified by Butterfield and DeVay (6), the ethanol agar (EA) of
Ausher et al (3), and the soil extract medium (SM) of Menzies and
Griebel as modified by Green and Papavizas (16).

These three media were compared for the assay of samples of soil
naturally infested with V. dahliae, with the Andersen sampler and
the dilution plating techniques. Five soil samples were assayed with
the Andersen sampler technique (10 50-mg subsamples plated on
each medium for each sample) and five samples were assayed with
the dilution plating technique (two aliquots from each of five 10-g
subsamples per medium for each sample).

Detection of inoculum in naturally infested soil. Ten soil
samples were collected from commercial potato fields with a
history of Verticillium wilt in the Central Sands region of
Wisconsin. The soils were a Plainfield loamy sand (sand, mixed,
mesic, typic Updipsamment, Entisol: 22% coarse sand, 30%
medium sand, 31% fine sand). Each sample was air dried for 4-5
wk at 30-509% relative humidity and 20~24 C to eliminate drought-
sensitive conidia and mycelial fragments (6) and stored in plastic
bags at room temperature until processed. Before the assay of each
sample, the soil aggregates were gently broken up by hand, and the
soil was homogenized by hand shaking for 1 min.

Each of the 10 samples of field soil was assayed with each of the
three techniques, using the following design. Fifty 50-mg
subsamples were plated from each sample assayed with the
Andersen sampler technique, resulting in 50 observations. With
the wet sieving technique, five 10-g subsamples were taken per
sample of field soil and sieved separately. For each subsample, all
the residue from the 37-um-mesh sieve was collected and spread
over 10 plates. The number of colony-forming units counted on the
10 plates per subsample was added, resulting in five observations.
Finally, five 10-g subsamples were taken from each sample assayed
with the dilution plating technique, and each suspended in 100 ml
of water in a 250-ml Erlenmeyer flask. Ten |-ml aliquots were
randomly taken from each flask and each plated separately. The
numbers of colony-forming units growing from the 10 aliquots
from each subsample were averaged, resulting in five observations.
In total, 50 petri plates per technique were used for each sample.

For each of the 10 samples of field soil examined, the estimates
of inoculum density of V. dahliae (one for each assay technique)
and their associated standard deviation were calculated, based on
the replicate observations for each technique. The data from this
experiment were used in two ways: to evaluate the precision of each
assay technique and to test whether the three techniques provided
similar estimates of inoculum density in the samples.

Transformation of the data. The data obtained in the present
study, from the assay of naturally or artificially infested samples,
were square-root transformed (unless otherwise mentioned) before
the statistical analyses. This transformation was performed to
stabilize the variance, because it appeared that the means and
variances calculated with the raw data were usually not
independent. Such a phenomenon was not unexpected because a
random dispersion of inoculum in the homogenized soil would be
associated with a Poisson distribution (for which mean and
variance are equal) of the number of microsclerotia per subsample
(30). An appropriate transformation to stabilize the variance of
Poisson-distributed data, or data for which mean and variance are
approximately proportional, is the square-root transformation
(30).

Production of inoculum. Large numbers of free microsclerotia
were produced in a sterilized mixture of rye flour and silica sand
(1:5, v:v) by seeding with a 7-day-old liquid shake culture of V.
dahliae in Czapek-Dox broth. After a 2-3-wk incubation at 24 C,
the sand inoculum was air dried at room temperature for 3 wk. The
microsclerotia were separated from the sand by decantation,
collected on a filter paper (Whatman No. 1) over a Biichner funnel,
and rinsed with sterile distilled water. The microsclerotia were then
dried and stored at 4 C until used. In repeated assays, 500
individual microsclerotia were plated on PM and 99-100%
germination was observed.



Detection of artificial inoculum in steamed silica sand. To
evaluate the absolute recovery of V. dahliae in absence of
competition from other soil microorganisms, samples of steamed
silica sand infested with known amounts of microsclerotia were
processed for each technique. The test was done for 10 10-g
samples with wet sieving (the residues from the 37-um-mesh sieve
were spread over 10 plates for each sample), and 30 50-mg samples
with the Andersen sampler. Ten 1-ml aliquots were plated for each
of three 10-g samples processed by dilution plating. To prevent
overcrowding in the petri plates, appropriate numbers of
microsclerotia were introduced into the samples to obtain a total of
10 expected colony-forming units in each plate. Thus, 10, 100, and
1,000 microsclerotia were transferred under a dissecting
microscope into each sample to be processed with Andersen
sampler, wet sieving, and dilution plating, respectively.

RESULTS

Comparison of three media selective for V. dahliae. For all but
one of the samples assayed, the inoculum levels of V. dahliae
detected on PM and EA were higher than on SM (Table 1). The
difference between SM and either PM or EA was significant based
on a two-way analysis of variance of the square-root transformed
colony counts per petri plate. Although no significant difference
was found between the results for EA and PM, slightly larger
numbers of propagules of the pathogen were detected, on the
average, on PM than on EA.

Bacterial colonies were frequently observed on EA but not on
SM or PM. During incubation at room temperature, the plates of
EA sustained a rapid and abundant growth of many different fungi
present in the soil samples, and microsclerotial colonies of V.
dahliae were at times difficult to identify. In contrast, growth of
fungal colonies on PM was slow and restricted, and microsclerotial
colonies of V. dahliae were easily detected. PM was used as the
selective medium for V. dahliae for the rest of this study.

Precision. Precision was measured for each sample by the
standard error of the mean associated with the estimate of
inoculum density in a sample (mean of 5, 5, or 50 observations per

TABLE I. Effect of three selective media on the recovery of Verticillium
dahlige in naturally infested soil samples assayed with the Andersen
sampler technique or the dilution plating technique

Inoculum density (ppg)”

Selective medium

Sample SM* PM’ EM*
Andersen sampler
assay 1 Ta 6a 4a
2 30a 41 ab 61 b
3 26 a 54 b 42 ab
4 42a 62a 58 a
5 43 a 150 b 126 b
Average 29.6 62.6 58.2
Dilution plating
assay 6 Sa 10 a 1l a
7 15a 40 b 51b
8 44 a 123 b 93 b
9 2l a 49 b 48 b
10 39a 54 b 47 ab
Average 248 55.2 50.0

“The estimates of inoculum density (expressed as numbers of propagules
per gram of dry soil) for each sample and each technique are averages
based on colony counts observed from 10 petri plates. Within each line,
inoculum densities followed by a different letter were significantly
different (P<<0.05; Newman-Keuls multiple range test on the square-root
transformed numbers of colony-forming units).

*Soil extract medium of Menzies and Griebel as modified by Green and
Papavizas (16).

* Pectate medium of Huisman and Ashworth as modified by Butterfield
and DeVay (6).

* Ethanol agar of Ausher et al (3).

sample for wet sieving, dilution plating, and Andersen sampler,
respectively). The standard error of the mean (standard deviation
divided by the square root of the number of observations), rather
than the standard deviation, was used to compare the precision of
the three techniques, because of the unequal number of
observations per sample for each technique. For each technique,
the standard error of the mean increased approximately
proportionally to the square root of the average soil inoculum
density (Fig. 1). The correlation coefficients were 0.96, 0.95, and
0.92 for Andersen sampler, dilution plating, and wet sieving,
respectively. The slopes of the regression lines forced through the
origin relating the variance of the sample mean to average soil
inoculum density were 0.588, 0.219, and 0.071, for Andersen
sampler, dilution plating, and wet sieving, respectively. The wet
sieving technique consistently had the lowest standard error for a
given inoculum density, and the Andersen sampler technique
tended to have the highest.

Whereas the Andersen sampler technique had one source of
variability associated with taking subsamples for the assay of each
sample, wet sieving and dilution plating had two: With wet sieving,
the residues obtained for each subsample were spread over 10
plates, and with dilution plating, each 10-g subsample was in turn
randomly subsampled when 1-ml aliquots were taken from each
flask. Depending on the contribution of each source of variability,
the researcher might be able to maximize the precision of the
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Fig. 1. Relationship between precision of three soil assays for Verticillium
dahliae (expressed as the standard error of the mean for repeated assays of
naturally infested soil samples) and soil inoculum density of the fungus
(expressed as an average number of propagules per gram of dry soil [ppg]).
A, Samples were assayed with the Andersen sampler, dilution plating, and
wet sieving techniques. B, A linear relationship was observed if the standard
error of the mean was plotted against the square root of average inoculum,
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dilution plating technique, for a given total number of petri plates
used per soil sample, by allocating a larger number of replicates to
the more variable of the two steps. Thus, for dilution plating two
sources of sampling variability existed, namely, variability
between 10-g subsamples and variability between I-ml aliquots
within each 10-g subsample. The contribution of each source of
variation to the variance of the sample mean was evaluated for
dilution plating with the following model;

o’ = (mai + 03)/ mn; (1

where ¢ was the variance of the sample mean; o1 and o} were the
between-flask and between-aliquot (within-flask) components of
variance, respectively; m and n; were the number of flasks per
sample and number of aliquots per flask, respectively (28). In the
present study, ny and n; were Sand 10, respectively. To estimate o,
and o2, an analysis of variance was performed on the counts of
Verticillium (raw data, expressed as propagules per gram) from the
50 petri dishes used to plate 10 aliquots from each of five
subsamples (Table 2). This analysis was performed separately for
each of the 10 soil samples. The mean square experimental error
(MSEE) (between-flask effect) and the mean square sample error
(MSSE) (between-aliquots, within-flask effect) from each analysis
of variance table are estimates of (o3 + m01) and o3, respectively
(28). A different estimate of o, and o, was obtained with each of the
10 samples. The values of the estimates for a given sample were
found to be related to the average density of soil inoculum in that
sample, as both the MSEE and the MSSE of the raw data increased
approximately linearly as the sample mean increased (with
coefficients of correlation of 0.95 and 0.94, respectively). The
slopes of the regression lines forced through the origin were 10.919
and 9.039 for MSEE and MSSE, respectively, leading to si=
0.188u and 53 = 9.039u as estimates for o} and o3, respectively,
where p was the average inoculum density in the sample. To test
whether o1 was significantly different from zero for each sample, an
F test was performed on the ratio F = MSEE/MSSE obtained
from the analysis of variance of either raw or square-root
transformed data (28). The ratios MSEE/ MSSE were comparable
for the raw data and the square-root transformed data (Table 2).
They were significantly greater than 1.0 in only one case, indicating
that there was little contribution of the between-flask effect to the
variance of the sample mean. This also reflected the efficacy of the
soil homogenizing method.

Bias. A significant bias (P < 0.05) was observed for the wet
sieving and Andersen sampler techniques, for which an average of
64.3% and 88%, respectively, of the introduced inoculum was
detected in the assay (Table 3). The “absolute” inoculum density

TABLE 2. Analysis of variance of colony counts (expressed as numbers of
propagules per gram of dry soil, ppg) from repeated assays of 10 soil
samples naturally infested with Verticillium dahliae

Inoculum® F ratio”

Sample density (ppg) MSEE* MSSE' Raw  Transformed
1 0.6 8 6 1.44 1.44
2 12,2 165 120 1.38 0.86
3 13.0 57 147 0.39 0.39
4 15.2 78 221 0.35 0.38
5 21.6 517 146  3.54*% 2.59*
6 232 527 348 1.51 1.90
7 43.8 307 148 2.07 1.81
8 54.2 487 468 1.04 1.05
9 96.2 1,307 1,274 1.03 1.09
10 164.8 1,657 1,276 1.30 1.31

"Each number is the mean of observation from 50 petri plates (10 aliquots
plated from each of five subsamples per sample).

* Mean square experimental error.

¥ Mean square sample error.

“Ratios MSEE/ MSSE for raw and for square-root transformed data. An
asterisk (*) indicates that the ratio was significantly greater than 1.0 at the
5% confidence density.
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(based on the known number of microsclerotia introduced in the
samples of steamed silica sand) was slightly overestimated with
dilution plating, but the bias was not statistically significant (Table
3).

Recovery of natural inoculum in field soil. The estimates of
inoculum density obtained by wet sieving were consistently lower
than those obtained by the Andersen sampler or dilution plating
technique (Table 4). The differences between wet sieving and either
dilution plating or Andersen sampler were significant (P= 0.05) for
all but one of the individual samples (based on pairwise
comparisons on the square-root transformed data), and globally,
based on two-way analysis of variance on the square-root
transformed data. Over the whole inoculum range, the densities
detected by the Andersen sampler technique or dilution plating
were up to five times and, on average, 2.8 and 2.2 times higher,
respectively, than those detected by wet sieving. The ratios,
dilution plating/wet sieving and Andersen sampler/wet sieving
varied from 1.09 to 5.00 for the 10 samples of field soil examined in
this study (Table 4). The dilution plating technique tended to detect
slightly more propagules per gram of soil than the Andersen
sampler technique at higher soil inoculum densities and less than
the Andersen sampler technique at lower densities of soil
inoculum. On the average, over the whole inoculum range, similar
estimates were obtained with the Andersen sampler and dilution
plating techniques (Table 4).

Time cost. A few steps of the soil assay, such as drying and
homogenizing the soil samples and incubating the petri plates
before counting colonies, are similar for all three techniques. Only
the steps for which the techniques differed were timed. The time
required for processing one sample was the shortest with dilution
plating and the longest with wet sieving (Table 5). The time
required for counting colonies of Verticillium varied slightly with
the inoculum density of the fungus in the samples. This step took
longer for wet sieving than for dilution plating and Andersen
sampler as the expected concentration of the fungus on wet sieving
plates was 10 and 20 times larger than that for plates from the
dilution plating and Andersen sampler techniques, respectively
(Table 5).

DISCUSSION

Among the three selective media tested in this study, SM was less
efficient than the two others in enhancing the growth and
detectability of V. dahliae in soil assays. For practical reasons, the
plates of EA were not incubated at 18 C as recommended by
Ausher et al (3) but at room temperature (20-22 C). Although the
difference in temperature resulted in an abundant growth of fungi
that sometimes rendered the identification of V. dahliae difficult,

TABLE 3. Bias of three soil assays for Verticillium dahliae

Wet Andersen Dilution
sieving” sample” plating"
Colony counts”
Observed range 51-72 7-10 812
Expected 100 10 10
Bias” 64.3%* 88.00:* 100.7%

" 100 microsclerotia were introduced in each of 10 10-g samples of steamed
silica sand. The residue from the 37-um-mesh sieve was spread over 10
plates for each sample.

" 10 microsclerotia were introduced in each of 30 50-mg samples of steamed
silica sand.

* 1,000 microsclerotia were introduced in each of three 10-g samples of
steamed silica sand. Ten I-ml aliquots were plated from each sample.

" Counts per sample for wet sieving and Andersen sampler and for
individual aliquots for dilution plating.

“ Ratio, expressed in percent, of the estimate provided by the assay (average
of 10 observations for wet sieving and 30 for Andersen sampler or dilution
plating) to the known inoculum density introduced in the samples. An
asterisk (*) indicates that the estimate was significantly different from the
true inoculum density (P = 0.05, analysis of variance of square-root
transformed data).



the estimates of inoculum density of the pathogen obtained with
EA were comparable to those obtained with PM. The PM medium
allowed both an easy identification of microsclerotial colonies of
V. dahliae and the detection of the most propagules per sample.

Considerable differences were observed in the time needed to
process a sample, in the bias, and in the precision of three
commonly used soil assays for V. dahliae. The wet sieving
technique was the most, and dilution plating the least time-
consuming technique. A large part of the time required to assay
one sample with the Andersen sampler technique was due to
weighing precisely 50-mg subsamples from each soil sample. This
step could be expedited, possibly making the Andersen sampler the
least time-consuming technique, by assaying subsamples of a given
volume rather than a given weight of soil.

Whereas dilution plating detected nearly 100% of the
microsclerotia introduced in steamed silica sand, approximately 10
and 40% were lost when the samples were processed with the
Andersen sampler and wet sieving techniques, respectively. Based
on the data presented by Butterfield et al (7), a bias of 5% of the
actual inoculum density was expected for the Andersen sampler in
the present study, as we used only the upper sieve plate of the
Andersen sample. The bias observed for the Andersen sampler
technique in the present study was slightly higher than expected. In
the presence of a natural soil microflora, the systematic loss of
microsclerotia of V. dahlige in the Andersen sampler seemed to be
“compensated for™, as the estimates of inoculum density for the
Andersen sampler technique and dilution plating were comparable
in naturally infested soil samples. One possible reason for this
phenomenon could be a difference in the interactions of soil
microorganisms on the selective substrate. The dispersion of the
dry soil particles in 400 separate spots on the surface of the agar
(Andersen sampler technique) might give V. dahliae a better
chance to compete with the rest of the microflora present in the
sample, than the spreading of soil particles in a film of water
(dilution plating technique). Whereas the bias of dilution plating
and that of the Andersen sampler were comparable, more than
40% of the inoculum present in steamed silica sand escaped
detection with wet sieving. Similarly, estimates of inoculum
densities in naturally infested soil samples were on average twice as
large with Andersen sampler and dilution plating than with wet
sieving. These results are in agreement with the findings of
Butterfield et al (7) that 30-509% of the propagules of Verticillium in
samples of field soil passed through the 37-um-mesh sieve and with
the report of Camporota and Rouxel (8) that approximately 68%

TABLE 4. Comparison of detected inoculum densities of Verricillium
dahlige (in propagules per gram of soil, ppg) in naturally infested soil
samples using the soil dilution plating (DP), Andersen sampler (AS), and
wet sieving (WS) technique

Inoculum density (ppg)” Ratio  Ratio

Sample DP AS WS DP/WS AS/WS
1 0.60 a’ 1.60 a 0.32a 1.88 5.00
2 12,20 a 15.60 a 526 b 2.32 2.97
3 1333a 1040 a 376 b 3.46 2.77
4 1520b 3240 a 7.10b 2.14 4.56
5 21.60a 21.60a 9.74 b 2.22 2,22
6 23.20b  44.00 a 9.78 ¢ 2.37 4.50
7 4380a 4200a 17.30b 2.53 2.43
8 5420a 38.00b 3486b 1.55 1.09
9 96.20a B8560a 48440 1.99 1.75

10 164.80 a 129.60 b 101.12¢ 1.63 1.28

Average’ 42.58a 4208a 2376b 2.21 2.79

*Estimates of inoculum density for each sample and each technique are
based on colony counts from 50 petri plates.

YWithin each line, means followed by a different letter were significantly
different (P<<0.05; pairwise comparisons on the square-root transformed
data).

*Averages followed by a different letter were significantly different
according to the Newman-Keuls multiple range test on square-root
transformed data (P << 0.05).

of the microsclerotia from naturally infested soil were smaller than
40 pm.

For each of the three soil assays examined in the present study, a
positive correlation was found between the average inoculum
density in a soil sample and the standard error of the sample mean.
This relationship was quantified with linear models. Within the
range of soil inoculum densities observed in this study, the
estimated models were s = 0.588u(50/n) = 29.40u/n, and s° =
0.071u(5/n) = 0.355/n, for Andersen sampler and wet sieving,
respectively, where s was the estimate of the standard error of the
mean, p the average inoculum density, and n the number of
subsamples taken from the soil sample. For dilution plating, the
model was

§ = (masi + s3) /2 = (0.188n; + 9.039)u/ninz,

where m; and n; were the number of subsamples per sample and
number of aliquots per subsample, respectively. For the three soil
assays, the precision of the estimates of soil inoculum density
decreased (as the standard error increased) with increasing
inoculum densities. However, the standard errors expressed as
percent of the average inoculum density (ratio s X 100/ u, based on
the models) were decreasing functions of u, indicating that the
relative precision of the assays increased with increasing soil
inoculum densities. These results are in agreement with earlier
observations on the dependence of the precision of soil assays on
average inoculum densities in the soil samples (2,6). Based on the
models, expected values of the standard error were computed and
compared with data available in the literature. In a study of the wet
sieving technique, Ashworth et al (2) reported standard errors of
0.02 and 2.11 for inoculum densities of 0.13 and 46.97 ppg,
respectively. The corresponding expected standard errors based on
our model were 0.02and 2.37, respectively. Such a close agreement
was not found with data available on the Andersen sampler
technique: Butterfield and DeVay (6) reported that standard
deviations were less than 10% of the mean propagule number for
inoculum densities higher than 20 ppg. A lower level of precision
was observed for the Andersen sampler in the present study, as the
estimated coefficients of variation calculated from the model for
Andersen sampler decreased from 1219% for 20 ppg to 449% for 150
ppg. Calculated standard errors based on data presented by Ben
Yephet and Pinkas (4) on a cesium chloride flotation technique
were also found to be approximately proportional to inoculum
densities. The estimate of the standard error was s* = 0.668u/n,
indicating that the level of precision of the flotation technique was
similar to that of wet sieving for an inoculum range of 0.1-22 ppg.

The proportionality between sample variance and average
inoculum density observed for all three techniques suggested that

TABLE 5. Cost in time to assay one soil sample for Verticillium dahliae,
based on a total of 50 petri plates per sample, for each of three techniques

Wet Dilution Andersen
sieving plating sampler
Step (min) (min) (min)
Weigh subsamples 2-3 2-3 20-25
Plate subsamples
dilution or wet sieving® 8-10 |
label plates
impact soil on plate’
dispense aliquots” 12-15 13-15 20-25
spread soil on plates’
change subsample
Wash flasks and tubes 2 2
Total soil processing 24-30 18-21 40-50
Counting colony- 75-80 40-45 35-40
forming units (90 sec/plate) (50 sec/plate) (45 sec/plate)
Total 100-110 58-66 75-90

*Dilution plating and wet sieving only.
¥Andersen sampler only.
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the counts of Verticillium per plate might have a Poisson
distribution (30). The assumption of a random dispersion of
inoculum in the homogenized soil would also lead to the
hypothesis that the number of microsclerotia present in a
subsample had a Poisson probability distribution (30). For each of
the 10 soil samples assayed in this study, the frequency
distributions of colony counts observed for the Andersen sampler
technique and for the dilution plating technique (50 observations
per sample for each technique) were compared with a Poisson
model (Tables 6 and 7). For all but one sample, a good fit of the
Poisson distribution was obtained for the observed data from both
the Andersen sampler and the dilution plating techniques.

Within the range of inoculum densities observed in the present
study, the standard errors associated with the estimates of soil
inoculum density in a given sample were consistently lowest for wet
sieving, and tended to be highest for Andersen sampler. The
estimate of soil inoculum density obtained for a given sample was,
therefore, the most precise with wet sieving and tended to be the
least precise with Andersen sampler. These results were obtained
for the particular case in which an equal number of petri plates (50
in the present study) was used per sample for each technique. As
the precision of the estimate of soil inoculum density depends on
the number of subsamples taken from a sample (and also on that of
aliquots per subsample for dilution plating), any given level of
precision could be achieved with any of the three techniques by
using appropriately large numbers of petri plates. For practical
reasons, the number of petri plates needed per sample to obtain a
given level of precision for the estimate of inoculum density was
chosen as a criterion of comparison of the three soil assays. Using
the linear models described earlier, the standard error of the mean
for each soil assay was expressed as a function of the number N of
petri plates used per sample, rather than of the number n of
subsamples taken from a soil sample. For the Andersen sampler, n
and N were identical; for wet sieving, N was equal to 10 n as 10
plates were used per subsample. Finally for dilution plating, N was
equal to the number of subsamples taken (1) times the number of
plates used per subsamples (n:); the particular case n: = 1 (one
aliquot taken from each subsample) was considered in the
computations, as it corresponded to the highest level of precision
achievable with dilution plating. The resulting expressions of the
models were §°=29.40u/ N, $°=3.55u/ N,and §°=9.23 u/ N, for
the Andersen sampler, wet sieving, and dilution plating,
respectively. It can be seen from these expressions that the cost of
obtaining a given level of precision for the estimates of soil
inoculum density would be highest with Andersen sampler and
lowest with wet sieving,.

To select the most desirable soil assay technique for V. dahliae,
Andersen sampler, wet sieving, and dilution plating were ranked
based on their performances in each of the experiments conducted

TABLE 6. Fit of a Poisson model to the frequency of colony-forming units
of Verticillium dahliae per plate for 10 naturally infested soil samples
assayed with the Andersen sampler technique®

in this study. The Andersen sampler technique was considered least
desirable, as it was slightly biased, more time consuming than
dilution plating, and required more petri plates than dilution
plating or wet sieving to obtain a given level of precision of the
estimate of inoculum density in a soil sample. Wet sieving was the
most precise method, but also the most biased and the most time
consuming. Dilution plating was the least biased and the least
time-consuming technique, but it appeared less precise than wet
sieving for a given number of petri plates used to assay a soil
sample. The choice between wet sieving and dilution plating was
based on the following considerations. Supposing that wet sieving
consistently underestimated the inoculum density of V. dahliae in
soil samples by a constant percentage, it would be possible to
calculate an unbiased estimate of inoculum density for each sample
by multiplying the estimate obtained from the assay by a constant
“compensation factor”, 8. If she seuing Was the variance of the sample
mean associated with the estimate of inoculum density in a sample
of soil, then the variance of the sample mean, sk sieving., associated
with the transformed, presumably unbiased, estimate of inoculum
density would be shei sievings = B5%e1 sieving (28,30). Based on the results
presented in Table 4, the estimates of inoculum density in samples
of field soil were on the average 2.21 times larger with dilution
plating than with wet sieving. The associated models for the
variance of the sample mean were s = 3.55 4/ N, and s* =9.23 1/ N,
for wet sieving and dilution plating, respectively, where u was the
average inoculum density in the sample and N the number of petri
plates used for the assay of one soil sample. After multiplication by
the “compensation factor” 8= 2.21, the transformed sample mean
would have a variance skei sevinge = (2.21) 5% sieving = 17.34 u/ N.
Because of the correction for the bias of the technique, the
corrected estimate obtained with wet sieving would be less precise
than that obtained with dilution plating. Conversely, a greater
number of plates would be needed with wet sieving than with
dilution plating to achieve a given level of precision for an unbiased
estimate of soil inoculum density in a sample. It should be noted
that the possibility of transforming the estimates of inoculum
density obtained with wet sieving, to compensate for its bias,
depends on the assumption that these estimates could be multiplied
by a known, constant, compensation factor. However, the
variations of the ratios of dilution plating/wet sieving shown in
Table 4 suggest that such an assumption may not always be
appropriate. Based on these considerations, the dilution plating
technique was chosen by the authors for further work on the
inoculum density of V. dahliae in field soil.
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