
Journal  of Nematology 21(3):392-398. 1989, 
© The  Society of Nematologists 1989, 

Monoclonal Antibodies to Secretory Granules in 
Esophageal Glands of Meloidogyne Species 1 

R. S. HUSSEY 2 

Abstract: Monoclonal antibodies to secretory granules in the dorsal or subventral esophageal glands 
were generated by injecting BALB/c  mice with immunogens from preparasitic second-stage juve- 
niles (J2) of  Meloidogyne incognita. Antibodies specific for secretory granules in the J2 subventral 
esophageal glands or the dorsal gland were identified by indirect immunofluorescence microscopy. 
Only antibodies that  reacted with granules in the J2 dorsal gland reacted with the esophageal gland 
lobe ofM. incognita adult females. T he  antibodies also reacted with secretory granules in both  types 
of esophageal glands in M. javanica and M. arenaria J2 but  not with granules in esophageal glands 
of Heterodera glycines J2. 
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Infective second-stage juveniles (J2) of 
Meloidogyne incognita have three large and 
complex esophageal glands, one dorsal and 
two subventral, where membrane-bound 
secretory granules (dense-core vesicles) are 
formed.  Materials sequestered in the se- 
cretory granules in juveniles presumably 
transform recipient root  cells of  suscepti- 
ble plants into elaborate permanent  feed- 
ing sites called giant cells (11). The  nema- 
tode secretions that  induce and maintain 
this unique host response have not been 
purified; consequently, their biologically 
active molecules have not been identified, 
nor  is the role of the secretions in this spe- 
cialized host-parasi te relationship under-  
stood. Likewise, the origin of  secretions 
involved in the host-parasi te interaction, 
whether  f rom the dorsal or the subventral 
esophageal glands or both, has not been 
resolved (11). 

Al though the morphology of the esoph- 
ageal glands in J2 and adult females of  Me- 
Ioidogyne species has been  s tud ied  (2-  

Received for publication 4 November 1988. 
' This research was supported by grants from Agrigenetics 

Research Corporation, Boulder, Colorado, and the Science 
and Education Administration of the U.S. Department of 
Agriculture under Grant Number 88-37153-4062 from the 
Competitive Research Grants Office, and by state and Hatch 
Funds allocated to the Georgia Agricultural Experiment Sta- 
tions. Financial support for the hybridoma facility was pro- 
vided by the National Science Foundation Grant Number 
PCM 8315882. 

Professor, Department of Plant Pathology, University of 
Georgia, Athens, GA 30602. 

The author thanks Rosemary Cowan, PatriciaJansma, and 
Rex Allen for technical assistance. 

392 

4,9,17), little data are available regarding 
the composition of  the matrix of  secretory 
granules .  Recen t  u l t r a s t ruc tu ra l  cyto- 
chemical analyses for enzyme activity and 
nucleic acids per formed on such granules 
from M. incognita showed positive activity 
for acid phosphatase in granules in the sub- 
ventral glands of J2, whereas granules in 
the dorsal gland of  adult females were pos- 
itive for peroxidase and nucleic acid (16). 

The  most promising means of identify- 
ing and characterizing nematode  secre- 
tions and their involvement in pathogen- 
esis may come from monoclonal antibody 
research on materials sequestered in se- 
cretory granules. Epitope specificity of 
monoclonal antibodies provides a means of 
identifying and purifying secretions. An- 
tibodies specific for secretory granules 
could be used as immunocytochemical  
probes to identify gland products  secreted 
through the nematode styler and poten- 
tially important  in pathogenesis. Antibod- 
ies specific for stylet secretions of Meloi- 
dogyne species could then be used as probes 
to identify the subcellular site(s) in giant 
cells where secretions accumulate, thereby 
providing some insight into the nature of  
the molecular and cellular mechanisms by 
which secretions affect cell differentiation 
and growth. Immunoaffinity chromatog- 
raphy employing specific antibodies could 
aid in purification of secretions for further  
biochemical characterization and deter- 
mination of biological activity. Monoclonal 
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antibodies have been raised to various tis- 
sues of Heterodera glycines, including the 
esophageal glands (1). 

Subcellular granules similar in size and 
appearance to esophageal gland secretory 
granules have been isolated from homog- 
enates of preparasitic J2 ofM. incognita (14). 
The  objective of this study was to generate 
monoclonal antibodies against secretory 
granules in the dorsal and subventral 
esophageal glands of preparasitic M. incog- 
nitaJ2. A preliminary report  has been pub- 
lished (10). 

MATERIALS AND METHODS 

Meloidogyne incognita (Kofoid & White) 
Chitwood, M. arenaria (Neal) Chitwood, 
and M. javanica (Treub) Chitwood were 
propagated on greenhouse-grown tomato, 
Lycoperiscon esculentum Mill. cv. Rutgers. 
Eggs were collected and hatched as de- 
scribed previously (14). Eggs of/-/, glycines 
Ichinohe, propagated on soybean, Glycine 
max (L.) Merr. cv. Wright, were collected 
as described previously (5) and hatched on 
a 25-~m-pore sieve in the same manner  as 
Meloidogyne eggs but in 10 mM ZnSO4. Sec- 
ond_stage juveniles were collected daily and 
stored in water at 15 C for up to 7 days. 
To obtain adult females of known age, 
3-week-old tomato plants growing in 400- 
ml styrofoam cups were inoculated with 
10,000 freshly hatched J2 of  M. incognita. 
After 48 hours the roots were washed free 
of soil and the plants were transplanted 
into styrofoam cups containing sterilized 
soil. Adult females were collected at spe- 
cific time intervals by washing the infected 
roots free of soil and carefully dissecting 
females from galls. 

Immunogen preparation: Two different 
immunogen preparations from M. incognita 
were used for monoclonal antibody pro- 
duction. Subcellular granules isolated from 
J2 served as one type of  immunogen (14). 
A second immunogen was prepared by sus- 
pending J2 (1:1 v/v) in 0.1% Tri ton X-100 
in phosphate-buffered, pH 7.4, saline (PBS) 
(137 mM NaC1, 1.4 mM KH2PO4, 2.6 mM 
KC1, 8.1 mM Na2HPO4) (1). Nematodes 
were homogenized in a motorized glass ho- 

mogenizer on ice until 90% of the nema- 
todes were broken. The  homogenate  was 
centrifuged at 4,400 g for 10 minutes at 4 
C and the supernatant fluid served as the 
immunogen. Protein concentration in ex- 
tracts was determined by the method of  
Bradford (6). 

Monoclonal antibody production: Mono- 
clonal antibodies were produced at the 
University of Georgia hybridoma facility. 
BALB/c  mice were injected intraperito- 
neally with granule protein (150 #g protein 
in 200 ~l/injection) emulsified with an 
equal volume of  Freund's complete adju- 
vant. Three  subsequent injections with im- 
munogen mixed with Freund's incomplete 
adjuvant were given at intervals of  90, 107, 
and 40 days. A final injection without ad- 
juvant  was given 20 days later. Mice im- 
munized with the second immunogen were 
injected intraperitoneally with protein (60 
~g protein in 200 tal/injection) emulsified 
with an equal volume of  Freund's complete 
adjuvant. A second injection with Freund's 
incomplete adjuvant was made 14 days lat- 
er. A third injection of the immunogen 
without adjuvant was given 37 days later 
both in the tail vein and intraperitoneally. 
Mice were killed 3 days after receiving the 
last injection and the spleens were re- 
moved aseptically for fusion. 

Other  procedures for monoclonal anti- 
body production were according to the 
methods of Cordonnier et al. (8). 

Screening: Hybridomas were screened by 
indirect immunofluorescence staining ac- 
cording to Atkinson et al. (1) and Okamoto 
and Thomson (12) with minor modifica- 
tions. The  J2 were fixed overnight at 4 C 
in 2% paraformaldehyde in PBS. Nema- 
todes were washed once in M9 buffer (7) 
and three times in deionized water and 
transferred to aluminum foil dishes for 
drying in a thin layer. Dried nematodes 
were cut into sections (1), flooded with M9 
buffer, and transferred to a 1.5-ml centri- 
fuge tube. The  buffer was removed after 
centrifugation and nematode sections were 
resuspended and incubated for 20 minutes 
in 1 ml proteinase K (2 mg/ml ,  Type XI, 
P-0390, Sigma Chemical Co., St. Louis, 
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MO). Following centrifugation, proteinase 
K was removed and nematodes were frozen 
for 20 minutes on dry ice. Nematode sec- 
tions were thawed and treated for 1 minute 
with - 20 C methanol followed by a 2-min- 
ute treatment with - 2 0  C acetone. Non- 
specific binding sites were blocked by gently 
agitating the sections for 1 hour on an or- 
bital mixer in PBS with 10% goat serum 
(S-2007, Sigma Chemical Co.) and 1 mM 
phenylmethylsulfonyl fluoride. 

Hybridoma medium was screened in 
Millititer 96-well filtration plates (Milli- 
pore Corp., Bedford, MA) (1). Each well 
contained 80-100 #1 hybridoma medium 
and 10/zi nematode suspension adjusted to 
contain approximately 200 sections. After 
incubation overnight at room temperature 
in a humid chamber, sections were washed 
three times for 15 minutes each in PBS. 
Forty microliters fluorescein isothiocya- 
nate (FITC)-IgG goat anti-mouse conju- 
gate (F-9006, Sigma Chemical Co.) diluted 
1:500 with Tris-saline containing 0.2% 
Tri ton X-100 and 3% bovine serum al- 
bumin (BSA) were added per well, and the 
plates were incubated for 2 hours in the 
dark at room temperature. Nematodes 
were washed three times in PBS followed 
by a final distilled water wash. Nematode 
sections in each well were transferred in 
20 /xl distilled water to wells on Multitest 
slides (Flow Laboratories, McLean, VA) 
coated with 1/~1 of  1% polylysine per well. 
After the nematodes air dried, 1.8 /A of  
phenylenediamine (2 m g / 1 0 0  ml buffer) 
in carbonate-glycerin buffer was added per 
well. A coverslip was placed on the slide 
and sections were viewed with the 40 x oil 
immersion objective of an Olympus fluo- 
rescence microscope. Controls included 
either replacing hybridoma medium with 
10/zl nonimmune mouse serum and 80/A 
PBS with 1% BSA, 2% Tri ton X-100, and 
0.1% sodium azide or only the PBS solu- 
tion. Nonimmune mouse serum was ob- 
tained from BALB/c,  C57, and C3H mouse 
strains, a pet store mouse, and commercial 
mouse serum (I-5381, Sigma Chemical Co.). 

Positive cell lines were grown in 24-well 
plates, and the hybridoma medium was re- 

screened using the immunofluorescence 
procedure already described. Cell lines 
producing antibodies to secretory granules 
in the dorsal or subventral glands were 
cloned by limiting-dilution, preserved in 
liquid nitrogen, and grown to produce 1 
liter of  spent hybridoma medium. Anti- 
bodies from 1 liter of  medium were con- 
centrated 20-fold by precipitation for 15 
minutes with 50% saturated ammonium 
sulfate and centrifugation at 15,300 g. The  
protein pellets were dissolved in buffer (1 
mM sodium phosphate, 1 mM EDTA, pH 
7.8) and stored at - 2 0  C in 0.5 ml aliquants 
(13). 

Adult females ofM. incognita (25-33 days 
old) were fixed overnight at 4 C in 2% 
paraformaldehyde in PBS. The  body of  
each female was cut into two pieces, and 
the section with the esophagus was washed 
in M9 buffer in 1.5-ml centrifuge tubes and 
centrifuged at 3,250 g. Sections were pro- 
cessed in centrifuge tubes for immunoflu- 
orescence staining with selected mono- 
clonal antibodies following the procedure 
used for the juveniles. 

RESULTS 

The cytoplasmic extension of  the dorsal 
esophageal gland of  preparasitic J2 ter- 
minates near the base of  the stylet, whereas 
the extensions of the two subventral glands 
terminate immediately behind the pump 
chamber in the metacorpus (Fig. 1). The  
different locations of  the ducts of  the two 
types of  glands permitted antibodies spe- 
cific for granules in each gland type to be 
easily identified by immunofluorescence 
staining. In preparasiticjuveniles, the sub- 
ventral gland extensions usually contained 
many secretory granules, whereas fewer 
granules were present in the dorsal gland 
extension. 

Two hybridoma clones secreting anti- 
bodies specific for secretory granules in the 
subventral esophageal glands of  M. incog- 
nita J2 were identified from products of  
two separate fusions. In sections where the 
subventral gland extensions and the am- 
pullae were distended with secretory gran- 
ules, the immunofluorescence staining was 
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FIGS. 1-3. Interference contrast and immunofluorescence micrographs of the esophagus of preparasitic 
second-stage juveniles ofMeloidogyne incognita (× 270). 1) Interference contrast micrograph showing the dorsal 
gland duct (D), metacorpus (M), and subventral gland extensions (S) distended with secretory granules and 
ampullae of the subventral glands (arrow). 2, 3) Paired fluorescence (a) and interference contrast (b) micro- 
graphs of esophageal regions of nematode sections with indirect staining with FITC of a monoclonal antibody. 
2) Fluorescent staining of secretory granules in the ampullae (arrow) within the metacorpus (M) and the two 
subventral gland extensions (S). 3) Fluorescent staining of individual secretory granules in a subventral gland 
and its cytoplasmic extension which terminates in the metacorpus (M). 
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intense (Fig. 2). In sections containing sub- 
ventral glands with fewer secretory gran- 
ules, individual granules were stained and 
easily observed (Fig. 3). 

Antibodies reacting with secretory gran- 
ules in the dorsal esophageal gland also 
were generated. These were identified by 
their binding with granules in the cyto- 
plasmic extension of the dorsal gland an- 
terior to the metacorpus in adult females 
and J2 (Figs. 4, 5). Secretory granules 
throughout  the esophageal gland lobe in 
the adult female reacted with these anti- 
bodies (Fig. 4). In some preparations, the 
antibody that reacted with the dorsal gland 
granules appeared to bind weakly to gran- 
ules in the subventral glands. 

Nonimmune mouse sera from various 
sources gave d i f ferent  immunof luores -  
cence staining patterns. While nonimmune 
sera obtained commercially or from a pet 
store mouse did not produce any specific 
staining, varied results were produced with 
nonimmune sera from inbred mice strains. 
Nonimmune sera from BALB/c  mice re- 
acted strongly with secretory granules in 
the subventral esophageal glands, whereas 
sera from the C57 and C3H strains did not. 
Similar results were obtained with non- 
immune sera from three different sources 
of BALB/c mice. The  fluorescence stain- 
ing pattern from the BALB/c  sera differed 
from that obtained with monoclonal anti- 
bodies hybridomas. Immunofluorescence 
staining of individual granules with the 
nonimmune sera gave a ring pattern, 
whereas the pattern from the antibodies 
was a solid sphere. Nonimmune BALB/c  
mouse sera produced similar staining pat- 
terns in J2 of the three Meloidogyne species 
but failed to react with H. glycines. 

Three  monoclonal antibodies, two spe- 
cific for subventral gland granules and one 
for dorsal granules, were tested against J2 
of M. javanica, M. arenaria, and H. glycines, 
and adult females of  M. incognita. None of 
the antibodies reacted with secretory gran- 
ules in the esophageal glands of  J2 of H. 
glycines (Table 1). All of  the antibodies re- 
acted with granules in the glands of J2 of 
M. javanica and M. arenaria; however, only 
the antibody that reacted with secretory 

granules in the dorsal gland of J2 reacted 
with the esophageal gland lobe in adult fe- 
males of M. incognita. 

DISCUSSION 

Production of  monoclonal antibodies to 
secretory granules formed in the esopha- 
geal glands will enable secretions of plant 
parasitic nematodes involved in pathogen- 
esis to be identified and characterized. An- 
tibodies specific for granules formed in the 
esophageal glands of Meloidogyne species 
were identified using an indirect immu- 
nofluorescence staining procedure devel- 
oped by Atkinson et al. (1). The  fluores- 
cence staining pa t t e rn  indicated the  
antibodies were specific for the matrix of 
the granules and not their limiting mem- 
branes. Distribution of the antigens within 
granules will need to be determined by 
electron microscopic immunocytochemis- 
try using immunogold labelled antibodies 
(15). 

Both preparations of immunogens were 
successful in generating antibodies to se- 
cretory granules. Nevertheless, prepara- 
tion of total homogenates was more prac- 
tical and less laborious than granule  
preparations and therefore would be the 
preferred manner  for immunogen prepa- 
ration. In this study, however, consider- 
ably fewer  ant ibodies specific for the 
esophageal glands in M. incognita were pro- 
duced than in a study with H. glycines where 
total homogenates were used as immuno- 
gens (1). 

Reaction of nonimmune serum from 
BALB/c  mice with secretory granules in 
the subventral glands of M. incognita was 
unexpected. Nonetheless, the apparent 
specificity of  nonimmune sera for the lim- 
iting membrane of the granules allows these 
antibodies to be distinguished from those 
specific for the granule matrix during the 
screening procedure. 

Results reported herein indicate that an- 
tigens synthesized in the dorsal esophageal 
gland of  j2  are also produced later in the 
life cycle in adult females. Although the 
antibody that reacted with granules in the 
dorsal gland appeared to have some activ- 
ity against granules  in the subventra l  
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FIGS. 4, 5. Paired fluorescence (a) and interference contrast (b) micrographs of  esophageal regions of  an 
adult female and a preparasitic second-stage juvenile ofMeloidogyne incognita with indirect staining with FITC 
of a monoclonal antibody (x 270). 4) Immunofluorescent staining of  secretory granules in the dorsal gland 
lobe and ampulla (A) of an adult female nematode. 5) Immunofluorescent staining of  granules in the dorsal 
gland extension anterior to the metacorpus (M) in a second-stage juvenile. 

glands, the fluorescence staining was more 
intense in the dorsal gland. Immunolocal- 
ization of  this antigen by electron micros- 
copy will be necessary to firmly establish 

the distribution of the antigen in the 
esophageal glands. Failure of  the antibod- 
ies specific for antigens in the J2 subventral 
glands to react with antigens in the esoph- 
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TABLE 1. Specificity of  three monoclonalantibod- 
ies raised against secretory granules in the esophageal 
glandst of second-stage juveniles (J2) of Meloidog'yne 
incognita. 

Monoclonal antibody 

6 D 4 /  3 H l a /  5Gt t /  
Nematode and stage DG SvG SvG 

M. incognita J2 + + + 
M. incognita adult + - - 
M. javanica J2 + + + 
M. arenaria J2 + + + 
Heterodera gIycines J2 - - - 

+ = immunostaining; - = no staining. 
t DG = dorsal gland; SvG = subventral glands. 

ageal gland lobe of adult females indicates 
that these glands were inactive in females 
or that the antigen was no longer being 
synthesized in this stage. Similar results 
were obtained with J2 and adult females 
ofH. glycines (1). Reaction of the antibodies 
raised with M. incognita immunogens  
against antigens in M. javanica and M. ar- 
enaria, but not with granules in H. glycines, 
indicates that these antibodies have inter- 
generic specificity but lack interspecific 
specificity. 

Identifying molecules of nematode ori- 
gin that are involved in pathogenesis and 
charac te r iz ing  thei r  biological activity 
should provide the knowledge required to 
make novel advances in managing nema- 
tode diseases of plants. Monoclonal anti- 
bodies to nematode secretions provide a 
means to identify secretions involved in 
pathogenesis. Research is in progress using 
these antibodies to localize nematode se- 
cretions in giant cells to determine their 
role in the host-parasite interaction. 
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