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A b s t r a c t :  Nuclear changes occurring in male and female gonads of A p h e l e n c h u s  a v e n a e  dur ing  
postembryogenesis were studied in relation to time and feeding periods on R h i z o e t o n i a  so lani .  
Development of the female gonatl was similar to that  in other  nematode species, but  develop- 
ment  of the male gonad followed the growth pat tern of female ra ther  titan ntale gonads. This  
deviation was explained by the assumption that males in antphimictic populat ions  have appeared 
as the resnlt of recent evolntion of such populat ions 1o sexuality from originally parthettogenctic 
ancestors. A certain, period of feeding of larvae (16 h for L-2 g: L-3, but  12 h for L-4) was re- 
quired before molting. Cell divisions were confined to the periods of lethargus dur ing  the second 
and third molts, but  started dur ing  the larval stage in fourth-stage larvae. Crosses in various 
combinations demonstrated that  temperature- induced males do inseminate fentales of the 
amphimictic and some parthenogenetic  populat ions,  but  their spermatozoa are nonfunctional .  
Similarly, males of the amphimict ic  populat ion inseminated females of a parthenogenetic popu-  
lation, but  the sperm did not  penetrate the oocytes. K e y  W o r d s :  postembryogenesis, sexuality, 
hybridization. 

Development of the female reproductive 
system in terms of nuclear changes dur ing 
postembryogenesis is known for a number  
of plant-parasitic and mycophagous nema- 
todes. In second-stage larvae, the gonad 
pr imordium contains three (two epithelial 
and one germinal) nuclei in Ditylenchus 
tri[orrnis Hirschmann and Sasser (5) or 
four (two epithelial and two germinal) 
nuclei in Pratylenchus spp. (7). Divisions 
of the epithelial nuclei in the developing 
reproductive systems may be limited to the 
periods of molt ing in HeIicotylenchus di- 
hystera (Cobb) Sher (6) or may occur also 
during the third or fourth larval stages in 
Pratylenchus (7). T h e  germinal nuclei be- 
have differently. No divisions take place till 
the fourth stage, and divisions may occur 
in tile motile part  of that stage, as in Praty- 
lenchus spp. (7), or during the fourth molt, 
as in D. tri[ormis (5) and H. dihystera (6). 

Development of the male system shows 
some important  differences. During the sec- 
ond molt, the anterior epithelial nucleus 
divides repeatedly to produce a number  of 
nuclei anterior to the germinal nucleus, as 
in D. triformis (5), and the or ienta t ion of 
the system changes during the third molt  
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when the pr imordium takes a turn of 180 ° 
and starts growing posteriad. Division of 
the germinal nucleus occurs during the 
third molt  in Pratylenchus spp. (7) or early 
in the fourth stage in D. triIormis (5). 

Sex can be distinguished by the presence 
or absence of specialized ventral chord 
nuclei as early as second or third larval 
stages. 

Extension of tile developing reproduc- 
tive system in Aphelenchus avenae Bastian 
was related to molt ing (2). Each stage was 
divided into three parts: prestimulus part  
of variable durat ion (depending on the 
availability of food), motile part  of con- 
stant duration, and lethargus or molting, 
during which movement  was arrested and 
the cuticle was shed. Th e  determinat ion of 
receipt of the stimulus was hypothetical and 
was based on the ability of larvae to molt  
without further ingestion of food. Exten- 
sion of the gonad occurred shortly after the 
stimulus was received and the rate of exten- 
sion was greater in the fourth than in the 
third stage. No information is available on 
nuclear changes in the developing reproduc- 
tive system of A. avenae. 

Tlle fecundity of parthenogenetic  
females and their life span were greatly 
reduced when males of all amphimictic pop- 
ulation were introduced into a culture (3), 
but  there has been no examinat ion of the 
factors involved. It  is known that a thely- 
tokous (giving female progeny only) pop- 
ulation of A. avenae reproduces by meiotic 
parthenogenesis (8) and another  popula t ion 
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from California which normal ly  has only 
females produces males under  various con- 
ditions of stress (1, 4). I t  is not known 
whether  males of the latter popula t ion  are 
functional.  

Th is  paper  reports the nuclear divisions 
in the developing reproduct ive system and 
the results of crosses between temperature-  
induced males or males of an amphimict ic  
popula t ion  and females of three partheno- 
genetic and one amphimict ic  popula t ion  of 
A. avenae. 

M A T E R I A L S  A N D  M E T H O D S  

Stock cultures of A. avenae were main- 
tained on Rhizoctonia solani Kiihn grow- 
ing on one-fifth di lut ion of potato dextrose 
agar. When  nematodes of a certain stage 
were required, a petri  dish with a growing 
popula t ion  was flooded with sterile water  
and, after the nematodes had emerged from 
tim agar, those in the appropr ia te  lethargus 
were hand-picked and placed in sterile tap 
water  to complete the molt. T h e  nematodes 
were then added to fresh cultures of the 
fungus. T i m i n g  for the study of their devel- 
opmen t  was init iated from this transfer of 
the larvae to food. T o  study nuclear changes 
dur ing development  and detect insemina- 
tion, nematodes were stained in 1.5% 
propionic orcein (5). 

Crossing tests involved one amphimict ic  
popula t ion  from Australia and three par- 
thenogenetic populat ions from Australia, 
California, and Nor th  Carolina. T o  obtain  
virgin females of the amphimict ic  popula- 
tion, female larvae at the fourth lethargus 
were hand-picked and placed in sterile tap 
water  to complete tile molt.  T h e  young fe- 
males were then transferred to new cultures 
of R. solani to which an equal num ber  of 
temperature- induced males were added. 
Tempera ture- induced  males were obta ined 
from young cultures of the Cal ifornia  pop- 
ulat ion which was main ta ined  for 4 days at 
30 C and then transferred to 25 C for an- 
other  2-4 days dur ing which period numer-  
ous males emerged. Young females of each 
of the par thenogenet ic  populat ions were 
hand-picked from young cultures and trans- 
ferred to new cultures of R. solani to 
which an equal  number  of males ot the 
amphimict ic  popula t ion  or temperature-  
induced males were added for the appropr i -  
ate crosses. In  a cross between males of the 

amphimict ic  and females of the partheno- 
genetic Australia populat ions,  the number  
of females which became inseminated and 
the number  of those which had some glue- 
like material  at tached to the vulva were 
assessed 2 and 5 days after exposure to 
males. 

R E S U L T S  

D E V E L O P M E N T  O F  T H E  G O N A D  I N  P A R -  

TnENOGENETm POPULATIONS: Second-stage 
larvae.--The genital p r imord ium contained 
three nuclei on hatching; one germinal  and 
two epithelial.  T h e  posterior epithelial  
nucleus divided first, and this division oc- 
curred 28 h after the larvae were placed on 
food (Fig. 1). Nuclear  divisions cont inued 
tmtil  about  40 h after the larvae were 
placed on food, but  the germinal  nucleus 
did not divide. Division of the nuclei in the 
hypodermal  chords followed the same pat- 
tern. 

At 4-h intervals, larvae were removed 
from food and placed in water  to determine 
when they first had the ability to molt. After 
16 h of feeding, all larvae in the sample 
had the ability to mol t  wi thout  fur ther  
feeding. At 28 h, 2 of 11 larvae were in 
lethargus, and by 32 h, all were in lethargus. 
At 40 h, I out  of 10 larvae had resumed 
moti l i ty  after lethargus. 

Four specialized ventral  chord nuclei 
could be distinguished just before the onset 
of lethargus (24 h). 

Third-stage larvae.--Immediately after 
tile second lethargus, the p r imord ium con- 
tained a single germinal  nucleus, a cap cell 
nucleus, and about  l0 other epithelial  
nuclei (Fig. 1). Four  specialized ventral  
chord nuclei were seen. Nuclear  divisions 
did not occur until  the 28-h sample and 
continued unti l  about  40 tl. T h e  germinal  
nucleus did not  divide. 

After 16 h, all larvae had the abil i ty to 
mol t  wi thout  fur ther  feeding. At 28 h, 
lethargus was beginning, and after 40 h, 
moti l i ty  was resumed. 

Fourth-stage larvae.--Immediately after 
the third lethargus, the reproduct ive system 
contained a germinal  nucleus, a cap cell 
nucleus, and about  56 other epithelial  
nuclei (Fig. 1). The re  were 12 specialized 
ventral  chord nuclei arranged in 2 groups 
of 6 on opposite sides of the future site of 
the vagina. 
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FIG. l. Nuclear changes in the developing reproductive system of parthenogenetic females of 
.4phelenchus avenae in relation to molting, Arrows indicate the receipt of the molting stimulus; stars in- 
dicate the onset of lethargus. 
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No division of nuclei occurred unti l  16 
h after the larvae were placed on food. At 
this time, the germinal nucleus and the 
epithelial nuclei were dividing, and both  
types continued to divide unti l  about  36 h 
after the larvae were placed on food. About 
10 to 15 epithelial nuclei of the anterior  
part  of the ovary started to increase in size 
late in this stage (Fig. 3). They  eventually 
became the "giant epithelial nuclei" of the 
growth zone of the ovary of adults (9). 

Most larvae acquired the capacity to 
molt after 12 h of feeding; lethargus began 
shortly after 24 h; and motil i ty was resumed 
shortly after 36 h. 

D E V E L O P M E N T  OF T H E  GONAD IN T H E  

A M P H I M I C T I C  P O P U L A T I O N :  F E M A L E . - - n e v e l -  

opment  of the reproductive system of the 
amphimictic female was similar to that of 
the parthenogenetic female. 

MALE: Second-stage larvae.--Sex of larvae 
could not be distinguished until  late in the 
second stage (during lethargus) when spe- 
cialized ventral chord nuclei could be seen 
for the first time in female, but  not  in male, 
larvae. All pr imordia  (male and female) 
had one germinal nucleus and two 
epithelial nuclei (Fig. 2). T h e  posterior 
epithelial nucleus of male larvae began to 
divide during lethargus. 

Third-stage larvae.-Immediately after 
the second lethargus, there were about  12 
nuclei in the p r i m o r d i u m - l l  epithelial 
nuclei and one germinal nucleus-ar ranged 
as in female larvae, with the germinal 
nucleus at the anterior  end. No change in 
number  of nuclei occurred until  the onset 
of the third lethargus when both epithelial 
and germinal nuclei divided (Fig. 2). 

Fourth-stage larvae.-Immediately after 
the third lethargus, there were four 
germinal and about 56 epithelial nuclei 
present. No further  divisions of nuclei oc- 
curred until  after 13 h of feeding when both 
germinal and epithelial nuclei began to 
divide and continued dividing throughout  
the remainder  of the stage. T h e  fact that 
the two most anterior  germinal nuclei 
stained differently from the remainder  of 
the germinal nuclei (Fig. 1, 4) was an indi- 
cation that differentiation had taken place 
between spermatogonia and spermatocytes. 

CROSSING T E M P E R A T U R E - I N D U C E D  M A L E S  

W I T H  F E M A L E S  OF  T H R E E  P A R T H E N O G E N E T I C  

AND ONE A ~'MPHIM ICTIC P O P U L A T I O N :  

Temperature- induced males of the 
parthenogenetic  California populat ion 
freely inseminated females of their own 
population. Numerous spermatozoa were 
observed in the spermatotheca and along 
the gonoducts of inseminated females, but  
of 150 oocytes examined, only 5 contained 
a sperm nucleus. Actual fertilization, i.e. 
fusion of sperm and egg pronuclei, was not 
observed in any case and probably did not  
OCCUr.  

Forty of the 60 females of the partheno- 
genetic Australia populat ion and none of 
50 females of the North  Carolina popula- 
tion exposed to temperature-induced males 
became inseminated. Sperm was not  ob- 
served inside any oocyte of the Australia 
population.  

Of the 30 virgin females of the am- 
phimictic Australia population,  20 became 
inseminated by temperature-induced males. 
Three  oocytes of three different~ females 
contained one sperm nucleus each, and one 
oocyte in a fourth female contained two 
sperm nuclei. T h e  fact that none of another  
30 females exposed to temperature-induced 
males gave any progeny indicated that ac- 
tual fertilization did not  occur. 

CROSSING M A L E S  OF  T H E  A M P H I M I C T I C  

P O P U L A T I O N  W I T H  F E M A L E S  O F  T H E  AUS- 

T R A L I A N  P A R T H E N O G E N E T I C  P O P U L A T I O N :  

Eight of 15 parthenogenetic  females ex- 
amined 2 clays after exposure to males were 
inseminated, and 25 of 27 females were in- 
seminated 5 days after exposure to males. 
Tw o  females in the first observation and 
5 in the second had some adhesive material  
on the vulva; thus the absence of a copula- 
tion phtg is not proof that copulation has 
not taken place. Because no sperm was seen 
inside any oocyte of inseminated females, 
actual fertilization probably did not  occur. 
Some of the parthenogenetic females were 
dead by the fifth day of exposure to males 
and others were dying. In the latter, sperm 
had migrated into the posterior part  of the 
ovary; such a condit ion has not  been seen in 
amphimictic females, except in very old 
cultures. 

DISCUSSION 

T h e  pat tern of nuclear changes in the 
female gonad of the parthenogenetic  and 
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FIG. 2. Nuclear changes in the developing reproductive system of males from an amphimictic popula- 
tion of Aphelenchus avenae from Australia. 
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Fig. 3-4. Photomicrographs of anterior portion of gonad of advanced 4th-stage female and 4th-stage 

male larvae, respectively, of Aphelenchus avenae. EN, epithelial nucleus (normal size); GEN, giant epithelial 
nucleus; Oc, oocyte nucleus; Oo, oogonial nucleus (dividing); Sc, spermatocyte nucleus; Sg, spermatogonial 
nucleus (dividing). Scale for Fig. 4 as in Fig. 3. 

amphimictic populations of A. avenae was 
similar to that of Ditylenchus tri[ormis (5) 
in the early larval stages. All nudear di- 
visions were confined to the periods of 
lethargus of the second and third molts, and 
only the epithelial nuclei divided at these 
times. In the fourth stage, divisions of both 
germinal and epithelial nuclei began shortly 
after the larvae had acquired the ability to 
molt without further feeding. Such divisions 
continued throughout the remainder of the 
motile part of the stage and through 

lethargus. This developmental pattern coin- 
cided with the changing rates of extension 
of the gonad already reported (2). The in- 
creased rate of extension in the fourth stage 
occurred when the nuclei were dividing. 

The nuclear changes in the fourth stage 
relate the onset of the developmental 
changes to the stimulus for molting and 
indicate that the underlying mechanism for 
control is changed in tile fourth stage from 
the previous two stages. The period from 
receipt of the stimulus for molting in the 
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fourth stage to lethargus is analogous to the 
lethargus period in the second and third 
stages. Presumably, nuclear changes can be 
related to hormonal  changes involved in 
molting. 

The  overall pattern of development of 
male larvae was similar to that of female 
larvae except for the earlier division of the 
germinal nucleus, which occurred in the 
third lethargus, and the absence of spe- 
cialized ventral chord nuclei in male larvae. 
A striking difference was detected between 
development of male gonad in A. avenae 
and that of other nematode species. 
Whereas, in males of other nematodes the 
gonad pr imordium starts growing anteriad 
and turns posteriad later (5, 6, 7), the 
pr imordium of A. avenae males starts grow- 
ing posteriad, i.e. follows the pattern of 
growth of female gonads. This deviation 
can be explained in temperature-induced 
males of the California population, which 
genotypically are females and develop into 
males only through the influence of vari- 
ous environmental factors during late 
embryogenesis and early postembryogenesis 
(4). It is difficult, however, to explain such 
a deviation of developmental pattern in 
the normally bisexual, amphimictic popu- 
lation from Australia, in which sex expres- 
sion is presumed to be genetically con- 
trolled, and should follow the male rather 
than the female pattern. It  is possible that 
the presence of males in the amphimictic 
populat ion is the result of recent evolution 
of this populat ion to sexuality from an 
originally parthenogenetic population, the 
type that is most common around the 
world. This then is the first case of 
suspected reverse evolution from partheno- 
genesis to amphimixis in nematodes (10). 

Temperature-induced males of the Cali- 
fornia populat ion freely inseminated fe- 
males of their own populat ion and a high 
percentage of females of the partheno- 
genetic and anaphimictic Australia popula- 
tions. Although sperm occasionally entered 
oocytes of inseminated females, no fusion 
of sperm and egg pronuclei was observed, 
and it is suspected that it did not occur. The  
failure of females of the amphimictic pop- 
ulation to give progeny after they were in- 
seminated by temperature-induced males 
suggests that actual fertilization did not  
occur. All progeny of inseminated females 
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of the parthenogenetic populations devel- 
oped into females. This developmental 
pattern is consistent with the assumption 
that inseminated females reproduced by 
parthenogenesis and that the sperm of tem- 
perature-induced males were nonfunctional.  
However, this response is not  a proof that 
amphimixis did not occur. Even following 
amphimixis, the progeny would be expected 
to be females since the temperature-induced 
males are sex-reversed females and appar- 
ently have the female genotype. 

Amphimictic males inseminated par- 
thenogenetic females of the Australia pop- 
ulation, but  the sperm did not  penetrate 
the oocytes. The  reduction in fecundity and 
the shortened life span of females reported 
in previous tests (3) may be attributed to 
the adverse influence of the foreign, non- 
functional sperm inside the female gono- 
duct on gonad function and the normal life 
of the inseminated females. The  influence 
may be mechanical, chemical, or behavioral, 
or it may be a combination of various fac- 
tors. 

L I T E R A T U R E  C I T E D  

I. BUECHER, E. J., and E. L. HANSEN, 1974. 
Aphelenchus avenae: Brownhill and Perth 
strains, in axenic culture. Nematologica 20: 
371-372, 

2. FISHER, J. M. 1970. Growth and development 
of Aphelenchus avenae Bastian. Austr. J. 
Biol. Sci. 23:411-419. 

3. FISHER, J. M. 1972. Observations on the effect 
of males on reproduction and fecundity of 
Aphelenchus avenae. Nematologica 18:179-189. 

4. HANSEN. E. L., E. J. BUECHER, and E. A. 
YARWOOD. 1972. Sex differentiation of 
Aphelenchus avenae in axenic culture. Nema- 
tologica 18:253-260. 

5. HIRSCHMANN, H. 1962. The life cycle of 
I)itylenchns triformis (Nematoda: Tylenchida) 
with emphasis on post-embryonic develop- 
ment. Proc. Helminthol. Soc. Wash. 29:30-43. 

6. HIRSCHMANN, H., and A. C. TRIANTA- 
PHYLLOU. 1967. Mode of reproduction and 
development of the reproductive system of 
Helicotylenchus dihystera. Nematologica 13: 
558-574. 

7. ROMAN, J., and H. HIRSCHMANN. 1969. 
Embryogenesis and postembryogenesis in spe- 
cies of Pratylenchus (Nematoda: Tylenchidae). 
Proc. Helmimhol. Soc. Wash. 36:164-174. 

8. TRIANTAPHYLLOU, A. C. 1971. Genetics and 
Cytology. Pages 1-34 in B. M. Zuckerman, 
W. F. Mai, and R. A. Rohde, eds. Plant para- 
sitic nematodes, Vol. II. Academic Press, New 
York. 

9. TRIANTAPHYLLOU, A. C., and J. M. 



Development of Aphelenchus avenae: Fisher, Triantaphyllou 255 

FISHER.  1976. Gametogenes is  in one  am- 
ph imic t ic  and  three  pa r thenogene t i c  popula -  
t ions of  A p h e l e n c h u s  avenae. J. Nematol .  8: 
168-177. 

I0. T R I A N T A P H Y L L O U ,  A. C., and  H. H I R S C H -  
MANN.  1964. R e p r o d u c t i o n  in p l an t  and  
soil nematodes .  A n n u .  Rev. Phy topa thoL  2: 
57-80. 

Development of a Computer-Simulation Model for 
a Plant-Nematode System 

H. FERRIS r 

Abstract: A c ompu t e r - s i mu l a t i on  mode l  (MELSIM) of a Meloidogyne-grapevine system is de- 
veloped. T h e  objective is to a t t e m p t  a holistic approach  to the  s tudy  of nema tode  p o p u l a t i o n  
dynamics  by us ing  expe r imen ta l  da ta  f rom control led env i ronmen ta l  condi t ions.  A s imu la to r  
wi th  predict ive abil i ty would  be useful  in cons ider ing  pest m a n a g e m e n t  a l ternat ives  and  in  
teaching.  Rates  of  flow and in te rac t ion  between the componen t s  of the  system are governed by 
e n v i r o n m e n t a l  condi t ions.  Equa t ions  for these rates are de t e rmined  by f i t t ing curves to da ta  
f rom control led e n v i r o n m e n t  studies.  Deve lopmen t  of  the mode l  and  trial s imula t ions  have  re- 
vealed deficiencies in u n d e r s t a n d i n g  of the  system and  identif ied areas where  fu r t he r  research is 
necessary. Key Words: Meloidogyne, Vitis, popu la t i on  dynamics ,  pest m a n a g e m e n t .  

Interest in the application of systems 
analysis and computer simulation to the 
study of plant-pathogen systems is growing 
(23, 24, 25, 33). Progress in finding ana- 
lytical solutions for complex models of 
biological systems was limited before the 
advent of high-speed computers (10, 20, 32). 
The  use of modeling and computer- 
simulation techniques is increasing in other 
areas of agricultural and biological research 
(2, 4, 15, 18). The  modeling approach is a 
valuable tool in scientific procedure, espe- 
cially if the intention of the research is to 
gain an understanding or control of an 
ecosystem. Components (such as ecosystems) 
of the universe are too complex to be 
grasped and controlled without abstraction 
(16). 

The  modeling approach to studies of 
nematode population dynamics has resulted 
in models describing overall effects during 
an average season (7, 14, 17). Final nema- 
tode population density or crop yield is 
expressed in terms of the initial population 
without  regard for intermediate environ- 
mental phenomena. The  descriptiveness 
and adaptability of these models are lira- 
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ited by the necessity of producing analytical 
solutions. Computer-aided numerical inte- 
gration techniques allow step-by-step 
simulation of the interaction between the 
organisms (24), and actual environmental 
conditions affecting them can be considered 
at each step. The  effects of environmental 
disturbance or pesticide application can 
also be considered at each step. The  ap- 
proach lends itself to the simulation of pest 
management experiments and testing pest 
management alternatives (13, 30). It is use- 
ful in drawing attention to areas where 
knowledge is weak, and is helpful in di- 
recting research programs and in providing 
insights and training in epidemiological 
concepts. 

In this paper, the terminological defini- 
tions of Mihram (11) and Mize and Cox 
(12) are followed. Simulation is the process 
of conducting experiments on a model of a 
system. A system is a set of interacting or 
interdependent components. Its boundaries 
are specified by the systems analyst, and 
they should include all components which 
significantly affect total systems perform- 
ance. Each system may consist of subsystems 
which can be studied independently while 
tile results may still be combined (32). An 
experiment is the process of observing the 
performance of the system or its model 
under a certain set of conditions. 
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