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Abstract: The  cellular responses induced by Meloidogyne arenaria races 1 and 2 in three soybean 
genotypes, susceptible CNS, resistant Jackson, and resistant PI 200538, were examined by light 
microscopy 20 days after inoculation. Differences in giant-cell development were greater between 
races than among the soybean genotypes. M. arenaria race 1 stimulated small, poorly formed giant- 
cells in contrast with M. arenaria race 2, which induced well-developed, thick-walled, multinucleate 
giant-cells. The  number  of nuclei per  giant-celt was variable, but fewer nuclei were usually present 
in giant-cells induced by race 1 (mean 16 nuclei) than in giant-cells induced by race 2 (mean 41 
nuclei). Differences observed in giant-cell development were related to differences in growth and 
maturat ion of  M. arenaria races 1 and 2 and host suitability of  the soybean genotypes. 
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Root-knot nematodes, Meloidogyne spp., 
are widely distributed pathogenS-that es- 
tablish a complex and long-lasting parasitic 
relationship with more than 2,000 plant 
species (23). To complete their life cycles, 
infective second-stage juveniles (,]2) pene- 
trate roots of  susceptible hosts behind the 
root cap (8) and migrate intercellularly to 
the developing protoxylem in the vascular 
cylinder (27). Initial feeding activities by J2 
induce localized modification of host cells 
to form a feeding site consisting of several 
mul t inucleate  giant-cells (7,14). These  
highly specialized feeding sites function as 
permanent  sources of nutrients for fur- 
ther development and reproduction of the 
parasite (8,24). 

Giant-cells are larger-than-normal cells 
with multiple nuclei, thickened walls with 
extensive ingrowths, and dense cytoplasm 
with increased numbers  of  organel les  
(2,13). These feeding sites are highly active 
metabolically and funct ion as t ransfer  
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cells, serving as a metabolic sink for host 
photosynthates that are consumed by the 
n e m a t o d e  (3,18). T h e  morpho log ica l  
changes involved in the formation and de- 
velopment of giant-cells have been thor- 
oughly studied. The  muhinucleate state 
arises from repeated karyokinesis uncou- 
pled from cytokinesis (7,15), but the DNA 
content of  the nuclei increases nonsystem- 
atically on a per-nucleus basis (26). Stylet 
secretions, originating f rom the nema- 
tode's esophageal glands, injected into the 
cytoplasm of the protoxylem cells are pu- 
tatively responsible for regulating giant- 
cell initiation and deve lopment  (9,12). 
Other  nematode secretions, presumably 
from the dorsal gland, form feeding tubes, 
which are structures that are thought to 
facilitate withdrawal of nutrients by the 
feeding parasite (11). 

Induction and maintenance of  giant- 
cells are possibly separate phenomena me- 
diated by different developmental stages 
of  the parasite (4). After feeding for about 
10-12 days in roots of  susceptible plants, 
the J2 ceases feeding and molts three times 
over a 48-hour period. Subsequently, the 
female  feeds and  grows cons iderably  
larger than the giant-cells. The increases in 
nutrient demands and giant-cell growth 
correspond to egg production by the fe- 
male (13). After completion of its life cycle, 
the female nematode dies and the giant- 
cells degenerate (1). 
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Microplot (20) and greenhouse (21) stu- 
ies indicate that races 1 and 2 of  Meloidogyne 
arenaria (Neal) Chitwood are capable of  re- 
producing on susceptible (CNS) and, to a 
lesser extent,  on resistant (Jackson, PI 
230977, and PI 200538) soybean, Glycine 
max (L.) Merr. However, race 1 developed 
slower and produced 4-15% as many eggs 
per root system as race 2 on all genotypes. 
The present study was conducted to com- 
pare the cellular responses of  roots of  
CNS, Jackson, and PI 200538 infected 
with races 1 and 2 of M. arenaria. 

MATERIALS AND METHODS 

Three  soybean genotypes from Maturity 
Group VII, M. arenaria susceptible CNS, 
and resistant Jackson and resistant PI 
200538, were used in this study. Two iso- 
lates of  M. arenaria, represent ing host 
races 1 (GA-7, Georgia isolate) (19) and 2 
(Govan, South Carolina isolate) (5), were 
increased on tomato cv. Rutgers (Lycopersi- 
con esculentum L.), and eggs were collected 
using the NaOC1 (0.5%) method (10). In- 
oculum consisted of  J2 freshly hatched 
from eggs during 48 hours, after discard- 
ing J2 emerging during the first 24 hours. 

Four seeds of  each soybean genotype 
were planted in 474-cm 3 styrofoam cups 
filled with 420 cm 3 soil mix (80% sand, 
12% silt, 8% clay) previously fumigated 
with methyl  bromide .  Seedlings were 
thinned to one plant per cup after 5 days, 
and 7 days later were inoculated with a 
4-ml suspension of 2,000 J2 of the appro- 
priate nematode isolate per cup. After 48 
hours the root systems were washed with 
tap water to limit penetration to a 48-hour 
per iod and  the seedlings were trans- 
planted into styrofoam cups containing the 
same type of  soil. Plants were grown under  
g r e e n h o u s e  cond i t i ons  ( t e m p e r a t u r e  
range 21-35°C) with supplemental light 
f rom 400-watt mul t i -vapor  phosphor-  
coated lamps to provide a 16-hour photo- 
period. 

In preliminary studies, developing galls 
containing a single nematode were excised 
from roots at 5 and 10 days after inocula- 

tion for each genotype x race combination 
and processed for histology. No consistent 
differences in cellular responses were ob- 
served among the genotype x race combi- 
nations at these two time intervals. There- 
fore, in the present study, six galls with a 
single nematode were excised from roots 
of  each genotype x race combination 20 
days after inoculation and processed for 
histology and giant-cell isolation. The 20 
days after inoculation corresponded with 
the greatest differences in development of 
races 1 and 2 on these soybean genotypes 
(21). 

The galls were fixed overnight in 2% 
paraformaldehyde and 2.5% glutaralde- 
hyde in 0.01 M phosphate buffer (pH 7.2) 
at 4°C. After three changes of  buffer, galls 
were post-fixed for 2 hours at 4°C in 1% 
OsO 4 in the phosphate buffer, and then 
washed in distilled water and incubated 
overnight in uranyl acetate (0.25 gm/50 
ml). Galls were washed in distilled water, 
dehydrated in an ethanol series to acetone, 
and infiltrated with Spurr's resin. Speci- 
mens were embedded using 60 x 15 mm 
Lux Contour Permanox disposable tissue 
culture dishes and polymerized in an oven 
at 70°C. At least six embedded root seg- 
ments for each genotype x race combina- 
tion were excised and mounted on speci- 
men stubs to yield longitudinal or cross 
sections of giant-cells. Serial sections were 
cut 1 p.m thick, f ixed on glass slides, 
stained with 1% toluidine blue, and cov- 
ered with a coverglass affixed with Per- 
mount. The serial sections were examined 
with a compound microscope, and longitu- 
dinal and cross sections of  giant-cells at 
their maximum size for each genotype x 
race combination were photographed. 

To determine the number of  nuclei per 
giant-cell, excised galls were fixed in cold 
absolute ethanol-glacial acetic acid (3:1, 
v/v) for 48 hours at 4°C and transferred to 
70% ethanol for storage at 4°C before ex- 
amination. Galls were hydrolyzed in 5 N 
HC1 at 25°C for 40 minutes, rinsed in dis- 
tilled water, and stained for 2 hours in 
Schiff's reagent (22). After two changes of 
sulfite water (22), galls were rinsed in dis- 
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tilled water, placed in a drop of  acetocar- 
mine stain (25) on a glass slide, and dis- 
sected with a fine needle with the aid of  a 
stereomicroscope. Twenty giant-cells for 
each genotype x race combination were 
collected, mounted in acetocarmine on a 
glass slide, and the number  of  nuclei was 
determined with the aid of a compound 
microscope. 

RESULTS 

CNS: The root galls induced by M. are- 
naria race 1 were small and contained 
poorly developed giant-cells and nema- 
todes (Fig. 1A,B). The  giant-cells were 
small with cytoplasm containing dark in- 
clusions (Fig. 1A). Occasionally some small 
giant-cells associated with race 1 lacked the 
dark inclusions (Fig. 1B). The poorly de- 
veloped giant-cells did not greatly displace 
the vascular tissue and were associated 
with limited hyperplasia and hypertrophy 
of surrounding host cells. 

In contrast, large galls and typical giant- 
cells were induced by M. arenaria race 2 in 
CNS roots (Fig. IC,D). These giant-cells 
were large, multinucleate, contained dense 
and granular cytoplasm, and had mark- 
edly thick cell walls (Fig. 1C). The thick- 
ness of the cell wall varied, but wall thick- 
ening was evident around the entire giant- 
cell wall. The nuclei of  the giant-cells were 
hypertrophied and contained prominent  
nucleoli. The  number  of  giant-cells that 
could be observed near the head of the 
nematode ranged from 5 to 8. Cross sec- 
tions through this area revealed that the 
giant-cells frequently displaced most of  the 
xylem tissue in the vascular cylinder and 
were surrounded by extensive hyperplastic 
host tissue (Fig. 1D). 

Jackson: Most of  the feeding sites in- 
duced by M. arenaria race 1 contained only 
a couple of  irregularly shaped multinucle- 
ate giant-cells. These small giant-cells con- 
tained cytoplasm with dark inclusions (Fig. 
2A,B). Cross sections through this area in- 
dicated these feeding sites occupied a re- 
stricted area of  the vascular cylinder and 
were surrounded by limited hyperplastic 

and hypertrophied tissue (Fig. 2B). Re- 
stricted nematode development was associ- 
ated with this type of feeding site. 

Feeding sites induced by race 2, on the 
other hand, usually consisted of a group of  
5 to 7 large giant-cells. The giant-cells were 
multinucleate, had slightly thickened walls, 
and the cytoplasm, which contained many 
small vacuoles, was moderately dense (Fig. 
2C,D). The  large giant-cells displaced the 
xylem tissue in the vascular cylinder and 
were surrounded by extensive hyperplastic 
and hypertrophied tissue (Fig. 2D). 

PI 200538: Poorly developed giant-cells 
were associated with feeding sites in galls 
induced by M. arenaria race 1. Frequently, 
giant-cells in various developmental stages 
were present in the same feeding site (Fig. 
3A,B). 

Race 2 induced large giant-cells that 
usually filled most of  the vascular cylinder. 
The cytoplasm of these multinucleate gi- 
ant-cells was dense and contained many 
small vacuoles (Fig. 3C,D). 

Nuclei per giant-cell: The number  of  nu- 
clei per giant-cell in galls on roots of  CNS, 
Jackson, and PI 200538 at 20 days after 
inoculation varied within and among the 
genotypes, but differences were greatest 
between giant-cells induced by the two 
races of M. arenaria (Fig. 4). The  number  
of nuclei in giant-cells induced in all gen- 
otypes ranged from 16 to 64 for race 2 and 
8 to 34 for race 1. 

DISCUSSION 

The differences in development and re- 
production of races 1 and 2 (21) on CNS, 
Jackson, and PI 200538 were related to 
differences in the development and, pre- 
sumably, function of giant-cells the patho- 
gens induce in roots of  the soybean geno- 
types. Feeding sites established by race 2 in 
all genotypes contained large giant-cells 
capable of supporting the development of 
J2 to females by 20 days after inoculation, 
as previously reported (21). However, the 
giant-cells induced by race 2 in the resis- 
tant genotypes contained many small vac- 
uoles and had less thickened cell walls 
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FIG. 1. Cellular response of roots of CNS soybean to infection by Meloidogyne a~'enaria 20 days after inoc- 
ulation. A,B) Race 1: A) Longitudinal section of giant-cells with dark cytoplasm (× 319). B) Cross section of 
feeding site with small giant-cells with cytoplasm of varying density (x234). C,D) Race 2: C) Longitudinal 
section of  large multinucleate giant-cells with thickened cell walls (x 183). D) Cross section of well developed 
giant-cells in the vascular cylinder (x 192). GC = giant-cell; N = nematode; arrow = nucleus. 



Soybean Resistance to Meloidogyne arenaria: Pedrosa et al. 229 

FIG. 2. Cellular response of roots of Jackson soybean to infection by Meloidogyne arenaria 20 days after 
inoculation. A,B) Race 1: A) Longitudinal section of poorly developed giant-cells with dark cytoplasm (x 235). 
B) Cross section of feeding site with small giant-cells with dark cytoplasm (x 270). C,D) Race 2: C) Longitudinal 
section of highly vacuolated giant-cells (x 205). D) Cross section of well-developed giant-cells surrounded by 
hyperplastic and hypertrophied tissue (x296). GC = glant-cell; N = nematode; arrow = nucleus. 
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FIG. 3. Cellular response of roots of PI 200538 soybean to Meloidogyne arenaria 20 days after inoculation. 
A,B) Race 1 : A) Longitudinal section of feeding site with giant-cells varying in development and cytoplasm 
density (x247). B) Cross section of poorly developed giant-cells with dark cytoplasm (x 131). C,D) Race 2: 
C)Longitudinal section of highly vacuolated giant-cells (x 163). D) Cross section of multinucleate giant-cells 
(x221). GC = giant-cell; N = nematode; arrow = nucleus. 
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FIG. 4. Numbers of nuclei per giant-cell induced 
by Meloidogyne arenaria races 1 and 2 in galled roots of 
CNS, Jackson, and PI 200538 soybean. Values are 
means from 20 individual giant-cells at 20 days after 
inoculation. Bars indicate standard er ror  of the 
mean, 

compared to giant-cells induced by this 
race in roots of  CNS. These differences in 
giant-cells may indicate variation in the nu- 
trient status of  the feeding sites that could 
account for the lower fecundity of race 2 
females on the resistant genotypes com- 
pared to CNS (21). 

Giant-cells induced by race 1 in the three 
soybean genotypes were similar to giant- 
cells described as type 2 (small giant-cells 
with abundant  cell inclusions of  various 
forms) by Dropkin and Nelson (6) in soy- 
bean infected with M. arenaria. Type 2 gi- 
ant-cells were always associated with 
poorly developed nematodes  that pro- 
duced few eggs. The small size of the feed- 
ing sites induced by race 1 in our  study 
should affect the quantity and (or) quality 
of nutrients the pathogen can obtain, re- 
sulting in the decreased rate of  develop- 
ment and reproductive potential of race 1 
on these soybean genotypes (20,21). The 
number of  nuclei per giant-cell in differ- 
ent susceptible host species is variable (25). 
In this study, the number of  nuclei per gi- 
ant  cell d i f fered only between the two 
races with the lowest number  of nuclei in 
giant-cells associated with race 1. This re- 
stricted number of nuclei probably is re- 
lated to the limited giant-cell development 
associated with race 1. 

PI 200538 has a higher level of  resis- 
tance to M. arenaria race 2 than Jackson 

(16,20). In addition, recent inheritance 
studies indicate that different genes condi- 
tion the resistance to M. arenaria in these 
two soybean genotypes (17). Nevertheless, 
major differences were not detected in the 
cellular responses in these two soybean 
genotypes to either race ofM. arenaria. In- 
terestingly, necrosis, previously associated 
with resistance to M. arenaria arenaria in 
some soybean genotypes (6), was not ob- 
served in infected roots of Jackson or PI 
200538. 
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