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Temperature-Dependent Development of Pasteuria 
penetrans in Meloidogyne arenaria 1 

M. SERRACIN, 2 A. C. SCHUERGER, 3 D. W. DICKSON, 4 AND D. P. WEINGARTNER 5 

Abstract: Pasteuria penetrans is a promising biological control agent of plant-parasitic nematodes. This 
study was conducted to determine effects of temperature on the bacterium's development in Meloidogyne 
arenaria. Developmental stages of P. penetrans were viewed with a compound microscope and verified 
with scanning electron microscopy within each nematode at 100 accumulated degree-day intervals by 
tracking accumulated degree-days at three temperatures (21, 28, and 35 °C). Five predominant  devel- 
opmental  stages of  P. penetrans were identified with light microscopy: endospore germination, vegetative 
growth, differentiation, sporulation, and maturation. Mature endospores were detected at 28, 35, and 
>90 calendar days at 35, 28, and 21 °C, respectively. The number  of accumulated degree-days required 
for P. penetrans to reach a specific developmental stage was different for each temperature. Differences 
were observed in the development of P. penetrans at 21, 28, and 35 °C based on regression values fitted 
for data from 100 to 600 accumulated degree-days. A linear response was observed between 100 to 600 
accumulated degree-days; however, after 600 accumulated degree-days the rate of development of  P. 
penetrans leveled off at 21 and 28 °C, whereas at 35 °C the rate decreased. Results suggest that accumu- 
lated degree-days may be useful only in predicting early- developmental stages of P. penetrans. 

Key wards: bacterium, biological control, degree-days, development, endospore, life cycle, Meloidogyne 
arenaria, Pasteuria penetrans, root-knot nematode, scanning electron microscopy, temperature. 

Pasteuria peneo'ans (Thorne)  Sayre & Starr 
is considered among  the most promising 
biological control  agents for the manage- 
ment  of  species of Meloidogyne (Dickson et 
al., 1994; Stirling, 1984). Its obligate parasit- 
ism, however, makes it difficult to culture in 
vitro (Williams et al., 1989). Currently, the 
product ion  of  large quantities of  inoculum 
requires in vivo cultivation in a control led 
environment .  Tempera ture  is known to af- 
fect the development  of  P. penetmns in vivo 
(Davies et al., 1988; Hatz and Dickson, 1992; 
Na ka sono  et  al., 1993; Stir l ing,  1981). 
Stirling (1981) concluded that all stages of  
the bacterium's life cycle were favored by 
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temperatures that were opt imum for nema- 
tode development.  Hatz and Dickson (1992) 
repor ted  that a Florida isolate of  the bacte- 
r ium developed more  quickly within the 
host at 30 and 35 °C than at 25 °C or below, 
with opt imum development  at 35 °C. In con- 
trast, a Japanese isolate was favored by a soil 
temperature  of  approximately 30 °C when 
cultured under  greenhouse conditions (Na- 
kasono et al., 1993). Because temperature  in 
greenhouses is likely to fluctuate diurnally 
and seasonally, unders tanding how tempera- 
ture affects the development  of  P. penetrans 
inoculum could aid in forecasting when bac- 
terial cultures have reached  full maturity 
(Stirling, 1981). 

Accumulated degree-days provide a physi- 
ological-time measurement  of  the rate of  
n e m a t o d e  d e v e l o p m e n t  ( A l s t o n  a n d  
Schmitt, 1988; Ferris et al., 1978) and are 
calculated by summing the total number  of  
heat  units above a base threshold tempera- 
ture for  a 24-hour day (Tyler, 1933). Under  
l abora to ry  condi t ions ,  degree-days  have 
been used to predict  the occurrence of  par- 
t icular  life stages of  n e m a t o d e s  (Tyler,  
1933); unde r  field conditions, degree-days 
have been used to measure the rates of  de- 
velopment  of  several nematode  species (Ar- 
nold, 1960). However, degree-day accumu- 
lation has not  been used to predict  develop- 
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m e n t a l  s tages  o f  P. penetrans fo r  mass  
rearing. 

The  objective of  the cur rent  study was to 
observe the deve lopment  of  P. penetrans with 
light microscopy (LM) and scanning elec- 
t ron microscopy (SEM) to establish stages 
that  could be  categorized and  to use this 
informat ion in de te rmin ing  the influence of  
tempera ture ,  as measured  by degree-day ac- 
cumulat ion,  on the rate of  deve lopment  of  
P. penetrans in M. arenaria. Prel iminary stud- 
ies revealed P. penetrans vegetative f ragments  
that  may have been  artifacts resulting f rom 
the fixation process for  light microscopy.  
This was studied fur ther  with SEM. 

MATERIALS AND METHODS 

Nematode and bacterium cultures: Single egg- 
mass cultures of  M. arenaria race 2 were 
r ea r ed  on t o m a t o  Lycopersicon esculentum 
Mill. cv. Rutgers and  mainta ined in a tem- 
perature-control led greenhouse  between 28 
°C (mean  daily t empe ra tu r e )  and  24 °C 
(mean night  t empera ture ) .  Eggs were ex- 
tracted with a sodium hypochlori te  solution 
(Hussey and  Barker, 1973). Second-stage ju- 
veniles (J2) were allowed to hatch in a modi-  
fied Bae rmann  funnel  (Pitcher and Flegg, 
1968) for  2 to 3 days and  collected on an 
autoclaved 26-pm-pore sieve. 

An isolate of  P. penetrans originally ob- 
tained f rom roots of  an unknown host  in- 
fected with root -knot  n e m a t o d e  in Pasco 
County, Florida (Oos tendorp  et al., 1990), 
was cul tured following the p rocedure  de- 
scribed by Stirling and  Watchel (1980). To 
obtain infected nema tode  females, the roots 
were incubated overnight  in 1:8 (v/v) aque- 
ous solution of  Cytolase PCL5 (Genencor  
In te rna t iona l ,  Roll ing Meadows, IL) and  
ma in ta ined  at r o o m  t e m p e r a t u r e  (ca. 25 
°C). Softened roots were placed on a 600- 
pm-pore  open ing  sieve nested over a 100- 
pm-pore  open ing  sieve and  sprayed with a 
vigorous s t ream of  tap water. Dislodged fe- 
males were examined  for P. penetrans infec- 
t ion with an inverted c o m p o u n d  microscope 
at x40. 

For developmenta l  studies of  P. penetrans 
the bac ter ium was cul tured on M. arenaria 

race 2 growing on dwarf cherry tomato  cv. 
Florida Petite. Seeds of  the tomato  were sur- 
face-steri l ized in an aqueous  solut ion of  
2.5% NaOC1 for 5 minutes,  r insed twice with 
sterile deionized water, and germina ted  in 
vermiculite at 23 °C to 28 °C. Ten  days later, 
20 seedlings were t ransp lan ted  into indi- 
vidual 15-cm-diam. pots  con ta in ing  p u r e  
silica sand. Plants were m a i n t a i n e d  in a 
g reenhouse  for  21 days before  nema tode  in- 
oculation. All seedlings were watered twice 
daily with a hydroponic  nu t r ien t  solution 
(Schuerger  and Mitchell, 1992). 

Suspensions of  1 x 105 endospores  pe r  ml 
were  p r e p a r e d  by d i s rup t ing  e n d o s p o r e -  
filled females in distilled water with a glass 
tissue gr inder  and  prepar ing  a serial dilu- 
tion with deionized water. Endospore  sus- 
pensions were stored before  use in glass test 
tubes at 4 °C for  no longer  than 5 days. At 
inoculation, approximate ly  30,000 J2 were 
t rans fe r red  to a 250-ml Er l enmeyer  flask 
containing the endospore  suspension, and  
the flask was placed in a Lauda  RMS-20 re- 
c i rculat ing water  ba th  (Br inkman  Instru- 
ments,  Westbury, NY) for  24 hours  at 25 °C 
to ensure  that  greater  than 95% of  J2 be- 
came e n c u m b e r e d  with endospores .  To es- 
t imate the n u m b e r  of  endospores  at tached 
to J2, a subsample  f rom the flask was placed 
in a plastic petr i  dish. Twenty J2 were ob- 
served with an inverted microscope at xl00. 
Endospore  numbers  ranged  f rom 15 to 20 
endospores / J2 .  Approx ima te ly  500 endo-  
spore -encumbered  J2 were p ipet ted  a round  
the roots o f  each of  six tomato  plants on two 
successive occasions at 12-hour intervals; 
thus, each  p l an t  rece ived  a p p r o x i m a t e l y  
1,000 spore -encumbered  J2. All inoculations 
were p e r f o r m e d  at 25 °C, and  plants were 
ma in ta ined  at 25 °C for  2 days to allow 
nematodes  to invade the roots. After 2 days, 
the inoculated plants were removed  f rom 
the sand cultures, washed free of  sand with a 
gentle s t ream of  water, and  then  t ransferred 
to 2.5-1iter opaque  plastic containers filled 
with h y d r o p o n i c  n u t r i e n t  solut ion.  T h e  
stock nut r ien t  solution was composed  of  the 
following inorganic salts (Sigma Chemical  
St. Louis, MO): 4.51 mM Ca(NO3) z • 4H20,  
3.48 mM KNO 3, 1.0 mM KH2PO4, 1.65 mM 
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MgSO 4 • 7H20,  0.037 mM H3BO 4, 7.28 pM 
MnSO4. H20,  4.59 pM ZnSO 4" 7H20,  3.5 
pM CuG12* 2H20, 0.0074 pM (NH4) 6 
M0024" 4H20 , a n d  Fe2(SO)3 mixed  in 
equivalent molar  concentrat ions (89.9 pM) 
with d ie thy lene t r i amine-pen taace t i c  acid 
(DTPA) as a chelating agent  (Schuerger and 
Mitchell, 1992). The  nut r ien t  solution in 
each container  was aerated with compressed 
air flowing through carbon air filters (Gel- 
man Versaflow Filter, Gelman Science, Ann 
Arbor, MI) to ensure clean air. 

Each plant was secured in the container  
by hold ing  the stem with a 28-mm-diam. 
open-celled polyurethane foam plug (Dispo 
Plug, Baxter Healthcare,  Stone Mountain, 
GA). Before use, the po lyure thane  foam 
plugs were heated  to 70 °C for 24 to 48 
hours  and then autoclaved at 121 °C (1.1 
k g / c m  2) for  30 minutes as r e commended  by 
Wheeler  et al. (1985) to eliminate phyto- 
toxic compounds.  The  pH of  the nutr ient  
solution was moni tored  daily with a portable 
pH mete r  and was maintained between pH 
5.5 to 5.8 by addit ion of  0.5 M HNO s and 
0.02 M KOH. Containers were refilled with 
nutr ient  solution as needed  to keep the to- 
mato roots completely submerged. 

Life stages of P. penetrans Light and scan- 
ning electron microscopy: At designated sam- 
pling times bacteria-infected nematode  fe- 
males were collected. Five galls f rom each of  
six tomato plants were randomly selected 
and excised f rom the roots, and the females 
were separated f rom the root  tissue by incu- 
bation overnight in a 1:8 (v/v) aqueous so- 
lution of  Cytolase PCL5 at room tempera- 
ture (ca. 25 °C). 

A numerical  rating index based on the 
work by Hatz and Dickson (1992), Sayre and 
Starr (1985), Williams (1960), and our  own 
observations of  the developmental  stages of 
P. penetrans, was assigned to each nematode  
infected with P. penetrans. The  index corre- 
sponded to the p redominan t  developmental  
stage (greater than 50% of  the particular 
developmental  stage in each nematode)  as 
follows: 1 = germinat ion stage---endospores 
at tached to the cuticle with clearly observ- 
able germ tubes penetrat ing the cuticle and 
hypodermis  o f  J2; 2 = vegetative growth 

s tage-- the  format ion of  mycelial colonies 
and  thalli  d i ssemina ted  t h r o u g h o u t  the 
pseudocoelom; 3 = differentiation s tage--  
thalli f ragmentat ion and detection of  quin- 
tets, quartets,  triplets, and  doublets;  4 = 
sporulation s tage--developing endospores  
with distal swollen ends and appearance of  
the endospore  coat; 5 = mature  stage free 
mature  ellipsoidal endospores with the spo- 
rangium wall clearly visible. 

A total of  30 P. penetrans-infected female 
nematodes  were ra ted at each sampling 
time. Nematodes were moun ted  in lactophe- 
nol and 1% methyl blue stain (v/w) (Sigma 
Chemical, St. Louis, MO) on glass micro- 
scope slides. Nematodes were crushed by ap- 
plying pressure to cover slips placed over the 
nematodes  and lactophenol  stain. The  de- 
velopmental  stages of  P. penetrans were de- 
termined by examining the contents f rom 
the female bodies with bright-field LM at 
xl00. Photographs of  the bacterium's life 
stages were recorded  on Kodak Professional 
Tungsten film (E.I. = 160, Eastman Kodak 
Company, Rochester, NY). 

To confirm the categorization of  the bac- 
terial developmental  stages as de termined  
by LM, specimens were subjected to SEM. 
Nematodes infected with P. penetrans were 
col lected and ext rac ted  as descr ibed for  
light microscopy and then  processed for  
SEM. N e m a t o d e  specimens  were r insed  
three times in deionized water and placed 
on 1-cm pieces of  moist Whatman No. 1 fil- 
ter paper  (Whatman International  Limited, 
Springfield Mill, Kent, England) .  Nema- 
todes were rup tured  with fine forceps and 
smeared on to the filter paper  before trans- 
ferring the samples to chilled (4 °C) 2% glu- 
taraldehyde in 0.07 M phosphate  buffer (pH 
6.8). After 24 hours, the samples were rinsed 
in chilled buffer (4 °C) four  times at 20- 
minute  intervals and post-fixed with simi- 
larly buffered and chilled 2% osmium te- 
troxide for 2 hours. Samples were washed 
three times in chilled buffer, three times in 
chilled deionized water, and then allowed to 
stabilize at r o o m  t e m p e r a t u r e  (25 °C). 
Samples were dehydrated through a 25, 50, 
75, 95, and 100% ethanol series. After a sec- 
ond  rinse in 100% ethanol ,  the samples 
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were immersed in hexamethyldisalazane 
(Alltech Associates, Deerfield, IL) and main- 
tained at room temperature for 5 minutes. 
Specimens of P. penetrans were then air- 
dried overnight, mounted on double-sided 
sticky tape attached to aluminum SEM stubs, 
sputter coated with gold palladium, and ex- 
amined with an Hitachi F-530 scanning elec- 
tron microscope (Hitachi Instruments, Dan- 
bury, CT) operating at 20 kV. Photographs 
of life stages of P. penetrans were recorded on 
Professional Polaroid 10- × 12.7-cm Instant 
Film No. 55 (Polaroid Corporation, Cam- 
bridge, MA). 

Temperature study: Six of the hydroponi- 
cally grown M. arenaria P. penetrans-infected 
tomato plants were randomly placed inside 
each of three plant-growth incubators  
(Model 23L, Rheem Manufacturing, Ashe- 
ville, NC). Incubators were set at 21, 28, or 
35 °C. Plants were exposed to 14 hours of 
continuous light per day from nine 20-watt 
fluorescent light bulbs providing 120 pmol/  
m2/s of photosynthetically active radiation. 
Light levels were measured at the tops of the 
plant canopies with a portable light meter 
(Model L1-189, Li-Cor, Lincoln, NE). Ambi- 
ent temperature and relative humidity fluc- 
tuated + 2 °C and from 60% to 75%, respec- 
tively, for all growth incubators throughout 
the experiment. Soil temperature was moni- 
tored by inserting bi-metal thermocouples 
(Omega, Stamford, CT) into two plastic con- 
tainers for each temperature. Data were col- 
lected with a Campbell Scientific CR7X 
Measurement and Control System (Camp- 
bell Scientific, Logan, UT). Environmental 
data were processed using The Land's data- 
base management system (Muller and Har- 
riot, 1984). The experiment was repeated 
after randomizing the temperature treat- 
ments among the three plant-growth incu- 
bators. All experimental procedures were 
similar in both trials, except that 2,000 J2 
were added per plant during inoculation in 
the second trial. 

Degree-days: Degree-days were calculated 
by summing the total heat units per day and 
subtracting the base threshold temperature 
of 10 °C reported for M. arenaria (Ferris et 
al., 1978). Each plant from each tempera- 

ture was non-destructively sampled through- 
out the experiment at 100 accumulated de- 
gree-day intervals until each treatment accu- 
mulated 1,000 degree-days. Sampling of 
nematodes infected with P. penetmns was 
performed in an identical manner as de- 
scribed above (see section for life stages). 

Experimental design and data analysis: The 
e x p e r i m e n t a l  design was a repea ted-  
measures design that was blocked for trial. 
The main plot factor was temperature, and 
the subplot factor was time-measured by ac- 
cumulated degree-days. The data were sub- 
jected to analysis as a split-plot after check- 
ing that the assumptions of equal correla- 
tion between all time points were not  
violated. Data from both trials were com- 
bined between 100 and 600 degree-days for 
each temperature and subjected to analysis 
by linear regression with PROC GLM of the 
Statistical Analysis System (SAS/STAT Us- 
er's Guide, SAS Institute, vol. 2, 1990, Cary, 
NC). The coefficient of determination (R2), 
the value of the slopes, and plots of residuals 
vs. predicted values were used to evaluate 
the data. Statistical significance was at the P 
-- 0.05 level. 

RESULTS 

Life stages--Light microscopy: Five develop- 
mental stages of P. penetrans in M. arenaria 
race 2 were identified with LM--germina- 
tion, vegetative growth, differentiation, spor- 
ulation, and maturity (Fig. 1). Developmen- 
tal stage 1 (germination of the endospore) 
was established as the approximate time 
when germ tubes of attached endospores 
penetrated the cuticle and the nematode hy- 
podermal layer (Fig. 1A). Developmental 
stage 2 (vegetative growth), occurred when 
mycelial colonies and vegetative thalli 
formed within the pseudocoelom of devel- 
oping juvenile stages (Fig. 1B). Eventually, 
mycelial colonies that appeared to be at- 
tached by intercalary hyphae became swol- 
len clusters (Fig. 1B,C). Developmental 
stage 3 (thalli differentiation) occurred with 
the elongation of distal cells and the frag- 
mentation of vegetative thalli (Fig. 1D) into 
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quintets, triplets, and  doublets.  These frag- 
m e n t e d  clusters were observed th roughou t  
the body of  the nematode .  During develop- 
menta l  stage 4 (sporulat ion) ,  oval-shaped 
imma tu re  sporangia  with the visible coat  
were observed a t tached by intercalary myce- 
lial threads, and  the longitudinal  walls of  the 
sporangia  appea red  thickened (Fig. 1E,F). 
Developmenta l  stage 5 (maturity) was ob- 
served after the endospores  had acquired an 
ellipsoidal shape, and  the sporangium wall 
was observed on individual endospores .  At 
stage 5, mature  endospores  (Fig. 1G) usually 
filled the entire body cavities o f  nematodes .  

Scanning electron microscopy: Life-stages of  
P. penetrans observed with LM were con- 
f i rmed with SEM (Fig. 2). P rominen t  bifur- 
cation of  the mycelial colonies (stage 2) 
were observed (Fig. 2A-C). Distal thalli cells 
(stage 3) appea red  to f r agment  into filamen- 
tous f ragments  of  quintets, quartets, triplets, 
and  double ts ;  these f r a g m e n t s  o f t en  ap- 
pea red  a t tached near  the cell center.  Swell- 
ing of  terminal  cells led to the format ion  of  
endospores ,  followed by a change in the de- 
veloping sporangia  f rom oval to elliptical 
shape. Endospores  still appea red  connec ted  
by hyphal strands at this stage (stage 4) be- 
fore the appearance  of  the spore coat  and  
the exospor ium (Fig. 2H).  After format ion  
of  the external  membranes ,  the immature  
sporangia  a p p e a r e d  swollen at one  polar  
po in t ,  a n d  several  long i tud ina l  l ines or  
ridges were observed in the endospore  wall 
(Fig. 2I,J). The  mature  endospore  (stage 5) 
eventually de t ached  f rom the central  hy- 
phae  but  r emained  enshea thed  by the spo- 
rangial m e m b r a n e s  and a wrinkled exospo- 
r ium (Fig. 2K). 

Temperature and development of P. penetrans: 
Tempera tu re ,  as measured  by both  calen- 
dar-days and accumula ted  degree-days, af- 
fected dura t ion  of  the P. penetrans life cycle 
(Table 1). Germina t ion  and penet ra t ion  of  
the cuticle and  hypodermis  (stage 1) oc- 
curred 9 to 10, 6, and  4 to 5 calendar  days 
after inoculation at 21, 28, and  35 °C, re- 
spectively. Vegetative growth (stage 2) was 
the p r e d o m i n a n t  stage observed at 27 to 28 
ca lendar  days af ter  inoculat ion at 21 °C; 
however,  vegetative mycelia  was observed 
earlier at 28 and  35 °C than at 21 °C. Thalli 
differentiation (stage 3) was most  numerous  
between 45 to 49, 17, and  20 to 24 days after 
inoculat ion at 21, 28, and  35 °C, respec- 
tively. Sporulafion (stage 4) was detec ted  af- 
ter 50 calendar  days at 21 °C but  occur red  
sooner  at 28 and  35 °C. Mature endospores  
(stage 5) were detected as early as 34 and  28 
calendar  days after inoculation at 28 and 35 
°C, respectively. However ,  no  n e m a t o d e s  
were detected at 35 °C by day 40. Few endo- 
spores were observed after 65 calendar  days 
(data not  shown) at 21 °C, and  they were 
never  the p r e d o m i n a n t  stage before 90 cal- 
endar  days. 

A c c u m u l a t e d  degree -days  r e q u i r e d  to 
reach each developmenta l  stage were gener- 
ally different for each t empera tu re  (Table 
1). Germina t ion  o f  the endospores  (stage 1) 
requi red  100 degree-days for all tempera-  
tures. Vegetative growth (stage 2) was pre- 
dominan t  after 300 degree-days at 21 °C or 
at 200 to 300 degree-days at 28 and  35 °C. 
Different iat ion of  thalli and  detect ion of  
f ragments  (stage 3) including quintets, trip- 
lets, quartets, and  doublets  occur red  a round  
500 degree-days at 21 °C, and 400 degree- 

FIG. 1. Light microscopy of developmental stages of Pasteuria penetrans P100 parasitizing Meloidogyne arenaT~a 
race 2 cultured on tomato plants cv. Florida Petite growing in a hydroponic system. Developmental stage 1 
(germination of the endospore) was established as the approximate time when germ tubes (gt) of attached 
endospores penetrated the cuticle and the nematode hypodermal layer (A). Developmental stage 2 (vegetative 
growth) = mycelial colonies (mc) and vegetative thalli (th) formed within the pseudocoelom of developing juvenile 
stages (B). Eventually, mycelial colonies that appeared to be attached by intercalary hyphae became swollen 
clusters (B,C). Developmental stage 3 (thalli differentiation) = elongation of distal cells (ds) and the fragmentation 
of vegetative thalli (D) formed quintets (q), triplets (t), and doublets (d). These flagmented clusters were observed 
throughout the body of the nematode. Developmental stage 4 (sporulation) = oval-shaped immature sporangia 
with the visible cortex (c) attached by intercalary mycelial threads (arrow), and the longitudinal walls of the 
sporangia appeared thickened (E,F). Developmental stage 5 = mature endospores (G) filled the entire body 
cavities of nematodes. Stage 5 was observed after the endospores had acquired an eUipsoidal shape, and the 
exosporiuro (ex) was observed on individual endospores. Bars = 20 pro. 



FIG. 2. Scanning electron micrographs of developmental stages of Pasteuria penetrans P100 parasitizing Meloido- 
gyne arenaria race 2 cultured on tomato plants cv. Florida Petite growing in a hydroponic system. Life-stages of P. 
penetrans observed with light microscopy were confirmed (see Fig. 1). Prominent bifurcation of the mycelial 
colonies (mc) (stage 2) were observed (A-C), Distal thalli cells observed (stage 3) appeared as filamentous 
fragments of quintets (D), quartets (E), triplets (F), and doublets (G); these fraganents often appeared attached. 
Swelling of terminal cells led to the formation of the endospores (en), followed by a change in the developing 
sporangia from oval to elliptical shape. Endospores still appeared connected by hyphal strands at this stage (stage 
4) before the appearance of the spore coat and the exospofium (H). After formation of the external membranes, 
the immature sporangia appeared swollen at one polar point, and several longitudinal lines or ridges (r) were 
observed in the endospore wall (I,J). The mature endospore (stage 5) eventually detached from the central hyphae 
but  remained ensheathed by the sporangial membranes and a wrinkled exosporium (K). Bars = 1 pro. 
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TABLE 1. Calendar  days and  accumula ted  degree-days requi red  to detect  p r e d o m i n a n t  developmenta l  stages 
o f  Pastcuria penetrans P100 in Meloidogyne arenaria race 2. 

Calendar  days a Accumula ted  degree-days b 
Developmental 

stagC 21 °C 28 °C 35 °C 21 °C 28 °C 35 °C 

Trial 1 
Germina t ion  9 6 4 100 100 100 
Vegetative growth 27 11 12 300 200 300 
Differentiation 49 17 24 500 400 400 
Sporulat ion 62 28 28 600 500 600 
Maturity stage 90 35 28 1,000 600 900 

Trial 2 
Germinat ion  10 6 5 100 I00 100 
Vegetative growth 28 11 9 300 200 200 
Differentiation 45 17 20 500 400 400 
Sporulat ion 56 28 24 700 500 500 
Maturity stage 90 34 30 1,000 600 700 

a Calendar days are equivalent to Julian days. 
b Degree-days calculated with base temperature of 1O °C of M. arenaria reported by Ferris et al. (1978). 
c The predominant developmental stages of P. penetrans over time were estimated. For details see text. 

days at 28 and 35 °C. It appeared that sporu- 
lation (stage 4) required at least 600 degree- 
days at 21 °C, but  this stage was first detected 
at 500 accumulated degree-days at 28 °C and 
became the p redominan t  stage thereafter.  
At 35 °C, mature  endospores  also were first 
observed at 600 accumulated degree-days. 
The  n u m b e r  o f  nematodes  available de- 
clined, and no nematodes  were found by 
1,000 accumulated degree-days. Al though 
some endospores  (stage 5) were detected 
before 1,000 degree-days at 21 °C, the most 
numerous  stages estimated before 1,000 de- 
gree-days were not  fully developed. 

The  development  of  P. penetrans was esti- 
mated  with l inear  regression by plot t ing 
t empera tu re  against accumulated  degree- 
days. Development  appeared to level off be- 
yond 600 accumulated degree-days at 21 and 
28 °C, but  at 35 °C the number  of  nema- 
todes available for  sampling decreased. Only 
data between 100 and 600 degree-days were 
combined f rom both trials and subjected to 
analysis with regression (Fig. 3A). Develop- 
menta l  o f  P. penetrans exhibi ted  a l inear  
t rend at 21 and 28 °C (Fig. 3B). However, 
data f rom trials 1 and 2 at 35 °C were vari- 
able. The  est imated regression equat ions 
are as follows: 21 °C, Y = 0.0045X + 0.850 (R 2 
= 0.78; P = 0.0001); 28 °C, Y = 0.0072X + 
0.492 (R 2 = 0.94; P =  0.0001); and 35 °C, Y = 
0.0060X + 0.650 (R 2 = 0.72; P = 0.0001), in 

which Y represents the developmental  stages 
of  P. penetrans and X represents time mea- 
sured by accumulated  degree-days. Slope 
values of  linear regression equations for all 
temperatures  indicated that there  were sig- 
nificant differences among the rates of de- 
ve lopment  of  P. penetrans at 21 °C compared  
to 28 °C (P= 0.0001), 21 °C compared  to 35 
°C (P = 0.0001), and 28 °C compared  to 35 
°C (P = 0.01). 

DISCUSSION 

Pasteuria penetrans d e v e l o p m e n t  in 
Meloidogyne spp. has received little study. 
The  most detailed studies on  development  
to date (Hatz and Dickson, 1992; Sayre and 
Starr, 1985) repor ted  that vegetative frag- 
ments,  namely quintets, quartets, triplets, 
and doublets, were identified readily, imply- 
ing that such fragments were specific stages 
of  the P. penetrans life cycle. However, LM 
observations in the current  study show that 
clusters of  vegetative thalli and developing 
endospores remain attached by intercalary 
strands. The  individual vegetative fragments 
may be artifacts of  the fixation process as a 
result of  f ractured vegetative clusters of  P. 
penetrans during sample preparat ion.  These 
observations suggest that single mature  en- 
dospores could develop in clusters and not  
necessarily th rough  sequential  fragmenta-  



0 
5 

0 

A ~ ~ 
s 

o 21 °C 

- - - A . - .  28  oc  A . . . . .  ! I t "  " 
j° o 

E l - 3 5 ° C  ." / 

,' 

"'lit'" 

q 
\ 

4 

~ 3  
e -  

E 
° ' 2  O B 
I1) 

a 
1 

-A" 

~ 4  

23 

J 

Fro. 3. 

B , ~  , / 

,, '" ,[2] / 

, i , i ~ i , I i 

0 2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 0  

T i m e  ( d e g r e e - d a y s )  

A) Deve lopment  o f  Pasteutia penetrans P100 infecting Meloidog?,ne arenaria race 2 cul tured on tomato 
plants (cv. Florida Petite) growing in a hydroponic  system at three  different temperatures .  The  p r edominan t  
deve lopmenta l  stage of  P. penetrans was es t imated  at dif ferent  t imes after root  pene t ra t ion  by endospore-  
e n c u m b e r e d  J2. A numer ica l  rat ing index  cor respond ing  to the  p r e d o m i n a n t  developmental  stage observed was 
assigned to each nema t ode  infected with P. penetrans as follows: 1 = germinat ion;  2 = vegetative growth; 3 = 
differentiation; 4 = sporulat ion,  and  5 = maturat ion.  The  numbel ' s  of  nema todes  examined  (at indicated tem- 
pera ture  and  accumula ted  degree<lays) were 52 to 60 infected nema todes  (at 21 and  28 °C from 100 to 1,000 
degree<lays), 50 to 60 infected nema todes  (at 35 °C from 100 and  600 degree-days), and  6 to 30 infected 
nema todes  (at 35 °C from 700 to 900 degree-days). No nematodes  were recovered at 1,000 degree<lays at 35 °C 
in ei ther  trial. B) Relat ionship between accumula ted  degree-days and  rate of  deve lopment  of  Pasteuria penetrans 
P100 at three  different  temperatures .  Coefficient slopes o f  the  l inear regression equat ions  for all tempera tures  
indicated differences between the rates of  deve lopment  of  P. penetrans at 21 °C compared  to 28 °C (P = 0.0001), 
21 °C compared  to 35 °C (P = 0.0001), and  28 °C compared  to 35 °C (P=  0.015). 
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tion. The  use of  low-temperature SEM (Wer- 
gin et al., 1993) could improve the interpre- 
tation of  the P. penetrans life cycle and per- 
haps allow analysis of  th ree-d imens iona l  
images inside the nematode  body. 

The  methyl-blue and lac tophenol  stain 
was superior  to the conventional  gram stain 
for  visualization ofP.  penetrans life stages and 
internal  structures. This staining m e t h o d  
works particularly well for  identification of  
microcolonies inside nematode  bodies. Mi- 
crocolonies are usually difficult to de tec t  
and quantify because the gram stain re- 
quires r epea t ed  hea t ing  and  washing o f  
samples during which most nematodes  and 
P. penetrans life stages are washed off the 
slides. 

The  differences in the rate of  P. penetrans 
development  between 100 to 600 accumu- 
lated degree-days indicate that early devel- 
opmen t  is inf luenced significantly by tem- 
perature.  The  variability of  the development  
curves after 600 degree-days at 21 and 28 °C 
suggests that accumulated degree-days may 
be useful only in predicting early develop- 
mental  stages of  P. penetrans; however, the 
leveling off may be an artifact of  the type of  
data collected due  to P. penetrans approach- 
ing the maximum value in the rating scale. 

In the present  repor t  the highest rate of  
d e ve lopme n t  of  P. penetrans occu r red  at 
28 °C, but  a dramatic reduct ion in numbers  
of nematodes  was observed at 35 °C. These 
data are in contrast to the repor t  (Hatz and 
Dickson, 1992) tha t  ma tu re  endospo re s  
were detected 35 to 45 days after inoculation 
at 30 and 35 °C; the opt imum temperature  
for  development  of  P. penetrans in M. are- 
naria race 1 was 35 °C. 

The  opt imum cultivation of  P. penetrans in 
vivo may depend  upon well-defined growing 
conditions for the host plant and the nema- 
tode.  Because t e mp e r a tu r e  has been  re- 
por ted to affect the parti t ioning of  photo- 
synthates within plants (Wolf et al., 1991), it 
is likely that at high temperatures  metabolic 
root  dysfunction may negatively affect the 
ability of  the nematodes  to obtain photosyn- 
thates f rom the plant, hence  affecting the 
development  of  P. penetrans. Thomason  and 
Le a r  (1961) sugges t ed  tha t  the  u p p e r  

threshold for development  Of M. a.renaria 
species in soil was approximately 32 °C. Al- 
though plant parameters  such as fresh and 
dry weights of  the shoots and roots of  plants 
were not  tested in this study, plants were 
more  vigorous at 21 and 28 °C than at 35 °C 
(data n o t  shown).  Plants at 35 °C were 
stunted, chlorotic, and senesced earlier than 
plants grown at 21 or 28 °C. 

Reports  f rom Australia (Stirling, 1981) 
and England (Davies et al., 1988) with dif- 
fe rent  isolates of  P. penetrans suggest that de- 
velopment  of  P. penetrans may be favored by 
temperatures  opt imum for the nematode.  
Davies et al. (1988) repor ted  that the P. pen- 
etrans life cycle varied between 60 to 80 days 
at 20 °C; but  at 30 °C, mature  endospores  of 
P. penetrans formed 20 to 30 days after in- 
oculation. The high genetic diversity among 
different isolates of  P. penetrans has been  ad- 
dressed (Gowen and Channer ,  1988) and 
also may explain why different temperatures  
have diverse effects on P. penetrans. 

The  differences between the present  study 
and that of Hatz and Dickson (I992) may be 
due to different experimental  conditions in- 
cluding the plant culture system, light qual- 
ity, tempera ture  measurement  procedures,  
sampling error,  and techniques for detect- 
ing P. penetra'ns inside the nematode.  For ex- 
ample,  in the cu r ren t  study plants were 
grown in a hydroponic  system maintained in 
plant-growth incubators in which the photo-  
synthetic pho ton  flux between 400 and 700 
n m  was app rox ima te ly  i20  p m o l / m 2 / s .  
Thus, the tomato plants may have grown 
bet ter  in the current  study than plants in the 
previous study (Hatz and Dickson, 1992), in 
which plants were maintained in soil-filled 
pots with light levels of  approximately 70 
p m o l / m 2 / s  (Dickson, unpubl.) .  The  effects 
of  light quality and plant nutrients on the 
development  of P. penetrans were not  tested 
in the present  study. 

LITERATURE CITED 

Alston, D. G., and D. P. Schmitt. 1988. Development 
of Heterodera glycines life stages as influenced by tem- 
perature. Journal of Nematology 20:366-372. 

Arnold, C.Y. 1960. Maximum-minimum tempera- 
tures as a basis for computing heat units. Proceedings 



238  Journal  o f  Nematology, Volume 29, No. 2, June  1997 

of the American Society for Horticultural Science 76: 
682-692. 

Davies, K. G., C. A. Flynn, and B. R. Kerry. 1988. The 
life cycle and pathology of the root-knot nematode 
parasite Pasteuria penetrans. Proceedings of Brighton 
Crop Protection Conference--Pests and Diseases 3: 
1221-1226. 

Dickson, D. W., M. Oostendorp, R. Giblin-Davis, and 
D.J. Mitchell. 1994. Control of plant-parasitic nema- 
todes by biological antagonists. Pp. 575-601 in D. 
Rosen, F. D. Bennett, andJ.  L. Capinera, eds. Pest man- 
agement  in the subtropics. Biological con t ro l - -A 
Florida perspective. Andover, UK: Intercept. 

Ferris, H., H. S. Du Vernay, and R. H. Small. 1978. 
Development  of a soil tempera ture  data base on 
Meloidogyne arenaria for a simulation model. Journal of 
Nematology 10:39-42. 

Gowen, S. R., and A. G. Charmer. 1988. The produc- 
tion of Pasteuria penetrans for control of root-knot nema- 
todes. Proceedings of Brighton Crop Protection Con- 
ference--Pests and Diseases 3:1215-1220. 

Hatz, B., and D. W. Dickson. 1992. Effect of tempera- 
ture on attachment, development, and interactions of 
Pasteuria penetrans on Meloidogyne arenaria. Journal of 
Nematology 24:512-521. 

Hussey, R. S., and K~ R. Barker. 1973. A comparison 
of methods of collecting inocula of Meloidogyne spp., 
including a new technique. Plant Disease Reporter 57: 
1025-1028. 

Muller, E. R., andJ. T. Ha~xiot. 1984. A data manage- 
ment  system for multiple crops. Paper 84:5518. Ameri- 
can Society of Agriculture Engineers. 

Nakasono, K., J. T. Gaspard, and Y. Tateishi. 1993. 
Effects of soil temperatures on spore increase of Pasteu- 
ria penetrans parasitizing Meloidogyne incognita in vinyl 
house conditions. Japanese Journal of Nematology 23: 
1-9. 

Oostendorp, M., D.W. Dickson, and D.J. Mitchell. 
1990. Host range and ecology of isolates of Pasteuria 
spp. from the southeastern United States. Journal of 
Nematology 22:525-531. 

Pitcher, R. S., andJ.J .  Flegg. 1968. An improved final 
separation sieve for the extraction of plant-parasitic 
nematodes from soil debris. Nematologica 14:123--127. 

Sayre, R. M., and M. P. Starr. 1985. Pasteuriapenetrans 
(ex Thorne, 1940) nora. rev., comb. n., sp. n., a myce- 
lial and endospore-forming bacterium parasitic in 
plant-parasitic nematodes. Proceedings of the Helmin- 
thological Society of Washington 52:149-165. 

Schuerger, A. C., and D.J. Mitchell. 1992. Effects of 
temperature, hydrogen ion concentration, humidity, 
and light quality on disease caused by Fusarium solani f. 
sp. phaseoli in mung bean. Canadian Journal of Botany 
70:1798-1808. 

Stifling, G. R. 1981. Effect of temperature on infec- 
tion of Meloidogynejavaniea by Bacillus penetrans. Nema- 
tologica 27:458-462. 

Stirling, G. R. 1984. Biological control of Meloidogyne 
javanica with Bacillus penetrans. Phytopathology 74:55-- 
60. 

Stirling, G. R., and M. F. Watchel. 1980. Mass produc- 
tion of Bacillus penetrans for the biological control of 
root-knot nematodes. Nematologica 26:308-312. 

Thomason, I.J., and B. Lear. 1961. Rate of reproduc- 
tion of Meloidogyne spp. as influenced by soil tempera- 
ture. Phytopathology 51:520-524. 

Tyler, J. 1933. Development of the root-knot nema- 
tode as affected by temperature. Hilgardia 7:391-415. 

Wergin, P. W., R. Sayre, and E. F. Erbe. 1993. Use of 
low temperature scanning electron microscopy to ob- 
serve frozen hydrated specimens of nematodes.Journal 
of Nematology 25:214-226. 

Wheeler, R.M., S.H. Schwartzkopf, T.W. Tibbitts, 
and R. W. Langhans. 1985. Elimination of toxicity from 
polyurethane foam plugs used for plant culture. Hort- 
Science 20:448-449. 

Williams, J. R. 1960. Studies on the nematode soil 
fauna of sugarcane fields in Mauritius. Notes upon a 
parasite of root-knot nematode. Nematologica 5:37-42. 

Williams, A. B., G. R. Stifling, A. C. Hayward, and J. 
Perry. 1989. Properties and attempted culture of Pas- 
teuria penetrans, a bacterial parasite of root-knot nema- 
tode (Meloidogynejavanica). Journal of Applied Bacteri- 
ology 67:145-156. 

Wolf, S., A. Mariani, and J. Riduch. 1991. Effect of 
temperature on carbohydrate metabolism in potato 
plants. Journal of Experimental Botany 42:619-625. 


	MAIN MENU
	PREVIOUS MENU
	---------------------------------
	Search CD-ROM
	Search Results
	Print

	97_232: 
	pdf: 

	97_234: 
	pdf: 



