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Association of the Plant-beneficial Fungus Verticillium 
lecanii with Soybean Roots and Rhizosphere 

S. L. F. MEYER,  1 D. P. ROBERTS,  2 AND W. P. W E R G I N  1 

Abst~'act: Colonization of  soybean roots by the  biocontrol  fungus  Verticilliura lecanii was s tudied in vitro 
and  in situ. For in vitro exper iments ,  V.. lecanii was applied to soybean root  tip explant  cultures.  Four  
weeks after inoculation,  the  fungus  grew externally on  at least half  of  the  roots (all t rea tments  com- 
bined) ,  colonizing 31% to 71% of  root  l eng th  ( t rea tment  means) .  However, when  a potato dextrose agar 
p lug  was available as a nu t r i en t  source for the  fungus ,  root  tips inocula ted  soon after t ransfer  were no t  
colonized by V. lecanii unless  Heterodera glycines was present .  Scanning  electron microscopy of  colonized 
roots f rom in vitro cultures revealed a close fungus-root  association, inc luding  fungal  pene t ra t ion  of  root  
cells in some specimens.  In the  g reenhouse ,  soybeans in sandy soil and  in loamy sand soil were treated 
with V. lecanii applied in alginate prills. T he  fungus  was detected at grea ter  dep ths  f rom the sandy soil 
than  from the loamy sand soil t rea tment ,  bu t  fungus  popula t ion  n u m b e r s  were small and  variable in 
both soils. Root box studies coupled with image processing analysis of  the  spatial distr ibution of  K lecanii 
in sandy soil suppor ted  these findings. Verticillium lecanii was detected randomly  in the  rhizosphere  and  
soil of  root  boxes, and  was rarely extensively distributed. These  in vitro and  in situ exper iments  indicate 
that  V. lecanii can grow in association with soybean roots bu t  is a poor  colonizer of  soybean rhizosphere  
in the soil envi ronment .  

Key words: biological control,  colonization, fungus ,  Glycine max, Heterodera glycines, nematode ,  rhizo- 
sphere ,  soybean, Verticillium lecanii. 

The soybean cyst nematode (SCN; Het- 
erodera glycines) is the most economically im- 
portant pest of soybean (Wrather et al., 
1997). Various techniques, including crop 
rotation, planting of resistant cuhivars, and 
nematicide application, have been used for 
management of this nematode, but crop 
yield losses persist. Nematicide use is limited 
for safety and economic reasons, resistance 
can be affected by shifts in nematode races, 
and crop rotation is often effective but may 
be restricted by the need to select certain 
crops, by the increase of other nematode 
populations, and by the ability of the eggs to 
remain dormant  for years (Carris and 
Glawe, 1989; Caviness, 1992; Rodriguez- 
K~bana, 1992; Wrather et al., 1992; Young, 
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1992). New approaches for the management 
of this nematode would be beneficial to in- 
tegrated pest management programs. 

Existing management procedures could 
be enhanced by development of biological 
control strategies. One potentially useful 
biological control organism is the soil- 
inhabiting fungus Verticillium lecanii (A. Zim- 
mermmm) Vi6gas. This fungus is antagonis- 
tic to insects and other fungi (Harper and 
Huang, 1986; Heintz and Blaich, 1990; Hus- 
sey, 1984; Urea and Taylor, 1987) and has 
been sold commercially for insect control. 
Additionally, V. lecanii acts against the cyst 
nematodes H. glycines, Heterodera schachtii, 
and Globodera paUida (Gintis et al., 1983; 
H/inssler, 1990; Hfinssler and Hermanns, 
1981; Meyer et al., 1990; Meyer and Huettel, 
1996; Meyer and Meyer, 1995, 1996; Uziel 
and Sikora, 1992). Research has been con- 
ducted on the use of this fungus as a bio- 
control agent for H. glycines. In laboratory 
and greenhouse studies, strains of V. lecanii 
reduced SCN populations, with decreases in 
cyst numbers of up to 85% compared with 
untreated controls (Meyer et al., 1990; 
Meyer and Huettel, 1996; Meyer and Meyer, 
1995, 1996). However, results from field 
studies were variable when a strain of V. leca- 
nii was applied to reduce H. glycines popula- 
tion densities. Cyst numbers on soybean 
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were reduced  in only 1 of  2 years in micro- 
plot  tests of  V. lecanii, and no effect was de- 
tected after fungus applicat ion in a small- 
scale field test conducted  in 1992 (Meyer et 
al., 1997). Research on the basic biology of  
V. lecanii is needed  to unders tand the factors 
that  contr ibute  to this variability. 

Little is known about  the mechan ism of  
suppression of  Hi glycines by" V. lecanii, or the 
impor tance  to biocontrol  efficacy of  such 
traits as rhizosphere  colonization. The  rhi- 
zosphere is where H. glycinesjuveniles enter  
soybean  p lan ts ,  where  ma le  v e r m i f o r m  
stages and stationary females emerge  f rom 
r o o t s ,  a n d  w h e r e  n e m a t o d e  eggs  a r e  
formed.  Consequently,  colonization of soy- 
bean  rhizosphere may be impor tan t  for  sup- 
pression of  H. glycines. Although V. lecanii 
has b e e n  i so la ted  f r o m  soil d u r i n g  the  
course  of  g r eenhouse  exper iments ,  isola- 
tions were infrequent ,  and  differentiation 
between rhizosphere and bulk soil was not  
a t t empted  (Meyer and  Meyer, 1995, 1996; 
Meyer and Huettel ,  1996). Therefore ,  the 
goals of  this study were to examine  the asso- 
ciation of  one  V. lecanii isolate with soybean 
roots, to de te rmine  whether  the isolate colo- 
nized the soybean rhizosphere,  and to look 
at dispersal of  tlSe fungaas in the soil. The  
isolate selected for these studies has been  
appl ied in field tests and  was the strain most  
f r equen t ly  used  in previous  g r e e n h o u s e  
studies. 

MATERIALS AND M E T H O D S  

Organisms: The  fungus being investigated 
was Verticillium lecanii strain M2S1 (Nematol-  
ogy Lab number ) ,  deposi ted as Agricultural 
Research Culture Collection NRRL 18726. 
The  nema tode  used for the study was Hete- 
rodera glycines race 3, which was originally iso- 
lated f rom Maryland soybean (G~ycine max 
(L.) Merr .)  fields (isolation by Beltsville 
N e m a t o l o g y  Labora to ry) .  The  n e m a t o d e  
has been  main ta ined  in gnotobiot ic  cultures 
at this location for  more  than 5 years. This 
nema tode  was cul tured on  excised soybean 
root  tips (cv. Kent) grown on Gamborg ' s  B-5 
m e d i u m  in petr i  dishes. 

In vitro root colonization, studies: Eight treat- 

ments  were tested: 1 and 2) Young root  tips 
with V. lecanii applied as an aqueous suspen- 
sion or on  an agar plug, 3 and  4) Old root  
tips with fungus applied as an aqueous sus- 
pension or on an agar plug, and  5-8) Each 
of  the four  previous t reatments  with H. gly- 
cines. For aqueous suspension treatments ,  a 
suspension of  V. lecanii was appl ied 3 m m  
from each root  tip (1.5 × 10  7 colony-forming 
un i t s /ml  sterile distilled water).  Plugs (9- 
m m  diam.) were taken f rom potato  dextrose 
agar (PDA) cultures of  V. lecani# each plug 
was placed in a hole cut in the Gamborg ' s  
B-5 m e d i u m  3 m m  f rom a root  tip. Young 
root  tip cultures received V. lecanii 4 days 
after root  tip transfer to Gamborg ' s  B-5 me- 
dium, while old root  tip cultures received 
the fungus 2 weeks after root tip transfer. 
Ten  H. glycines females were added  to each 
nematode- t rea ted  petri  dish 2 days after ex- 
cised root  tips were placed onto  Gamborg ' s  
B-5 medium.  Six replicate petri  dishes (two 
roots per  petri  dish) were used for  each of 
the eight treatments.  All cultures were main- 
mined at 25 °C, and  the extent  of  root  colo- 
nization de te rmined  1, 2, 3, and  4 weeks af- 
ter inoculation.  The  lengths of  the main  
roots and the lengths of  fungus colonization 
observed on the root  surfaces were mea- 
sured with string. Because fungus colonies 
increased in d iameter  f rom a central prop-  
agule, root  colonization was considered to 
have o c c u r r e d  only when  myce l i um ad- 
vanced along root  surfaces ahead  of, or  in a 
d i f fe ren t  d i r ec t i on  f rom,  an  e x p a n d i n g  
colony.  N u m b e r  o f  roots  p e r  t r e a t m e n t  
equal 12, with some exceptions where roots 
could not  be  measured.  

Scanning electron microscopy procedures: 
Roots f rom excised soybean root  tip cultures 
i n o c u l a t e d  with V. lecanii (as desc r ibed  
above) were placed into 3% glutaraldehyde 
(in 0.05 M PO 4 buffer) for 2 hours  at r o o m  
tempera tu re  and transferred to 4 °C over- 
night. Samples were quickly rinsed in 0.05 M 
PO4 buffer twice and washed three times in 
the  same buf fe r  for  20 min  each  t ime.  
Samples were subsequently dehydra ted  for 
30-min intervals in 20%, 40%, 60%, 80%, 
a n d  100% E t O H  ( t h r e e  t imes  e a c h ) ;  
m o u n t e d  on a luminum stubs with Avery la- 
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bels; coated with A u / P d  in a H u m m e r  Sput- 
ter Coater; and viewed with a Hitachi SEM 
model  S-570. 

Soil and rhizosphere population studies: PVC 
r ings  (7.5-cm i n t e r n a l  d i a m e t e r ,  2-cm 
height) were taped together  to form cylin- 
ders 20 cm high (10 rings per  cylinder), and 
DeWitt Pro-5 Weed Barrier was taped to the 
bot tom of  each cylinder to hold in soil and 
allow excess moisture to drain. Cylinders 
were filled with ei ther  a sandy soil (96% 
sand,  3% silt, 1% clay, o rgan ic  m a t t e r  
0.47%; pH 7.3) or a loamy sand soil (82% 
sand, 13% silt, 5% clay, organic  ma t t e r  
3.2%; pH 6.8). Soils were "un t rea ted ;"  i.e., 
no  hea t ing  or  pest icide appl ica t ion  was 
done  to remove the microflora or micro- 
fauna. A suspension of  10,000 H. glycines 
eggs in 1 ml water was pipet ted into the soil 
in each cylinder and up to six soybean seeds 
(cv. Essex) placed on top and covered with 
soil. Verticillium lecanii was incorporated into 
alginate prills containing wheat bran (100 g 
wet weight fungus and 5 g bran per  liter 
alginate solution; Meyer and Huettel ,  1996); 
5 g of  dry prills (each dry prill ca. l-ram 
diameter  and 0.001-g weight) per  cylinder 
was placed in a ring a round  the soybean 
seeds pr ior  to coverage with soil. Experi- 
ments were maintained in the greenhouse at 
23-34 °C. Seedlings were culled to one per  
cylinder shortly after emergence.  Control  
cylinders without prills were also prepared.  
Soil and roots f rom six cylinders containing 
prills and three cylinders without prills were 
harvested after 2 and 4 weeks for each soil 
type. The  exper iment  was repeated once, 
for a total of  12 cylinders per  t reatment  at 
each harvest time and six controls per  soil 
type at each harvest time. 

At harvest, rings were taken apart  in sets 
of  two starting at the top of each cylinder. 
From each 4-cm-deep section, 0.5 g soil and 
0.1 ml of  a soil dilution (made from mixing 
5 g soil suspension in 100 ml water) were 
plated separately onto  each petri  dish of  se- 
lected media. Additionally, root  segments 2 
cm long were vortexed in sterile distilled wa- 
ter for 30 seconds, and 1.0 ml wash water 
and the root  segments were plated sepa- 
rately onto selected media. Colonies of  V. 

lecanii were ident i f ied  and the locations 
(depth and isolation from soil, root  wash, or 
root) recorded.  

Media development: There  are no highly se- 
lective media  for  isolating V. lecanii f rom 
soil. One  medium,  PDA ABE (PDA plus 
benomyl (2 g per  liter), amended  with the 
antibiotics streptomycin sulfate and tetracy- 
cline hydrochlor ide  (0.3 g per  liter) and 
with 6 ml 95% ethanol  per  liter), which was 
developed in our  tests and selectively allows 
growth of  V. lecanii, was used th roughout  the 
soil and rhizosphere populat ion studies. An- 
other  medium found to be useful was oat- 
meal agar (OMA) plus dodine (1 g per li- 
ter), amended  with the same antibiotics and 
ethanol  and referred to as OMA ADE (vari- 
ant  of  oatmeal  agar plus dod ine  recom- 
m en d ed  by Beilharz et al. (1982) for isola- 
tion of  certain fungi f rom soil). Variations of  
these media were also tested to determine 
whe the r  an improved  semi-selective me- 
dium could be formulated. These included 
adding 0.1 g cycloheximide per  liter, varying 
the amount  of benomyl,  replacing benomyl 
with dodine,  and combining benomyl and 
dodine.  PDA ADET and OMA ADET were 
both  found  to have improved selective prop- 
erties for V. lecanii and were used in image- 
processing studies (see below). For these 
media, PDA and OMA were amended  with 
dodine,  and with the antibiotics streptomy- 
cin sulfate and tetracycline hydrochloride,  
and ethanol  as in PDA ABE (above). Thi- 
on in  (0.1 g / l i t e r )  was added  as a back- 
ground stain for  photography.  Media used 
in image-processing experiments  contained 
3% agar. Propagules  may have been  de- 
tected at lower amounts  than present  in the 
soil, but  numbers  of  colonies isolated on the 
media should still have been representative 
of  populat ion distributions in the soil. 

Procedures for root box experiments analyzed 
with image processing: Root  boxes were con- 
structed by cutting PVC (internal diam. 7.5 
cm) in half  longitudinally to form half cyl- 
inders 10.5 cm long. Each root  box was cov- 
e red  with a piece of  t ransparent  plastic (4 
mm thick) and filled with the sandy soil (de- 
scribed unde r  "soil and rhizosphere popu- 
lation studies").  Three  soybean seeds (cv. 
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Essex) were sown in each  roo t  box  and  
10,000 H. glycines eggs added  to the soil near  
the seeds. Prills containing V. lecanii were 
placed in a semicircle near  (but not  touch- 
ing) the seeds, and the seeds and  prills were 
covered with a small a m o u n t  of  soil. Treat- 
ments  were: 1 g prills (19 root  boxes),  2 g 
prills (19 root  boxes),  and  controls with no 
prills (12 root  boxes).  The  exper imen t  was 
r e p e a t e d  once.  Roo t  boxes  were  p laced  
tilted slightly forward (plastic sheets at ca. 
50-60 ° angle to the soil) in tubs of  s teamed 
soil to provide moisture  and to hold the soil 
in the root  boxes. Additionally, soil was kept  
moist  by application of  water drops at the 
top of  each root  box. Drops were appl ied 
slowly so that  they did not  run down the 
inner  surfaces of  the plastic covers. Plants 
were culled to one  per  root  box. Experi- 
ments  were main ta ined  in the greenhouse  at 
23-34°C. After 4 weeks, ;.L,: plastic covers 
were r emo ved  and  roo t  images were ob- 
ta ined by p h o t o g r a p h i n g  root  boxes with 
Kodak  Techn ica l  Pan Film. T h r e e  pe t r i  
dishes (150-mm diam. × 15 m m  high) each 
o f  OMA ADET and  of  PDA ADET were 
pressed onto  the soil and  roots that  had 
been  u n d e r  the plastic cover in each root  
box. The  petri  dishes were placed into an 
incubator  for  4 to 8 days and  then photo- 
g raphed  with Kodak Technical  Pan Film. 

Photographs  were digitized with a Gate- 
way 2000 Pent ium 133 computer .  Images  of  
all six petri  dishes for each root  box  were 
normal ized for size to the root  image and  
combined  using an HP Apollo Series 710 
workstation runn ing  Khoros Image  Process- 
ing software by s tandard procedures  (Castle- 
man,  1979). The  composi te  petri  dish image 
was then  combined  with the cor responding  
root  image by s tandard procedures  (Castle- 
m a n ,  1979). C o m p o s i t e  images  of  pe t r i  
dishes f rom half  cylinders were also com- 
bined into a single image with standard im- 
a g e - p r o c e s s i n g  p r o c e d u r e s  ( C a s t l e m a n ,  
1979). 

RESULTS 

In vitro root colonization studies: V. lecanii 
was capable  of  colonizing excised soybean 

root  tips in vitro (Figs. 1-3). Scanning elec- 
tron microscopy demons t ra ted  that the fun- 
gus grew in close association with roots. Sur- 
face growth of  V. lecanii on roots ranged  
f rom netlike (Fig. 1) to a heavy mat  of  my- 
celium (Fig. 2). Verticillium lecanii also colo- 
nized cells of  some roots (Figs. 2,3); viability 
of  those root  cells was not  known. 

The  length of  root  and n u m b e r  of  roots 
colonized varied with t rea tment  (Figs. 4A, 
B). When  root  tips were inoculated with fun- 
gus in water suspension, m e a n  percen t  root  
lengths colonized were not  significantly dif- 
ferent  f rom each o ther  after 1 week (Fig. 
4A). However,  older roots with no SCN were 
the most  frequently colonized. Two weeks 
after inoculation, percen t  root  length colo- 
nized was still ca. 16% to 25% for three of  
the treatments.  Young roots with SCN had a 
higher  pe r cen t age  of root  length colonized 
(65%), but  only 17% of  the roots were asso- 
ciated with V. lecani# this was a much  lower 
p ropor t ion  than found  with the o ther  treat- 
ments.  At week 3, the anomalous  t rea tment  
still had  a low percentage  of  roots colonized. 
Af ter  4 weeks, resul ts  f r o m  suspens ion-  
t reated young roots were similar to each 
other.  However,  the n u m b e r  of  colonized 
roots  f rom the t r e a t m e n t  with SCN had  
tripled, and  percen t  root  length colonized 
was lower on the more  recently colonized 
roots.  Young roots  with SCN still had  a 
h igher  mean  root  length colonized than did 
e i ther  t r ea tmen t  with old roots. All four  
t reatments  resulted in a m i n i m u m  of  haft  o f  
the roots being colonized by week 4. 

The  results were somewhat  different when 
the root  tip cultures were t reated with V. 
lecanii on a plug of  PDA (Fig. 4B). One  week 
after inoculation,  younger  roots were not  
colonized by V. lecanii. Old roots were colo- 
nized, but  percen t  root  length colonized on 
roots with SCN was lower than that  r ecorded  
f rom all o ther  colonized roots (Figs. 4A,B). 
Two and three weeks after inoculation, the 
two young root  t reatments  inoculated with 
the fungus plugs were still not  colonized by 
the fungus (Fig. 4B). Conversely, by week 3, 
p e r c e n t  roo t  length  co lon ized  on  o lder  
roots was similar whether  a plug or suspen- 
sion was used as i nocu lum (Figs. 4A,B). 
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FIGS. 1-3. Scanning electron micrographs of soybean roots from root tip explant cultures. Fig. 1. Hyphae of 
Verticilliura lecanii (arrows) growing in close association with root surfaces. Fig. 2. Soybean root covered with a thick 
mat of V. lecanii mycelium and with hyphae inside root ceils (one example indicated by arrow). Fig. 3. Stereo pair 
of the soybean root from Fig. 2, demonstrating growth of V. lecanii hyphae in root cells. To attain the three- 
dimensional view, a stereo viewer can be placed on the complementary stereo images so that the left and right 
lenses are aligned above the left and right images, respectively. The same effect can also be achieved by entraining 
the left and right eyes on the left and right figures, respectively. 

Yo ung  roots i n o c u l a t e d  with plugs were n o t  
co lon ized  at all un t i l  week 4, a n d  t h e n  only  
i f S C N  was p r e sen t  o n  the roots (Fig. 4B). At 
tha t  t ime, results f rom p lug- t rea ted  y o u n g  
roots with SCN were n o t  s ignif icant ly differ- 
e n t  f rom any  o the r  t r e a t m e n t  with co lon ized  
roots (Figs. 4A,B). No co lon iza t ion  was ob- 
served on  y o u n g  roots t rea ted  with an  agar  
p lug  b u t  w i thou t  SCN. By week 4, fungus  

i n o c u l a t i o n  m e t h o d  a n d  p r e s e n c e  or  ab- 
sence  of  H. glyeines a p p e a r e d  to be  of  little 
i m p o r t a n c e  in  d e t e r m i n i n g  co lon iza t ion  of  
o lde r  roots. 

Colonization studies in soil: W h e n  p lan t s  
were grown in  so i l -conta in ing  cyl inders  in  
the  g r e e n h o u s e ,  isolat ion of  V. lecanii varied 
with the soil type. N u m b e r s  of  co lonies  iso- 
la ted o n  OMA ADE are p r e s e n t e d  as an  ex- 
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FIG. 4. Mean percentage of  soybean root length externally colonized by the fungus Verticillium lecanii, and 

percentage of  total roots colonized, in root tip explant cultures treated with V. lecanii in aqueous suspension (A) 
or with V. lecanii on potato dextrose agar plugs (B). For treatments in which roots were colonized, only the 
colonized roots were included when calculating the means for the y-axis. Lines indicate standard error; numbers  
above (or in) bars indicate percentage of  roots colonized. Treatments were young roots (cultures treated with 
fungus 4 days after root tip transfer) and  old roots (cultures treated wit~ fungus 2 weeks after root  tip transfer), 
each with and without soybean cyst nematode  (SCN). 
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FIG. 5. Diagrams of soybean roots demonstrat ing locations and numbers  of Verticillium lecanii isolations (means 
+ standard deviations). Results shown are isolations on the medium OMA ADE. Samples at each time period were 
taken from 12 20-cm-high cylinders that were each subdivided into 4-cm-high sections. Horizontal bars indicate 
tops and bottoms of sections. R = isolations from washed roots (number  of  colonies per  root segment),  RW = 
isolations from root  washes (number  of colonies per  ml root wash), and S = isolations from soil (number  of 
colonies per  gram of nonrhizosphere soil). When no n umbe r  is given for R, RW, or  S, no V. lecanii was detected 
with this medium. A) Loamy sand soil, 2-week harvest. B) Loamy sand soil, 4-week harvest. C) Sandy soil, 2-week 
harvest. D) Sandy soil, 4-week harvest. 

ample (Figs. 5A-D) because this medium 
was used for all treatments, and because 
tests with various media demonstrated that 
detection was generally more successful on 
media with dodine than on media contain- 
ing benomyl.  The results obta ined  f rom 
OMA ADE represent the general trends ob- 
served when all media were combined.  Data 
are reported as number  of  colonies per  root  
segment on plated roots, number  of  colo- 
nies per ml for root  washes, and nmnber  of  
colonies per g of  soil for nonrhizosphere  
soil. 

In greenhouse experiments with cylinders 
containing loamy sand, most main roots had 
grown to 20 cm or more  by 2 weeks. When  
the 12 cylinders treated with prills were com- 
bined for each time period, V. lecanii was 
primarily isolated from the 0- to 4-cm sec- 
tion (Figs. 5A, B). Prills were present in the 
0- to 4-cm section and may have been a pri- 
mary source of  fungus isolations in that area. 
Even in that section, mean numbers  of colo- 
nies isolated were very low (Figs. 5A,B). 
When  results f rom all media  were com- 
bined, the fungus was isolated from the 0- to 
4-cm section from all 12 cylinders after 2 
weeks, and from 11 cylinders after 4 weeks. 
Below 4 cm, 17. lecanii was detected f rom 
roots or  root  washes of  only three plants at 
each time period. Soil isolations below 4 cm 

were made from four cylinders (2 weeks) 
and two cylinders (4 weeks). Verticillium leca- 
niiwas isolated from the 12- to 16-cm section 
from only one root system (including roots 
and root  washes), and from soil of  only two 
cylinders at that depth. The colonies were 
not  isolated in numbers  that would influ- 
ence the overall results. No isolations were 
made in loamy sand from the 16- to 20-cm 
section. 

In the sandy soil, root  lengths were a mini- 
mu m of 20 cm in all cylinders at 2 weeks and 
at 4 weeks. More colonies were detected 
from the sandy soil than f rom the loamy 
sand soil, hut the pattern between the soil 
types corresponded in that most isolations 
were f rom the 0- to 4-cm section (Figs. 
5C,D). However, some isolations were made 
on OMA ADE from roots, root  washes, and 
soil at 4-8 cm, and from roots, soil, or  root  
washes to a depth of  16 cm (2 weeks) or 12 
cm (4 weeks). 

When results from all media were com- 
bined, the fungus was isolated from the 0- to 
4-cm section from all 12 cylinders after 2 
weeks, and from 11 cylinders after 4 weeks. 
Below 4 cm, V. lecanii was detected from 
roots or  root  washes of  11 plants (2 weeks) 
and 12 plants (4 weeks) in the sandy soil, 
Soil isolations below 4 cm were made from 8 
cylinders (2 weeks) and 10 cylinders (4 
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Fio. 6. Examples from root boxes showing location of Verticillium lecanii relative to soybean roots. Images are 
from areas 7.5 cm wide x 10.5 cm high. Light gray = soybean roots, black = V. lecanii. Results varied from few 
colonies on roots (A) to some root colonization close to the top of the root box (B) to colonization farther down 
the roots (C). In no case was colonization of roots extensive. 

weeks). Despite  some isolat ions t h r o u g h o u t  
the en t i re  l eng th  of  the roo t  system, the ap- 
p a r e n t  rh izosphere  co lon iza t ion  was n o t  de- 
tec ted f rom m a n y  plants;  the  fungus  was iso- 
la ted  f r o m  only  th ree  roo t  systems at the 16- 
to 20-cm dep th  a n d  was n o t  isolated f rom 
soil in  tha t  area. 

In  the  e x p e r i m e n t s  analyzed with image  
p r o c e s s i n g  wi th  r o o t  b o x e s  10.5 cm in  
height ,  t r ea tmen t s  with 1 g prills a n d  2 g 

prills gave the same results. VerticiUium leca- 
nii was f o u n d  in  associat ion with ma jo r  soy- 
b e a n  roots, b u t  in  n o  cases did V. lecanii 
c o l o n i z e  the  soybean  r h i z o s p h e r e  ex ten -  
sively (Figs. 6A-C) .  T h e  d i s t r ibu t ion  of  V. 
lecanii in  the  roo t  boxes  was n o t  l imi ted  to 
regions  c o n t a i n i n g  the  m a i n  roots; however,  
there  was on ly  extensive spatial d i s t r ibu t ion  
in  o n e  roo t  box. W h e n  data  f rom 18 roo t  
boxes  were c o m b i n e d  in to  one  image,  colo- 
nies were n o t  heavily c lus te red  in  any  areas 
b u t ,  r a t h e r ,  we re  d i s t r i b u t e d  r a n d o m l y  
t h r o u g h o u t  the en t i r e  roo t  box  (Fig. 7). 

VerticiUium lecanii was n o t  isolated f rom 
cont ro ls  of  any  soil exper iments .  

D I s c u s s i o N  

Plan t  roots p r o d u c e  large a m o u n t s  of  or- 
gan ic  mater ia l ,  s t imula t ing  growth of  m a n y  
mic roorgan i sms ;  the  rh izosphere  may have 

50 to 100 t imes m o r e  mic roo rgan i sms  than  
soil outs ide  the rh izosphere  (Foster et  al., 
1983). Many  n e m a t o d e - a n t a g o n i s t i c  f ung i  
are associated with the rh izosphere  of  crop 
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Fro. 7. Combined spatial distribution of Verticillium 
lecanii in 10.5-cm-high root boxes. Figure is a composite 
of 18 replicates. White = no V. lecanii detected, gray = 
one colony detected, black = two colonies detected at a 
single location. 
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plants. For example,  nema tophagous  fungi 
have been  isolated f rom the rhizosphere of  
pea ,  whi te  m u s t a r d ,  bar ley ,  a n d  c i t rus  
(Gaspa rd  a n d  Mankau ,  1986; Pe r smark ,  
1997; P e r s m a r k  and  Jansson ,  1997); the 
n u m b e r  o f  p r o p a g u l e s  o f  n e m a t o d e -  
t rapping fungi in the pea  rhizosphere was 19 
times greater  than in root-free soil. This in- 
crease cor responded  to the increased num- 
ber  of  nematodes  in the rhizosphere (6 to 
290 times more  nematodes  than in the rest 
of  the soil). It  is likely that  nutrients f rom 
plant  roots, and presence  of  nematodes  in 
the rhizosphere,  are factors contr ibut ing to 
the fungus-rhizosphere associations. Studies 
with soybean d e m o n s t r a t e d  that  selected 
fungi isolated f rom SCN cysts were able to 
colonize soybean roots (Stiles and  Glawe, 
1989), which suggests that  the roots might  
be used for  nutrit ion. Because V. lecanii has 
been  isola ted f rom soil (Domsch  et al., 
1980) and is antagonistic to SCN, we hypoth- 
esized that it might  also grow in association 
with soybean roots. The  in vitro studies re- 
po r t ed  he re  d e m o n s t r a t e d  that  V. lecanii 
growth can be st imulated by the presence  of  
soybean roots. However, the fungus did not  
aggressively colonize  all o f  the available 
roots, even in the tissue cultures. Roots f rom 
one  t rea tment  were not  colonized at all, sug- 
gesting that  the enhanced  growth on some 
root  surfaces in tissue culture t reatments  was 
due to nutrit ional factors ra ther  than to a 
physical attraction to the agar-root  interface. 

In vitro, soybean root  colonization by V. 
lecanii was generally not  d e p e n d e n t  on the 
presence of  SCN, with one exception: H. gly- 
cines appea red  to enhance  fungus growth on 
young roots when the PDA plug was present  
as a nu t r i en t  source,  indicat ing that  the 
nematode  may have provided additional nu- 
trients for  the fungus. 

The  tissue culture studies indicated that  
the fungus would grow in association with 
about  half  to two-thirds of  the available roots 
(with the except ion of one  t reatment)  and 
that  the presence  of  SCN might  enhance  the 
root  association. In the soil, fungus isola- 
tions f rom roots and  root  washes varied with 
soil type; colonies were detected below 4 cm 

f rom few specimens in loamy sand, but  f rom 
nearly all of  the specimens in sandy soil. Be- 
low 8 cm in depth,  V. lecanii in the sandy soil 
t reatments  t ended  to be  isolated f rom roo t  
systems ra ther  than soil, suggesting that  the 
fungus may have been  colonizing the roots 
to some  ex ten t .  However ,  the  d e t e c t e d  
populat ions were low. While the low num- 
ber  of  colonies may have been  partly caused 
by lack of  a semi-selective m e d i u m ,  the 
t rend was clear; the fungus was not  found  in 
high numbers  or  f rom many plants at lower 
depths. More accurate p inpoint ing  of  colo- 
nies with the image-processing techniques 
cor robora ted  that the fungus was not  exten- 
sively colonizing root  systems. 

In earlier greenhouse  tests on soybean, V. 
lecanii was isolated f rom a few greenhouse  
pots (Meyer and  Meyer, 1995, 1996; Meyer 
and  Huet te l ,  1996) but  was no t  isolated 
f rom microplo t  or field plot  soil (Meyer et 
al., 1997). The  results f rom the tissue cul- 
ture and greenhouse  studies combined  indi- 
cate that  V. lecanii, while capable of  coloniz- 
ing soybean roots in tissue culture, was not  
an aggressive rhizosphere  colonizer in soil. 
There  are several possible reasons for this 
result. Abiotic factors, such as tempera ture ,  
moisture,  and  soil composit ion,  could affect 
growth of  the fungus; formulat ion and  de- 
livery might  alter ability to colonize the rhi- 
zosphere; or  soil microf lora  and  microfauna  
could r ender  V. lecanii noncompet i t ive  in 
soybean rhizosphere in the soil. Similar re- 
suits have been  found  with strains of  the bio- 
control  fungus VerticiUium chlamydosporium. 
While some strains of  this fungus were able 
to colonize rhizosphere unde r  sterile condi- 
tions, rhizosphere colonization in nonsteril- 
ized soil varied with fungus strain and with 
c rop  p l an t  (Bou rne  et  al., 1994; Kerry, 
1995). 

Lack of  aggressive rhizosphere  coloniza- 
tion may be one  reason for  the variable re- 
sults found  in microplo t  studies when V. leca- 
nii was applied in alginate prills (Meyer et 
al., 1997). Env i ronmenta l  condi t ions and  
the populat ions  of  the soil microfauna  and  
microf lora  may have to be within narrow pa- 
rameters  for  the fungus to become  estab- 
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l i s h e d  i n  t h e  r h i z o s p h e r e  a n d  d e c r e a s e  

n e m a t o d e  p o p u l a t i o n s .  
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