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Soil Moisture Control and Direct Seeding for Bioassay of 
Heterodera glycines on Soybean 1 

S. SARDANELLI 2 AND W . J .  KENWORTHY 3 

Abstract: Soil moisture control during evaluations of  Heterodera glycines-Glycine max interactions has not  
been reported routinely as a standardized procedure. A novel soil moisture replacement system was 
examined in controlled environmental chambers for use in bioassays for female development. The 
system is compact, lightweight, and has a contained reservoir for moisture supply to multiple test units. 
Varied soil moisture treatment levels were sustained at or near replacement rates over extended periods 
of  testing. Direct seeding of  selected soybean cultivars consistently resulted in 100% seed germination. 
Subsequent shoot and root growth was successfully restricted to accommodate the size of  the system with 
minimal shoot pruning. Numbers  of mature H. glycines females extracted from the roots of susceptible 
soybean cultivars were consistently high. Inoculum levels of  either 500 or 1,000 eggs/p lant  routinely 
resulted in numbers  of  females at more  than 30% of the initial inoculum. No evidence of  nematode 
contamination of  uninfested plants was found at any level of observation. Results demonstrate a poten- 
tial for the standardization of two additional variables in determining races and for screening cultivars 
or lines for resistance to H. glycines. 

Key words: bioassay, direct seeding, Glycine max, Heterodera glycines, method, race determination, resis- 
tance, screening, soil moisture control, soybean, soybean cyst nematode. 

Management  of the soybean cyst nema- 
tode, Heterodera glycines Ichinohe, is a princi- 
pal factor in the production of soybean, Gly- 
cine max (L.) Merr. (Wrather et al., 1984). 
Reported as a pathogen to soybean world- 
wide, H. glycines has been detected in most 
soybean-producing  states in the Uni ted  
States (Schmitt and Riggs, 1989). 

Variable development of  females of  H. gly- 
cines on soybean cultivars has been reported 
from existing race test methods (Riggs and 
Schmitt, 1988; Riggs et al., 1988). Standard- 
ization of  seeding, inoculation, and tem- 
perature regimens in race testing have been 
s tudied  (Riggs and  Schmitt ,  1991). Al- 
though opt imum procedures or levels for 
these parameters were identified, the hum- 
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bers of females reported in the tests were 
variable. The effect of soil moisture on H. 
glycines bioassay performance was not  exam- 
ined. 

The lack of  consistency or the variation in 
the numbers of females reported in bioas- 
says of H. glycines population levels in soil or 
in race tests may be related to the following: 
i) lack of consistency in watering practices 
(widely fluctuating soil moisture levels), ii) 
variability in seed germination and subse- 
quent  plant growth with direct seeding prac- 
tices, iii) the possibility of undetected root 
injury during transplant of  test seedlings 
(FIalbrendt, 1992). In an effort to address 
the above, a soil moisture replacement sys- 
tem was designed, tested, and disclosed (Sar- 
danelli et al., 1995). 

The underlying principle of the system is 
the transport of  water via wicking, after es- 
tablishment of a hydraulic gradient, from an 
enclosed bot tom reservoir upward to the 
rooting medium. In this paper we report  the 
results of a thorough study conducted to test 
the system. The main objectives in testing 
the apparatus were to evaluate: i) the effi- 
cacy for soil moisture rep lacement  over 
time; ii) the practice of direct seeding and 
quality of  subsequent plant growth within 
the system; iii) H. glycines life-cycle comple- 
tion as manifested in female maturation; iv) 
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the system's efficiency in conservation of  ma- 
terials, space, and  labor. 

MATERIALS AND METHODS 

Moisture replacement system (MRS) construc- 
tion: The main  componen t s  of  the system 
included a plant  conta iner  with wick insert, 
a holding rack for  conta iner  support ,  and  an 
enclosed bo t tom water reservoir. Two mod-  
els o f  the system were used in this study. 

Bioassay model: This model  of  the MRS was 
used for  water transport ,  plant  growth, and  
bioassay experiments .  The  main  body was a 
white Polyfoam Freeze Safe stock insulated 
conta iner  (Model #2310-6L, Packers, Wheel- 
ing, IL) (Fig. 1A,B). Exter ior  d imensions  
were 62.5 x 30 x 20 cm, and  interior  dimen- 
sions were 57.5 x 25 x 15 cm. The  u p p e r  half  
was the holding rack, with slots cut with a 
3-cm-diam hole saw through  the top surface 
(Fig. 1A). Slots were for conta iner  insertion 
and  support .  Two slot-spacing pat terns were 
used: i) 27 3-cm-diam. slots with staggered 
centers 7.5 cm apart,  and  ii) 36 3-cm-diam. 
slots evenly spaced  with cen te rs  7.2 cm 
apart.  

Each slot suppor ted  one  grow tube (dis- 
posab le  steri le p o l y p r o p y l e n e  cen t r i fuge  
tube, tapered bo t tom end, 50-ml capacity; 
Fig. 1C) above the water surface of  the res- 
ervoir at m a x i m u m  capacity. Wicking made  
o f  0.3-cm-diam. Lehigh nylon rope  (Lehigh, 
Allentown, PA) was coa ted  with 0.35-cm- 
diam. Cole-Flex irradiated polyolefin heat- 
shrink tubing (shrinks 50%) (Cole-Flex, W. 
Babylon, NY). The  nylon rope  was th readed  
th rough  the shrink tubing and  placed in a 
121 °C dry oven for  8 minutes. The  treated 
wicking,  15 cm in l eng th ,  was i n se r t ed  
th rough  a 0.5-cm-diam. open ing  in the cen- 
ter bo t tom of  the grow tube. The  tubing was 
s t r ipped f rom a 2-cm length at each end. 
The  wick was inserted within the tube to a 
he igh t  def ined  for  the par t icular  experi-  
ment .  The  remain ing  length of  the wick ex- 
t ended  th rough  the center  bo t tom of  the 
tube and  into the reservoir, which was the 
lower half  o f  the conta iner  (Fig. 1B). This 
por t ion  o f  the wick was in direct contact  with 
the bo t t om of  the reservoir or  a few centi- 

m e t e r s  h ighe r ,  d e p e n d i n g  on  the  wick 
height  within the grow tube. 

The  reservoir was lined with a disposable 
plastic insert and  held  a m a x i m u m  volume 
of  9 liters. When  the holding rack was set 
o n t o  the  r e se rvo i r  a n d  the  grow tubes  
placed in the slots, an airspace o f  ca. 3 cm 
lay between the bot toms of  the tubes and  
the water  surface in the filled reservoir. For  
ease in movemen t ,  the reservoir  was not  
filled to capacity until the system was situ- 
ated in the p e r m a n e n t  test location. The  res- 
ervoir was then filled with water th rough  the 
o p e n  slot created by t empora ry  removal  of  a 
grow tube. 

Culture model: This mode l  was used for  the 
establishment,  main tenance ,  and  increase 
of  stock cultures for  test inoculum. Modifi- 
cations f rom the bioassay mode l  were: i) the 
holding rack had ten 7-cm-diam. slots--five 
slots a long the length with centers 12.5 cm 
apart,  and  two slots per  width with centers 
15 cm apart; ii) each slot suppor ted  one  250- 
ml plastic beaker  with the o p e n  top of  7 cm 
o.d. taper ing to a closed bo t tom of  5.4 cm 
o.d.; iii) the wicking was 0.45 cm in d iameter  
and  coated with 0.5-cm-diam. shrink tubing. 
The  wick was inserted to a height  of  6.5 cm 
within the beaker  and  ex tended  11 cm f rom 
the bo t tom of  the beaker  to the reservoir 
bot tom.  

Rooting medium: Greenhouse  stock build- 
er 's  sand was used for  cultures and  all tests. 
Sand was steam-sterilized, air-dried, passed 
th rough  an 850-pm-pore sieve to remove  
gravel and  any ext raneous  materials,  and  
stored in covered bins. Each batch was ana- 
lyzed for texture and  pH. 

Moisture volume percentage (MVP) of the root- 
ing medium: Water uptake,  plant  growth, and  
H. glycines bioassay evaluations were con- 
duc ted  with an initially established soil mois- 
ture content  that varied according to treat- 
ment .  Soil moisture  t rea tment  levels were 
established as the required ratio of  water to 
dry root ing m e d i u m  by volume (MVP = wa- 
ter  vo lume + dry m e d i u m  volume x 100; 
Brady, 1974). To p repare  the system for con- 
tainer  insertion pr ior  to mois tening of  the 
sand, ca. 360 ml tap water was added  to the 
reservoir and  the holding rack was seated 
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FIG. 1. Soil moisture replacement system. A) Holding rack. B) Reservoir. C) Grow tubes seated in holding rack 
with wick inserts extending to reservoir bottom. D) Soybean seedlings 7 days after pruning above cotyledons. E) 
Soybean growth 33 days after soil infestation. 
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onto  the reservoir. As containers were filled 
with sand they were immediately  placed into 
the hold ing  rack. In water  t ranspor t  and  
p l an t  growth exper iments ,  dry sand and  
e a c h  g row t u b e  with  wick i n s e r t  were  
weighed individually pr ior  to setup for  cal- 
c u l a t i o n  o f  MVP a f t e r  da t a  c o l l e c t i o n  
(Brady, 1974). The  weighed volume of  dry 
sand (50 cm ~) was then  mixed  with the treat- 
m e n t  volume of  tap water and  immediately  
funne led  into the grow tube. In culture and  
bioassay experiments ,  the total am oun t  of  
sand for  the entire test was mois tened to the 
desired MVP immediately  before  the bea- 
kers or  grow tubes were filled. Moistened 
sand was added  a round  the central  wick with 
gentle tapping of the beaker  or  tube at in- 
tervals to allow for a un i form settling of  the 
medium.  To de te rmine  the volume of  water 
held in the wick as opposed  to the sand, 35 
p r e p a r e d  wicks were weighed individually 
and  then  submerged  in water pr ior  to use 
on tubes. To ensure saturation, the wicks 
were removed  each day, free water was blot- 
ted away, and  weights were de te rmined  for  a 
total o f  3 days for  weight stabilization. The  
average added  water weight was 0.6 g. In 
addition, dry plant  weights were de te rmined  
at the terminat ion of  plant  growth experi- 
ments  and averaged. Wick water weights and 
(or) dry plant  weight were included as a cor- 
rect ion factor for de terminat ion  of  MVP for  
all experiments .  

Water transport: Because subjective obser- 
vations indicated that  water was wicked into 
a moist  and  not  a dry root ing medium,  the 
effect of  sand mois ture  conten t  on subse- 
quent  water t ranspor t  f rom the bo t tom res- 
ervoir was tested. This expe r imen t  was con- 
ducted  for  a total of  36 days in the bioassay 
model  with 27 slots. Wicks were 7.5 cm high 
within each grow tube in the rack. Treat- 
ments  consisted of  three MVPs (7.5%, 30%, 
and  50%) with eight  replicates. Weighed dry 
sand (96% sand, 0% silt, 4% clay; p H  8.1) 
was mixed  for  even mois ture  distribution 
with 3 ml tap water for  each individual grow 
tube. Eight  replicates at 7.5%, 30%, and  
50% MVP were p repa red  by respective addi- 
tion of  0, 12, and 20 ml  tap water to the 
initial 3 ml mois tened  sand. For each treat- 

ment ,  an addit ional grow tube was p r epa red  
and  a t h e r m o m e t e r  was centered  in the bot- 
tom. After 8 days on a laboratory  bench  
(means of 21 °C and 32% RH),  the system 
was placed into a control led env i ronment  
growth chamber  at 27 °C and main ta ined  at 
a 12:12-hour l ight :dark pe r iod  with cool 
white f luorescent  lamps (100 lawat t /m2/  
sec). RH varied f rom 10% to 15% in the 
growth  chamber s .  All e x p e r i m e n t s  con-  
ducted in growth chambers  had  the same 
environmenta l  parameters .  To moni to r  the 
status of  MVP over time, visual observations 
and  weights were recorded  for  each grow 
tube on days 0, 2, 5, 8, 12, 15, 19, 23, 27, and  
36 of  the exper iment .  

Direct seeding and plant growth: Experi-  
ments  were designed to evaluate the perfor-  
mance  of  direct  seeding, de te rmine  the ef- 
fect of  the height  o f  the str ipped por t ion of  
wick within the grow tube on plant  growth 
and  mois ture  delivery, and  a c c o m m o d a t e  
plant  growth to the size of  the system by 
shoo t  p run ing .  In  one  e x p e r i m e n t  with 
three t rea tment  replicates, the 27-slot rack 
was used; in a second exper imen t  with four  
t r e a t m e n t  replicates, the 36-slot rack was 
used. Grow tubes were filled with bui lder 's  
sand (96% sand, 0% silt, 4% clay; p H  8.1) at 
an MVP of  30%, based upon  results f rom the 
moisture  percentage  experiments .  Two wick 
heights within the grow tubes, 7.5 cm and 
5.0 cm, were the main treatments.  Tubes  
were planted with one seed pe r  tube in the 
direct center  at a 2.5-cm depth.  Soybean cul- 
tivars Essex, Hartwig, Peking, and  PI88788 
were used. Weights were recorded  for each 
individual grow tube at setup and days 7, 16, 
22, and  29 of  the exper imen t  to moni to r  
MVP. Plant growth was moni to red  to deter- 
mine  stage of  p run ing  for  control  of  p lant  
growth. Each system had  three  randomly  
placed grow tubes with t he rmomete r s  in- 
serted in the direct center  to half  depth.  The  
systems were mainta ined in separate growth 
chambers.  Fresh and dry root  weights for  
test plants were de te rmined  at the end  of  
each exper iment .  

Foliar discoloration was observed on all 
seedlings in the p lant  growth exper iments  
with the previously unused  wicking treat- 
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ment .  To clarify p robab le  cause, the experi- 
ments  were repea ted  with previously used 
wicking only. 

Stock cultures: An H. glycines isolate, previ- 
ously classified as race 3, was obta ined  f rom 
stock g reenhouse  cultures init iated by 10 
successive single female  transfers and  main- 
mined on Essex soybean (S. Anand,  pers. 
c o m m . ) .  This  isolate was inc reased  a n d  
main ta ined  in the culture model  on Essex to 
provide inoculum for  the bioassay experi- 
ments.  Because of  previously observed foliar 
browning and precipitate format ion  on the 
sand surface when  plants  were grown in 
tubes with new wicking, the model  was pre- 
condi t ioned by running  it for  3 weeks before  
plants  were included.  The  sand was dis- 
carded, and beakers  were rinsed with tap 
water  and  autoclaved. Immedia te ly  before  
seeding, each of  the beakers  in a mode l  was 
filled with 240 cm 3 builder 's  sand mois tened 
to 21% MVP (i.e., 500 ml  tap water /2 ,400 ml 
sand for  10 beakers) .  Three  seeds of  Essex 
were planted 2.5 cm deep  in a tr iangular 
pa t te rn  ca. 1.5 cm f rom the wall of  the bea- 
ker. Seven days after seeding, seedlings were 
p runed  jus t  above the cotyledons. Cultures 
were initiated with 20 gravid white females 
f rom a tap water-filled vial p laced in deep  
watch glasses with 2 ml tap water  and  b roken  
open  with forceps to release eggs. A 2.5-cm 
depress ion  was m a d e  be tween  each  two 
seedlings, and  the contents  of  one  watch 
glass were washed into each depression and  
covered. Prunings of  regrowth were done  as 
needed  dur ing the life of  the culture. Cul- 
ture transfer was done  every 30 to 33 days 
with gravid white females collected as in bio- 
assay inoculum prepara t ion .  

General bioassay: Wick heights  were ad- 
jus ted  to 5.0 cm within the grow tubes, as 
plant  growth exper iments  demons t ra ted  a 
greater  mois ture  uptake  than water trans- 
por t  experiments .  MVP of  the bui lder 's  sand 
was established at 24%, based on the plant  
growth study results. Individual grow tubes 
were randomly  mon i to red  dur ing  testing for  
moisture  level. Seeding was done  as in plant  
g r o w t h  e x p e r i m e n t s .  T e s t  p l a n t s  we re  
p r u n e d  jus t  above the cotyledons on the sev- 
en th  day af ter  seeding (Fig. 1D). Gravid 

white females  were obta ined  f rom 33-day- 
old stock cultures, and  the eggs were re- 
leased for  use as i n o c u l u m  immed ia t e ly  
pr ior  to soil infestation. 

For inoculum collection, a culture beaker  
was removed  f rom the system, submerged  
on its side in tepid tap water, and  allowed to 
saturate for  ca. 40 seconds. The  seedlings 
with the root  ball were pulled free, and  ex- 
cess sand was carefully washed f rom the root  
mass. Females were massaged f rom the roots 
unde r  a s t ream of  tap water onto  nested 850- 
pm- and  149-pm-pore sieves. Washings re- 
m a i n i n g  in the  b u c k e t  were  ro i led  and  
poured  th rough  the sieves to collect addi- 
tional females. The  females were crushed on 
the 149-pro-pore sieve with a rubbe r  s topper  
and  rinsed repeatedly with tap water f rom a 
wash bottle. The  egg's were collected on a 
25-pm-pore sieve. Eggs were added  to the 
grow tubes within the growth c h a m b e r  7 
days after seeding. A 1-ml suspension of  eggs 
was p ipet ted  to a dep th  of  2.5 cm at ca. 0.5 
cm f rom the base of  the test seedling. 

U p o n  terminat ion of  the experiments ,  fe- 
males were extracted f rom the roots and  the 
sand as in inoculum prepara t ion ,  collected 
on filter paper ,  and  counted  (Krusberg et 
al., 1994). Fresh roo t  weights were deter- 
mined  for test plants at the end  of  the ex- 
periments.  

Inoculum density and female development." 
Evaluations of  inoculum density and rate of  
female deve lopment  within the system were 
pe r fo rmed  in two different sources of  build- 
e r ' s  sand to e x a m i n e  the effect  of  sand 
source on bioassay response.  The  two sand 
batches were 98% sand, 1% silt, 1% clay (pH 
6.2) and 97% sand, 1% silt, 2% clay (pH 
7.1). Essex was the host  cultivar, and  each 
seedling was inoculated with 1,000 eggs. Soy- 
bean root  systems were harvested at 21, 27, 
and  33 days after inoculat ion (DAI) with 10 
replications at each harvest. 

Cultivar and inoculum level response: An ex- 
pe r imen t  was conduc ted  to evaluate growth 
response of  addit ional soybean cultivars, H. 
glycines inoculum density, and  female matu-  
rat ion within the system. Soil particle analy- 
sis was 98% sand, 1% silt, and  1% clay at p H  
6.2. Soybean cultivars tes ted were Essex, 
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Hartwig, and  Lee. Inocu lum levels were 500 
or  1,000 eggs / tube ,  and  t rea tments  were 
replicated four  times. Soybean roots were 
harvested 27 (DAI). 

Contamination evaluation: Because the sys- 
tem used a c o m m o n  reservoir for all wick 
t ransport  of  water, a test was conducted  to 
address  the possibili ty of  c o n t a m i n a t i o n  
within the system. Sand used was as in culti- 
var and  inoctflum level testing. Essex was the 
host, and  t rea tments  were the uninfes ted 
cont ro l  and  infestat ion with 1,000 eggs /  
tube.  Each t r e a t m e n t  was r ep l i ca t ed  15 
times. Soybean roots were harvested 30 DAI. 
At test termination,  water remain ing  in the 
reservoir was passed th rough  a 25-pm-pore 
sieve as an addit ional check for  nematode  
contaminat ion.  

General procedures: No addit ional  moisture  
was added  o ther  than the water supplied by 
wick t ransport  f rom the original fill of  the 
system reservoir. As a precaut ionary  mea- 
sure, tap water-washed grow tubes and  bea- 
kers (with wick inserts) were autoclaved at  
121 °C for  30 minutes  after each test run. 
Breeder-selected seed f rom uni form stock 
was used in all bioassays and  evaluations 
of  p lant  growth. No plant  nutr ients  were 
added.  For the H. glycines evaluations, ex- 
tracted females were divided by the initial 
inoculum level to de te rmine  relative female  
deve lopment  after inoculation. All experi- 
ments  were r epea t ed  once.  With the ex- 
cep t ion  of  the d i rec t  seed ing  and  p lan t  
growth experiments ,  results o f  the two runs 
of  each test were similar (P = 0.05) and data 
were combined  for  analysis. Exper imenta l  
t rea tments  and  replications were completely  
randomized.  Data were examined  by analy- 
sis o f  variance, followed by m e a n  separat ion 
with leas t  s igni f icant  d i f fe rences  (LSD) 
(MSTAT-C, Michigan State University, East 
Lansing, MI). 

RESULTS 

Water transport: There  was no  change in 
moisture  level in the 7.5% and 30% MVP 
soil mois ture  t reatments  for  the durat ion of  
the 36-day expe r imen t  (P ~ 0.01). The  50% 
MVP t rea tment  d ropped  to 41% MVP by day 

2 and  remained  in that range for  the re- 
ma inder  of  the test. All replicates of  the 30% 
MVP and 50% MVP t rea tments  appea red  
moist  th roughou t  their  soil profile dur ing 
the test. All replicates for  the 7.5% treat- 
m e n t  were dry to a depth  of  ca. 1.0-1.5 cm at 
the end  of  the test. At all three moisture  
levels, soil t empera tures  averaged 2 °C above 
air tempera ture .  

Direct seeding and plant growth: Both rack 
pa t te rns  of  the bioassay system prov ided  
similar p lant  growth data. By the third day 
after planting, 100% of  the seed had germi- 
nated.  From this poin t  t h roughou t  testing, 
p rogress ive  r o o t  g rowth  cou ld  be  seen  
through the lateral surface of  the grow tube. 
Subsequent  seedling growth was uniform. 
One  foliar p run ing  was done  above the uni- 
foliolate node  at the unfolding of  the first 
trifoliolate leaf. On  the ninth day of  testing, 
browning of  the leaf tips began to appear  on 
all test plants in grow tubes with new wick- 
ing. Subsequent  growth of  these plants had 
no  evidence of  browning, but  a white pre- 
cipitate was observed on the surface of  the 
sand in the grow tubes. Differences in mean  
fresh shoot  weights for the used and  new 
wicking (1.1 g and  0.9 g, respectively) were 
not  significant. Dry shoot  weights averaged 
0.2 g. Cultivars were similar  in thei r  re- 
sponse to wicking source in both  fresh shoot  
and  root  weights. However, within each cul- 
tivar, the average fresh root  weight of  1.7 g 
for  the used wicking t rea tment  was greater  
than the 0.5-g fresh root  weight for  the new 
wicking (P ~< 0.01). Root  systems were oth- 
erwise asymptomatic.  He igh t  o f  the uncov- 
ered por t ion  of  the wicking at 5.0 cm within 
the grow tube resulted in h igher  final MVP 
than for the 7.5-cm height  (P ~< 0.01). Mois- 
ture levels in the 27-slot pa t tern  were 31% 
and 23% for  the 5.0-cm and 7.5-cm wick 
heights, respectively. In the 36-slot pattern,  
moisture levels were 35% for  the 5.0-cm wick 
height  and  25% for the 7.5-cm wick height. 
The  sand in all grow tubes was dry f rom the 
surface to approximate ly  0.5 cm deep  f rom 
the sixth day of  testing. The  r ema inde r  of  
the soil profile was moist  at the terminat ion 
of  the testing. Differences in sand and  am- 
bient  tempera tures  were negligible. 
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The  repeat  evaluation, where only previ- 
ously used wicking was tested, had no brown- 
ing of  the test plant foliage, and no white 
deposit  was observed on  the sand surface. 
Average fresh and dry root  weights were 1.1 
g and 0.1 g, respectively. Other  than root  
performance,  results were similar to the first 
r u n .  

Inoculum density and female development: 
The  greatest numbers  of  females were ex- 
tracted f rom test plants grown in the build- 
er's sand with pH 7.1 at 27 DAI and 33 DAI 
(Table 1). In both  tests, more  females were 
extracted at 33 DAI and 27 DAI than at 21 
DAI (P ~< 0.01). Mean fresh root  weights at 
test termination were similar for  all harvest 
dates within a test (P ~< 0.01). However, av- 
erage fresh root  weights at pH 7.1 were 50% 
less than those tested at pH  6.2 (Table 1). 
Root systems in general  appeared  to be com- 
pact and dense with the top prun ing  done  
just  above the cotyledons. MVP of  the build- 
er 's sand at test termination was ca. 28%. 

Cultivar and inoculum level response: Root 
growth was similar among cultivars (mean 
fresh root  weight 0.86 g, P ~< 0.05). Mean 
numbers  of  females extracted f rom Essex 
and Lee test plants were more  than 30% of  
the initial inoculum for  both inoculum lev- 
els. Mature females were not  observed on or  
extracted f rom Hartwig roots. MVP at test 

TABLE l .  Effect  o f  b u i l d e r ' s  s a n d  c o m p o s i t i o n  
o n  d e v e l o p m e n t  o f  f ema le s  o f  Heterodera glycines a n d  
r o o t  w e i g h t s  o f  Glycine max ' E s sex '  w h e n  e v a l u a t e d  
in  b ioassay  sys tems m a i n t a i n e d  in  c o n t r o l l e d  env i ron-  
m e n t a l  c h a m b e r s .  

Extracted Percent female Root fresh 
DAI a females development b weight (g) 

9 8% sand ,  1% silt, 1% clay; p H  6.2 
21 199 _+ 33b  20 + 3b 1.0 + 0.2b 
27  311 +_67a 31 + 7 a  1.0 + 0 .1b  
33 305 _+ 53a  31 _+ 5a  1.8 + 0.2a 

97% sand ,  1% silt, 2% clay; p H  7.1 
21 243 + 44b  24 + 4b  0.5 -+ 0.05a 
27 372 + 36a  37 + 4a  0.6 +_ 0 .11a  
33 402 + 35a  40 + 4a  0.4 +- 0.09b 

Values are means ± SE of 20 replicates from two trials. Means 
in the same column followed by the same letter are not  signifi- 
cantly different according to an LSD test (P ~< 0.01). 

a Days after soil infestation. 
b Extracted females divided by inoculum level of 1,000 eggs/  

root system. 

termination remained within the initially es- 
tablished range. 

Contamination evaluation: Th e  infes ted  
treatments in both  tests had mean produc- 
tions of  385 and 366 mature  females for the 
first and second runs, respectively. No fe- 
males were extracted f rom the uninocula ted 
t reatment .  Mean fresh root  weights were 
0.67 g for  the inoculated plants and 0.85 g 
for the uninoculated plants. No H. glycines 
juveniles were detected in the sievings f rom 
the water remaining in the reservoirs at the 
t e rmina t ion  of  testing. Soil mois ture  re- 
p lacement  was consistent with previous re- 
sults. 

D I S C U S S I O N  

Results o f  this study indicate that this sys- 
tem is highly useful for bioassay of  H. gly- 
tines. The  two pr imary attributes are soil 
moisture control  and direct seeding of  soy- 
bean for H. glycines bioassay, which provide 
control  possibilities for  two additional vari- 
ables during bioassay evaluations. 

The  initial water t ransport  test was per- 
formed with builder 's  sand alone. Moisture 
levels were arbitrarily chosen to observe the 
p o t en t i a l  o f  the  hydrau l i c  conduc t iv i ty  
within the system once the particular hy- 
draulic gradient  was established. Moisture 
replacement  over time was expected. How- 
ever, the replacement  and maintenance of  
the three distinct soil moisture levels for  the 
36-day per iod indicated a capability for  a 
more  precise and long-term application. In 
plant growth tests, increasing the height  o f  
the exposed wick within the grow tube re- 
suited in lower soil moisture levels than at 
the lower height. Therefore ,  wick height  as 
well as the initial soil moisture content  can 
be manipulated to maintain desired levels of  
soil moisture. 

Previous testing demonstra ted the great- 
est reproduct ion  by H. glycines in soil types 
with h igh  sand c o n t e n t  (Hea the r ly  and  
Young, 1991; Schmitt et al., 1987). Builder's 
sand was a highly effective rooting medium 
for  bioassay of  H. glycines in this system. 
When the sand was premois tened at the de- 
sired level, containers were easily and rap- 
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idly filled. Direct seeding was quickly accom- 
plished. Because roo t  systems were easily 
rinsed free of  sand at harvest, females were 
readily observed on the root  surface and  
relatively clean females were extracted for 
enumera t ion .  

N u m e r o u s  invest igat ions have focused  
u p o n  the effects of  soil moisture  on  various 
aspects of  bo th  nematode  and  host. With 
saturated or wet soil moisture  conditions, 
the resulting low oxygen levels, carbon diox- 
ide accumulat ion,  and (or) toxin increase 
were associated with decreases in nema tode  
survival, roo t  invasion, and  d e v e l o p m e n t  
rate. These effects were detr imental  to plant  
growth, as well. Conversely, low mois ture  lev- 
els reduced  nema tode  mobility and  survival 
(Rebois, 1973; Wallace, 1971). Singh and  
Sharma (1995) demons t ra ted  the effects of  
soil moisture  on penetra t ion,  development ,  
and  reproduc t ion  of  Heterodera cajani on pi- 
g e o n p e a  (Cajanus cajan) in bo th  growth 
chambe r  and  greenhouse  studies. Moisture 
t rea tments  of  24% and 32% had the highest 
reproduct ive rates. In our  study, trials were 
conduc ted  with initially established mois- 
ture levels of  bo th  24% and 30%, and  excel- 
lent  r eproduc t ion  occur red  at each level. 
Deve lopment  of  ma tu re  females of  H. gly- 
cines initial inoculum averaged more  than 
30% of  the initial inoculum on susceptible 
soybean cultivars. Previously repor ted  race 
tests, using larger pots and higher  inoculum 
levels, of ten had  female  number s  of  less 
than 5% of  the initial inoculum on Essex 
and  Lee soybean (Riggs et al., 1988). 

This study demons t ra ted  the mois ture  re- 
p lacement  system as an env i ronment  condu- 
cive to deve lopment  of  H. glycines females. 
Broader  applicat ion of  this m e t h o d  may en- 
hance  future  exper imenta t ion  involving the 
effects of  mois ture  stress on the interaction 
of  H. glycines with soybean (Koenning and  
Barke r ,  1995) .  T h e  ro le  o f  a d d i t i o n a l  
edaphic  factors might  also be more  precisely 
examined  with the incorpora t ion  of mois- 
ture control.  Greater  H. glycines reproduc-  
tion has been  repor ted  at p H  6.5 and  7.5 
than at 5.5 (Anand et al., 1988). In our  bio- 
assay system with Essex, greater  female  de- 

ve lopment  and  a lower fresh root  weight oc- 
curred at p H  7.1 than at p H  6.2. 

The  air space between the bo t tom of  the 
grow tubes and  the surface of  the reservoir 
was designed to prec lude  the possibility of  
an exchange between the grow tube con- 
tents and the reservoir water. The  contami-  
nat ion trials also demons t ra ted  that  second- 
stage juveniles (J2) did not  enter  the wicking 
and  move  against  the hydraulic g rad ien t  
into the reservoir. 

Many bioassay evaluations often involve 
seedling transplant, wherein the occurrence  
or extent  of  root  injury is an unde te rmined  
variable possibly altering test results. In one  
study, fewer H. glycinesJ2 entered  the roots 
and fewer females developed in plants when 
root  tips were removed at or  before  the t ime 
of  inoculat ion (Halbrendt ,  1992). In tests on  
p o s t i n o c u l a t i o n  p l an t  m a n a g e m e n t ,  the  
greatest  n u m b e r  of  females developed on 
plants that  were not  t ransplanted after in- 
oculation (Riggs and  Schmitt, 1991). There-  
fore, one intent  in system design was to in- 
corporate  direct seeding in order  to elimi- 
nate effects of  root  injury on female develop- 
ment .  The  use of  seed harvested within the 
test year resulted in 100% seed germinat ion  
with uniformity  in emergence  and  subse- 
quent  seedling growth. 

Several soybean cultivars were evaluated 
in this system. Shoot  p run ing  above the coty- 
ledons was pract iced in order  to mainta in  
manageable  shoot  and  root  growth for the 
size of  the system (Halbrendt  et al., 1987). 
In  addi t ion ,  the resu l tan t  c o m p a c t  roo t  
growth allowed ready observation of  females 
with a hand  lens. The  inoculum was deliv- 
e red  to a depth  of  2.5 cm, and examinat ion 
at harvest revealed that most  of  the devel- 
oped  females were within the u p p e r  third of  
the root  systems. This concentra t ion of  fe- 
males would improve efficiency in screening 
for  SCN resistance. Pot  size had no signifi- 
cant effect on female numbers ;  therefore,  
there  was no  advantage to use of  larger pots 
that  take more  space (Riggs and  Schmitt, 
1991). In o ther  studies of  shoot  p run ing  
(Anand et al., 1988; Ha lb rend t  and  Drop- 
kin, 1986; H a l b r e n d t  et al., 1987), host- 
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parasi te  compat ibi l i ty  was unaf fec ted  by 
shoot  pruning as done  in these experiments.  

The  system provided efficient use of  re- 
sources th roughout  the protocol  for  experi- 
mentation.  The lightweight, compact  poly- 
foam units are easily handled  by operators 
and readily t ransported between locations. 
Movement  is safely accomplished when the 
reservoir contains less than 2 liters of  water. 
When  top growth is minimized by pruning,  
the 36-slot rack spacing pat tern gives the 
most efficient use of  space. The  transpar- 
ency of  the growing containers allows good 
visibility of  both  vertical moisture distribu- 
tion and progress of root  growth during bio- 
assay. 

No known finished container  of  similar 
construction and principle to the container  
c om pone n t  o f  this system is in existence. 
The  wick insert seals and retains materials 
within the container.  Also, the wicking pro- 
vides distance transport  of  water with no di- 
rect  contact  between the container  bot tom 
and reservoir  contents .  The re fo re  unlike 
containers with bot tom drainage openings, 
p lacement  of  multiple units into a common  
reservoir is feasible. 

Quantities of  sand for  the root ing me- 
dium and inoculum for testing are minimal 
in c o m p a r i s o n  to s t anda rd  po t  testing. 
Therefore ,  the amount  of  labor required for 
all operations is greatly reduced.  Quantities 
of  nematode-contamina ted  roots and soil 
that must be sanitized subsequent  to evalu- 
ation and pr ior  to disposal are also substan- 
tially minimized. This fact, coupled with the 
conta inment  of  inoculum within the experi- 
m e n t a l  uni t ,  offers an e n v i r o n m e n t a l l y  
sound alternative to bioassay procedures  re- 
quiring materials on a larger scale. 

A few precautions are essential for  suc- 
cessful utilization of  this system. Because soil 
moisture rep lacement  is based on the initial 
establishment of  the hydraulic gradient,  the 
moistened rooting medium must be placed 
a round the wick and to the desired height 
with intermit tent  firm, but  genre ,  tapping 
of  the container.  This vibration will yield a 
con t inuous  co lumn of  soil. Moisture re- 
p lacement  in columns of  soil that are ei ther 
compacted or in terrupted by gaps and large 

cracks was observed to be ineffective. This 
was evident in the observable drying of  the 
medium within the transparent  containers. 
The  material used for wicking in this study 
should  be p r e c o n d i t i o n e d  for  at least 3 
weeks in advance of  experiments  to avoid 
adverse plant  response and format ion  of  
precipitates. Any alternative wicking should 
have preliminary trials. Rapid air movement  
that occurs in close contact  with the sand 
surface in the containers, as can result with 
blowers in some growth chambers, results in 
undesirable surface moisture loss. As the 
soybean  hypocoty l  emerges  and  pushes  
through the soil surface, a layer of  dry sand 
is moved up as well. The  surface can be 
lightly moistened to correct  this, but  if heavy 
air movement  continues the drying recurs 
and intensifies with time. 

Evaluations are in progress for  transfer of  
this system to greenhouse and laboratory en- 
vironments for use in H. glycines race deter- 
minat ion and soybean resistance screening. 
Should testing demonstra te  a positive and 
consistent bioassay per formance  in these ad- 
ditional environments,  a potential  would ex- 
ist for  a b roader  application and an expan- 
sion of  resources for  experimentat ion.  
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