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Effect of Initial Nematode Population Density on the 
Interaction of Pratylenchus penetrans and Verticillium 

dahliae on 'Russet Burbank' Potato 1 

I. A. M. SAEED, A. E. MACGUIDWIN, AND D. I. ROUSE 2 

Abstract: Four  similar growth chambe r  exper iments  were conduc ted  to test the  hypothesis  that  the  
initial popula t ion  density (Pi) o f  Pratylenchus penetrans inf luences  the  severity of  interactive effects o f  P. 
penetrans and  Verticillium dahliae on  shoo t  growth, photosynthesis ,  and  tuber  yield of  Russet Burbank  
potato. In each exper iment ,  three  popula t ion  densities o f  P. penetrans with and  without  concomi tan t  
inocula t ion with V. dahliae were compared  with nematode-f ree  controls.  The  three  specific Pi of  JR 
penetrans tested varied f rom expe r imen t  to expe r imen t  bu t  fell in the ranges  0.8-2.5, 1.8-3.9, 2.1-8.8, 
and  7.5-32.4 n e m a t o d e s / c m  s soil. I nocu l um of  V. dahliaewas mixed  into soil, and  the  assayed density was 
5.4 p r o p a g u l e s / g r a m  dry soil. Plants were grown 60 to 80 days in a control led envi ronment .  Plant  growth 
parameters  in two exper iments  indicated significant interact ions between P. penetrans and  V. dahliae. In  
the  absence o f  V. dahliae, P. penetrans did no t  reduce  p lan t  growth and  tuber  yield below that  of  the 
nematode-f ree  control  or  did so only at the h ighes t  one or  two popula t ion  densities tested. In the  
presence  of  K dahliae, the  lowest popula t ion  density significantly reduced  shoot  weight  and  photosyn- 
thesis in three  and  four  exper iments ,  respectively. Higher  densities had  no  addit ional effect on  shoot  
weight and  caused addit ional  reduct ions  in photosynthesis  in only one  exper iment .  Populat ion densities 
o f  0.8 and  7.5 n e m a t o d e s / c m  3 soil r educed  tuber  yield by 51% and  45%, whereas h ighe r  densities had  
no  effect or  a 15% addit ional  effect, respectively. These  data  indicate that  interactive effects between P. 
pcnetrans and  K dahliae on  Russet Burbank  potato are manifes ted  at P. penetrans popula t ion  densities less 
than  1 n e m a t o d e / c m  3 soil and  that  the  nema t ode  popula t ion  density mus t  be substantially h igher  
before addit ional  effects are apparent .  

Key wards: concomi tan t  populat ions,  disease complex,  fungus ,  interaction,  lesion nematode ,  nema-  
tode, potato,  potato early dying, Pratylenchus penetrans, root-lesion nematode ,  Solanum tuberosum, Verti- 
cilIium dahliae, Verticillium wih. 

The root-lesion nematode, Pratylenchus 
penetrans, is endemic to potato (Solanum tu- 
berosum) production areas in the northeast- 
ern United States and Canada (Townshend 
et al., 1978). Studies using controlled inocu- 
lum densities of P. penetrans demonstrated 
reduced tuber yields for nematode-infected 
potato cultivars Sebago (Olthof and Potter, 
1973), Yukon Gold, Monona ,  Norch ip  
(Olthof, 1986), Super ior  (Bernard and 
Laughlin, 1976; Olthof, 1986), Katahdin 
(Bernard and Laughlin, 1976), Kennebec 
(Bernard  and Laughl in ,  1976; Olthof,  
1986), Voran (Oostenbrink, 1958), and Rus- 
set Burbank (Olthof,  1983, 1986). En- 
hanced yields in infested fields treated with 
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nematicides are also evidence of the patho- 
genicity of P. penetrans to Superior potato 
(Kimpinski and McRae, 1988; Vitosh et al., 
1980). 

A synergistic interaction of P. penetrans 
and Verticillium dahliae has been demon- 
strated to reduce yields and tuber quality of 
both Superior (Botseas and Rowe, 1994; 
Martin et al., 1982; Rowe et al., 1985) and 
Russet Burbank (MacGuidwin and Rouse, 
1990) potato. In field (MacGuidwin and 
Rouse, 1990; Wheeler et al., 1994) and mi- 
croplot (Kotcon et al., 1985; MacGuidwin 
and Rouse, 1990; Rowe et al., 1985) studies, 
initial inoculum densities of the nematode 
and fungus too low to cause a deleterious 
effect alone caused foliar symptoms and re- 
duced yield when present together. 

Yield of Superior potato grown in soil in- 
fested by both V. dahliae and P. penetrans was 
more responsive to changes in the initial in- 
oculum density of the fungus than to that of 
the nematode (Rowe et al., 1985). Using 
data f rom this and subsequent  studies, 
Francl et al. (1987) developed a predictive 
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model  that linearly related yield loss of  Su- 
per ior  potato to the logarithm of  the prod- 
uct of  V. dahliae and P. penetrans populat ion 
densities at planting. Francl et al. (1987) 
noted  that his model  assumed equivalence 
of  the fungus and nematode  in the interac- 
tion. Wheeler  et al. (1992) followed with a 
model  that excluded P. penetrans density as a 
separate algebraic term in the model  but  
which included a min imum relative yield 
term, the value of  which differed depending  
on  the presence or  absence of  P. penetrans. 
Thei r  model  was based on 5 years of  yield 
data f rom microplots infested with 0 to 5 P. 
penetrans/cm ~ soil. Bernard  and Laughlin 
(1976) also observed a limit in the yield re- 
duct ion  of  Super ior  potato infected with 
only P. penetrans. In their study, initial inocu- 
lum densities (Pi) of  38 and  210 nema- 
todes /100 cm 3 soil gave similar reductions 
in yield of  Superior  potato. 

There  are insufficient data on the rela- 
tionship between initial nematode  densities 
and yield of  Russet Burbank potato infected 
with V. dahliae. In one  study, plants grown in 
microplots infested with V. dahliae yielded 
less and displayed more  severe early dying 
disease symptoms at 68 than at 27 P. penetrans/ 
100 cm a soil (MacGuidwin  and  Rouse,  
1990). In two field trials conducted  in dif- 
ferent  years, there  was a significant negative 
linear relationship between P. penetrans Pi 
and pota to  yield in soil infested with K 
dahliae one year, but  no t  the o ther  (Mac- 
Guidwin and Rouse, 1990). Two other  stud- 
ies (Bernard and Laughlin, 1976; Kimpinski 
and McRae, 1988) did not  demonstrate  a 
relationship between Pi of  P. penetrans and 
potato yield when the fungus was not  pres- 
ent. 

The  objective of  ou r  study was to deter- 
mine the impact of  the initial populat ion 
density of  P. penetrans on Russet Burbank 
potato, with and without V. dahliae. We were 
interested in whether  the interactive effect 
of  the nematode  and fungus varied accord- 
ing to num b er  of  nematodes  present. This 
i n f o r m a t i o n  is i m p o r t a n t  for  des ign ing  
nematode  managemen t  strategies for  potato 
early dying disease and to help unders tand 

the nature  of  this nematode-fungus interac- 
tion. 

MATERIALS AND METHODS 

Four  experiments  were conduc ted  in a 
control led plant growth facility f rom Janu- 
ary 1993 to April 1994. Trea tments  were 
three inoculum levels of  Pratylenchus penet- 
rans, alone and in combinat ion with one  
level of  Verticillium dahliae, V. dahliae alone, 
and an uninfested control.  The  t rea tment  
s t ructure  and  exper imen ta l  design (ran- 
domized complete block with four  replica- 
dons) were co m m o n  to all experiments,  but  
the nematode  inoculum level varied among 
experiments  (see Table 1 for initial popula- 
tion densities). 

Russet Burbank pota to  was propaga ted  
f rom dssue culture stock and planted ei ther  
as s p r o u t e d  m ic ro tu b e r s  in pas teur ized  
Plainfield loamy sand soil (92% sand, 5% 
silt, 3% clay; <1% organic matter) (experi- 
men t  1) or  as potato plantlets in a 1:1 (v:v) 
mix of  pasteurized Plainfield loamy sand soil 
and vermiculi te (exper iments  2-4).  Each 
plant was grown in a 20-liter plastic pot  and 
produced  a single main stern that was staked 
upright. 

A Wisconsin isolate of  V. dahliae (WI V-18, 
vegetat ive compat ib i l i ty  g r o u p  4a sensu 
Joachim and Rowe (1991)) was grown on 
sterile rye seed at 20 °C for 5 weeks. The  
culture was dried and ground  in a Wiley Mill 
and assayed by dilution plating to contain 1 
x 106 propagules /g  rye seed. The  ground 
inoculum of  V. dahliae, applied at a rate of  
0.5 g / l i te r  soil mix, was thoroughly incorpo- 
rated by hand  into soil before it was added 
to the pots. Assays of  the infested soil de- 
tected 5.4 propagules of  V. dahliae/g soil. 
Ground  rye seed only was added to pots not  
assigned to the K dahliae treatments. 

A Wisconsin isolate of  Pratylenchus penet- 
rans was cul tured on root  explant  cultures of  
I . O .  Ch ie f  sweet co rn  grown on Gam- 
borg's B-5 medium without auxins or cyto- 
kinins. Nematode  inoculum was collected 
(Layne and MacGuidwin, 1989); counted;  
appor t ioned  into low, moderate ,  and light 
levels; and each of  these counted  again to 
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TABLE 1. F r e s h  s h o o t  w e i g h t ,  t u b e r  we igh t ,  a n d  a r e a  u n d e r  t h e  c a r b o n  a s s imi l a t i on  r a t e  ( p h o t o s y n t h e s i s )  cu rve  
(AUAC)  f o r  f o u r  g r o w t h  c h a m b e r  e x p e r i m e n t s  wi th  ze ro ,  low, m e d i u m ,  a n d  h i g h  in i t ia l  p o p u l a t i o n  dens i t i e s  o f  
Pratylenchus penetrans wi th  (+) a n d  w i t h o u t  ( - )  Verticillium dahliae (Vd) .  

Shoot  weight (g) Tuber  weight (g) Photosynthesis index 

Trea tmen#  -Vd +Vd -Vd +Vd -Vd +Vd 

E x p e r i m e n t  1 
C o n t r o l  137  a 114  a 300  a 312  a 8 6 4  a 861 a 
L o w  (7.5)  137  a 78 b 297  a 171 b 937  a 593  b 
M e d i u m  (14.6)  151 a 82  b 272  a 148 b c  651 b 3 0 6  c 
H i g h  (32.4)  154  a 92  b 225  b 126  c 795  a b  3 6 8  c 
N e m a t o d e  e f fec t  P =  0 .10  P = 0 .001 P = 0 .001 
V e r t i c i l l i u m  e f fec t  P = 0 .001 P = 0 .001 P = 0 .001 
I n t e r a c t i o n  P = 0 .02  P = 0 .001 P = 0.01 

E x p e r i m e n t  2 
C o n t r o l  6 9 6  a 582  a 828  a 866  a 322  a 288  a 
L o w  (0.8)  6 2 6  a 2 0 4  c 875  a 428  b c  2 9 4  a b  156  b 
M e d i u m  (1.8) 6 7 6  a 301 b 9 6 4  a 559  b 3 0 4  a b  174  b 
H i g h  (2.5)  6 9 0  a 198 c 782  a 407  c 269  b 132  b 
N e m a t o d e  e f fec t  P = 0 .001 P = 0 .001 P = 0 .001 
V e r t i c i l l i u m  e f fec t  P = 0 .001 P = 0 .001 P = 0 .001  
I n t e r a c t i o n  P = 0 .001 P = 0 .001 P = 0 .001 

E x p e r i m e n t  3 
C o n t r o l  171 a 168 a 238  a 186  a 174  a 152 a 
L o w  (2.1)  177  a 140 a b  187 a b  130 a 156  a 8 6  b 
M e d i u m  (3.9)  168  a 135 a b  153 b c  127  a 176  a 109 a b  
H i g h  (8.8)  129  a 119 b 107  c 49 b 175 a 131 a b  
N e m a t o d e  e f fec t  P = 0 .02  P = 0 .001 P = 0 .09  
V e r t i c i l l i u m  e f fec t  P = 0 .04  P = 0.01 P = 0 .001 
I n t e r a c t i o n  NS NS NS 

E x p e r i m e n t  4 
C o n t r o l  2 ,179  a 1657  a 518  a b  372  a 163 a 124  a 
L o w  (1.3)  1 ,848 a b  1036  c 653  a 4 6 6  a 130 a b  65 b 
M e d i u m  (2.7) 1 ,759 b 1293  b c  662  a 5 0 0  a 123 b 90  a b  
H i g h  (4.1)  1 ,924  a b  1434  a b  400  b 428  a 115 b 67 b 
N e m a t o d e  e f fec t  P = 0 .001  P = 0.01 P = 0 .001 
V e r t i c i l l i u m  e f fec t  P = 0 .001  P = 0 .001 P = 0 .001 
I n t e r a c t i o n  N S  NS NS 

The mean n u m b e r  of  nematodes  added  per  t reatment  appears in parentheses. 
b Experiments 1, 2, 3, and  4 were terminated 63, 80, 60, and  70 days, respectively, after inoculating potato plants. 

estimate the n u m b e r  of  nematodes  deliv- 
e red  pe r  pot  (Table 1). Nema tode  inoculum 
was added  when pota to  microtubers  (experi- 
m e n t  1) or  plantlets (exper iments  2-4) were 
transplanted.  For expe r imen t  1, the nema-  
tode inoculum was thoroughly  mixed  into 
soil by hand  before  it was added  to the 20- 
liter pots. For exper iments  2 to 4, nema tode  
inoculum was added  a round  the sides of  a 
cylindrical depression made  when the 20- 
liter pots were only partially filled with soil 
mix. The  nema tode  inoculum was squirted 
on to  the sides of  the depression with a sy- 
tinge, the potato  t ransplant  was posit ioned, 
and  the remain ing  soil mix added.  Corn ex- 
plant  cultures without  nematodes  also were 

rinsed with water, which was then added  to 
pots not  assigned to the P. penetrans treat- 
ments.  

Plants were mainta ined in growth rooms 
unde r  light supplied by cool white fluores- 
cent  and  incandescent  lamps with a photo-  
per iod of  14 hours. Relative humidi ty was 
main ta ined  at 50 + 5%. Day t empera tu re  was 
25 + 0.5 °C, and  night  t empera ture  was 15 + 
0.5 °C. Plants were automatically watered to 
excess with quarter-strength Hoag land ' s  so- 
lution twice daily for the first 2 weeks and 
then four  times daily thereafter.  

Twen ty  days a f t e r  t r a n s p l a n t i n g ,  the  
younges t  fully e x p a n d e d  leaf  f r o m  each 
plant  was tagged, and its ca rbon  assimilation 
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rate was measured  with a LI-6200 portable  
pho tosyn thes i s  system (LI-Cor,  L incoln ,  
NE). On  seven to nine  additional dates, de- 
pend ing  on the exper iment ,  a new leaf was 
tagged and  ca rbon  assimilation measure-  
ments  were collected on that  and  all previ- 
ously tagged leaves. Leaves tagged on a par- 
ticular date were designated as a cohor t  for  
the purpose  of  data analysis. 

Exper iments  1, 2, 3, and  4 were termi- 
na ted  63, 80, 60, and  70 days, respectively, 
after t ransplant ing the plants into infested 
soil. Shoots were severed at the soil surface 
and weighed. Roots, stolons, and the por- 
tion of  the stem below the soil surface were 
shaken to remove soil and  weighed collec- 
tively. Tubers  were weighed separately. Rela- 
tive tuber  yield for each t rea tment  and  ex- 
pe r imen t  was calculated by dividing the total 
weight of  the tubers pe r  pot  by the average 
tuber  weight for  the uninfested (control)  
t reatment .  

All plants were assayed for  V. dahliae and 
P. penetranswithin 1 week after harvest. Stem 
colonization by V. dahliae was detected by 
incubat ing 0.1 ml of  sap squeezed f rom a 3- 
to 5-cm piece of  stern cut at the soil line on 
a semi-selective m e d i u m  in petri  dishes. The  
dishes were examined  2 weeks later for  colo- 
nies of  V. dahliae. After weighing the entire 
root  system, roots were cut into pieces ca. 1 
cm long, mixed,  and  a 2-g subsample re- 
moved  for  n e m a t o d e  assay on B ae rm ann  
funnels for  2 days. A 100-cm ~ soil sample was 
collected after the soil was removed f rom 
pots, thoroughly  mixed,  and  assayed for  P. 
penetrans with a cent r i fugat ion- incubat ion  
technique (Jenkins, 1964). Counts of  P. penet- 
rans were adjusted for the extract ion effi- 
ciency of  the soil and  root  assay procedures  
(MacGuidwin, 1989). The  total n u m b e r  of  
nematodes  present  pe r  po t  was calculated 
based on soil volume and root  weight. 

Shoot  and  tuber  weights, counts of  P. pe- 
netrans and V. dahliae, and an index of  pho- 
tosynthesis were analyzed for each experi- 
m e n t  with an analysis of  variance by means  
of  the GLM procedure  of  SAS (SAS Insti- 
tute, Cary, NC) for two factors (fungus and  
nema tode )  with two (Verticillium) or  four  
(nematode)  levels. The  index of  photosyn- 

thesis was c o m p u t e d  by plott ing the assimi- 
lation rate of  each leaf  cohor t  against time, 
calculating the area unde r  the curve by in- 
tegration, and  summing  the values into a 
single statistic that  described the photosyn- 
thetic capacity of  each pota to  plant. Regres- 
sion analysis was used to detect  l inear trends 
in the response variables to increasing initial 
i nocu lum doses of  P. penetrans; separa te  
analyses were conduc ted  for  the nema tode  
a lone  and  the n e m a t o d e  + fungus  treat- 
ments.  

Shoo t  weight  and  c a r b o n  ass imila t ion 
data f rom the growth chambe r  exper iments  
were used to estimate the relative impor-  
tance of  two factors that  de te rmine  potato  
t ube r  y i e l d s - - r e d u c e d  l ight  i n t e r cep t i on  
versus reduced  light use efficiency. The  pro- 
por t ional  radiation in te rcepted  (RI) by each 
plant  was calculated by subtracting the ra- 
diation energy measured  for the oldest leaf  
cohor t  (the leaf most  shaded by the plant  
canopy) f rom the a m o u n t  of  incident  radia- 
tion. It  was assumed that  photosynthetically 
active radiation in the growth chambe r  was 
equivalent to solar radiation if mult ipl ied by 
a factor of  0.5 (Technical  Reference Manual  
for LI-6200, Li-Cor, Lincoln, NE) and  that  
the a m o u n t  of  incident  radiation available 
was equal  to the value obta ined  in the pho- 
tosynthesis measurements  for  the youngest  
leaf  cohort .  The  propor t iona l  radiation use 
efficiency (RUE) of  each plant  was calcu- 
lated by averaging the assimilation rate of  all 
leaf  cohor ts  col lected dur ing  the experi-  
m e n t  and  dividing by the m a x i m u m  assimi- 
lation rate measured  dur ing  the same ex- 
per iment .  An empirical  value of  1.4, derived 
by Montei th  (1977), was mult ipl ied by the 
RUE to predict  the dry mat te r  p roduc t ion  of  
pota to  in grams per  square me te r  pe r  day. 
These daily values were mult ipl ied by the 
n u m b e r  of  days in each expe r imen t  to cal- 
culate the accumulat ion of  biomass based 
only on  reduced  light use efficiency. The  
RI values were mult ipl ied by the RUE values 
to account  for the combined  effects o f  radia- 
tion intercept ion and  light use efficiency on  
pota to  dry mat te r  accumulat ion.  The  effect 
of  RI alone on potato  dry mat te r  accumula-  
t ion was calculated as the di f ference be- 
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tween these two estimates.  Predic ted  dry 
mat te r  p roduc t ion  in grams per  square me- 
ter was conver ted to a grams-per-plant  basis 
by a mult ipl icat ion factor of  0.0729, the es- 
t imated area covered by each pot ted  potato  
plant. The  average total loss predic ted  for 
every p a t h o g e n  t r ea tmen t  relative to the 
noninocula ted  control  was com pa red  to the 
data collected for tuber  fresh weight by re- 
gression analysis. 

RESULTS AND DISCUSSION 

F o r  all e x p e r i m e n t s ,  t he  m o s t  p r o -  
nounced  and  consistent differences a m o n g  
treatments  for  all response variables were in 
comparisons  of  control,  V. dahliaewithout P. 
penetrans, low P. penetrans without  V. dahliae, 
and  low P. penetrans with V. dahliae treat- 
ments  (Table 1). The  lowest nematode  Pi in 
the absence of  V. dahliae did not  reduce  
shoot  weight, tuber  weight, or  photosyn-  
thetic capacity below that  of  control  plants 
in any exper iment .  The  lowest nema tode  Pi 
in the presence  of  the fungus had  a delete- 
rious effect greater  than that  caused by V. 
dahliae infection alone for  shoot  weight in 
three experiments ,  tuber  weight in two ex- 
periments,  and  photosynthesis index in all 
four  experiments .  In all cases, mean  values 
for the low nematode  dose + V. dahliae treat- 
ments  were reduced  below that  of  the cor- 
r e s p o n d i n g  single p a t h o g e n  t r e a t m e n t s  
more  than would be expected  if the effects 
o f  the nematode  and  fungus were additive. 
This synergistic response of  pota to  to con- 
comi tan t  infect ion by P. penetrans and  V. 
dahliae is predictable  and  highly repeatable,  
based on a n u m b e r  of  i ndependen t  studies 
(Botseas and  Rowe, 1994; Francl et al., 1987; 
Kotcon et al., 1985; MacGuidwin and  Rouse, 
1990; Martin et al., 1982; Rowe et al., 1985; 
Wheeler  et al., 1994). 

For plants infected with both  P. penetrans 
and V. dahliae, the addit ional impact  of  in- 
creasing n e m a t o d e  Pi beyond  the lowest 
popula t ion  density tested varied depend ing  
on the range of  Pi used. Increasing nema-  
tode Pi caused incrementa l  reductions in tu- 
ber  weight for  expe r imen t  1, which tested Pi 
values ranging f rom 7.5 to 32.4. In experi- 

m e n t  3 there was a twofold reduct ion in tu- 
ber  weight between the low Pi o f  2.1 and the 
high Pi o f  8.8, but  the in termedia te  Pi tested 
caused no additional yield loss. Adding two 
to three times more  nematodes  in experi- 
m e n t  2 caused no additional yield loss be- 
yond that  no ted  for  the lowest Pi o f  0.8. 
There  were no t rea tment  effects on yield in 
exper imen t  4, which was not  unexpec ted  be- 
cause plants in this expe r imen t  p roduced  an 
unusual  amoun t  of  shoot  growth and  sec- 
ondary  branching,  which may have compen-  
sated for  the deleterious interactive effects 
of  P. penetrans and V. dahliae on p rematu re  
leaf senescence. 

Wheeler  et al. (1992) found  that  yield loss 
of  Super ior  pota to  was propor t iona l  to the 
inoculum level of  V. dahliae and only quali- 
tatively re la ted to the p resence  of  P. pe- 
netrans. Their  data  set included densities of  
0.1 to 1.65 n e m a t o d e s / c m  s soil, a r ange  
similar to the low range we used in experi- 
men t  2. Our  results for that  expe r imen t  are 
consistent with their  model.  The  fact that  we 
found  yield loss to reflect nematode  Pi at 
higher  nema tode  densities in the presence  
of  V. dahliae indicates the mode l  needs to be 
refined before it is used as a basis for nema-  
tode m a n a g e m e n t  decisions. 

The  model  p roposed  by Wheeler  et al. 
(1992) to describe the interactive effects of  
P. penetrans and V. dahliae was not  based on 
symptom expression. However, our  data for  
the photosynthesis index are consistent with 
their  model  for all of  the ranges of  nema-  
tode Pi we tested. The  only significant l inear 
t rend in the index of  photosynthesis was for  
the nema tode -on ly  t r ea tments  in experi-  
m e n t  4 (Table 1). Our  data for an array of  
physiological parameters  on a single data 
(Saeed et al., 1997b) and  for  physiological- 
based symptom expression over t ime (Saeed 
et al., 1997a) for exper iments  2 and 4 also 
showed that the most  severe plant  response 
was not  always associated with the highest Pi. 

Our  analysis of  RI and RUE effects for ex- 
pe r imen t  2 indicates that the impact  of  the 
P. penetrans-V, dahliae interaction on plant  
biomass is due to more  than jus t  compro-  
mised plant  growth or leaf senescence (Fig. 
1). Est imated losses for total plant  dry mat- 
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FIo. 1. Estimated potato plant dry weight for plants 

infected with four initial population densities of Prat- 
ylenchus penetrans (0, 0.8, 1.8, and 2.5 nematodes/cm s 
soil) grown for 80 days (experiment 2) in soil infested 
with 0 (E dahliae absent) or 5.4 propagules/gram soil 
(V. dahliae present) of Verticillium dahliae, considering 
only the effect of each treatment on the amount of 
radiation intercepted (RI) by plants or considering 
both the radiation intercepted and the efficiency of 
plants to use the intercepted radiation (RUE). 

ter  accumulat ion were correlated with mea- 
su red  reduc t ions  in fresh tube r  + shoo t  
weight for  three of  the four  experiments:  
R 2 = 0.80 (P=  0.01), 0.99 (P=  0.0001), 0.17 
(P = 0.20), and  0.43 (P = 0.07) for  experi- 
ments  1 to 4, respectively. There  was little 
predic ted  effect of  V. dahliae or P. penetrans 
alone on plant  biomass, bu t  the combina-  
tion t reatments  averaged 75% less predic ted  
total biomass (actual = 54%) than the con- 
trol. An est imated 73% of  this loss was attrib- 
utable to reduced  radiation intercept ion by 
plants and  27% to reduced  gas exchange.  
These values are similar to those calculated 
by Bowden and  Rouse (1991) for  po ta to  
grown in V. dahliae-infested soil without  P. 
penetrans. 

The  close ag reemen t  of  our  results with 
those of  Bowden and Rouse (1991) and the 
similarity in est imated RUE effects for  plants 
exposed to inoculum densities o f  0.8 and  2.5 
P. penetrans/cm s soil indicate that  the inter- 
active effects o fP .  penetrans and V. dahliae on 

foliar disease expression are due primarily 
to the activity of  V. dahliae. Two greenhouse  
studies, one  on tomato  (Conroy et al., 1972) 
a n d  o n e  on  p o t a t o  ( R o t e n b e r g ,  1997),  
found  that  P. penetrans infection increased 
the inc idence  o f  plants  in fec ted  with V. 
dahliae. It  has been  p roposed  that  nema-  
todes enhance  germinat ion  of  V. dahliae mi- 
crosclerotia (Bowers et al., 1996), provide 
en t ry  points  for  in fec t ion  (McKeen and  
Mountain,  1960), or  delay or diminish host  
responses that  impede  the movemen t  of  the 
fungus into xylem vessels (Evans, 1987). Any 
funct ion that  accelerates the entry of  the 
fungus into the vascular system could be in- 
variant to nematode  density because only a 
small n u m b e r  of  successful invasions are 
necessary for the fungus to systemically colo- 
nize xylem vessels of  Russet Burbank  potato  
(Perry and  Evert, 1983). 

Without  V. dahliae, nema tode  popula t ion  
densities of  up  to 2.7 P. penetrans/cm s soil 
did not  reduce yields in exper iments  2, 3, 
and  4. Bernard  and  Laughlin (1976) simi- 
larly found  that  2.1 or  fewer P. penetrans/ 
cm 3 soil did not  damage  Russet Burbank  po- 
tato grown in microplots.  Tests for  linearity 
fur ther  suppor t  a threshold of  about  2 P. 
penetrans/cm 3 for yield reduct ion of  Russet 
Burbank  potato.  Exper iments  1 and  3, with 
ranges of  Pi above this level, both  showed a 
negative l inear relat ionship (P = 0.05) be- 
tween nematode  Pi and  tuber  weight for the 
n e m a t o d e - o n l y  t r e a t m e n t s  (analysis no t  
shown). Lineari ty was not  verified statisti- 
cally (P = 0.20) in expe r imen t  I when V. 
dahliae was present,  but  l inear trends were 
apparent .  

N e m a t o d e  popu la t ion  density pe r  roo t  
weight uni t  at the end  of  each expe r imen t  
was related to Pi in exper iments  3 and  4 and  
to the presence or  absence of  V. dahliae in 
exper iments  2 and  4 (Table 2). Nema tode  
popula t ion  densities in roots were decreased 
by V. dahliae infection in expe r imen t  2 and  
increased, at some inoculum levels, in ex- 
pe r imen t  4. Verticillium dahliae infection had  
a negative effect (P = 0.001) on the total 
n u m b e r  of  nematodes  pe r  po t  in experi-  
m e n t  2 and  no effect in the o ther  three ex- 
per iments  (data not  shown). These data, in 
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TABLE 2. N u m b e r  o f  Pratylenchus penetrans extracted f rom roots at  the  end  of  four  exper iments  with different  
initial nema tode  popula t ion  densities (Pi) per  cm s soil, with (+Vd) and  wihtout  (-Vd) inoculat ion with Verticillium 
dahliae at 5.4 C F U / g  dry soil. 

Pratylenchus penetrans/2 grams roots 

Experiment 1 Experiment 2 Experiment 3 Experiment 4 

Pi/cm 3 +Vd -Vd +Vd -Vd +Vd -Vd +Vd -Vd 

0.8 
1.3 
1.8 
2.1 
2.5 
2.7 
3.9 
4.1 
7.5 
8.8 

14.6 
32.2 
Pp ma in  effect a 
Vd ma in  effecff 
pp x Vd interact ion 

97 260 

95 211 

110 196 

132 77 

147 157 
115 117 
NS NS 
NS 0.01 
NS NS 

196 140 

232 414 

889 450 

43 13 

57 77 

163 27 

0.02 0.01 
NS 0.01 
NS 0.01 

app = Pratylenchus penetmns; Vd = Verticillium dahliae. 

agreement  with o ther  studies (Burpee and 
Bloom, 1978; Conroy et al., 1972; Martin et 
al., 1982), failed to demonstrate  a positive 
effect of  the fungus on nematode  reproduc-  
tion. Russet Burbank potato is an excellent 
host for reproduct ion  by P. penetrans (Ber- 
nard  and Laughlin, 1976; Monteith, 1977), 
and, if our  plants reached  the carrying ca- 
pacity for nematode  populat ion densities, 
an additional effect due to fungus infection 
might  not  be detected. Populat ion densities 
of  V. dahliae at harvest did not  differ among 
treatments for  three of  the four experiments 
(data not  shown). For exper iment  3, counts 
o f  V. dahliae co lony- forming  units  were 
higher  (P= 0.10) for all nematode  + fungus 
treatments than for the V. dahliae-only treat- 
ment.  

Although our  experiments  demonstra ted 
that high initial nematode  populat ion den- 
sities can have a g rea te r  impact  on  the 
growth and yield of  V. dahliae-infected pota- 
toes than low densities, the more  impor tant  
implication of  our  data is that sometimes 
they do not. Our  study suggests that foliar 
symptoms are less sensitive to P. penetrans 
activity than tuber growth. A bet ter  under-  
standing of  the effects of  P. penetrans on the 
biomass part i t ioning of  potato plants may be 

necessary to refine our  ability to predic t  
yield loss due to the interactive effects of  P. 
penetrans and K dahliae in potato early dying 
disease. 
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