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Abstract: The  responses of  second-stage juveniles (J2) of Meloidogyne incognita race 3 to calcium 
alginate pellets containing hyphae of the nematophagous fungi Monacrosporiura cionopagum, M. el- 
lipsosporum, and Hirsutella rhossiliensis were examined using cylinders (38-mm-diam., 40 or 72 mm 
long) of sand (94% <250-1xm particle size). Sand was wetted with a synthetic soil solution (10% 
moisture, 0.06 bar water potential). A layer of 10 or 20 pellets was placed 4 or 20 mm from one end 
of  the cylinder. After 3, 5, or 13 days, J2 were put  on both ends, on one end, or in the center; J2 were 
extracted from 8-ram-thick sections 1 or 2 days later. All three fungal pellets were repellent; pellets 
without fungi were not. Aqueous extracts of all pellets and of sand in which fungal pellets had been 
incubated were repellent, but acetone extracts redissolved in water were not. Injection of CO 2 (20 
ixl/minute) into the pellet layer attracted J2 and increased fungal-induced mortality. In vials con- 
raining four randomly positioned pellets and 17 cm ~ of sand or loamy sand, the three fungi sup- 
pressed the invasion of cabbage roots by M. javanicaJ2. Counts of healthy and parasitized nematodes 
observed in roots or extracted from soil indicated that, in the vial assay, the failure of  J2 to penetrate  
roots resulted primarily from parasitism rather  than repulsion. Data were similai" whether  fungal 
inoculum consisted of pelletized hyphae or fungal-colonized Steinernema glaseri. Thus,  the results 
indicate that nematode attractants and repellents can have major or negligible effects on the bio- 
logical control efficacy of pelletized nematophagous fungi. Factors that might influence the impor- 
tance of substances released by the pellets include the strength, geometry, and durat ion of gradients; 
pellet degradation by soil microflora; the nematode species involved; and attractants released by 
roots. 
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To achieve biological control of  plant- 
parasitic nematodes, researchers have de- 
veloped various formulations of control 
agents for addition to soil. For example, 
alginate pellets containing hyphae without 
nutrients have been studied for the en- 
doparasitic fungus Hirsutella rhossiliensis 
and for various nematode-trapping fungi 
(14,15,22,31). These  pellets can affect 
nematodes in several ways. Most obviously 
the fungi may produce structures that ini- 
tiate infection when contacted by nema- 
todes. Before contacting and infecting 
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nematodes, the fungi also may attract or 
even repel nematodes. 

Several studies have revealed that the 
mycelia or conidia of some fungi attract 
various mycophagous and bacteriopha- 
gous nematodes on agar plates (2,3,11,17, 
19,23,24). Three  obligately plant-parasitic 
tylenchids, Ditylenchus dipsaci, Pratylenchus 
penetrans and P. fallax, also were attracted 
(20). In theory,  attraction would seem 
advantageous to the fungus because it 
increases  the  probabi l i ty  o f  f ungus -  
nematode contact. The results of  Jansson 
(18) support  this notion. Among  eight 
nematophagous fungi in his study, attrac- 
tion on agar was positively correlated with 
predaci ty  against the bac te r iophagous  
n e m a t o d e  Panagrellus redivivus (18). 
Nematophagous fungi reported to attract 
nematodes include Arthrobotrys dactyloides, 
A. entomopaga, A. musiformis, A. oligospora, 
A. superba, Cephalosporium balanoides, Dacty- 
laria candida, D. gracilis, Harposporium anuil- 
lulae, M eria coniospora, M onacrosporium cion- 
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opagum, M. doedycoides, M. eUipsosporum, 
and M. rutgeriensis. Arthrobotrys arthrobotry- 
oides, however, was repellent (19). To our 
knowledge, behavioral responses of  nema- 
todes to fungi have not been investigated 
in soil. Attraction of  root-knot nematodes 
(Meloidogyne spp.) to fungi has not been 
studied in any matrix. 

Our  primary objective was to determine 
whether alginate pellets containing hyphae 
of  M. cionopagum, M. ellipsosporum, or Hir- 
sutella rhossiliensis attract or repel second- 
stage juveniles (.]2) of  Meloidogyne incognita 
in sand; ancillary experiments evaluated 
the possible contribution of  chemotaxis in 
a standard efficacy assay currently in use. 
A second objective was to explore the po- 
tential of  using a known nematode attrac- 
tant, CO2, to attract nematodes to pellets 
and thereby increase biological control. 

MATERIALS AND METHODS 

Nematode and fungal preparations: The 
methods used for obtaining preparations 
of  nematodes and fungi have been de- 
scribed in detail previously (13-16,30,34). 
Briefly, J2 of  M. incognita race 3 were ob- 
tained from greenhouse tomato cultures at 
the USDA Southern Crops Research Lab- 
oratory, College Station, Texas; J2 of  M. 
javanica were obtained from tomato hy- 
droponic cultures at the Department  of  
Nemato logy ,  Universi ty of  California,  
Davis. At least 95% of  the J2 used were 
spontaneously motile. Infective juveniles 
(,]3) of  Steinernema glaseri were obtained 
from Galleria melloneUa caterpillars (34); 
fungal -colonized  J3  were  ob ta ined  by 
transferring healthy J3 to fungal cultures 
maintained on quarter-strength corn meal 
agar and individually collecting parasitized 
J3 with a needle after 24 hours (14). 

Mycelia ofM.  cionopagum (ARSEF 3349), 
M. eUipsosporum (ARSEF 3348), and H. 
rhossiliensis (IMI 265748) for making algi- 
na te  pe l le t s  were  g r o w n  on po ta to -  
dextrose-broth in shake cultures for 4, 6, 
or 7 days, depending on the species and its 
growth rate (15). Pellets (ca. 1.5 nag) were 
made as described by Walker and Connick 

(33) and modified by Lackey et al. (22). 
This technique essentially consists of  drip- 
ping a thoroughly blended 1:3 (g:ml) sus- 
pension of  washed, fresh mycelial mass 
within 1% sodium alginate solution into a 
continually stirred 0.1 M CaC12 solution; 
the pellets that form in the CaC12 solution 
are removed, coated with sand to prevent 
fusing, and dried on a sheet of wax paper 
at room temperature.  Pellets were pre- 
pared in four lots, stored at 4-5 °C, and 
packed in ice for shipment between Cali- 
fornia and Texas. Pellets in lot 1 were used 
in only one experiment  and were asyn- 
chronously aged; the M. cionopagum, H. 
rhossiliensis, and M. eUipsosporum pellets 
were 0, 40, and 55 days old, respectively, 
on the day the experiment was started. Pel- 
lets from lots 2-4 were u s e d  in all other 
experiments and were stored for no longer 
than 4 weeks before experimenta ! use. 

Behavioral assay procedures: Nematode  
movement  was s tudied in cylinders of  
moist sand inside 3.8-cm-i.d. acrylic tubes. 
Tubes  were 20 cm long, and cylinders 
were either 4.0 cm or 7.2 cm long. Sand 
was a SiO 2 industrial abrasive (Black Magic 
NO. 5, TTEX, Houston, TX; white, no or- 
ganic matter, pH 7.8, estimated conductiv- 
ity at saturation 30 p-mho/cm, specific den- 
sity 2.5, bulk density 1.7, total porosity 
30%, and a particle size distribution of  
0.2% 0-75 p-m, 23% 75-150 p~m, 71% 
150-250 p-m, and 6% 250-425 p.m). Sand 
was wetted to ca. 10% moisture during cyl- 
inder preparation with a synthetic soil so- 
lution (SSS) containing 3 naM NaC1, 0.5 
mM KCI, 0.05 mM CaC12, and 0.05 mM 
MgC12 (pH 6.8). 

Tubes were packed by filling them with 
dry sand vertically, then saturating the 
sand with SSS and removing excess water 
by applying a partial vacuum (80 cm H 2 0  ) 
to a perforated suction plate taped on the 
bottom of the tube. The matric potential 
was estimated to be - 0 . 0 6  bar based on a 
moisture retention curve obtained by the 
pressure plate extraction method (29). To 
position alginate pellets within sand cylin- 
ders, the dry sand was added in two parts, 
with 20 pellets and a thin, partial layer of  
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brightly colored sand in between to serve 
as a marker visible through the tube wall. 
After wetting, the tube was removed from 
the suction plate. The  sand was pushed to 
one end and then to the other  with a 
plunger, allowing excess sand to be cleanly 
cut away from both ends; this produced a 
sand cylinder of  the desired length (4.0 or 
7.2 cm long) and with the marker sand 
(and pellets) positioned exactly 20 mm 
from one end within 7.2-cm cylinders. The 
7.2-cm control cylinders without pellets 
also had marker sand. The 4.0-cm cylin- 
ders had no marker sand and no pellets at 
this point. Next, the cylinder was carefully 
positioned relative to small holes drilled in 
the tube wall, which were used later to in- 
ject nematodes or CO 2. Where required, 
10 pellets were buried 4 mm below the sur- 
face at one end of  4.0-cm sand cylinders by 
individually pressing them into the sand 
with a small rod. The ends of  tubes were 
sealed. 

Before adding nematodes, tubes were 
stored in the dark at room temperature 
(ca. 23 °C) for various intervals to allow 
fungi to grow. Then, 4,000-6,000 J2 of  M 
incognita were syringe-injected into the 
center of  4.0-cm cylinders in 250 jxl SSS, or 
were sprinkled in 7-8 drops onto the sand 
surface on one end. J2 were sprinkled onto 
both ends of  all 7.2-cm cylinders (250 Ixl 
SSS/end and ca. 10,000 J2/cylinder). 

In exper iments  testing responses  to 
CO 2, hydrated CO2 gas was injected con- 
tinuously into the center of  the marker 
sand at 15-20 ~l/minute from the time of  
nematode introduction until the end of  the 
expe r imen t .  When  CO 2 injection was 
started (except where noted), caps on the 
ends o f  each acrylic tube were replaced 
with two-holed rubber  stoppers, and the 
air space in each end of  the tube was con- 
tinually purged with a gentle flow (20 ml/ 
minute) of  hydrated air containing 1% 
CO 2 (30). This simulated the normally el- 
evated CO s concentrations of  soil but  pre- 
vented CO 2 buildup and minimized evap- 
oration on cylinder ends. 

Experiments were ended 24 hours after 
adding nematodes to 4.0-cm cylinders and 

42 hours after adding nematodes to 7.2- 
cm cylinders. The sand was extruded from 
each tube and sliced into 8-ram-thick sec- 
tions, yielding five sections from 4.0-cm 
cylinders, with pellets (when included) in 
the first or last section, and yielding nine 
sections from 7.2-cm tubes, with pellets in 
the third or seventh section. As it was cut, 
each section (9 cm 3 in volume) was placed 
in a beaker with 20 ml water. Nematode 
numbers in each section were determined 
by capping and vigorously shaking the 
beaker, allowing the sand to settle for 45 
seconds, and counting the nematodes in a 
2-ml aliquot of  water (ca. 60 J2 per aliquot, 
on average). In all but  the first experi- 
ment, the nematodes that did and those 
that did not move within 3 seconds of  ob- 
servation were counted separately. 

The  vertical orientation of  tubes during 
preparation resulted in a small moisture 
gradient (ca. 0.2%/cm). Therefore,  in all 
experiments cylinders were assigned to 
treatments in random pairs and were used 
horizontally with the upward ends of  the 
pair oriented oppositely relative to the 
placement of  nematodes, CO2, and (or) al- 
ginate pellets. Four  replicate cylinders 
were used per  treatment (except where 
noted). To facilitate comparisons within an 
experiment, the average numbers of  mov- 
ing and nonm0ving nematodes counted in 
each section of  each treatment were di- 
vided by the total number  of  nematodes 
extracted per cylinder in the control treat- 
ment. The total number  of  moving nema- 
todes per cylinder for each treatment di- 
vided by the total n u m b e r  of  moving 
nematodes per cylinder in the control was 
also calculated and is referred to as the sur- 
vival index (SI). Data were subjected to 
one-way analyses of  variance, and means 
were compared  using p ro tec ted  least- 
significant differences. 

The behavioral experiments with M. in- 
cognita included two experiments with pel- 
lets, four experiments with pellet extracts, 
and two experiments with CO 2 as a bait to 
attract nematodes to pellets. Four addi- 
tional experiments with M. javanica exam- 
ined  n e m a t o d e  supp re s s i on  by fung i  
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within vials. Some experiments were re- 
peated; the original and repeated experi- 
ment are referred to as run 1 and run 2, 
respectively. 

Behavioral assays with pellets: The first pel- 
let experiment included 7.2-cm cylinders 
and five treatments: H. rhossiliensis pellets, 
M. cionopagum pellets, blank pellets (pellets 
without hyphae), marker sand only, and 
marker sand plus CO z injection. The H. 
rhossiliensis cylinders were prepared 14 
days and the M. cionopagum cylinders 3 
days before nematodes were introduced to 
the ends of all cylinders, based on known 
differences in the rates of  growth of the 
fungi. The CO 2 treatment was included to 
verify that J2 were able to respond to at- 
tractants. The experiment was repeated 
without the CO 2 and H. rhossiliensis treat- 
ments. 

The second pellet experiment included 
M. cionopagum pellets, 4.0-cm cylinders, 
and five treatments: (i) J2 injected in the 
center with pellets on one end; (ii) J2 in- 
jected in the center without pellets (control 
for treatment 1); (iii) J2 and pellets on the 
same end; (iv) J2 and pellets on opposite 
ends; and (v)J2 on one end without pellets 
(control for treatments 3 and 4). Pellets 
were buried 3 days before J2 introduction. 
The exper iment  was repeated with six 
rather  than four  replications for treat- 
ments 1 and 2. 

Behavioral assays with extracts: These ex- 
periments examined four kinds of extracts 
from pellets containing fungi and two 
kinds of  extracts from blank pellets. In 
each case, J2 were injected into the centers 
of 4.0-cm cylinders and a 250-M aliquot of 
extract, distilled water, or SSS was applied 
simultaneously to the sand surface at one 
end. Acetone extracts were prepared by 
placing 720 mg of pellets in 15 ml cold 
acetone (4 °C) overnight, evaporating the 
acetone to dryness at room temperature, 
redissolving the residue in 15 ml water, ul- 
trafiltering (0.2 tzm), and freezing. Water 
extract was prepared identically, except 
that the water was ultrafiltered and frozen 
without evaporation. Freeze-dried water 
extract was simply water extract that was 

subsequently freeze dried and redissolved 
in an equivalent volume of  distilled water. 
An SSS sand extract was obtained by incu- 
bating pellets in 11.0-cm petri dishes con- 
taining 88 g of sand moistened with 12 g 
SSS; after 7 days, the sand was repeatedly 
saturated with SSS and excess SSS re- 
moved several times on a Bfichner funnel. 
The SSS extracted was filtered (Whatman 
No. 1) and frozen. 

The first extract experiment included 
the acetone extract, water extract, and SSS 
sand extract from each fungal species plus 
a distilled water and an SSS control. The 
second experiment was done twice and in- 
cluded a distilled water control plus ace- 
tone extract, water extract, and freeze- 
dried water extract from M. cionopagum 
pellets. The third experiment included a 
distilled water control, water extract from 
blank pellets, and water extract from M. 
cionopagum pellets, in each case with and 
without an additional 250 ~xl of distilled 
water applied to the opposite end of the 
cylinder. The fourth experiment included 
water extracts of blank and M. cionopagum 
pellets that were prepared at six times the 
pellet:water ratio used previously, and 
then diluted six-fold with SSS to provide 
extracts in 84% SSS. These were compared 
with pure SSS. 

C02 as a bait: These two experiments 
employed 7.3-cm (9-section) cylinders with 
CO 2 injected into the third or seventh sec- 
tion. The first experiment included two 
sets of nine treatments. The sets differed 
in the length of time between tube prepa- 
ration and nematode addition, and in the 
inclusion or omission of  end purge in cyl- 
inders receiving CO 2. Nematodes were 
added to both sets at the same time. In the 
first set, tubes were prepared 3 days before 
nematodes were added and end purge was 
omitted.  However,  all tubes were left 
loosely stoppered with moistened foam 
rubber plugs to allow gas exchange. In the 
second set, tubes were prepared 13 days 
before nematodes were added. The treat- 
ments for each set included cylinders with 
and without pellets of each of the three 
fungi, in each case both with and without 
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CO2 injection (i.e., eight treatments), plus 
four extra tubes with blank pellets but no 
CO 2 injection as a ninth treatment. 

In the second CO 2 experiment, M. cion- 
opagum pellets were buried within 7.2-cm 
cylinders 5 days before J2 were added. 
Four treatments were included: pellets but 
no CO 2, CO 2 but no pellets, CO 2 plus pel- 
lets, and CO 2 plus pellets but with J2 ex- 
tracted and counted using a different tech- 
nique to increase the chances of extracting 
parasitized nematodes.  With this tech- 
nique, a 0.11-cm 3 core was removed from 
the center of each section and dispersed 
with water in a gridded 9.0-cm petri dish; 
all J2 found in the core were counted. 

Suppression of nematodes in vials: These 
experiments utilized 25-cm 3 vials, each 
packed with 17 cm 3 of sand or loamy sand. 
The first experiment used a root invasion 
bioassay to evaluate the ability of the fungi 
to suppress nematodes in TTEX sand. Pel- 
lets (lot 1) containing hyphae of three 
fungi  or blank pellets were added  to 
TTEX sand (moistened to 10% water with 
SSS) or an unsterilized loamy sand (83% 
sand, 13% silt, 4% clay; 0.24% organic 
matter; pH 4.9; 8% moisture, ca. -0 .1  bar 
matric potential) containing no endopara- 
sitic nematodes (32). Four pellets were 
added per vial, with six replicate vials per 
treatment. After soil was added, vials were 
capped and kept at 20 °C in a moisture 
chamber. After 14 days, 100 -+ 5J2 (mean 
-+ SE) of M. javanica in 0.5 ml of 4.5 mM 
KC1 were added to the surface of the sand 
in each vial. Three days later, one germi- 
nated cabbage (Brassica oleraceae L. "Grand 
Slam") seedling was planted per vial, and 
vials were left uncapped in a moisture 
chamber under  fluorescent light (20 °C). 
Five days later (22 days after adding soil), 
shoot and root lengths were determined 
and roots were stained (6). Nematodes in 
roots were counted. 

In the second experiment, the root inva- 
sion bioassay was used to d e t e r m i n e  
whether the efficacy of  M. cionopagum and 
H. rhossiliensis pellets was lost after ship- 
ment from California to Texas and back. 
The assay was similar to that in the first 

experiment but only loamy sand was used, 
M. eUipsosporum was not included, and 103 
+- 7 J2 were added to each of  eight repli- 
cate vials. 

The third experiment was designed to 
determine whether suppression of root in- 
vasion, as described in previous studies 
(14,15), was due to parasitism or repulsion. 
Pellets were mixed into soil, packed into 
vials, incubated, and inoculated with J2 of 
M. javanica as in the first experiment, ex- 
cept that each vial received 208 +- 5 J2. 
There were 16 replicate vials for each fun- 
gus and for the blank pellets. On day 17, 
eight vials per treatment were planted with 
cabbage, and these vials were incubated 
and data collected as in the first experi- 
ment. Also on day 21, nematodes were ex- 
tracted from the soil of  the remaining 
eight vials per t reatment  (vials without 
plants) via wet sieving (25-txm pore diam.) 
and centrifugal flotation (21). Parasitized 
and healthy nematodes were counted sep- 
arately. The design of the experiment as- 
sumed that J2 parasitized by H. rhossiliensis 
would be extractable from soil and would 
be recognizably infected, whereas J2 that 
were parasit ized by M. cionopagum or 
M. ellipsosporum would be t r apped  in 
mycelium and unextractable; the number  
parasitized, however, could be estimated 
based on the number extracted (18). 

A final vial experiment was identical to 
the third experiment, except that fungal- 
colonized S. glaseri (20 cadavers/vial) 
rather than pellets were used as fungal in- 
oculum. Moreover, each fungus was exam- 
ined during a different time interval and 
with its own control (no S. glaseri added) to 
facilitate the labor-intensive preparation of  
fungal-colonized nematodes.  In the M. 
cionopagum, M. eUipsosporum, and H. rhossil- 
iensis assays, respectively, each vial received 
216 -+ 8, 187 -+ 12, and 186 +- 12J2. 

Nematode counts from the vial assays 
were used to calculate the percentage sup- 
pression for each treatment, which was de- 
fined as 100 • (1 - Ri/Rc), where R i is the 
number of J2 within roots of treatment i 
and R c is the number of J2 in roots of the 
control. In treatments without roots, sup- 

, i  
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pression was def ined  as 100 • (1 - Hi/He), 70[- S1=58 z 

where H i is the n u m b er  of  healthy J2 ex- ~ t z N 

tracted f rom soil in t rea tment  i and H c is ~ IN ~ ~ _L,I 
the healthy J2 extracted f rom soil in the O 0 t [ ~ [ ~ ~  ~ M . C .  
control.  Percentage  suppression in vials 
wi thout  plants is, algebraically, the per- 
centage complement  o f  the SI parameter  
measured  in the behavioral experiments.  

RESULTS 

Behavioral assays with pellets: In the first 
e x p e r i m e n t ,  J2  readi ly  p e n e t r a t e d  the  
sand and  dispersed more or less uniformly 
both in cylinders without  pellets and  in cyl- 
inders  with b lank ( fungus- f ree)  pellets 
(Fig. 1). Nematodes  strongly accumulated 
in the section where  CO2 was injected; 
these nematodes  were highly motile and 
appeared  healthy. In cylinders containing 
M. cionopagum pellets, most J2 were ex- 
tracted f rom sections near  the ends, sug- 
gest ing that  they  were repel led or  poi- 
soned by the pellets. The  SI value for cyl- 
inders containing M. cionopagum pellets in 
run  2 (where moving as well as total nema- 
todes were counted)  was only 58%, indicat- 
ing that  many nematodes  were dead, un- 
extracted, or  otherwise uncounted.  Many 
dead,  parasitized J2 were extracted f rom 
the pellet-containing section of  H. rhossil- 
iensis cylinders. The  mean  SI value for cyl- 
inders with blank alginate pellets (109%) 
was not  d i f ferent  f rom 100% (P = 0.05), 
and there was no indication that blank pel- 
lets were repellent (Fig. 1). 

Results obtained with 4.0-cm cylinders 
and M. cionopagum pellets in the second ex- 
per iment  (Fig. 2) conf i rmed the results ob- 
ta ined previously with 7.2-cm cylinders 
(Fig. 1). Whe the r  J2 were placed at the 
center o f  cylinder, at the same end as the 
pellets, or  at the end  opposite the pellets, 
most moving nematodes  were extracted 24 
hours  later from' the half  of  the cylinder 
opposite the M. cionopagum pellets (Fig. 2). 
SI's indicated that  21-43% of the moving 
nematodes  were missing, relative to con- 
trol cylinders without  pellets. It  is possible 
that  these nematodes  were present  within 
the sections conta in ing pellets but  were 
t rapped  by hyphae  and unextractable.  
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FIG. I. First behavioral experiment with alginate 

pellets. Effects of pellets containing Monacrosporium 
cionopagum (M.c.), M. ellipsosporum (M.e.), Hirsutella 
rhossiliensis (H.r.), or no fungus (Blank) on the distri- 
bution of Meloidogyne incognita second-stage juveniles 
(]2) 42 hours after adding 10,000 J2 to cylinders of 
sand (7.2-cm-long, 3.8-cm-diam.) in which pellets had 
been buried. Hatched bars show moving and empty 
bars show total J2 extracted from nine 0.8-cm-thick 
sections. Lower and upper brackets are LSD's (P = 
0.05) for moving and total nematodes. J2 and pellets 
were placed in sections denoted N and P, respectively. 
Cylinders denoted CO2 received continuous CO2 in- 
jection (20 IA/minute) into the section indicated. Cyl- 
inders denoted Ck received no pellets. SI denotes sur- 
vival index (moving J2 divided by moving J2 for the 
no-pellet control). Only total J2 were counted in the 
first run of the experiment. Data are means of four 
replications. 

Behavioral assays with extracts: All extract 
experiments (Figs. 3-5) indicated the pres- 
ence of  at least one repellent in M. cion- 
opagum pellets, as well as in M. ellipsosporum 
and H. rhossiliensis pellets. SI values f rom 
extract exper iments  were 90-115% and 
not  statistically d i f fe ren t  f rom 100% in 
most cases, indicating no measurable toxic 
effects. Water  and acetone extracts had  
pH values of  5.5 and 6.3, respectively, with 
total salt concentrations of  25 and  0.3 mM, 
based on electrical conductivity. 
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FIG. 2. Second behavioral experiment with algi- 

hate pellets. Effects of  pellets containing Monac- 
rosporium cionopagum (M.c.) on the distribution of 
Meloidogyne incognita second-stage juveniles (J2) 24 
hours after adding 5,000 J2 to cylinders of sand(4.0- 
cm-long, 3.8-cm-diam.) in which pellets had been 
buried. Pellets (P) and nematodes (N) were placed 
where indicated. Control cylinders are denoted Ck 
and received no pellets. Hatched bars show moving 
J2, and empty bars show total J2 extracted from five 
0.8-cm-thick sections. Lower and upper brackets are 
LSD's (P = 0.05) for moving and total nematodes. SI 
denotes survival index (moving J2 divided by moving 
J2 for the appropriate no-pellet control). Data in the 
upper two graphs of run 1 are means of six replica- 
tions and others are means of four replications. 

In the first extract experiment, the re- 
pellent(s) from all three kinds of  fungal 
pellets was water-soluble and either unex- 
tractable with acetone or lost when the ac- 
etone was dried (Fig. 3). The SSS extracts 
obtained f rom 7-day-old sand cultures 
were less strongly repellent than the cold- 
water  extracts ,  sugges t ing  a t ime-de-  
pendent  effect; however, these extracts 
also were more dilute than the aqueous ex- 
tracts. 

In the second e x p e r i m e n t  (Fig. 4), 
freeze-dried aqueous extract of M. cion- 
opagum pellets appeared to retain the full 
activity of  the aqueous extract, indicating 
that the repellent(s) was not volatile and 
thus probably not acetone extractable. 

In the third and fourth extract experi- 
ments, aqueous extracts from the blank 
(fungus-free) pellets were weakly to mod- 
erately repellent, both when prepared with 
distilled water and when prepared with 
84% SSS (Fig. 5). Sprinkling 250 pJ of  pure 
distilled water on the cylinder surface con- 
sistently attracted J2, while sprinkling 250 
Ixl of  SSS had no effect (Fig. 5). Extracts of  
M. cionopagum pellets were strongly repel- 
lent. 

CO 2 as a bait: In the first CO 2 experi- 
ment (Fig. 6), J2 appeared to be repelled 
equally by pellets containing M. cionopagum 
whether J2 were introduced 3 days or 13 
days after the pellets. A similar effect was 
noted for M. eUipsosporum. Thus,  repel- 
lency persisted over a 10-day period, sug- 
gesting that a repellent substance was con- 
tinually released or diffused very slowly. 
No repellency was evident in cylinders 
containing blank pellets (Fig. 6); in fact, 
there was a significant (P = 0.05) tendency 
for J2 to accumulate slightly in the pellet 
section. In tubes  rece iv ing  CO 2 pro-  
nounced J2 accumulation occurred when 
pellets were absent, particularly in the 13- 
day cylinders, which received the end- 
purge treatment. These nematodes were 
motile and appea red  healthy. A large 
number  of  nonmotile, apparently dead, 
and parasitized J2 accumulated in the pel- 
let section of  the H. rhossiliensis cylinders 
into which CO 2 was injected. A much 
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FIG. 3. First pellet extract experiment. Effects of extracts (SSS, Acetone, Water) of alginate pellets con- 

taining Monacrosporium cionopagum (M.c.), M. ellipsosporum (M.e.), or Hirsutella rhossiliensis (H.r.) on the distri- 
bution of Meloidogyne incognita second-stage juveniles (J2) 24 hours after adding 5,000 J2 and extracts to 
cylinders of sand (4.0-cm-long, 3.8-cm-diam.). In each cylinder, 250 p.l of extract (E), nematode suspension 
(N), synthetic soil solution (SSS), or distilled water (DW) were placed where indicated. Hatched bars show 
moving J2, and empty bars show total J2 extracted from five 0.8-cm-thick sections. Lower and upper brackets 
are LSD's (P = 0.05) for moving and for total nematodes from four replications. The acetone extract was 
evaporated and redissolved in water before testing. Controls are denoted Ck and received pure SSS or DW. 
Applying acetone directly to the sand (center column, bottom row) was not tested. 

weaker ,  bu t  consistent  t endency  for  J2  to 
accumula te  similarly in the c o r r e s p o n d i n g  
CO2- t rea ted  M. cionopagum and  M. ellipso- 
sporum cylinders  also occurred .  Abou t  15-  
50% of  the  n e m a t o d e s  in these cylinders 
were  unex t rac tab le  c o m p a r e d  to the con- 
trois. Overall ,  abou t  50% m o r e  J2  were  re- 
covered  f r o m  control  tubes receiving CO 2 
than  f r o m  controls  wi thout  CO 2. 

In  the  second CO2 e x p e r i m e n t  (Fig. 7), 
ex t rac t ion  o f  j 2  f r o m  CO2-t rea ted  M. cion- 
opagum cylinders by the central  core tech- 
n ique  revea led  a p r o n o u n c e d  aggrega t ion  
o f  J2  in the cen te r  o f  the pellet  section. By 
c o m p a r i s o n ,  the cent ra l  cores o f  sections 

distant  f r o m  the pellets had  fewer  J2  than  
would be expec ted  based on  counts  ob- 
t a ined  by the  who le - sec t ion  t e chn ique .  
Thus ,  J2  within the pel le t -containing sec- 
tion were concent ra ted  in the central  core,  
where  the tip o f  the CO2-emit t ing  needle  
was posit ioned,  and  were  d i spersed  f r o m  
the center  in o the r  sections; al ternatively,  
they were absent  f r o m  the center  in o the r  
sections because  they had  m o v e d  to the 
CO 2 source. About  40% of  the J2  in the 
central  core o f  the M. cionopagum pellet  
section in tubes receiving CO 2 were  non-  
mot i le  and  a p p e a r e d  d e a d  (Fig. 7). I n  
o the r  tubes,  J2  were  a t t rac ted  to C O  2 in 
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FIG. 4. Second pellet extract experiment. Effects 

of extracts of Monacrosporium cionopagum (M.c.) algi- 
nate pellets on the distribution of  Meloidogyne incog- 
nita second-stage juveniles (J2) 24 hours after adding 
5,000 J2 and extracts to cylinders of sand (4.0-cm- 
long, 3.8-cm-diam.). In each cylinder, 250 p,l of ex- 
tract (E), nematode suspension (N), or distilled water 
(DW) was placed where indicated. Hatched bars show 
moving J2, and empty bars show total J2 extracted 
from five 0.8-cm-thick sections. Lower and upper 
brackets are LSD's (P = 0.05) for moving and for 
total nematodes from four replications. 

the absence of  pellets, as seen in other ex- 
periments, and repelled by pellets in the 
absence of  CO 2. 

Suppression of nematodes in vials: Cabbage 
seedling growth in the TTEX sand was 
comparable to growth in the loamy sand 
(Table 1). Almost identical numbers of  J2 
invaded roots in the two sets of  vials con- 
taining blank pellets. Suppression of  root 
invasion by all three fungi was greater in 
the TTEX sand than in the loamy sand. 

In the second vial experiment, addition 
of  103 + 7 (mean --- SE)M.javanicaJ2/vial 
resulted in 31 -+ 2 J2/root in vials with 
blank pellets, 4 -+ 1 J2/root in vials with H. 
rhossiliensis pellets, and 1 _+ 1 with M. cion- 
opagum pellets. Thus, pellets remained ef- 
fective after shipment from California to 
Texas and back. 

In the third experiment,  suppression 
was substantial, and the ranking of  sup- 
pression among the three fungi (M. cion- 
opagum > M. ellipsosporum > H. rhossiliensis) 
was the same, whether based on J2 in roots 
or j2  extracted from soil (Table 2). As in 
the cylinder experiments, the total num- 
bers of  J2 extracted from soil in control 
vials or vials inoculated with H. rhossiliensis 
were similar, and a large percentage was 
parasitized by the fungus. Also as in the 
cylinder experiments, a large proportion 
of  the J2 in vials inoculated with M. cion- 
opagum and M. ellipsosporum was unextract- 
able from soil. Washing of  bottoms of  lids 
and other vial surfaces did not yield any 
nematodes; nematodes probably were not 
extracted because they were trapped and 
held in place by M. cionopagum and M. el- 
lipsosporum in the vials. Data in the fourth 
experiment (Table 2) were similar to those 
in the third, suggesting that processes 
resul t ing in suppress ion  were  similar 
whether pelletized hyphae or colonized 
nematodes were used as fungal inoculum. 

DISCUSSION 

Pelletized hyphae influenced the behav- 
ior of  M. incognita J2, but not as expected. 
Based on in vitro experiments in which a 
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FIG. 5. Third and fourth pellet extract experiments. Distribution of Meloidogyne incognita second-stage 

juveniles (]2) 24 hours after adding 5,000 J2 and extracts to cylinders of sand (4.0-cm-long, 3.8-cm-diam.), 
showing comparative effects of aqueous and of synthetic soil solution (SSS) extracts from fungus-free alginate 
pellets (Blank) and from alginate pellets containing Monacrosporium cionopagum (M.c.). Aqueous extracts were 
tested in the third and SSS extracts in the fourth experiment. In each cylinder, 250 ~xl of extract (E), nematode 
suspension (N), synthetic soil solution (SSS) or distilled water (DW) was placed where indicated. Hatched bars 
show moving ]2, and empty bars show total J2 extracted from five 0.8-cm-thick sections. Lower and upper 
brackets are LSD's (P = 0.05) for moving and for total nematodes from four replications. Controls are de- 
noted Ck. 

variety o f  ne m a to p h a g ous  fungi  had been  
observed to attract  nematodes  on  agar (2-  
4 ,11,17-20,24) ,  pellets were expec ted  to 
attract  roo t -knot  nematodes  or  else have 
no effect  on  their  m o v e m e n t  if  behavior-  
ally ef fec t ive  g rad ien t s  were  not  estab- 
lished. In  o u r  behavioral  assays in sand, 
however ,  pellets conta in ing  M. cionopagum 
and M. ellipsosporum consistently repel led 
J2 o f  M. incognita. Pellets conta ining H. 
rhossiliensis also were repellent ,  but  less so 
than  those o f  the o the r  two fungi.  For  bi- 
ological  con t ro l ,  the  r epe l l en t  could  be 
coun te rac ted  by an at t ractant  such as CO 2. 
T h e  addi t ion o f  CO 2 nea r  the pellets sub- 
stantially increased fungal  parasitism, espe- 
cially by H. rhossiliensis. Thus ,  the results 
demons t ra te  that  pellet efficacy can be in- 
creased by manipulating nematode behavior. 

In  previous studies (14-16,22),  suppres-  
sion o f  root  invasion by root -knot  and  cyst 
nematodes  (Heterodera spp.) was assumed 
to be caused by fungal  parasitism, not  by 
chemical  repel lents .  Perhaps  the impor -  
tance  o f  paras i t i sm had  b e e n  overes t i -  
mated  and repulsion had p reven ted  nema-  
todes f rom penet ra t ing  roots. In the case 
o f  H. rhossiliensis, however,  parasitism had 
been directly quant i f ied (22), and  parasit- 
ism was the p r imary  factor p reven t ing  J2 
f rom invading roots; this was conf i rmed  in 
the present  study. In  contrast,  parasitism 
by the two t rapping  fungi  cannot  be mea- 
sured directly because suitable methods  to 
extract  t r apped  nematodes  f rom soil are 
lacking (15); however,  had parasitism been  
u n im p o r t an t  in the vial assays, a relatively 
large p ropor t ion  o f  nematodes  would have 
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FIG. 6. First CO 2 bait experiment. Effects of  CO2 and alginate pellets containing Monacrosporium cionopagum 
(M.c.), M. ellipsosporum (M.e.), Hirsutella rhossiliensis (H.r.) or no fungus (Blank) on the distribution of Meloid- 
offyne incognita second-stage juveniles (J2) 42 hours after introducing 10,000 J2 to cylinders of sand (7.2-cm- 
long, 3.8-cm-diam.) in which pellets had been buried 3 and 13 days previously. Hatched bars show moving J2, 
and empty bars show total J2 extracted from nine 0.8-cm-thick sections. Lower and upper brackets are LSD's 
(P = 0.05) for moving and for total nematodes from four replications. J2 and pellets were placed in sections 
denoted N and P, respectively. Where indicated, CO s was injected (20 ~xllminute) continuously into the third 
section from the right for the last 42 hours. SI denotes survival index (moving J2 divided by moving J2 for the 
no-CO2, no-pellet control). Controls for the 3- and 13-day sets are the first and third graphs in the bottom row-, 
denoted Ck. 

been extracted from soil. This was not the 
case, and we cautiously conclude that sup- 
pression of  J2 root invasion by M. cion- 
opagum and M. ellipsosporum in vials was 
caused primarily by parasitism. 

The fungi appeared to repel nematodes 
in the behavioral assay cylinders but not in 
the vials. Unknown behavioral differences 
between the two nematode species tested 
(M. incognita in cylinders vs. M. javanica in 

vials) would seem an unlikely explanation, 
in view of their ecological, developmental, 
and morphological similarities. Perhaps in 
vials w h e r e  c a b b a g e  s e e d l i n g s  we re  
planted, attractants from roots were stron- 
ger than repellents from fungi. Also, con- 
c e n t r a t i o n  g r ad i en t s  may have been  
weaker in vials than in behavioral assay cyl- 
inders, because pellets in vials were not 
concentrated in layers as in cylinders, and 
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F ~ .  7. Second CO 2 bait experiment.  Effects of 
CO 2 and  alginate pellets of  Monacrosporium cion- 
opagum on the distribution of Meloidogyne incognita 
second-stage juveniles (J2) 42 hours after introducing 
10,000 J2 to cylinders of sand (7.2-cm-long, 3.8-cm- 
diam.) in which pellets had been buried for 5 days. 
Hatched bars show moving J2, and empty bars show 
total J2 extracted from nine 0.8-cm-thick sections. 
Data in the lower right-hand graph were obtained by 
dispersing and counting all J2 in a 0.11-cm s central 
core; data in other graphs were obtained by counting 
nematodes extracted by flotation from the entire 9.1- 
cm s section. Lower and upper brackets are LSD's (P 
= 0.05) for moving and for total nematodes from 
four replications. J2 and pellets were placed in sec- 
tions denoted N and P, respectively. Where indicated, 
COe was injected (20 ~l/minute) continuously into the 
third section from the right for the last 42 hours. SI 
denotes survival index (moving J2 divided by moving 
J2 for the no-pellet control). 

because  m i c r o o r g a n i s m s  p resen t  in the 
loamy sand,  bu t  not  in the pu re  sand,  
could have d e g r a d e d  the repellent. Use o f  
the unsterilized loamy sand in the behav- 
ioral assay cylinders would permit  the lat- 
ter possibility to be tested. Alternatively, 
repel lency could  have occu r r ed  in vials 
wi thout  r e d u c i n g  funga l  parasi t ism be- 
cause nematodes  were in the vials for a 
longer  per iod (5 days) than in cylinders 
(24 -42  hours )  and  because  n e m a t o d e s  
were in t roduced  into vials closer to the pel- 
lets than in the cylinders, in most cases. 

T h e  repellent(s) detected may alter bio- 
logical control  in the field or  may be o f  
value as a nema tode  m a n a g e m e n t  tool in- 
d e p e n d e n t  o f  the fungi,  and their struc- 
ture and activity should be characterized. 
One  repel lent  appears  to be highly polar 
or  ionic. Many such substances could be 
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TABLE 2. Cabbage  seedl ing root  growth,  suppress ion  o f  root  invasion by Meloidogynejavanica second-s tage juveni les  (J2), an d  suppress ion  o f  j 2  
populat ions in the  soil, when  n e m a t o p h a g o u s  fung i  (Monacrosporium cionopagum, M. ellipsosporum, or  Hirsutella rhossiliensis) were a d d e d  to each assay vial 
as four  calcium alginate pellets, or  as 20 colonized J3 o f  Steinerenema glaseri. 

Vials with cabbage seedlings 

Vials without cabbage seedlings 

M. javanica extracted from soil 

Fungus Root length (cm) Total J2 per root Suppression (%) Healthy Parasitized Total Suppression" (%) 

Vials with calcium alginate pellets 
M. cionopag~zm 5.0 (0.2) b 4 (1) 93 (1) 19 (2) 2 (1) 20 (3) 79 (3) 
M. ellipsosporum 3.5 (0.3) 17 (3) 74 (5) 33 (4) 8 (1) 42 (3) 62 (4) 
H. rhossilierL~is 3.2 (0.4) 26 (6) 59 (10) 44 (5) 60 (4) 104 (5) 51 (5) 
Blank pellets 1.6 (0.2) 63 (7) ~ 88 (4) 0 (0) 88 (4) - -  

Vials with colonized Steinernema glaseri 
m.  cionopagum 4.3 (0.2) 20 (2) 73 (2) 26 (1) 7 (1) 33 (2) 65 (2) 
Control  d 1.4 (0.1) 73 (7) - -  76 (4) 0 (0) 76 (4) - -  

m. ellipsosporum 5.1 (0.2) 4 (1) 94 (2) 29 (3) 7 (1) 36 (3) 66 (3) 
Control  1.3 (0.2) 66 (7) - -  85 (5) 0 (0) 85 (5) - -  

H. rhossiliensis 2.8 (0.4) 27 (4) 43 (8) 26 (2) 56 (4) 82 (3) 63 (3) 
Control  1.5 (0.3) 48 (6) - -  69 (7) 0 (0) 69 (7) - -  

© 

:Z 

: r  

© 

a Suppression in vials containing cabbage seedlings is defined as 100 • (l-Ri/Rc) where R i = .12 in roots of treatment i and Rc = J2 in roots of the blank pellet control. 
Suppression in vials without cabbage seedlings is detined as 100 • (l-Hi/He) where H i = healthy J2 extracted from soil in treatment i and Hc = healthy J2 extracted from 
soil in the fungus-free (no S. glaseri) control. 

~ Values in parentheses are standard errors based on eight replications. 
c Not calculated; 0% by definition. 
d Control vials received no S. glaseri. 

7~ 
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present, including Na +, Ca ++, and C1- 
from the pellet preparation process as well 
as ammonium salts or other trace contam- 
inants f rom the fungal nutr ient  broth. 
Various inorganic salts repel M. incognita 
(7,8) as well as other Meloidogyne species 
(25-28), and ammonia was implicated as 
the toxin used by Arthrobotrys species to kill 
nematodes (2). The consistent observation 
that aqueous extract from blank pellets is 
moderately repellent during the first 24 
hours following application to sand, while 
intact blank pellets have no repellent activ- 
ity 3 to 13 days after application, suggests 
that gradients of  the repellent from blank 
pellets dissipate within 3 days and that 
some other substance, perhaps released 
metabolically, is subsequently responsible 
for repellency of  pellets containing fungi. 
Extracts of  the fungal pellets could contain 
both substances. Pellets were extracted 
with 21 Ixl water/mg pellet and weighed 
about 1.5 mg. Thus, the 250 ixl of extract 
app l i ed  to each 4 .0-cm cy l inder  was 
roughly equivalent to eight pellets; 10 pel- 
lets were applied to the 4.0-cm cylinders in 
the pellet experiments. 

Surprisingly, there was no evidence of  
attractants, even though M. cionopagum, M. 
ellipsosporum, and several other nematoph- 
agous fungi are known to attract ecologi- 
cally diverse nematodes on agar (17,24). 
Perhaps a substance that attracts M. incog- 
nita is in fact released by these fungi but is 
not active in the presence of  repellents that 
also are released. 

Results of  the CO 2 bait experiments in- 
dicate that appropriate attractants could 
be used to overcome repellent effects and 
may increase parasitism. From a practical 
standpoint, though, combining a suitable 
CO 2 source with nematophagous  fungi 
within pellets /nay be difficult. An inor- 
ganic reaction that releases CO 2 would 
need to progress slowly to achieve behav- 
iorally effective release rates (30), and a 
microbiological source might compete with 
the pelletized fungus. Nematode phero- 
mones (1,12) or other attractants (4,5,9,10) 
might be substituted. Recently, tannins 
have been identified as potent attractants 

for  M. incognita (pers.  comm. ,  T. E. 
Hewlett, University of Florida). It might 
even be advantageous to incorporate re- 
pellents into the pellets intentionally. In 
crops that are particularly sensitive to 
nematode infection during the seedling 
stage, such pellets could be strategically 
placed where the taproot is expected to 
grow. Nematodes  already in this zone 
would in theory be killed by the fungi, and 
nematodes outside the zone would be re- 
pelled and thus prevented from reaching 
the root. 
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