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Estimating Incidence of Attachment of Pasteuria 
penetrans Endospores to Meloidogyne spp. with 

Tally Thresholds 1 
Z.  X .  CHEN AND D .  W .  DICKSON 2 

Abstract: Pasteuria penetrans has .been identif ied as an  impor tan t  biological control  agen t  of  root-knot  
nematodes .  In this study the use o f  tally thresholds  was evaluated for es t imat ing P. penetrans endospore  
a t t achmen t  to second-stage juveniles  (J2) of  Meloidogyne spp. A tally threshold  (7) is def ined as the  
m a x i m u m  n u m b e r  o f  individuals in a sample  un i t  that  may be t reated as absen t  based on  binomial  
sampling.  T h ree  different  data  sets that  or iginated f rom centrifugal  bioassay, incubat ion bioassay, and  
field exper iments  were investigated. T he  data  sets each conta ined  70, 33, and  1 ] 1 est imates of  the  m e a n  
n u m b e r  o f  endospores  a t tached pe r  J2 (m), respectively. Empirical relat ionships between m and  pro- 
port ions o f  J2 with ~ T  endospores  a t tached (PT) were developed us ing  parameters  f rom the l inear 
regression o f  In(m) on  Pw (0 < PT < 1): In(m) = a + b PT" Twas  set to 0, 1, 2, 3, 4, 5, 8, and  10 endo- 
spores/J2.  T he  results indicated tha t  the  variances o f  l inear equat ions  t ended  to decrease with increas- 
ing Tvalues  for all three data sets. Tvalues  o f  0, 1, 8, and  10 endospores / J2  for centrifugal  bioassay and  
incubat ion bioassay, and  of  0, 1, 2, and  3 endospores / J2  for field exper iments  were associated with an 
r 2 of/---0.8. These  Tvalues  were robust  for es t imat ing m f rom PT, reduc ing  the  variability as well as the  
t ime a n d  effort spen t  in est imating the  m e a n  n u m b e r  of  endospores  a t tached per  J2. 

Key words: bacter ium, biological control,  endospore ,  Meloidogyne spp., nematode ,  Pasteuria penetrans, 
root-knot nematode ,  sampling,  tally threshold.  

Pasteuria penetrans (Thorne) Sayre & Starr 
is an obligate, mycelial, and endospore- 
forming bacterial parasite of  root-knot 
nematodes (Sayre and Starr, 1985). Endo- 
spores of P. penetrans attach to the cuticle of 
second-stage juveniles 02) of Meloidogyne 
spp. in soil. The endospores germinate and 
send a germ tube through the nematode 
body wall and into the pseudocoel after the 
J2 enters a plant root and establishes a feed- 
ing site. The parasitized nematodes are able 
to develop into females and males but are 
incapable of reproduction (Bird, 1986). The 
females, and sometimes males (Hatz and 
Dickson, 1992) become filled with endo- 
spores, which are eventually released into 
soil upon host disintegration. 

Determining the incidence of endospore 
attachment to J2 is important in evaluating 
the biological control efficacy of P. penetrans. 
The most commonly used bioassays involve 
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counting the numbers of endospores at- 
tached to J2. Endospores of P. penetrans are 
able to attach to any part of the J2 body 
surface (Stirling, 1991), but the constant 
movement of nematodes and the contents 
of their intestines hinder viewing and direct 
counting of attached endospores under the 
light microscope. 

Recently, binomial sampling became a 
useful method for estimating population 
densities of organisms that have a binomial 
distribution (Binns and Bostanian, 1990; 
Feng et al., 1993). In binomial sampling, the 
only information retained from a sample 
unit is whether or not the organism is pre- 
sent. The percentage of units without the 
organism is used to estimate the mean den- 
sity, based on an empirical relationship be- 
tween mean density and the percentage in- 
festation level. Binomial sampling usually re- 
duces the time and effort spent estimating 
the mean density (Binns and Bostanian, 
1990). Shortcomings associated with bino- 
mial sampling include requiring a larger 
number of samples and a higher variance 
associated with the mean density than for 
methods that involve direct counting of all 
individuals (Binns and Bostanian, 1990; 
Nyrop and Binns, 1991). The application of 
tally thresholds in binomial sampling has 
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been  repor ted  to reduce the variance greatly 
and thus make binomial sampling more  at- 
tractive (Binns and Bostanian, 1990; Feng et 
al., 1993; Nyrop and Binns, 1991). A tally 
threshold (T) is def ined as the maximum 
number  of  individuals in a sample uni t  that 
may be treated as absent (Binns and Bosta- 
nian, 1990; Nyrop and Binns, 1991). For ex- 
ample, when T is set to 5, samples with 4 5  
individuals are counted  as having the organ- 
ism absent. Therefore ,  a tally threshold sam- 
piing using T--- 0 defaults to the binomial 
sampling. 

Before tally thresholds can be used prac- 
tically, the relationship between the mean  
densities (m) and  the propor t ions  of  no  
more  than a p rede te rmined  tally threshold 
of  individuals (PT) must  be de te rmined .  
This can be done through a theoretical dis- 
t r ibut ion,  such as the Poisson (Tippet t ,  
1932) or  the negative b inomial  (Pielou, 
1960),  o r  t h r o u g h  regress ion .  Li t t le  is 
known about  the relationship between the 
mean n u m b e r  of  endospores a t t ached  per  
J2 (mean density) and the propor t ion  of  
sample units with different tally thresholds. 
The  objectives of  this study were to establish 
the empirical relationships between m and 
PT and determine  the potential  sampling er- 
rors associated with the application of  the 
tally threshold as a quantitative tool in stud- 
ies on biological control  of  nematodes.  

MATERIALS AND METHODS 

Data collection: Three  previously repor ted  
data sets were used for mathematical  analy- 
ses: endospore  a t tachment  of  P. penetrans to 
J2 of  M. arenaria race 1 in a centrifugal bio- 
assay, in an incubation bioassay (Chen et al., 
1996a), and in a field exper iment  (Chen et 
al., 1996b). In the centrifugal bioassay, en- 
dospore-f i l led females were hand-p icked  
and ground in deionized water with a glass- 
tissue grinder.  The  suspensions usually were 
diluted in water containing approximately 1 
million endospores /ml .  A combinat ion of  
the diluted endospore  suspensions and 2- 
day-old J2 suspensions were placed in a mi- 
crofuge tube and centrifuged at 8,700gfor 2 
m i n u t e s  (Hewle t t  and  Dickson,  1993).  

Nematodes were removed f rom the tubes 
with a pipette and placed in Coming  cell 
wells (Coming,  Corning, NY). Numbers  of  
endospores attached to individual J2 were 
d e t e r m i n e d  on  15 to 31 nematodes  per  
sample with the aid of  a light microscope at 
x450. Seventy samples with a range of  endo- 
spore a t tachment  f rom 0.2 to 20.9 endo- 
spores/J2 ,were examined.  

In the incubation bioassay, tomato roots 
containing approximately 80 million endo- 
spores /g  of  root  material were ground in a 
Wiley mill (Model 4, Arthur  H. Thomas,  
Philadelphia, PA) to a powder  that passed 
though a sieve with 5-mm-pore openings 
(Chen et al., 1996a). A 0.5-g sample of the 
root  powder  plus 5 ml of  deionized water 
were placed in a 6-cm-diameter mortar  and 
ground with a pestle to a slurry. The slurry 
was transferred to a 100-ml Erlenmeyer  flask 
and diluted to 100 ml with deionized water. 
A combinat ion of  0.9 ml o f  the diluted en- 
dospore suspension and 0.1 ml of  a 2-day- 
old J2 suspension of  290 +- 25 J 2 / m l  was 
placed into a Coming  cell well (Coming,  
Corning, NY) and incubated at 22 to 25 °C 
for 18 hours. The number  of  endospores 
a t tached per  J2 was est imated on 15 J2. 
Thirty-three samples were examined,  and 
the endospore  a t tachment  ranged from 0.3 
to 36.0 endospores/J2.  

In the field experiment ,  the soil was in- 
fested with P. penetrans endospores before  
the cropping season in order  to evaluate its 
suppressiveness to roo t -kno t  n e m a t o d e s  
(Chen et al., 1996b). Second-stage juveniles 
were extracted at harvest from soil with cen- 
trifugal flotation (Jenkins, 1964). Numbers 
of  endospores at tached per  J2 were deter- 
mined on 15 to 20 nematodes  per  sample. 
One hundred  eleven samples, with a range 
of  endospore  a t tachment  of  0.1 to 28.8 en- 
dospores/J2,  were examined. 

Data f rom the three data sets were used 
separately to compute  the mean endospore  
a t tachment  (m), variance (s2), and the pro- 
port ion of  J2 (PT) with ~< T (tally threshold) 
endospores attached; Twas set to 0, 1, 2, 3, 
4, 5, 8, and 10 endospores/J2.  The  relation- 
ships between ln(m) (natural logari thm of  
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the mean)  and PT were established for each 
of  the three  data sets at different T values. 

Data analysis: For each tally threshold, the 
empirical relat ionship between m and PT 
was developed using parameters  f rom the 
linear regression of ln(m)  on PT (0 < PT < 1): 

ln(m) = a + b PT (1) 

where m is the mean  n umber  of  endospores 
at tached per  J2; PT is the propor t ion  of  J2 
with ~< T endospores attached; and a and b 
are intercept  and slope parameters  f rom the 
regression, respectively. The  antilogarithm 
form of  equation 1 is: 

rtZ = e a+b PT = C e b PT (2) 

where c equals e ~. Equation 2 gives an esti- 
mate of  m for  a given PT obtained in the 
sample. 

The  variance vat(m), which is associated 
with estimation of  m f rom PT, consists of  
two c o m p o n e n t s - - a  p red ic t ion  variance,  
varp(m), and a sampling variance, vars(m) 
(Binns and Bostanian, 1990; Feng et al., 
1993; Nyrop and Binns, 1991): 

Varp (m) = 

m2Sm 2 ( l / N +  (PT - aVgPT)2/SSPT) (3) 

vats(m) = m2Sm 2 (4) 

where N is the n u mb e r  of  data points used 
to fit equat ion 1; Sna 2 i s  the variance about  m, 
when values for  m are genera ted  f rom ob- 
served PT values using equaton 1; aVgPT is 
the mean  value of  the independen t  variable 
PT used in the regression; SSP T is the sum of  
the squares of  the deviations of  the indepen- 
den t  variable PT used in the regression. 

To compare  the potential  sampling errors 
that would be involved in estimating m from 
PT using the empirically de te rmined  m and 
PT relationships, Karandinos '  formula was 
used (Karandinos, 1976): 

( Zc~/2S~ 2 
n = \ dm J (5) 

where Z~/2 is the standard normal  deviate 
such that P(Z  > Z~,/2) = e~/2; d is the prede- 
t e r m i n e d  c o n f i d e n c e  interval  half-width 
(CI) as a p ropor t ion  of  the mean  (d = CI /  
m); and s ~ is the variance estimated for pre- 

diction of  m, here  s 2 = varp(m) + vary(m). 
When  0t is set to 0.05 (95% confidence) ,  
then Z~/2 equals approximately 2 and the 
sampling er ror  (E = d/Za/2) is approximately 
half  of  the estimated dvalue. Equation 5 was 
rear ranged and the terms of  varp(m) and 
var2(m ) incorporated:  

d = Z~/2~varp(m)+nVars(m)m (6) 

This equat ion gave a d value that could 
actually be attained when an estimate of  PT, 
obtained in the sample reading and based 
on a desired sample size n, was used to esti- 
mate  the co r respond ing  m. It should be 
noted  that d would change with n and PT in 
relation to m. The  e~ level used for calcula- 
tion of  d was always 0.05. 

The  relationships of  means (m) and vari- 
ances (s 2) associated with the means for en- 
dospore  a t t achment  data f rom the three  
data sets were subjected to analyses by Tay- 
lor's power law (Taylor, 1961): 

ln(s 2) = ln(a) + b ln(m) (7) 

In Taylor's power law, the relationship be- 
tween ln(s 2) and ln(m) is linear. The  slope 
value, b, indicates the kind of  distribution 
that m may possess. For example,  a slope 
value of  greater  than 1 indicates a conta- 
gious distribution (Taylor, 1961). The  tally 
threshold sampling requires that  the mean  
(m) has a contagious distribution (Binns 
and  Bostanian,  1990; Feng  et al., 1993; 
Nyrop and Binns, 1991). 

RESULTS AND DISCUSSION 

The  results of  Taylor's power law analyses 
on the three data sets are shown in Fig. 1. 
The  variances (s 2) regressed bet ter  to the 
means of  data f rom the incubation bioassay 
and field experiments,  yielding h igher  r ~ val- 
ues, than to the centrifugal bioassay. The 
slopes from all three data sets were >1, indi- 
ca t ing a con tag ious  d i s t r ibu t ion  o f  the  
mean, regardless of  the different methods  
used for endospore  at tachment.  The  slopes 
f rom data attained from the incubation bio- 
assay and the field expe r imen t  were 1.6, 
which was greater  than the slope of  1.3 at- 
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FIG. 1. Analysis of the relationships between the 
means (m) and the variances (s ~) associated with m us- 
ing Taylor's power law. The means were the number of 
Pasteu,ria penetrans endospores attached to the second- 
stage juveniles of Meloidogyne arenaria race 1. A) Endo- 
spore attachment from centrifugal bioassay. B) Endo- 
spore attachment from incubation bioassay. C) Endo- 
spore attachment from field experiment. 

tained with the centrifugal bioassay (P ~< 
0.01). In all cases, Taylor 's  intercepts In(a) 
were >0 (Fig. 1), indicating that  the ratio of  
s2/m, which was equal to am b- 1 (a>  1, b> 1), 
was >1 and changed with m for each of  the 
data sets. Therefore ,  a logari thmic transfor- 
mat ion  of  the data is needed  before  the 
analysis of  variance and  means  separat ion 
test are conducted  (Southwood, 1978). 

Results  f r o m  the l inea r  r eg ress ion  o f  
ln(m) on PT f rom the three  data sets are 
listed in Table 1. Equation 1 fitted the data 
sets well with coefficients of  de terminat ion  
(r 2) of  approximate ly  0.8 for  most  of  the 
tally thresholds, regardless of  endospore  at- 
t a c h m e n t  inc idences  o b t a i n e d  f r o m  the 
three data sets. The  regression was no t  sig- 
nificant for T = 10 for the field exper iment  
data set, and  the results were omitted.  In 
practice,  PT was es t imated  f rom samples  
based on a part icular  tally threshold. The  
mean  n u m b e r  of  endospores  at tached per  
J2 (m) was calculated f rom PT according to 
Equation 2; a and  b were the in tercept  and 
slope, respectively, o f  the l inear regression 
(Table 1). 

The  variances of  Equation 1 (Sin 2) tended  
to decrease with increasing T values for  all 
th ree  da ta  sets. T h e  variances also were  
g r e a t e r  fo r  e n d o s p o r e  a t t a c h m e n t  inci- 
dences f rom the field exper imen t  than for 
those f rom the incubat ion bioassay and  cen- 
trifugal bioassay (Table 1). Under  field con- 
ditions, the age structure of  J2 and  the en- 
dospore  concentra t ion distribution in soil 
probably  were highly variable. Many envi- 
ronmenta l  conditions and  ecological factors 
could affect the a t t achment  incidence of  P. 
penetrans to Meloidogyne spp. (Bird et  al., 
1989; Chen et al., 1996a; Hatz and  Dickson, 
1992; Stirling et al., 1990). Second-stage ju- 
veniles with d i f ferent  n u m b e r s  of  endo-  
spores at tached also may have different fates 
in soil. The  non-significant regression at T = 
10 unde r  field condit ion suggested that  the 
mortali ty of  J2 with >10 endospores  at tached 
probably  increased abruptly, hence  yielding 
a randomized  PT that no  longer  correlated 
with the change of  ln(m). 

The  m range  increased with increasing T 
values, because Pw was preset  at PT > 0 and  
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TABLE 1. Parameters from linear regression of the number of endospores attached per second-stage juvenile 
(ln (m)) as a proportion of juveniles with ~< T endospores attached (PT) at different T values, a 

T N b a b r 2 3m 2c SSPT a m ranges aVgPT e 

Endospore attachment from centrifugal bioassay 
0 42 1.4152 -3.1962 0.84 0.1273 2.6802 0.2-4.8 0.2990 
1 64 1.9203 -2.7149 0.83 0.1076 4.2924 0.2-9.3 0.3779 
2 60 2.2311 -2.2555 0.73 0.1007 3.1751 0.4-9.3 0.5203 
3 57 2.5065 -211201 0.68 0.0853 2.2571 0.9-9.3 0.6480 
4 54 2.9478 -2.3389 0.75 0.0755 2.1780 1.1-20.9 0.7215 
5 49 2.9858 -2.1742 0.71 0.0740 1.8028 1.1-20.9 0.7565 
8 33 3.3366 -2.1758 0.79 0.0616 1.5118 2.1-20.9 0.8203 

10 26 3.3801 -2.1473 0.81 0.0634 1.3835 2.1-20.9 0.8180 
Endospore attachment from incubation bioassay 

0 21 2.3833 -4.8348 0.81 0.1948 0.6768 0.3-11.6 0.1810 
1 26 2.7040 -3.9780 0.87 0.1250 1 .2891  0.3-14.4 0.2538 
2 26 2.7605 -2.8491 0.74 0.1126 0.9372 1.1-14.4 0.2855 
3 28 2.9342 -2.5732 0.79 0.1033 1.4879 1.1-23.4 0.3535 
4 27 2.9657 -2.2376 0.75 0.0847 1 .2851  2.1-23.4 0.3881 
5 27 3.0922 -2.2197 0.76 0.0830 1.3146 2.1-23.4 0.4483 
8 26 3.3248 -2.1519 0.83 0.0471 1.1811 2.9-23.4 0.5459 

10 25 3.5408 -2.1616 0.86 0.0356 1.1053 3.7-36.0 0.5783 
Endospore attachment from field experiment 

0 102 3.0253 -5.55t0 0.84 0.4405 7.5461 0.1-23.7 0.5805 
1 83 3.2173 -4.3385 0.85 0.2784 6.5330 0.2-23.7 0.6014 
2 70 3.4490 -3.9330 0.83 0.2397 4.9922 0.3-23.7 0.6277 
3 63 4.0946 -4.3654 0.83 0.2292 3.4860 0.3-28.8 0.6643 
4 52 3.9604 -3.7388 0.79 0.2052 2.7392 0.7-28.8 0.6559 
5 49 4.1211 -3.6924 0.75 0.2149 2.2544 0.8-28.8 0.6823 
8 41 4.0781 -3.1223 0.68 0.1880 1.6388 1.3-28.8 0.6885 

a The linear equation is In (m) = a + b PT, where m is the mean number of endospores attached perJ2; PT is the proportion of 
J2 with ~<Tendospores attached; all regression equations were significant at P ~ 0.001; Tis the tally threshold, defined as the 
maximum number of individuals in a sample unit that may be treated as absent; and a and b are intercept and slope parameters 
fi'om the regression analysis, respectively. 

b Nis the number of data points used to fit the equation. 
c Sn2 is the variance of the equation. 
a SSPT is file sum of the squares of the deviations of the independettt variable P'r used in the regression. 

avgP T is the mean value of the independent variable PT used in the regression, 

PT < 1. D a t a  pa i r s  o f  l n ( m )  a n d  PT wi th  PT = 

1 w e r e  e x c l u d e d  f r o m  r e g r e s s i o n  analysis  to  

r e d u c e  t h e  b ias .  W h e n  e s t i m a t i o n s  w e r e  

b a s e d  m e r e l y  o n  a b i n o m i a l  s a m p l i n g  ( T  = 

0) ,  t h e  v a r i a n c e s  w e r e  g r e a t e r  t h a n  t h o s e  f o r  

t h e  o t h e r  T v a l u e s  ( T a b l e  1).  T h u s ,  c h o o s -  

i n g  a r a t i o n a l  T v a l u e  w o u l d  g ive  r ise  to  a 

p r e c i s e  e s t i m a t i o n  o f  m, a l o n g  w i t h  a des i r -  

a b l e  d e t e c t i o n  r a n g e  o f  m. A c c o r d i n g l y ,  in  

T a b l e  1, T va lues  o f  0, 1, 8, a n d  10 w e r e  

i m p o r t a n t  f o r  e s t i m a t i n g  t h e  e n d o s p o r e  at- 

t a c h m e n t  (m) f r o m  PT in  t h e  c e n t r i f u g a l  b io -  

assay a n d  i n c u b a t i o n  b ioassay,  w h e r e a s  0, 1, 

2, a n d  3 w e r e  i m p o r t a n t  f o r  t h e  f i e ld  e x p e r i -  

m e n t  data .  T h e s e  T va lues  w e r e  a s s o c i a t e d  

w i t h  b o t h  h i g h  c o e f f i c i e n t s  o f  d e t e r m i n a t i o n  

( r  2) a n d  d i f f e r e n t  m r a n g e s  t h a t  w e r e  i d e a l  

f o r  d e t e c t i n g  b o t h  l o w  a n d  h i g h  n u m b e r s  o f  

e n d o s p o r e s  a t t a c h e d  p e r  J2 .  

H a l f - w i d t h s  o f  9 5 %  c o n f i d e n c e  in t e rva l s  as 

a p r o p o r t i o n  o f  t h e  m e a n  (d) (Eq.  6) v a r i e d  

f r o m  0 .04  to 0 .37 a m o n g  t h e  T va lues  f o r  

d a t a  sets f r o m  t h e  c e n t r i f u g a l  b ioassay,  i ncu -  

b a t i o n  b i o a s s a y ,  a n d  f i e l d  e x p e r i m e n t  

( T a b l e  2).  T h e  d v a l u e s  a lso  w e r e  v a r i a b l e  

wi th  c h a n g i n g  o f  PT in  r e l a t i o n s h i p  to avgP T 

(Eq.  3);  h e n c e ,  t h e y  a r e  p r e s e n t e d  as a r a n g e  

o f  d. T h e  d v a l u e  f o r  a g i v e n  T v a l u e  w o u l d  

b e  r e d u c e d  by i n c r e a s i n g  t h e  s a m p l e  size 

(n) .  H i g h  d v a l u e s  w e r e  a s s o c i a t e d  w i t h  t h e  

e s t i m a t i o n  o f  m f r o m  PT in  t h e  d a t a  se t  f r o m  
t h e  f i e ld  e x p e r i m e n t ,  w h e r e a s  l ow d va lues  

w e r e  a s s o c i a t e d  wi th  t h e  e s t i m a t i o n  f r o m  t h e  

c e n t r i f u g a l  b ioassay  a n d  m e d i u m  d v a l u e s  

w e r e  a t t a i n e d  f r o m  t h e  i n c u b a t i o n  b ioassay.  

I n  m o s t  cases,  i n c r e a s i n g  t h e  T v a l u e s  w o u l d  

r e d u c e  d. A d v a l u e  o f  0.2 is p r o b a b l y  ad-  

e q u a t e  f o r  m o s t  r e s e a r c h  p u r p o s e s .  T h i s  re-  
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TABLE 2. Confidence interval half-widths as a proportion of the mean (d) associated with the estimation of 
number of endospores attached per second-stage juveniles (12) (m) from the proportion of J2 with ~< Tendospores 
attached (PT) at different Tvalues with different sample sizes (n). 

Ranges of d ~ 

7 b n = 15 n = 25 n = 50 n = 100 m ranges 

Endospore attachment from centrifugal bioassay 
0 0.20-0.22 0.15-0.17 0.10-0.11 0.08-0.08 0.2-4.8 
1 0.18-0.19 0.14-0.14 0.09-0.10 0.07-0.07 0.2-9.3 
2 0.18-0.19 0.14---0.14 0.09-0.10 0.07-0.07 0.4-9.3 
3 0.16-0.18 0.12-0.14 0.08-0.09 0.06-0.07 0.9-9.3 
4 0.15-0.17 0.11-0.13 0.08-0.09 0.05-0.06 1.1-20.9 
5 0.15-0.17 0.11-0.13 0.08-0.09 0.05-0.06 1.1-20.9 
8 0.14-0.17 0.10-0.12 0.07-0.08 0.05-0.06 2.1-20.9 

10 0.14-0.17 0.11-0.13 0.07-0.09 0.05-0.06 2.1-20.9 
Endospore attachment from incubation bioassay 

0 0.25-0.35 0.19-0.26 0.13-0.18 0.09-0.12 0.3-11.6 
1 0.20-0.24 0.15-0.18 0.10-0.12 0.07-0.08 0.3-14.4 
2 0.19-0.23 0.14-0.17 0.09-0.12 0.07-0.08 1.1-14.4 
3 0.18-0.20 0.13-0.15 0.09-0.10 0.06-0.07 1.1-23.4 
4 0.16-0.19 0.12-0.14 0.08-0.10 0.06-0.07 2.1-23.4 
5 0.1 6-0.18 0.12-0.13 0.08-0.09 0.06-0.06 2.1-23.4 
8 0.12-0.14 0.09-0.10 0.06-0.07 0.04-0.05 2.9-23.4 

10 0.11-0.12 0.08-0.09 0.05-0.06 0.04-0.04 3.7-36.0 
Endospore attachment from field experiment 

0 0.37-0.37 0.27-0.28 0.18-0.19 0.13-0.13 0.1-23.7 
1 0.29-0.30 0.22-0.22 0.15-0.15 0.10-0.11 0.2-23.7 
2 0.27-0.28 0.20-0.21 0.14-0.14 0.10-0.10 0.3-23.7 
3 0.27-0.28 0.20-0.21 0.13-0.14 0.09-0.10 0.3-28.8 
4 0.25-0.27 0.19-0.20 0.1 3-0.14 0.09-0.10 0.7-28.8 
5 0.26-0.28 0.19-0.21 0.13-0.14 0.10-0.10 0.8-28.8 
8 0.24-0.27 0.18-0.20 0.12-0.14 0.09-0.10 1.3-28.8 

a The ¢z level used for computation of d is 0.05 (95% confidence) for all situations. 
b T is the tally threshold, defined as the maximum number of individuals in a sample unit that may be treated as absent. 

q u i r e d  t h e  s a m p l e  sizes o f  25 J 2  f o r  t h e  c e n -  

t r i fuga l  b ioassay,  25 to 50 J 2  f o r  t h e  i n c u b a -  

t i o n  b i o a s s a y ,  a n d  50  J 2  f o r  t h e  f i e l d  

e x p e r i m e n t  ( T a b l e  2).  

E s t i m a t i o n  o f  t h e  n u m b e r  o f  e n d o s p o r e s  

a t t a c h e d  p e r  J 2  f r o m  t h e  p r o p o r t i o n  o f  J 2  
wi th  ~<T e n d o s p o r e s  a t t a c h e d  was f ea s ib l e  

b o t h  t h e o r e t i c a l l y  a n d  p rac t i ca l ly .  U s e  o f  

tal ly t h r e s h o l d s  w o u l d  r e d u c e  c o n s i d e r a b l y  

t h e  t i m e  a n d  e f f o r t  to  d e t e r m i n e  t h e  n u m -  

b e r  o f  e n d o s p o r e s  a t t a c h e d  p e r  J2 .  A l t h o u g h  

this  m e t h o d  r e q u i r e d  a l a r g e  s a m p l e  size (25 

to  50 J 2 / s a m p l e ) ,  i t  was re la t ive ly  easy a n d  

r a p i d  to  d e t e r m i n e  a J 2  w i t h  ~< T o r  >I T en -  

d o s p o r e s  a t t a c h e d ,  t h u s  m a k i n g  t h e  m e t h o d  

less t i m e - c o n s u m i n g .  I n  p r a c t i c e ,  s o m e  J 2  

h a d  seve ra l  d o z e n  to  s eve ra l  h u n d r e d  e n d o -  

s p o r e s  a t t a c h e d .  O b t a i n i n g  a n  a c c u r a t e  

c o u n t  w h e n  a l a r g e  n u m b e r  o f  e n d o s p o r e s  

w e r e  a t t a c h e d  p e r  J 2  was b o t h  d i f f icu l t  a n d  

t e d i o u s .  T h e  T v a l u e s  in  th i s  s t u d y  w e r e  

smal l ,  a n d  u s i n g  a tally t h r e s h o l d  w o u l d  ob-  

v ia te  c o u n t i n g  t h e s e  l a rge  n u m b e r s .  T h u s ,  

by  c h o o s i n g  an  a p p r o p r i a t e  T va lue ,  e spe-  

cial ly w i t h  h i g h  r 2 ( T a b l e  1) a n d  a d e s i r a b l e  

s a m p l e  size, t h e  n u m b e r  o f  e n d o s p o r e s  at- 

t a c h e d  p e r  J 2  c o u l d  b e  d e t e r m i n e d  easi ly 

a n d  prec i se ly .  
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