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Effects of Monoclonal Antibodies, Cationized Ferritin, and 
Other Organic Molecules on Adhesion of Pasteuria 

penetrans Endospores to Meloidogyne incognita 
J. ESNARD, 1'~ M .  A .  McClure, ~ D .  W .  DICKSON,  4 T .  E .  H E W L E T T ,  4 AND B. M .  ZUCKERMAN 1'5 

Abstract." The  incidence o f  adhes ion  o f  Pasteuria penetrans endospores  to Meloidogs, ne incognita second- 
stage juveniles  (J2) was s tudied  after p re t rea tmen t  o f  the  latter with monoc lona l  antibodies (MAb), 
cationized ferritin, and  o the r  organic molecules  in replicated trials. Monoclonal  ant ibodies developed 
to a cuticular epitope of  M. incognita second-stage juveniles  gave significant reduct ions  in a t t achment  o f  
P. penetrans endospores  to treated nematodes .  MAb b o u n d  to the  entire length  o f  J2 except  for the area 
of  the lateral field, where  b ind ing  was restricted to the incisures. Since reduct ions  in a t t achment  with 
MAb t r ea tmen t  were modest ,  it is uncer ta in  if these  results implicated a specific surface protein  as a 
factor that  interacted in b ind ing  o f  the  endospore  to the  nema tode  cuticle. Endospore  a t t achmen t  was 
decreased following t rea tment  o f  the  nema t ode  with the  detergents  sod ium dodecyl sulfate (SDS) and  
ce ty l t r imethy lammonium bromide  (CTAB). Endospore  a t t achmen t  to live nema todes  was siga~ificantly 
greater  than  a t t achmen t  to dead  nematodes .  A t t achmen t  rates of  three  P. penetrans isolates to M. 
incognita race 3 varied between isolates. The  effects of  neuraminidase ,  pronase,  pepsin,  trypsin, lipase, 
and  Na per iodate  on endospore  a t t achmen t  were inconsistent.  The  cationic dye alcian blue, which binds 
sulfate and  carboxyl groups  on  acidic glycans, had  no  consis tent  effect on  endospore  a t tachment .  The  
incidence of  endospore  a t t achmen t  was significantly lower but  modest ,  at best, for nema todes  that  were 
t reated with cationized ferritin alone or cationized ferritin following monoc lona l  antibody. The  lack o f  
consistency or  ex t reme reduct ion  in mos t  exper iments  suggests that  a t t achmen t  of  P. penetrans spores to 
M. incognita is no t  specified by only one  physico-chemical factor, bu t  may involve a combina t ion  of  at 
least two physico-chemical factors ( including surface charge  and  m o v e m e n t  of  the  J2). This  points  to a 
need  for analysis o f  combined  or factorial t r ea tmen t  effects. 

Key words: adhesion,  bacter ium, b inding  site, biological control, cationized ferritin, cuticle, Meloido- 
g~,ne incognita, monoclona l  antibody, nematode ,  Pasteuria penetra~zs, root-knot nematode ,  surface charge,  
surface coat. 

The  specificity of  a t t achment  of  endo-  
spores of  Pasteuria penetrans to the cuticle of  
Meloidogyne spp. second-stage juveniles (]2) 
has been investigated with different probes 
(Bird et al., 1989; Davies and Danks, 1992, 
1993; Davies et al., 1994; Davis et al., 1988; 
Spiegel et al., 1996) but  is still poorly under-  
stood. Bird et al. (1989) and Persidis et al. 
(1991 ) suggested that carbohydrate residues 
on the endospore  and nematode  surfaces 
were involved in attachment.  Persidis et al. 
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(1991 ), using polyclonal antiserum raised to 
endospore  antigens, suggested that attach- 
ment  involves proteins that are highly glyco- 
sylated with N-acetylglucosamine.  Davies 
and Danks (1992) and Davies et al. (1992) 
repor ted  that proteins on the surfaces of  the 
nematode  and endospore  may play a role in 
at tachment.  More recent  results f rom pre- 
t reatment  of  M. javanica J2 implicated car- 
bohydrates ,  carbohydra te- recogni t ion  do- 
mains, and a 250-kDa surface coat antigen in 
a t tachment  (Spiegel et al., 1996). Polyclonal 
antibodies developed to the 250-kDa anti- 
gen did not  possess carbohydrate-recogni- 
tion domains and bound  to most of  the J2 
surface except  the head region. New results 
support  the involvement of  hydrophobic  in- 
teractions and fibronectin-like residues on 
P. penetrans endospores (Afolabi et al., 1995; 
Davies et al., 1996). 

The perplexity of  the mechanism of  at- 
tachment  is fur ther  exemplified by the ob- 
servation that endospores of one isolate of 
P. penetrans had greater affinity to J2 from 
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one  female than to those f rom another ,  
even when the females were obtained f rom 
the same site in a field (Davies et al., 1991). 
The  highly he terogeneous  nature  of  P. pen- 
etrans populations has been  demonst ra ted  
using monoclonal  antibodies raised to epit- 
opes on endospores (Davies et al., 1994). 
The  amount  and nature of  proteins on  the 
surface of  P. penetrans endospores may ac- 
count  for host specificity (Davies et al., 1992; 
Persidis et al., 1991). Differences in surface 
characteristics of  J2 also have been demon-  
strated (Davies and Danks, 1992). Other  fac- 
tors that affect endospore  a t tachment  to the 
cuticle, such as increased a t tachment  follow- 
ing sonication (Davies et al., 1988; Stirling, 
1985) and opt imum temperature  for  attach- 
men t  (Hatz and Dickson 1992; Stirling et al., 
1990), have been reported.  

T h e  p r e s e n c e  o f  nega t ive ly  c h a r g e d  
groups on the surface of  the nematode  cu- 
ticle has been  shown previously (Himmel- 
hoch  et al., 1977). Afolabi et al. (1995) sug- 
gested that surface charge density may play a 
role in P. penetrans adhesion to nematodes.  
T h e  i m p o r t a n c e  o f  nega t ive ly  c h a r g e d  
groups has been shown in the a t tachment  of  
fungal spores to the nematode  cuticle, spe- 
cifically in the a t tachment  of  Meria coniospora 
to the nematodes Panagrellus redivivus and 
Caenorhabditis elegans (Jansson et al., 1985). 
The  reduct ion in fungal spore a t tachment  
observed after t reatment  with nenroamini-  
dase (Jansson et al., 1985) provided a ratio- 
nale for  inclusion of  that enzyme in this 
study with P. penetrans. Previous reports have 
shown that cationized ferrit in binding to 
dead (glutaraldehyde-fixed) and live Cae- 
norhabditis elegans gives the same surface 
charge pattern (Himmelhoch  et al., 1977; 
Zuckerman et al., 1979). 

The current  study was an at tempt  to ad- 
vance our  unders tanding of  the molecular  
interaction of  P. penetrans and its nematode  
host. It reports on the effects of  a monoclo- 
nal antibody to a cuticular epitope of M. 
incognita J2 on P. penetrans attachment,  and 
also the effects of  pre t rea tment  of  J2 with 
cationized ferritin, detergents,  enzymes, and 
o ther  organic reagents on endospore  attach- 
ment  observed over at least five trials or rep- 

lications. The  results show that none  of  the 
treatments dramatically reduced endospore  
attachment.  

MATERIALS AND METHODS 

Organisms: Meloidogyne incognita (Kofoid 
and White) Chitwood race 3 (obtained from 
M.A. McClure, University of  Arizona, Tuc- 
son, AZ) was cultured ei ther  on  tomato (Ly- 
copersicon esculentum Mill. cv. Rutgers) or egg- 
p l an t  (Solanum melongena L. cv. Black 
Beauty) in a greenhouse.  An isolate of  P. 
p~netrans Sayre and Starr (Starr and Sayre, 
1988) was obtained from Tifton, Georgia, by 
R.M. Sayre, Beltsville, Maryland, and used 
in all assays. A California isolate obtained 
from R. Mankau, University of  California, 
Riverside, and a Florida isolate obtained by 
the third author  also were used in one com- 
parative study. In all trials, P. penetrans endo- 
spores were obtained from air-dried roots 
c o n t a i n i n g  e n d o s p o r e - f i l l e d  f e m a l e s  
(Stirling and Wachtel, 1980). 

Preparation of monoclonal antibodies and at- 
tachment studies: Meloidogyne incognita race 3 

J2 were collected from hatched eggs (Mc- 
Clure and Stynes, 1988). Approx imate ly  
25,000 J2 were mixed with Freund 's  com- 
plete adjuvant and the mixture injected into 
the per i toneum of  Balb /c  mice. Four injec- 
tions of  25,000 J2 / in jec t ion  were given at 
7-day intervals and, 34 days after the fourth 
injection, a final dose of  the same prepara- 
tion was administered. Three  days after the 
final injection, the mice were sacrificed and 
their  splenocytes fused with mur ine  my- 
eloma cells (Oi and Herzenberg,  1980; Sha- 
ron et al., 1980). Hybr idoma cells were cul- 
tured in D-MEM medium (Life Technolo-  
gies, Grand Island, NY) containing 7% fetal 
calf serum. 

Hybr idoma supernatants were screened 
for antibodies to the nematode ' s  surface by 
incubating live J2 in the hybridoma culture 
superna tant ,  fol lowed by t r ea tmen t  with 
goat-antimouse-FITC secondary  antibody. 
Trea ted  nematodes  were observed with a 
f luorescence c o m p o u n d  microscope,  and 
cell lines selected on the basis of intensity of  
ant ibody b inding  to cuticle surface were 
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cloned.  An ant ibody isotyping kit (Boeh- 
r inger  Mannhe im,  Indianapolis ,  IN) was 
used to de termine  that the antibody pro- 
duced by the cloned cell line used here  was 
type IgG1,K. Binding of  the monoclonal  an- 
tibody to the J2 surface also was assayed by 
t r ea tmen t  of  the labeled nema tode  with 
goat-antimouse secondary ant ibody conju- 
gated to colloidal gold followed by intensifi- 
cation with silver (BB International,  Cardiff, 
UK). The culture medium (D-MEM) con- 
taining the monoclonal  antibody produced  
by the cloned cells was lyophilized and used 
for  endospo re  a t t achment  assays wi thout  
fur ther  purification. 

For a t tachment  studies, lyophilized anti- 
body-hybridoma supernatant  was dissolved 
in sterile, distilled water to a concentra t ion 
of  1.7 mg  a n t i b o d y / s u p e r n a t a n t / m l .  Ly- 
ophilized culture medium supernatant  (di- 
luted in water to 1.7 mg /ml )  was used as the 
control.  Three  milliliters of  rehydrated anti- 
body or control  solution were placed in a 
sterile scintillation count ing vial, and 6,000 
J2 were added. After 1 hour  of  incubation, 
excess antibody or control  solution was re- 
moved, J2 were washed with sterile distilled 
water, and 6,000 P. penetrans endospores /ml  
in 100 Ill of  water were added. Air f rom an 
aquarium pump,  delivered through a 1-cm s 
tuberculin syringe with a 26G needle,  was 
bubbled into the solution overnight at 30 
°C. The  solution was then poured  into a 
sieve with 10-pro-pore openings. The  sieve 
allowed the unat tached endospores to pass 
through but  retained the J2. The J2 were 
washed f rom the sieve and moun ted  live on 
a hemocytometer  count ing slide for obser- 
vation. Counts were made  of  the number  of  
endospores at tached to each of  116 J2 in 
each treatment.  Treatments  were antibody + 
hybr idoma  med ium,  hybr idoma  med ium 
alone, and water. Three  categories were es- 
tablished to record the rate of  attachment:  0 
to 2 endospores/J2,  3 to 15 endospores/J2,  
and more  than 15 endospores/J2.  The  ex- 
per iment  was replicated 12 times. Data were 
subjected to analysis of  variance, and means 
were s epa ra t ed  with Duncan ' s  mul t ip le  
range test. 

Parallel, but  different, experiments  were 

run in Florida using the centrifugal me thod  
for  a t t a c h m e n t  o f  bac ter ia l  e n d o s p o r e s  
(Hewlett and Dickson, 1993). Two J2 of  M. 
incognita race 3 were placed in a 0.25-ml mi- 
crofuge tube in 100 pl of  water, and an equal 
volume of  rehydrated antibody (1.7 m g / m l )  
or  culture medium was added. After mixing, 
the preparat ion was incubated for ei ther  4 
or  8 hours. The antibody or culture medium 
was then removed by centfifugation-rinsing 
two times, and a 100-pl suspension of  10,000 
P. penetrans endospores  was added .  The  
tubes were centrifuged at 9,500g for 2 min- 
utes and the nematodes  removed for count- 
ing of  at tached endospores.  Each t reatment  
was replicated five times and each experi- 
ment  was repeated. 

Differential attachment of three P. penetrans 
isolates: Attachment  of  three P. penetrans iso- 
lates ( 'Georgia' ,  'California', and 'Florida') 
to M. incognita race 3 (maintained at the 
University of  Massachusetts) was studied. 
The  procedures  were the same as for the 
first study described herein with the excep- 
tion that the endospore-nematode mixture 
was not  aerated during incubation. Endo- 
spores  a t t a ch ed  to 20 n e m a t o d e s  were  
counted  for each of three replicates. 

Effects of chemicals on attachment: Because P. 
penetrans and Meloidogyne spp. can vary geo- 
graphically, the effects of  several previously 
tested chemicals as well as some untested 
chemicals on a t tachment  were evaluated. 
Enzymes used to pretreat  the nematodes  un- 
der  aerat ion were neuraminidase  Type V 
(Sigma N2876, Sigma, St. Louis, Missouri), 2 
U n i t s / m l  in buffer  (Na acetate  10 mM, 
CaC12 4 mM; pH 5.5), 3 hours at 37 °C; pro- 
nase (Sigma P5147), 7 to 15 Uni t s /mg as 50 
Uni ts /ml  in PBS (pH 7.3), 3 hours at 37 °C; 
trypsin (Sigma T8462), 10 mg/ml ,  PBS, pH 
7.2, 3 hours at 37 °C; lipase (Sigma L3001) 
(11 Units/rag)  at 2 Units/ml;  and pepsin, 5 
m g / m l  (Bird and Zuckerman,  1989). So- 
dium acetate buffer was used at pH 4, 3 
hours at 37 °C, for both lipase and pepsin. 
Each enzyme test was replicated eight times, 
excep t  pepsin,  which was rep l ica ted  six 
times. Endospore  a t tachment  in the corre- 
sponding buffer alone served as the control.  

Since alcian blue (a cationic dye) can 
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block acidic groups,  which exist in C. elegans 
cut ic le  ( H i m m e l h o c h  a n d  Z u c k e r m a n ,  
1983), nematodes  were t reated with alcian 
blue (5% in sodium acetate buffer, p H  5.5). 
Buffer a lone served as the control,  and  there 
were three replicates. Another  chemical,  so- 
d ium metaper iodate ,  was p r epa red  as a 10- 
mM solution in 2 mM Na acetate, p H  5.5, 
and  held  on ice in the dark  for  1 hour .  
These chemicals were tested by the scintilla- 
tion vial assay using endospore  suspensions 
of  4,000 endospores /ml .  

Detergents: Expe r imen ta l  condi t ions  for  
detergents  were 1% CTAB (Sigma MTA-5) 
or  2% sodium dodecyl sulfate (SDS) in PBS. 
SDS and CTAB were held at r o o m  tempera-  
ture for  1 hour.  Newly ha tched  J2 were in- 
cubated  in de te rgen t  in watch glasses in a 
laminar-flow hood.  After 1 hour ,  J2 were 
concent ra ted  by centr ifugation in a 1.5-ml 
sterile E p p e n d o r f  tube and  washed three  
times with sterile tap water, followed by ad- 
dition of  an endospore  suspension (4,000 
endospores /ml ) .  The  prepara t ion  was incu- 
ba ted  overnight  at 30 °C with aeration, after 
which nematodes  were collected on a 10- 
pm-pore  screen and m o u n t e d  on a hemocy- 
tomete r  slide for  observation of  a t tachment .  
Controls were J2 similarly exposed to endo- 
spores but  incubated for  1 hou r  in appro-  
priate buffer. 

Attachment to live or dead nematodes: Com- 
parisons were made  between endospore  at- 
t achmen t  to live and  dead nematodes  to de- 
t e r m i n e  w h e t h e r  J2  m o v e m e n t  a f fec ted  
b inding  of  endospores  to the cuticle. Juve- 
niles were heat-killed at 60 °C for  20 min- 
utes. Previous studies showed that  the sur- 
face charge  pa t te rn  on  dead  (glutaralde- 
hyde-fixed) nematodes  was similar to that  
on  live n e m a t o d e s  ( H i m m e l h o c h  et  al., 
1977; Zuckerman  et al., 1979). Condit ions 
for  endospore  a t t achment  were the same as 
for  the monoc lona l  ant ibody studies, includ- 
ing aeration. This study was replicated six 
times, and  observations on a t t achment  were 
made  on  240 nematodes .  

Effect ofcationizedferritin: The  potent ial  in- 
v o l v e m e n t  in a t t a c h m e n t  o f  nega t ive ly  
charged groups on the cuticle surface was 
investigated. Meloidogyne incognita J2 (8,000) 

were exposed to cationized ferritin to block 
negative charges. In the first exper iment ,  J2 
were first exposed to monoc lona l  ant ibody 
for 1 hou r  as described herein.  Cationized 
ferritin (1 m g / m l  in 0.15 mM NaC1) was 
then  added  in sterile, distilled water for  1 
hour.  The  solution containing nematodes  
was concent ra ted  by centrifugation,  washed 
once with sterile distilled water, and  b rough t  
up  to 3 ml in sterile, distilled water held  in a 
scintillation count ing  vial. Pasteuria penetrans 
endospores  (8 ,000/ml)  were added  and in- 
cubated overnight  unde r  vigorous aerat ion 
at ambien t  room tempera ture .  Endospore  
a t t achment  was then  recorded.  The  second 
e x p e r i m e n t  with ca t ion ized  fer r i t in  pro-  
ceeded in the same way, but  without  pre- 
t rea tment  of  the nematodes  with the mono-  
clonal antibody. 

RESULTS AND DISCUSSION 

Effect of monoclonal antibody on attachment: 
Monoclonal  ant ibody bound  to the entire 
length of  the M. incognitaJ2 (Fig. 1A) except  
for the area of  the lateral field, where bind- 
ing was restricted to the incisures (Fig. 1B). 
T h e r e  was a significant r educ t ion  in the 
numbers  of  P. penetrans endospores  at tached 
to J2 when the J2 were pre t rea ted  and  incu- 
ba ted  with monoc lona l  ant ibody plus spores 
compa red  to water and  medium-only  con- 
trois (P ~< 0.05) (Table 1). Medium alone 
did not  reduce a t t achment  (Table 1). Bo- 
vine serum albumin in culture m e d i u m  has 
been  shown to b ind  to P. penetrans endo- 
spores (Afolabi et al., 1995), bu t  in the cur- 
rent  study it did not  prevent  discrimination 
of  the ant ibody effect in most  cases. The  
probabili ty of  the ant ibody binding to P. pen- 
etrans endospores  would tend to be m u c h  
less for  a monoc lona l  compa red  to a poly- 
clonal ant ibody t reatment .  I f  MAb bound  to 
the endospores  a n d / o r  J2, it would decrease 
b inding of  the endospores  to the J2. For the 
h ighes t  e n d o s p o r e  a t t a c h m e n t  ca t egory  
(>15 spores /J2) ,  it was possible to discrimi- 
nate some inhibit ion of  a t t achment  by MAb 
(Fig. 2). Results of  these and  parallel tests 
conducted  in Florida with different methods  
showed that, in mos t  trials, a t t achment  of  
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TABLE 1. Attachment of Pasteur& penetrans Florida 
isolate endospores to Meloidogsne incognita race 3 follow- 
ing treatment of second-stage juveniles (]2) with mono- 
clonal antibody or hybridoma culture medium. 

Incubation 
time Endospores 

Treatment (hours) per J2 

Water 4 32.6 a 
Water 8 35.6 a 
Antibody + medium 4 14.6 b 
Antibody + medium 8 15.5 b 
Medium 4 44.2 a 
Medium 8 24.4 a 

Means followed by the same letter did not differ significantly 
(P > 0.05) according to Duncan's multiple range test. Treat- 
ments were replicated five times, and each mean is the average 
of two runs. 

FIG. 1. Second-stage juveniles of  Meloidogyne incog- 
nita race 3 treated with monoclonal  antibody to their 
surfaces. Labeling was visualized (black deposits) by 
treatment  with gold-conjugated, goat-antimouse sec- 
ondaiy antibody followed by silver intensification of the 
conjugate. A) Anterior ertd of second-stage juvenile. B) 
Detail of  labeling at midbody where binding was re- 
stricted to the lateral field incisures. Bars = 10 pm. 

endospores  in water or  m e d i u m  was greater  
t h a n  wi th  a n t i b o d y - t r e a t e d  n e m a t o d e s  
(Tables 1,2; Fig. 2). The  MAb effect on at- 
t achmen t  was not  dramatic  and was not  con- 
sistent over all endospore  categories. 

Attachment of endospores from three isolates of 
Pasteuria penetrans to M. incognita race 3: In 
each of the three trials, a t t achment  to M. 
incognita J2 was h igher  for  the Georgia  iso- 
late than for the Florida or  California iso- 
lates (P ~< 0.05) (Fig. 3). Stifling (1985) also 
no ted  differences in a t t achment  of  different 
isolates of  P. penetrans to M. incognita and 
o ther  root-knot  nematode  species. Pasteu~a 
penetrans is known to at tach differentially to 
J2  sampled f rom the same field (Davies et 
al., 1991). 

Alcian blue and enzymes: Alcian blue and  

the enzymes tested gave inconsistent results 
with increases and decreases in a t t achment  
of  P. penetrans endospores  (data not  shown). 
Certain groups (such as OSO3- and certain 
C O 0 -  groups on  acidic glycans or  proteins) 
may not  have contr ibuted directly to the at- 
t achment  of  P. penetrans endospores  or more  
probably  were not  affected by these treat- 
ments.  

Detergents: CTAB consistently reduced  the 
a t t achment  of  P. penetrans endospores  (P 
0.05) (Table 3). SDS also reduced  the rate 
of  endospore  a t t achment  in 8 of  9 trials (P 

r4  

q.. 
0 

rJ 

E 
-.s 

Z 

120, 

100, 

80, 

6l), 

40, 

20,  

w M A W M A w M A 
0-2 endospores 3-15 endospores >15 endospores 

FIG. 2. Effect of  treatment with monoclonal  anti- 
body on attachment of Pasteuria penetrans endospores to 
Meloidogyne incognita race 3. Incidence of attachment is 
based on the averages of  12 replicates, where 116 nema- 
todes were scored for each treatment. Three categories 
were established for at tachment (0 to 2, 3 to 15, and 
>15 endospores).  Bars represent means + standard er- 
ror. W = Water, M = Medium alone, A = Medium + 
antibody. 
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TABLE 2. Effects o f  a m o n o c l o n a l  a n t i b o d y  c o m b i n e d  wi th  t r e a t m e n t  by c a t i o n i z e d  fe r r i f in  on  a t t a c h m e n t  of  
Pasteuria penetrans e n d o s p o r e s  (8,000 e n d o s p o r e s / m l )  to Meloidogyne incognita second-s t age  j u v e n i l e s  (]2) (8,000 

J 2 / m l ) .  

Number of J2 with: 

0-2 endospores 3-15 endospores >15 endospores 
Treatment per nematode per nematode per nematode 

A n t i b o d y  + m e d i u m  2.0 _+ 0.0 b 31.5 + 2.1 c 82.5 + 2.1 b 
M e d i u m  5.0 + 1.4 a 12.0 -+ 9.9 d 99.0 -+ 8.5 a 
A n t i b o d y  + m e d i u m - f e r r i t i n  0.5 + 0.7 d 52.5 -+ 7.8 a 63.0 + 7.1 d 
M e d i u m - f e r r i t i n  1.0 -+ 0.0 c 38.0 -+ 2.8 b 77.0 -+ 2.8 c 

Means in a column followed by a common letter are not  significantly different according to Duncan's multiple range test (P = 
0.05). Numbers are the means +_ standard error of five replications, and each mean is the average of two runs. 

~< 0.05). The  reductions recorded  for the 
CTAB and SDS trials were of  different mag- 
nitudes (Table 3). Spiegel et al. (1996) also 
observed a reduct ion of  a t t achment  follow- 
ing p re t r ea tmen t  of  J2 with SDS. Sodium 
per iodate  gave inconsistent results, with de- 
creases or  increases in a t tachment ,  or  no ef- 
fect on a t t achment  (data not  shown). Persi- 
dis et al. (1991) r epor ted  that  p re t r ea tmen t  
of  M. incognita race 2 J2 with SDS or  SDS 
extracts of  endospore  f ragments  did not  in- 
hibit  a t t achment  of  P. penetrans endospores  
to the nematode .  Davies and  Danks (1993) 
repor ted  no effect o f  Na per iodate  on endo- 
spore  a t t a c h m e n t  when  n e m a t o d e s  only 
were pretreated;  however, p re t r ea tmen t  of  
the endospores  with sodium per iodate  re- 
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A t t a c h m e n t  o f  e n d o s p o r e s  f r o m  t h r e e  iso- 
la tes  of  Pasteuria penet~rans (Tif ton,  F lor ida ,  Rivers ide)  to 
Meloidogyne incognita race  3 second-s tage  j u v e n i l e s  (]2). 
T h e  ra t io  o f  e n d o s p o r e s  p e r  J2  was 6 ,000 /20 .  T h e  ex- 
p e r i m e n t  was r e p l i c a t e d  t h r e e  t imes.  Bars  r e p r e s e n t  
m e a n s  (of  the  t h r e e  rep l ica tes )  _+ s t a n d a r d  e r ro r .  

d u c e d  a t t a c h m e n t  to n e m a t o d e s .  1,2- 
dihydroxy groups may be more  exposed on 
the endospore  than on the nematode  sur- 
face. Davies and  Danks (1993) also observed 
that  SDS at room tempera tu re  significantly 
increased endospore  a t t achment  but  signifi- 
cantly decreased endospore  a t t achment  at 
elevated temperatures .  The  significant de- 
crease in a t t achment  following SDS treat- 
m e n t  at r oom tempera tu re  in the present  
study differed f rom that repor ted  by Davies 
and Danks (1993), but  the isolate of  P. pen- 
etrans and the race of  M. incognita in the 
cur rent  study were different. Also, 2% SDS 
was appl ied for 1 hour,  whereas Davies and  
Danks (1993) tested 1% SDS for  2 hours. 

TABLE 3. N u m b e r s  o f  Pasteuria penetrans e n d o -  
spores  a t t a c h i n g  to 34. incognita second-s t age  j u v e n i l e s  
fo l lowing  p r e t r e a t m e n t  of  j u v e n i l e s  wi th  de t e rgen t s .  

Detergents a 
Trial Control 

number (PBS) CrAB SDS 

1 4 3 + 5  23 + 10 (23%) b 14_+4 (67%) 
2 76 _+ 20 35 _+ 6 (54%) 33_+ 6 (57%) 
3 88_+12 4 5 + 6  (49%) 5 3 + 1 0  (40%) 
4 6 3 + 4 0  2 9 + 2  (54%) - -  
5 3 3 + 2  2 0 + 2  (39%) 9 + 1  (73%) 
6 1 6 + 1  1 3 + 1  (19%) 16-+2 ( 0 % ) N S  
7 44-+8  9 + 1  (80%) 4-+1 (91%) 
8 8 6 + 1 6  3 2 + 1 0 ( 6 3 % )  1 1 + 5  (87%) 
9 4 8 + 1 2  3 6 + 1 7 ( 2 5 % )  3 5 + 5  (27%) 

10 3 7 + 3  2 8 + 3  (24%) 2 4 + 4  (35%) 

a Numbers are means _+ standard error. Trials 4 to 7 and 10 
are based on 25 replicates, trials 1 and 8 are based on 14 rep- 
licates, and trials 2 and 9 are based on 15 replicates. Dash (--) 
= No observation. Attachment of endospores in detergent trials 
was significantly higher or lower than attachment in control, 
except for SDS in trial 6. NS = not significantly different. 

u Data in parentheses represent percent reduction in attach- 
ment  from the control. 
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CTAB gave consistent reduct ion in endo- 
spore a t tachment  (Table 3), whereas no  re- 
duct ion was observed in another  study (Dav- 
ies and Danks, 1992), in which CTAB was 
tested. Since de te rgen t -p re t rea ted  nema- 
todes were incubated overnight with P. pen- 
etrans endospores  and a consistent decrease 
in a t tachment  was observed, any significant 
recovery of  the J2 surface probably occurred 
in 16 to 20 hours. There  is no  consistent 
observation for these detergent  treatments 
among the various research results. 

Attachment to live or dead nematodes: The in- 
cidence of  endospore  a t tachment  to dead 
(heat-killed) nematodes  was 2- to 12-fold less 
than to live nematodes  in all six trials (P < 
0.05) (Fig. 4). However, endospores still at- 
tached to ca. 12% of  dead J2. These results 
differ f rom those o f  Stifling et al. (1986), 
who reported equal attachment to live nema- 
todes and nematodes  heat-killed at 60 °C 
and 100 °C for 5 and 10 minutes, respec- 
tively. 

Effect of cationized ferritin on endospore attach- 
ment: The  blocking of  negative charges on 
the nematode  cuticle surface with ferritin 
con juga ted  to the m o n o c l o n a l  an t ibody  
caused an additive reduct ion in endospore  
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A t t a c h m e n t  o f  Pasteuria penetrans e n d o -  

spores  to  live or  d e a d  Meloidogyne incognita race  3 sec- 
ond- s t age  j u v e n i l e s  (J2). Bars r e p r e s e n t  m e a n s  o f  six 
rep l i ca tes  (240 n e m a t o d e s  p e r  t r e a t m e n t )  _+ s t a n d a r d  
e r ror .  

a t tachment  when compared  to t rea tment  
with the medium containing antibody only, 
when nematodes  with up to 2 or >15 endo- 
spores at tached were counted  (P ~< 0.05) 
(Table 2). There  was only a small reduct ion 
in the 0-to-2 endospore  category and in- 
creased a t tachment  in the 3-to-15 endospore  
category. Conjugation of  ferritin and anti- 
bodies has been  shown to be a useful tool 
that gives decisive results in the study of  
nematode  surface characteristics (Himmel- 
hoch,  1982). 

Trea tment  with cationized ferritin alone 
gave a reduct ion  of  a t tachment  but  only 
when nematodes  with the highest numbers  
of  endospore  attached were counted.  This 
suggests that negative charges (or groups 
proximal to negative charges) on cuticle- 
surface molecules may not  play the main 
role in a t t achment  o f  P. penetrans endo-  
spores (Table 4). Where  cationized ferritin 
increased at tachment  (in the lower endo- 
spore categories), the mechanism of  attach- 
ment  to possible net  negative electric di- 
poles  o r  charges  co u ld  be n o n - g r o u p -  
specific. 

Davies and Danks (1993) and Afolabi et 
al. (1995) suggested the a t tachment  of  P. 
penetrans to M. incognitaJ2 probably was gov- 
e rned  by several different ligands. The  re- 
sults of  the current  study supported this view 
but  fur ther  suggested that an interplay of  at 
least two physico-chemical factors may be in- 
volved in the a t tachment  of  the endospore  
to the nematode  surface. The  monoclonal  
antibody against a cuficular epitope of  un- 
known structure b o u n d  to cuticular sites 
and appeared to block adhesion of  P. pen- 
etrans endospores.  The  indications were that 
cationized ferritin following monoclonal  an- 
tibody or ferrifin alone blocked at tachment  
by occupying negatively charged sites or di- 
poles on the surface of  the nematode  cu- 
ticle. This suggested that alteration of  the 
surface charge of  cut icular  epi topes (by 
modifying pH or ionic strength of  the sur- 
rounding  medium, for example) would in- 
f luence a t tachment .  Davies et al. (1994) 
noted  differences in endospore  a t tachment  
at pHs 4, 7, and 9. The electronegative po- 
tential at the endospore  surface is known to 



A d h e s i o n  o f  Pasteuria penetrans: Esnard et al. 563 

TABLE 4. Effects of cationized ferritin treatment on attachment of Pasteuria penetrans endospores to Meloido- 
gyne incognita race 3 second-stage juveniles (J2). 

Number of J2 with: 

0-2 endospores 3--15 endospores >15 endospores 
Treatment per nematode per nematode per nematode 

0.15 M NaCI 0.5 +- 0.7 c 15.0 -+ 1.4 b 100.5 +- 0.7 b 
Cationized ferritin in 0.15 m NaC1 2.0 + 0.7 b 38.0 _+ 5.7 a 75.5 + 6.4 c 
Distilled water 5.0 + 0.7 a 5.0 + 2.8 e 110.5 + 3.5 a 

Means _+ standard error in a column followed by a common letter are not significantly different according to Duncan's multiple 
range test (P = 0.05). Numbers are the means of 12 replications (116 nematodes per replicate). 

c h a n g e  with  t he  type a n d  c o n c e n t r a t i o n  o f  
e lec t ro ly tes  a n d  p H  (Alfolabi  e t  al., 1995). 

I n  a q u e o u s  s o l u t i o n  t h e  n e t  n e g a t i v e  
c h a r g e  o n  t h e  s u r f a c e  o f  t h e  n e m a t o d e  
( H i m m e l h o c h  e t  al., 1977) a n d  b a c t e r i u m  
(Afolabi  e t  al., 1995) w o u l d  t e n d  to p r e v e n t  
b i n d i n g  t h r o u g h  e l e c t r o s t a t i c  r e p u l s i v e  
forces  a lone .  T h e  m o n o c l o n a l  a n t i b o d y  a n d  
ca t i on i zed  fe r r i t in  p r o b a b l y  b l o c k  (p reven t )  
i m p o r t a n t  s t r o n g l y  a n d  weakly  p o l a r i z i n g  
e l e c t r i c  d i p o l e  i n t e r a c t i o n s  b e t w e e n  vari-  
ously c h a r g e d  g r o u p s  o n  e i t h e r  surface .  Al- 
t e r a t i o n  o f  t he  ion ic  s t r eng ths  o f  the  suspen-  
s ion  m e d i u m  a n d  v igorous  a e r a t i o n  a n d  agi- 
t a t ion  p r o b a b l y  r e d u c e  the  i n f l u e n c e  o f  the  
a q u e o u s  e n v i r o n m e n t  o n  the  d y n a m i c  cou-  
l o m b i c  r e p u l s i o n  b e t w e e n  the  e n d o s p o r e  
a n d  n e m a t o d e  surfaces.  A po lyc lona l  ant ise-  
r u m  ra i sed  to P. penetrans e n d o s p o r e s  has  
b e e n  s h o w n  to af fec t  e n d o s p o r e  su r f ace  
c h a r g e  dens i ty  (Afolabi  e t  al., 1995).  T h e  
ro l e  o f  a t t r ac t ive  a n d  r epu l s ive  fo rces  in  
o t h e r  h o s t - m i c r o b e  i n t e r a c t i o n s  has  b e e n  
s t u d i e d  a n d  s u p p o r t s  the  i n v o l v e m e n t  o f  sur- 
face  c h a r g e  in  a t t a c h m e n t  ( C h a n g  a n d  Hsu,  
1 9 9 5 ;  J o n e s  a n d  O ' S h e a ,  1 9 9 4 ;  R o -  
m a n t s c h u k ,  1992).  

T h e  d i f fe ren t i a l  a t t a c h m e n t  o f  var ious  P. 
penetrans isolates  to a s ingle  race  o f  M. incog- 
nita i nd ica t e s  t h e  ex i s t ence  o f  in t raspec i f i c  
var ia t ion  in  the  m o l e c u l a r  c o m p o s i t i o n  o f  
t he  bac t e r i a l  e n d o s p o r e  surface.  A l t h o u g h  
m a n y  e n d o s p o r e  sur face  p r o t e i n s  a r e  con-  
se rved  (Davies e t  al., 1994),  t h e r e  m a y  be  
d i f fe rences  in  the  quan t i t y  a n d  n a t u r e  o f  cer-  
ta in  p r o t e i n s  tha t  c o r r e s p o n d  to hos t  speci-  
ficity a n d  r e s u l t a n t  c h a r g e  densi t ies .  E n d o -  
s p o r e  surfaces  a n d  n e m a t o d e  cut ic les  o f  sub- 
p o p u l a t i o n s  o f  b o t h  P. penetrans a n d  M. 

incognita have b e e n  shown to be  h igh ly  het-  
e r o g e n e o u s  s e r o l o g i c a l l y  (Dav ies  e t  a l . ,  
1994).  T h e  chemica l s  u s e d  in  this s tudy h a d  
d i f f e r en t  effects. T h e  incons i s t ency  in t he  re-  
sults o f  s o m e  trials a n d  the  vary ing  d e g r e e s  
o f  a t t a c h m e n t  o b s e r v e d  in  this  s tudy  sugges t  
t ha t  ear ly  (dock ing )  phase s  in t he  b i n d i n g  
o f  e n d o s p o r e s  to t he  cut ic le  o f  m o v i n g  J2  
m a y  poss ib ly  be  non-spec i f i c  a n d  revers ib le .  
T h e s e  in i t ia l  phases  c o u l d  involve c h a n g e s  
in  D o n n a n  po t en t i a l s  a t  the  i n t e r f ace  o f  the  
n e m a t o d e  a n d ( o r )  b a c t e r i a l  su r faces  t h a t  
a r e  p r o b a b l y  fo l lowed  by i r revers ib le  a t tach-  
m e n t  s tages  (as e v i d e n c e d  by  e n d o s p o r e s  
tha t  successful ly  a t t a c h e d  to t he  n e m a t o d e s  
in  this  s tudy) .  T h e  m e c h a n i s m  o f  a t t ach-  
m e n t  o f  the  base  o f  P. penetrans e n d o s p o r e s  
to J2  is still n o t  u n d e r s t o o d .  F u t u r e  s tudies  
s h o u l d  inves t iga te  the  effects o f  two o r  m o r e  
t r e a t m e n t s  a n d  the i r  i n t e r a c t i ons  o n  a d h e -  
sion.  
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