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Minimal Growth Temperature of Pasteuria penetrans 1 

Z. X.  CHEN 2 AND D. W. DICKSON 3 

Abstract: Pasteuria penetrans is an obligate, mycelial, and endospore-forming bacterial parasite of 
Meloidogyne spp. with promise for the management of root-knot nematodes. Our objective was to use 
regression analysis of developmental time (days) to various temperatures to determine the minimal 
temperature for growth and development of P. penetrans in Meloidogyne spp. The data set for regression 
originated from a previously published report. The data fit well to hyperbolic equations. For various 
developmental stages of P. penetrans, the minimal growth temperature ranged from 16.7 °C to 17.8 °C 
and averaged 17.2 °C. 
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Pasteuria penetrans (Thorne) Sayre & Starr 
is an obligate, mycelial, and endospore- 
forming bacterial parasite of Meloidogyne 
spp. that has shown potential as a biological 
control agent against root-knot nematodes 
(Chela et al., 1996; Dickson et al., 1994). Fu- 
ture successful use of the organism depends 
on our ability to manipulate its develop- 
ment. Pasteuria penetrans has not been grown 
on artificial media (Bishop and Ellar, 1991). 
Currently, the parasite must be reared on 
Meloidogyne spp., which, in turn, must be 
reared on susceptible plants (Sharma and 
Stirling, 1991) or in a nematode-root ex- 
plant system (Verdejo andJaffee, 1988). The 
former method, using potted tomato plants 
in a greenhouse or growth chamber, is 
widely used for production of endospores of 
P. penetrans. Several factors have been shown 
to affect the development of P. penetrans in 
such culture. Ammonium nitrate is capable 
of slowing the development of P. penetrans 
(Z. X. Chen and D.W. Dickson, unpubl.), 
and some chemicals, such as chloropicrin 
and methyl bromide, prevent development 
but do not prevent attachment (Freitas, 
1997). However, the most important factor 
affecting development may be temperature 
(Hatz and Dickson, 1992; Serracin et al., 
1997). Bacteria have a characteristic optimal 
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growth temperature at which they exhibit 
their highest growth and reproduct ion 
rates, a minimal growth temperature below 
which they are metabolically inactive and do 
not demonstrate growth, and an upper tem- 
perature limit beyond which they ~fail to 
grow (Atlas and Bartha, 1993). Both the op- 
timal growth temperature and the ranges of 
temperatures that microorganisms can tol- 
erate determine their distribution and eco- 
logical significance (Atlas and Bartha, 
1993). 

The production of endospores increases 
with temperatures above 20 °C, and an op- 
timum temperature for growth has been re- 
ported as 35 °C (Hatz and Dickson, 1992). 
The objective of this study was to provide 
further information on the temperature re- 
quirements of a Florida isolate of P. pen- 
etrans by determining the minimal growth 
temperature for its development. 

MATERIALS AND METHODS 

Data source: All data were derived from a 
publication by Hatz and Dickson (1992). 
The development of P. penetrans in the 
nematode pseudocoelom was categorized 
into nine stages as follows: A) early vegeta- 
tive stage, B) later stage, C) mycelial 
branches, D) fragmentation, E) sporangial 
development, F) sporangium size increas- 
ing, G) endospore development, H) sporan- 
gia separation, and I) mature sporangium. 
The developmental time (days) for each 
stage at various temperatures was reported. 
Stages A, C, D, F, H, and I were selected for 
this study because they are the most defini- 
tive growth stages. 
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Data analysis: For each selected develop- 
mental  stage of  P. penetrans, a hyperbolic 
equation was used to describe the relation- 
ship between time (days) and temperatures. 
The minimal temperature was derived from 
the hyperbolic equation (Sentilles, 1989): 

c 
y = a + - -  (1) x - l )  

where y is the mean time (days) for devel- 
opmen t  of  each selected stage of P. pen- 
etrans; x is temperature (°C); c is the recip- 
rocal of the slope parameter for the linear 
regression of x against 1 / (y  - a) (see Equa- 
tion 3 in results and discussion section), ap- 
proximate to the thermal constant (K); a is 
the horizontal asymptote, approximate to 
the minimal growth period at most favor- 
able conditions; and b is the vertical asymp- 
tote, approximate to the minimal growth 
temperature requirement at which tempera- 
ture y approaches plus infinity. Here, b is 
defined as the minimal growth temperature. 
A diagram of Equation 1 is shown in Fig. 1. 
All calculations were accomplished by using 
a Curve Fit module in SigmaPlot (SPSS, Chi- 
cago, IL). The parameter a in Equation 1, 
however, was empirically determined as 3, 5, 
6, 8, 12, and 15 days for stages A, C, D, F, H, 
and I, respectively, before computing the 
data. 

RESULTS AND DISCUSSION 

Rate of development rather than time of 
development has generally been used in es- 
timating minimal growth temperature for 
insects and nematodes (Bastian and Hart, 
1991; Ferris et al., 1978; Jackson and Elliott, 
1988), and the subject was recently reviewed 
by Trudgill (1995). Rearranging and taking 
the reciprocal of Equation 1, then, 

1 x - b  
(2) 

y - - a - -  c 

let y' = y - a, b' = I / c ,  a' = b/c, rewrite 
Equation 2, then, 

1 
- - a '  + b' x (3) y' 

where 1/y' is the rate of  development of P. 
penetrans, and a' and b' are the intercept and 

y = a + c / ( x -  b) 

a 

b 
FIG. 1. Diagram of  hyperbolic equat ion of  y = a + 

c / ( x  - b). The  variables a n d  parameters  o f  the  equat ion  
were def ined as follows: y is the  m e a n  developmenta l  
t ime (days) o f  each stage of  Pasteuria penetrans; x is tem- 
pera ture  (°C); c is the  thermal  cons tant  (degree days); 
a is the  horizontal  asymptote,  approximate  to the mini- 
mal growth t ime of  P. penetrans growing u n d e r  mos t  
favorable conditions;  and  b is the vertical asymptote, 
a p p r o x i m a t e  to the  m i n i m a l  g rowth  t e m p e r a t u r e  
( threshold of  development)  o f  P. penet*'ans at which 
tempera ture  y approaches  plus infinity. 

slope parameters of the linear regression of 
the rate of  development to temperature. 

Apparently it is easier to use developmen- 
tal rate (1/time) for linear regression; how- 
ever, several complications arise when using 
rate (Equation 3) instead of time (Equation 
1) for regression analyses (Kramer et al., 
1991). In least-square estimations, one tries 
to minimize the function f( Y- y) = ~(  Y- y) 2, 
where Yis the predicted response value and 
y is the observed response value. Minimizing 
the squared error for rate is not  equivalent 
to minimizing the squared error for time, 
and the parameter  estimation using time 
was superior to that of rate (Kramer et al., 
1991). Thus, we regressed time using Equa- 
tion 1. 

The relationships between the growth 
time and temperature fit well using Equa- 
tion 1 (Fig. 2). Coefficients of determination 
(r~), ranging from 0.969 to 0.997, were sig- 
nificant in all regressions (P <-- 0.05). The 
minimal growth temperature for the various 
stages of  P. penetrans (parameter b, Eq. 1) 
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FIG. 2. Regression of the developmental time (days) of various stages of Pasteuria penetrans to temperatures. 
Definitions of the developmental stages were as reported by Hatz and Dickson (1992). Six of the nine develop- 
mental stages reported by Hatz and Dickson (1992) were selected for regression analyses: A) Early vegetadve stage. 
B) Mycelial branches. C) Fragmentation. D) Sporangium size increasing. E) Sporangia separation. F) Mature 
sporangium. 
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was determined to range from 16.7 °C to 
17.8 °C. The narrow temperature range sug- 
gests that P. penetrans might have the same 
minimal growth temperature requirement 
for all developmental stages. The mean 
minimal growth temperature for all life 
stages of P. penetrans was 17.2 °C. The ther- 
mal constants (parameter c, Eq. 1) for stages 
A, C, D, F, H, and I were approximately 138, 
151,161, 197, 298, and 302 degree-days, re- 
spectively (Fig. 2A-F). 

It is kno~qa that temperature-growth time 
curves fit hyperbolae only for a certain 
range of temperatures. The curve departs 
from the hyperbola at either end of the fa- 
vorable range, resulting from both high- and 
low-temperature inhibition. Consequently, 
some authors have suggested that only the 
data at the favorable range may be used to 
estimate the parameters of regressions 
(Jackson and Elliott, 1988; Trudgill, 1995). 
The coefficients of determination in our re- 
gressions were close to 1, indicating that the 
data fit well to the hyperbola and that the 
tested temperatures were in the favorable 
range for the development of P. penetrans. 

The horizontal asymptote a is frequently 
set to zero to simplify computation (Equa- 
tion 1) (Bastian and Hart, 1991; Ferris et al., 
1978; Jackson and EUiott, 1988). Theoreti- 
cally, a is the minimal growth time of P. pen- 
etrans at most favorable conditions. We esti- 
mated these avalues to be 3, 5, 6, 8, 12, and 
15 days for stages A, C, D, F, H, and I, re- 
spectively. The regressions of growth time to 
temperature, however, were significant for 
all developmental stages when the a values 
were set to zero (P----- 0.05). Consequently, in 
the case where a is set to zero, the calculated 
thermal constants for stages A, C, D, F, H, 
and I were 179, 216, 239, 313, 495, and 560 
degree-days, and minimal growth tempera- 
tures were 16.7, 17.0, 16.8, 16.3, 15.2, and 
14.8 °C, respectively. The minimal growth 
temperature for each developmental growth 
stage was more variable in this case than 
when we used different a values for each. 
When a values were set to zero, the mean 
minimal growth temperature for all devel- 
opmental stages of P. penetrans was 16.1 °C. 

Degree-days have been used to predict the 

development ofP. penetrans (Bird, 1986; Ser- 
racin et al., 1997; Sharma and Stirling, 1991; 
Stifling, 1981). Since we had different mini- 
mal growth temperatures based on the val- 
ues used for determining a, the calculation 
of degree-days was different. For calculating 
degree-days (DD) using minimal growth 
temperature (b) of 16.1 °C, the equation is 
DD = D ( T -  b), where T is the temperature 
(°C) and D is the growth time (days). Oth- 
erwise, using minimal growth temperature 
of 17.2 °C, the equation is DD = (D - a) (T 
- b) (Fig. 2A-F). 

Pasteuria penetrans is considered a meso- 
philic bacterium (Hatz and Dickson, 1992). 
Thus, this endospore-forming parasite of 
nematodes may have a high minimal growth 
temperature. An accurate determination of 
the minimal growth temperature is cur- 
rently impossible without in vitro cultiva- 
tion. However, using regression analyses, we 
determined the minimal growth tempera- 
ture to be approximately 17 °C, which is 
considerably higher than the 10 °C minimal 
growth temperature required for M. arenaria 
(Ferris et al., 1978). Minimal growth tem- 
perature is an important parameter for un- 
derstanding the biology of P. penetrans. The 
life cycle of P. penetrans was considered to be 
synchronized with the development of root- 
knot  nematodes  (Bird, 1986; Mankau, 
1981). However, this concept was chal- 
lenged by some recent observations. Various 
developmental stages of P. penetrans were ob- 
served simultaneously in the pseudocoelom 
of root-knot nematodes (Chen et al., 1997). 
Pasteuria penetrans also develops in second- 
stage juveniles (D. W. Dickson, unpubl.; 
Giblin-Davis et al., 1990) and males (Dick- 
son et al., 1994; Page and Bridge, 1985) of 
Meloidogyne spp. The different minimal 
growth temperature requirements of P. pen- 
etrans and M. arenaria further verify that the 
development of both organisms is not syn- 
chronized. At low temperature, the two or- 
ganisms may undergo two completely differ- 
ent life cycles, with M. arenaria completing 
its life cycle and the development of P. pen- 
etrans being inhibited. Thus, understanding 
minimal growth temperature may facilitate 
our ability to amplify the bacterium in field 
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s i t u a t i o n s ,  as we l l  as i m p r o v e  o u r  ab i l i t y  t o  

c u l t i v a t e  t h e  b a c t e r i u m  i n  vivo.  
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