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Replacement Series: A Tool for Characterizing 
Competition between Phytoparasitic Nematodes 1 

S. R. STETINA,  J. S. RUSSIN, AND E. C. M c G A w L E Y  2 

Abstract: The r ep lacemen t  series approach  was used  to de tec t  and  define compet i t ion  be tween 
Mehyidogyne incognita (Mi) and  Rotylenchulus ren/foom/s (Rr) on  soybean. In three  g r eenhouse  tests, soy- 
bean  cv. Davis seedlings were inoculated with 1,000 vermiform nema todes  in the following Mi:Rr ratios: 
0:0, 100:0, 75:25, 50:50, 25:75, and  0:100. After 86 days, relative nematode-yield values ( n u m b e r  o f  each 
species in mixed  culture divided by n u m b e r  in n o n m i x e d  culture) were calculated based on  nema todes  
in soil per  g ram of  dry root  tissue. Calculated values were plot ted and  the  resul t ing line compa red  with 
a reference line represen t ing  equal  inter- and  intraspecific compet i t ion predicted by the r ep lacement  
series. Relative yields for Mi were h ighe r  than  predicted at all ratios where  Mi and  Rr occur red  together  
(lack-of-fit regression, F =  5.9401, P = 0.0008), indicat ing increased reproduct ion  in the  presence  of  Rr. 
Relative yields for  Rr did no t  differ f rom predic ted yields (lack-of-fit regression,  F=  0.7565, P = 0.5203), 
indicat ing no  effect of  Mi on  Rr. These  relat ionships were no t  detected us ing  analysis o f  variance. The  
relat ionship between Mi and  Rr was i n d e p e n d e n t  o f  hos t  colonization by Diaporthe phaseolorum var. 
caulivora, the  s tem canker  fungus .  

Key woods: competi t ion,  Diapoothe phaseolorum var. caulivooa, Glycine max, Meloidogyne incognita, nema-  
tode, ren i form nematode ,  root-knot nematode ,  Rotylenchulus reniformis, soybean, s tem canker.  

Root-knot ( Meloidogyne incognita (Kofoid 
& White) Chitwood) and reniform (Roty- 
lenchulus reniformis Linford & Oliviera) 
nematodes are pathogenic to soybean (Gly- 
cine max (L.) Merrill) (Sinclair and Back- 
man, 1989). In Louisiana, nematode dam- 
age suppressed soybean yields 4% to 8% an- 
nually during 1988-1993 (Sciumbato, 1993; 
Wrather and Sciumbato, 1995). Cotton 
(Gossypium hirsutum L.), another major crop 
susceptible to damage by these nematodes 
(Overstreet and McGawley, 1995, 1996), is 
grown in many of the same areas in Louisi- 
ana as soybean. Since the host range and 
geographic distribution of root-knot and 
reniform nematodes overlap, it is likely 
that the two species compete for host root 
tissue. 

Competition between nematodes typically 
has been evaluated by comparing the num- 
ber of individuals recovered from the soil 
using analysis of variance (ANOVA) and ap- 
propriate post-ANOVA means separation 
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procedures (Chapman and Turner, 1975; 
Dickson and McSorley, 1990; Gay and Bird, 
1973; Guy and Lewis, 1987; Herman et al., 
1988; Ibrahim and Lewis, 1986; Niblack et 
al., 1986; Thomas and Clark, 1983a, 1983b). 
However, a means comparison test may not 
account for differences in the reproductive 
capabilities of individual species. 

Recently, the rep lacement  series ap- 
proach developed by plant ecologists (De 
Wit, 1960; De Wit et al., 1966) has been em- 
ployed to study relationships between phy- 
topathogenic fungi (Adee et al., 1990; Zitko 
and Timmer, 1994), epiphytic ice-nucle- 
ating bacteria (Wilson and Lindow, 1994b), 
and bacteria existing in the bean phyllo- 
sphere (Wilson and Lindow, 1994a). Re- 
placement series experiments are designed 
to quantitatively assess the relative impact of 
inter- and intraspecific competition between 
two species at a single community density. 
Target species are introduced alone or to- 
gether in various ratios. At the end of the 
experiment, relative nematode yields (num- 
ber of each species in mixed culture divided 
by number in nonmixed culture) are calcu- 
lated for each species. Inhibition or stimu- 
lation of a species can be visualized by plot- 
ring the relative nematode yields against the 
input proportion of that species (Fig. 1). If 
inter- and intraspecific competi t ion are 
equal, final nematode population sizes for 
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FIG. 1. Hypothetical replacement series between 
species A and B. Equivalence of inter- and intraspecific 
competition is indicated by dotted lines. Interspecific 
competition (inhibition) is illustrated by solid lines. 

each species should be directly propor t iona l  
to the percen tage  of  that  species initially in- 
t roduced.  

The  pr imary objective of  this research was 
to assess the usefulness of  the r ep lacement  
series approach  in detect ing and  describing 
competi t ive relationships between root-knot  
and ren i form nematodes .  A secondary ob- 
jective was to de te rmine  if the relat ionship 
between root-knot  and  ren i form nema tode  
differs on soybean colonized by the s tem 
canker  fungus, Diaporthephaseolorum (Cke. & 
Ell.) Sacc. var. caulivora Athow & Caldwell 
(Dpc). A prel iminary repor t  has been  pub- 
lished (Erwin et al., 1995). 

MATERIALS AND METHODS 

General procedures: Experiments  were con- 
duc ted  in a g reenhouse ,  where  t empera -  
tures ranged  f rom 22 °C to 35 °C. Supple- 
menta l  incandescent  and f luorescent  light- 
ing (ca. 260 pE"  m - 2 "  s e c  -1)  prov ided  a 
m i n i m u m  of  14 hours  of  light daily. In this 
expe r imen t  15-cm-diam. clay pots were used 
that  conta ined  approximate ly  1.6 kg of  a soil 
mixture  composed  of  three parts fumigated  
(67% methyl  bromide ,  33% chloropicrin) 
Convent  silt loam soil (Aeric Fluvaquent,  
coarse-silty, mixed,  nonacid,  thermic)  and  
two parts autoclaved sand. 

Soybean cv. Davis seeds were t reated with 
a commercia l  p repara t ion  of  Bradyrhizobium 
japonicum (Kirchner) J o rdan  (The Nitragin 
Co., Milwaukee, WI) and  sown in flats. Seed- 

lings of  un i fo rm size were selected when 
plants were at growth stage V1 (Fehr et al., 
1971), and  a single seed l ing  was trans- 
planted to each pot. Plants were fertilized 
every 14 to 21 days with 120 ml of  a 23-19-17 
N-P-K fertilizer solution (RapidGro; Chev- 
ron Chemical  Co., San Ramon,  CA), begin- 
ning at transplant. Plants received approxi-  
mately 26 p p m  N, 20 p p m  P, and  33 p p m  K 
at every fertilization. 

Isolates of  M. incognita race 2 and  R. reni- 
formis were derived f rom single egg masses 
and main ta ined  on tomato  (Lycopersicon es- 
culentum L. 'Rutgers ' )  in a greenhouse .  In- 
oculum consisted of  vermiform nematodes  
obta ined f rom soil by hand-sieving and cen- 
trifugal f lotat ion (Jenkins, 1964). Soil in 
each pot  was inoculated with the required  
n u m b e r  of  each species by pipet t ing nema-  
todes suspended in tap water into two de- 
pressions made  in the soil. Tap  water was 
p ipet ted  into depressions in control  pots. 
Each depression was 1 cm in diameter ,  4 cm 
deep, and  5 cm f rom the base of  the s tem on 
opposite sides of  the plant. After inocula- 
tion, the depressions were filled with addi- 
tional soil mix. 

At the end  of  each exper iment ,  five soil 
cores (2.5-cm-diam.) f rom the soil surface to 
the bo t tom of the po t  were collected f rom 
each  po t ,  m i x e d  t h o r o u g h l y ,  a n d  sub- 
sampled (150 g) for nematode  extraction. 
Nematodes  were extracted by hand-sieving 
and centrifugal flotation. Numbers  of  juve- 
niles, males, vermiform females, and swollen 
females  col lec ted  on  a 38-pro-pore sieve 
were recorded  for each species. 

Plant stems were cut at the soil surface, 
and the root-soil mass was removed f rom 
each pot. Root  systems were freed f rom soil 
by gently washing in tap water. Galling se- 
verity was rated according to the following 
scale: 0 = no galls, 1 = galls less than 3 m m  in 
d iameter  with no reduct ion in the n u m b e r  
of  feeder  roots, 2 = galls 3 to 10 m m  in di- 
amete r  with no reduct ion in the n u m b e r  of  
feeder  roots, 3 = galls 10 to 20 m m  in diam- 
eter  with no or slight reduct ion in the num- 
ber  of  feeder  roots, 4 = galls >20 m m  in 
d iamete r  with mode ra t e  reduct ion  in the 
n u m b e r  of  feeder  roots, and 5 = galls >20 
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m m  in d iameter  with major  reduct ion in the 
n u m b e r  of  feeder  roots. Gall incidence was 
rated according to the following scale: 0 = 
no galls, 1 = galls conf ined to 25% or less of  
the root  system, 2 -- galls appear ing  over 
26% to 50% of  the root  system, 3 = galls 
appear ing  over 51% to 75% of  the root  sys- 
tem, and  4 = galls appea r ing  on 76% or 
more  of  the root  system. 

N e m a t o d e  eggs were ex t rac ted  f rom a 
subsample (2 g) removed  at r a n d o m  f rom 
each roo t  system fol lowing a p r o c e d u r e  
modif ied f rom Hussey and  Barker  (1973). 
Root  tissue was stirred continuously for 10 
minutes  in 0.5% NaOC1 and then  pou red  
onto  nested 75- and 25-pm-pore sieves. Eggs 
collected on the 25-pm-pore sieve could not  
be identified to species, so egg counts were 
not  included in popula t ion  totals. 

Cultures of  Dpc were main ta ined  on 2% 
water  agar (WA) or pota to  dextrose agar 
(PDA) at r o o m  tempera tu re  (22-26 °C) in 
the laboratory. Fungus cultures were grown 
on PDA for 7 to 10 days before  transferring 
to inoculum prepara t ion  plates. The  tooth- 
pick inocula t ion  p r o c e d u r e  descr ibed  by 
Russin et al. (1986) was employed.  Inocu- 
lated plants received toothpick sections in- 
fested with Dpc (collected f rom soybean at 
the  B u r d e n  Resea rch  P lan ta t ion ,  Ba ton  
Rouge, LA), whereas sterile toothpick sec- 
tions were inserted into control  plants. 

Stem canker  lesion length (ram) was re- 
corded  at 10-day intervals for 40 days, begin- 
ning 10 days after inoculation. Tissue sec- 
tions collected f rom the margins  of  the le- 
s ion ( s y m p t o m a t i c  p lan t s )  o r  n e a r  the  
inoculat ion site (asymptomatic plants) were 
surface-disinfested by soaking for  5 minutes  
in a 0.5% NaOC1 solution. Sections were 
rinsed in sterile distilled water, blot ted on 
sterile p a p e r  towels, and  p la ted  on WA. 
Fungi  growing f r o m  these sections were 
t ransferred to PDA and identified as Dpc 
based on colony morphology,  deve lopment  
of  pycnidia or  perithecia,  and  morpho logy  
of  conidia or  ascospores. 

Replacement series experiments: N e m a t o d e  
and fungus t reatments  in a factorial arrange- 
m e n t  were examined  using a randomized  
comple te  block design with five replications. 

Root-knot  and  ren i fo rm nematodes  were in- 
t roduced  alone or in combina t ion  at an ini- 
tial communi ty  density of  1,000 individuals 
pe r  pot  when plants reached  growth stages 
V2 and V3. Inocu lum was added  at one of  
the following root-knot : reniform nema tode  
ratios: 0:0, 100:0, 75:25, 50:50, 25:75, and 
0:100. Forty-one days after inoculat ion with 
nematodes  (growth stages R1 or R2 in tests 1 
and  2), plants  also were inocula ted  with 
Dpc. Exper iments  were te rminated  84 to 86 
days af ter  n e m a t o d e  inocula t ion  (growth 
stages R5 or R6 in tests 1 and  2, R2 in test 3). 
At harvest, plants were divided into root  and  
shoot  port ions by cutting the s tem at the soil 
line. Soybean root  and  shoot  dry weights (af- 
ter drying at 70 °C for  4 days) were recorded  
after galling assessment and  collection of tis- 
sue samples for  egg extraction and  fungus 
reisolation. Soil samples were processed and  
n e m a t o d e s  c o u n t e d .  Relat ive n e m a t o d e  
yield for  each species at each inoculat ion 
density was calculated by dividing the num- 
ber  of  nematodes  of  one  species recovered 
f rom mixed culture by the n u m b e r  of  nema-  
todes of  the same species recovered f rom 
nonmixed  culture. This expe r imen t  was re- 
pea ted  (tests 1 and  2). After de te rmin ing  
that  the fungus did not  affect the relation- 
ship be tween the nematodes ,  the experi-  
m e n t  was conduc ted  a third t ime with the 
Dpc t rea tment  omi t ted  (test 3). Ten  replica- 
tions were used in each exper iment .  

A prel iminary expe r imen t  was conducted  
once to evaluate the accuracy of  predic ted 
relative nema tode  yields as dictated by the 
r e p l a c e m e n t  series. T h e  a s sumpt ion  was 
made  in the r ep lacemen t  series that  each 
species would yield in direct  p ropor t ion  to 
its initial inoculum level, so a stepwise, l inear  
re la t ionship in relative n e m a t o d e  yield is 
predicted.  To d o c u m e n t  the reproduct ive  
capacity of  each species, root-knot  and  reni- 
fo rm nematodes  were grown in monospe-  
cific cu l tu re  at i n o c u l a t i o n  dens i t ies  o f  
1,000, 750, 500, and 250 per  pot. Each treat- 
m e n t  was repl icated 10 times in a random-  
ized comple te  block design. Relative nema-  
tode yield was calculated for  each nematode  
species at each inoculat ion density by divid- 
ing the n u m b e r  of  nematodes  recovered in 
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low-density cultures by the number of nema- 
todes recovered in the high-density culture. 

Data presentation and analyses: To evaluate 
replacement series for assessing competition 
between root-knot and reniform nematodes, 
results obtained with this technique were 
compared with those from the traditional 
ANOVA. Analysis of variance and Tukey's 
HSD means separation procedures  were 
performed on nematode numbers and rela- 
tive nematode yields ("Fit Model" and "Fit 
Y by X" modules of SAS JMP, version 3.0) 
(SAS Institute, Cary, NC). Differences be- 
tween the predicted relative yield lines de- 
fined by the replacement series and the rela- 
tive nematode yield lines plotted using cal- 
culated relative nematode yield values were 
determined by lack-of-fit regression ("Fit 
Model" module of SAS JMP, version 3.0) 
(SAS Institute, Cary, NC). Paired t-tests ("Fit 
Y by X" module of SAS JMP; version 3.0) 
(SAS Institute, Cary, NC) were used to de- 
termine at which ratio(s) the predicted and 
calculated relative nematode yield values dif- 
fered. Plant weights, galling indices, and 
stern canker lesion length data were sub- 
jected to analysis using ANOVA and Tukey's 
HSD means separation procedures so that 
values could be compared with those of the 
uninoculated control. 

RESULTS 

not fit the reference line predicted by the 
replacement series (F= 5.9401, P = 0.0008) 
(Fig. 2). Paired t-tests established that the 
calculated relative nematode yields were 
higher than the predicted values at all ratios 
where root-knot and reniform nematode oc- 
curred together (P --< 0.05). The apparent 
enhancement of root-knot nematode repro- 
duction did not correspond to a decrease in 
the reniform nematode population; the cal- 
culated relative nematode yield line for this 
species did not  differ from the reference 
line (F= 0.7565, P = 0.5203) (Fig. 2). 

In tests 1 and 2, inoculation with Dpc re- 
sulted in measurable canker development 
20, 30, and 40 days after inoculation. Canker 
lengths 40 days after inoculation, which rep- 
resent the cumulative effect of the fungus, 
averaged 139.4 mm and were not influenced 
by infection of the host by either or both 
nematodes (F = 1.3726, P = 0.2763). Root, 
shoot; and total dry weights for plants inocu- 
lated with the fungus were 7.8, 3.8, and 
11.6 g lower, respectively, than uninoculated 
controls (Table 1). Inoculation with Dpc 
limited galling severity and incidence (Table 
1). An average of 500 fewer eggs were recov- 
ered per gram of root tissue from plants 
colonized by Dpc than from respective con- 
trols. In spite of stem canker symptom de- 
velopment and successful reisolafion of the 
fungus from inoculated plants, Dpc did not 

In monospecific culture, root-knot and ren- 
iform nematode relative yields were linear 
and proportional to initial inoculum levels. 
Lines based on calculated relative nematode 
yield values did not differ from those pre- 
dicted by the replacement series for either 
root-knot or reniform nematode (P-< 0.05). 
The relative nematode-yield lines predicted 
by the replacement series accurately repre- 
sented the reproductive capability of the 
nematodes. Therefore, the predicted rela- 
tive nematode yield values defined by the 
replacement series were used as the refer- 
ence values in experiments involving combi- 
nations of these species. 

In mixed species experiments, lack-of-fit 
regression indicated that the relative nema- 
tode yield line for root-knot nematode did 
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FIG. 2. Relative nema tode  yield of  root-knot and  

reni form nematodes  f rom soil 84 to 86 days after in- 
oculat ion of  'Davis' soybean in g reenhouse  tests. Cal- 
culated data  points  are m e a n s  of  30 replications in 
three  tests. Predicted reference values indicate the  ex- 
pected response  if inter- and  intraspecific compet i t ion 
are equal.  
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TABLE 1. Influence of test, inoculation with Diaporthe phaseolorum var. caulivora (Dpc), root-knot:reniform 
nematode inoculum ratio, and their potential interactions on soybean cv. Davis weight, nematode soil population 
densities, relative yield values, and root galling induced by Meloidog3ne incognita race 2 some 84 to 86 days after 
nematode inoculation in two greenhouse experiments. 

Nematodes/g 
Dry weight (g) dry root Relative yield Root-gall rating 

Treatment Level Root Shoot Plant Root-knot Reniform Root-knot Reniform Severity ~ Incidence b 

Test 1 31.9 11.9 43.8 584 768 1.41 0.55 3.3 3.7 
2 17.8 21.5 39.3 2,109 4,461 1.57 0.88 2.7 3.2 

Dpc Yes 20.9 14.8 35.7 1,442 2,268 1.04 0.71 2.6 3.t 
No 28.7 18.6 47.3 1,252 2,961 1.94 0.72 3.3 3.8 

Mi:Rr 0:0 23.4 24.8 a 48.2 . . . . . .  
ratio 100:0 23.4 12.8 bc 36.2 1,512 - -  1.00 - -  3.2 3.6 

75:25 21.7 11.7 c 33.4 1,862 2,653 b 1.74 0.37 b 2.8 3.4 
50:50 34.9 15.9 bc 50.8 979 2,078 ab 2.05 0.48 a 3.0 3.4 
25:75 23.4 15.3 bc 38.7 1,034 2,653 ab 1.18 1.00 a 3.1 3.4 
0:100 22.3 19.6ab 41.9 - -  4,619a - -  1.00a - -  - -  

Source 
Test *** *** NS *** *** NS NS *** * 
Dpc ** *** *** NS NS * NS *** *** 
Mi:Rr ratio NS *** * NS ** NS * NS NS 
Test x Dpc NS * NS NS NS NS NS ** *** 
Test × Mi:Rr ratio NS NS NS NS NS NS NS ** NS 
Dpc x Mi:Rr ratio NS NS NS NS NS NS NS NS NS 

*, **, and *** indicate significant differences at P < 0.05, 0.01, and 0.001, respectively; NS indicates that means are not 
significantly different. For treatments with three or more levels, means followed by the same letter are not different (Tukey's HSD, 
P --- 0.05). 

Severity is rated on a 0-5 scale where 0 = no galls and 5 = galls > 20 mm in diameter with major reduction in the number of 
feeder roots. 

b Incidence is rated on a 0-4 scale where 0 = no galls and 4 = galls appearing on I>76% of the root system. 

a f f e c t  r o o t - k n o t  o r  r e n i f o r m  n e m a t o d e  soi l  

p o p u l a t i o n  d e n s i t i e s ,  a n d  n o  i n f e s t a t i o n  ra-  

t io  b y  f u n g u s  i n t e r a c t i o n s  w e r e  d e t e c t e d  

w i t h  r e g a r d  to  soi l  p o p u l a t i o n s  ( T a b l e  1) .  

R e l a t i v e  n e m a t o d e  y i e ld s  f o r  M i  w e r e  l o w e r  

f o r  p o p u l a t i o n s  d e v e l o p i n g  o n  p l a n t s  w i t h  

s t e m  c a n k e r ,  b u t  t h i s  e f f e c t  was  c o n s i s t e n t  

a c r o s s  a l l  n e m a t o d e  r a t i o s  ( T a b l e  1) .  C o n s e -  

q u e n t l y ,  D p c  a n d  r e l a t e d  i n t e r a c t i o n  t e r m s  

w e r e  r e m o v e d  f r o m  t h e  m o d e l  a n d  t h e i r  as- 

s o c i a t e d  v a r i a n c e s  p o o l e d  w i t h  t h a t  o f  t h e  

m o d e l  e r r o r  t e r m .  D a t a  f r o m  tes t s  1 a n d  2 

w e r e  p o o l e d  w i t h  d a t a  f r o m  t e s t  3 f o r  s u b s e -  

q u e n t  A N O V A  a n d  r e g r e s s i o n  ana lyses .  

S o y b e a n  r o o t ,  s h o o t ,  a n d  p l a n t  w e i g h t s  

v a r i e d  s i g n i f i c a n t l y  a m o n g  t h e  t h r e e  tes t s  

( T a b l e  2) .  N e m a t o d e  i n o c u l u m  r a t i o  d i d  n o t  

i m p a c t  r o o t  o r  p l a n t  w e i g h t s  b u t  c o n t r i b u t e d  

to  a s i g n i f i c a n t  t e s t  b y  r a t i o  i n t e r a c t i o n  w i t h  

r e s p e c t  to  s h o o t  w e i g h t  ( T a b l e  2) .  I n  two  

o f  t h e  t h r e e  tes ts ,  s h o o t  w e i g h t s  w e r e  l o w e r  

o n  p l a n t s  i n o c u l a t e d  w i t h  h i g h  leve l s  (100 :0 ,  

7 5 : 2 5 )  o f  r o o t - k n o t  n e m a t o d e  ( P  --< 0 .05)  

(Fig.  3) .  

N e m a t o d e  p o p u l a t i o n  d e n s i t i e s  a n d  r o o t -  

ga l l  i n d i c e s  v a r i e d  s i g n i f i c a n t l y  b e t w e e n  t e s t s  

( T a b l e  2) .  I n  g e n e r a l ,  r e n i f o r m  n e m a t o d e s  

o u t n u m b e r e d  r o o t - k n o t  n e m a t o d e s  i n  a l l  

m i x e d - s p e c i e s  t r e a t m e n t s .  M o r e  r e n i f o r m  

n e m a t o d e s  w e r e  e x t r a c t e d  f r o m  p o t s  i n o c u -  

l a t e d  o n l y  w i t h  t h i s  s p e c i e s  t h a n  f r o m  p o t s  

c o n t a i n i n g  m i x t u r e s  o f  r e n i f o r m  a n d  r o o t -  

k n o t  n e m a t o d e  ( T a b l e  2) .  T h e  t e s t  b y  r a t i o  

i n t e r a c t i o n  ( T a b l e  2, Fig.  3) i n d i c a t e d  t h a t  

s e v e r i t y  o f  g a l l i n g  o n  p l a n t s  c o l o n i z e d  b y  

b o t h  n e m a t o d e  s p e c i e s  was  g e n e r a l l y  e q u i v a -  

l e n t  to  t h a t  s e e n  o n  p l a n t s  c o l o n i z e d  o n l y  b y  

r o o t - k n o t  n e m a t o d e .  T h e  g a l l i n g  o b s e r v e d  

a t  t h e  25 :75  r a t i o  was  l o w e r  t h a n  t h a t  s e e n  a t  

t h e  100 :0  r a t i o  i n  o n l y  o n e  t e s t  ( P  - -  0 . 0 5 ) .  

R e l a t i v e  y i e l d  v a l u e s  c a l c u l a t e d  f o r  r o o t -  

k n o t  a n d  r e n i f o r m  n e m a t o d e s  d i d  n o t  d i f f e r  

b e t w e e n  t e s t s  ( T a b l e  2) .  R o o t - k n o t  n e m a -  

t o d e  r e l a t i v e  y i e l d  v a l u e s  d i d  n o t  d i f f e r  w i t h  

r e s p e c t  to  i n o c u l u m  r a t i o  ( T a b l e  2) .  H o w -  

eve r ,  r e n i f o r m  n e m a t o d e  r e l a t i v e  y i e l d  val- 

u e s  f o r  t h e  7 5 : 2 5  r a t i o  w e r e  l o w e r  t h a n  t h o s e  

f o r  t h e  25 :75  a n d  0 : 1 0 0  r a t i o s  ( T a b l e  2) .  N o  
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TABLE 2. I n f l u e n c e  o f  test,  r o o t - k n o t : r e n i f o r m  n e m a t o d e  i n o c u l u m  ra t io ,  a n d  t h e i r  i n t e r a c t i o n s  o n  s o y b e a n  
cv. Davis  w e i g h t ,  n e m a t o d e  soil  p o p u l a t i o n  dens i t i es ,  re la t ive  y ie ld  va lues ,  a n d  r o o t  g a l l i n g  i n d u c e d  b y  Meloidogyne 
incognita r a c e  2 s o m e  8 4  to  8 6  days  a f t e r  n e m a t o d e  i n o c u l a t i o n  in  t h r e e  g r e e n h o u s e  e x p e r i m e n t s .  

Nematodes /g  Root-gall 
Dry weight (g) dry root  Relative yield rat ing 

Trea tment  Level Root Shoot Plant Root-knot Reniform Root-knot Reniform Severitty ~ Incidence b 

Tes t  

Mi :Rr  r a t i o  

S o u r c e  
Tes t  
Mi :Rr  r a t i o  
Tes t  x Mi :Rr  

r a t i o  

1 31.9  a 11.9 a 43 .8  a 5 8 4  b 768  b 1 .40 0 .55 3.3 a 3 .7  a 
2 1 7 . 8 b  2 1 . 5 b  3 9 . 3 a  2 ,112  a 4 , 4 7 4  a 1.60 0 .88  2 . 7 b  3 . 2 a b  
3 2 .7  c 5 .6  c 8.3 b 137 b 3 ,531 a 1 .37 0 .72  1.5 c 3.0 b 

0:0 16.5 18.4  a 34.9  . . . . . .  
100:0  16.6 10.6  a b  27.3  1,031 - -  1.00 - -  2.8 3 .6  
75:25  15.7 9 .6  b 25 .3  1 ,285  1 ,329 b 1.40 0 .37  b 2 .4  3.2 
50 :50  24.1 1 2 . 4 b  36.5  713  2 ,421 b 2.02 0 .53  a b  2 .4  3.2 
25:75  16.5 12.0 b 28.5 750  2 ,886  b 1.39 0 .96  a 2 .4  3.1 
0 :100  15.4 14.8 a b  30.2  - -  5 ,061  a - -  1.00 a - -  - -  

*** *** *** *** *** NS NS *** ** 
NS *** NS NS *** NS ** NS NS 

NS *** NS NS NS NS NS * NS 

*, **, a n d  *** indicate sigrdficant differences at  P ~ 0.05, 0.01, and  0.001, respectivel'y'; NS indicates that  means are no t  
significantly different. Means followed by the smzne letter are not  different (Tnkey's HSD, P ~ 0.05). 

Severity is rated on a 0-5 scale where 0 = no galls and  5 = galls > 20 mm in diameter  with major  reduction in the number  of  
feeder  roots. 

b I n d d e n c e  is rated on a 0 -4  scale where 0 = no  galls and  4 = galls appear ing  on >/76% of the root  system. 

test by ratio interactions were detected for  
relative yield of  e i ther  species, which al- 
lowed pool ing of  data f rom all three tests for 
regression analyses. 

D I S C U S S I O N  
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A relat ionship exists between root-knot  
nematode  and  ren i fo rm nema tode  on  soy- 
bean  cv. Davis, though  the in terpreta t ion of  
the data depends  largely on the analysis. 

0 Based on ANOVA, infection of  host  roots by 4.0 
root-knot  nematodes  suppressed ren i fo rm 
n e m a t o d e  populat ions ,  whereas  root-knot  
n e m a t o d e  p o p u l a t i o n s  r e m a i n e d  unaf -  ~" 3.0- 

f e c t e d .  T h o m a s  and  Clark (1983a) also 
d o c u m e n t e d  a similar relationship between '~ 
M. incognita race 1 and  R. ~'eniformis on sweet ~ 2.0- 
pota to  cvs. Centennial  and Porto Rico. How- -~ 
ever, our  results are likely a combinat ion  of  ~ 1.0- 
inoculum level effects and  the biological re- 
lat ionship between the species. When  the 

0.0 
same data are analyzed using the replace- 
m e n t  series approach,  the effects o f  initial 
inoculum level are eliminated, and the fo- 
cus shifts to the biological relationship be- 
tween the species. In our  experiments ,  ren- 
i form n e m a t o d e  yields were directly pro-  
por t ional  to the input  ratio, suggesting that  
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Test Test 3 

F I G .  3. I n t e r a c t i o n  b e t w e e n  t e s t  a n d  r o o t - k n o t :  
r e n i f o r m  n e m a t o d e  i n o c u l u m  r a t i o  w i t h  r e g a r d  to  
s h o o t  d r y  w e i g h t  (A) a n d  sever i ty  o f  g a l l i n g  i n d u c e d  b y  
Meloidogyne incognita r a c e  2 (B) 8 4  to  86  days  a f t e r  
n e m a t o d e  i n o c u l a t i o n  in  t h r e e  g r e e n h o u s e  tests; w i t h i n  
e a c h  test, m e a n s  wi th  t h e  s a m e  l o w e r c a s e  l e t t e r  d o  n o t  
d i f fe r  ( T u k e y ' s  H S D ,  P -< 0 .05) .  
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the apparent  suppression of  this species was 
really an artifact of  inoculum level. Instead, 
we detected a significant increase in root- 
knot  nematode  relative yields whenever this 
species occurred in combinat ion with reni- 
form nematode.  The  mechanism for this in- 
crease, however, was not  identified. 

The  replacement  series approach goes a 
step beyond ANOVA in detecting and defin- 
ing relationships between organisms. This 
me thod  eliminates potential  confusion asso- 
ciated with inoculum levels. Replacement  se- 
ries deal with proport ions rather  than actual 
numbers ,  are less sensitive to n e m a t o d e  
popu la t ion  f luctuat ions  be tween seasons 
and envi ronments ,  and  of ten  allow data 
f rom several experiments  to be combined,  
thus s trengthening statistical tests. If the hy- 
pothesized reference lines are representa- 
tive of  the species employed in the study, as 
they were in this research, then any signifi- 
cant deviation from the reference lines will 
be re la ted  to a biological  p h e n o m e n o n  
rather  than initial inoculum level. The  re- 
productive capacities of  the species unde r  
study should be compared  with the hypoth- 
esized reference lines to be sure that these 
lines are appropriate.  If the species in ques- 
tion do not  conform to these lines, the re- 
placement  series approach may not  be ap- 
plicable. 

Using a replacement  series approach has 
several potential  constraints. The  results and 
their  interpretat ion are density-dependent.  
Relationships detected at one  initial com- 
munity density may change dramatically if 
the density is altered. Care should be taken 
to choose one  or  more  densities within the 
naturally occurring range for  the species in 
question. For studies involving phytopara- 
sitic nematodes,  it is c ommon  to compare  
p a t h o g e n  t r ea tmen t s  with u n i n o c u l a t e d  
controls  to d o c u m e n t  the effects of  the 
p a t h o g e n  on  p a r a m e t e r s  such as p lan t  
weight, yield, or symptom expression. Re- 
p lacement  series do not  include such con- 
trols. Fur thermore ,  it may not  be possible to 
documen t  the effects of  a particular treat- 
ment  on  plant or symptom parameters  with- 
out  using ANOVA. In this research,  the 
negative impact of  Dpc on  root-knot nema- 
tode relative yields and galling was not  evi- 

dent  f rom the replacement  series analysis. 
Finally, since relative yield values are ratios 
of  final to initial levels of  a pathogen or its 
propagules,  they do not  lend themselves to 
calculat ions involving p lant  or  symptom 
data. We believe that employing a replace- 
ment  series in addition to ANOVA will allow 
a more  thorough examination of  the bio- 
logical system than ei ther  approach used 
alone. 

Most significant interactions occur when 
pathogens infect the same region of  the host 
(Powell, 1963, 1971). The  fungus in this 
study colonizes the stem, a port ion of  the 
plant widely separated from the roots that 
ha rbor  the nematode,  so that any impact of  
the fungus on the nematodes  or their rela- 
t ionship would have to be indirect.  The  
lower relative n e m a t o d e  yields and  sup- 
pressed galling on plants colonized by Dpc 
constitute the first repor t  of  this fungus in- 
hibiting M. incognita race 2. A similar phe- 
n o m e n o n  was r e p o r t e d  by Russin et  al. 
(1989), who documen ted  smaller Heterodera 
glycines Ichinohe populat ion densities when 
nematodes developed on Dpc-colonized soy- 
bean cv. Bragg. We were not  able to deter- 
mine whether  the inhibition of  root-knot  
nematode  resulted from fungal damage to 
host tissue, a change in host physiology in- 
duced by colonization with Dpc, induced re- 
sistance, or o ther  unidentif ied factors. The  
relat ionship between root-knot  and reni- 
form nematode  appears to be independen t  
of  host colonization by Dpc, since this fun- 
gus did not  differentially alter e i ther  the 
populat ion sizes or the relative yields of  ei- 
ther  nematode  species. 
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