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A B S T R A C T  

In three years (1994,  1995, and 1996),  a total  o f  100 

commercial  potato f ields in southeastern Idaho were sur- 

veyed for soil  variables,  severi ty  o f  Verticil l inm wilt,  soi l  

i n o c u l u m  d e n s i t y  o f  V e r t i c i l l i u m  d a h l i a e  and Col-  

l e t o t r i c h u m  coccodes ,  c o l o n i z a t i o n  o f  s tems,  root ,  and 

tubers by V. dahl iae  and C. coccodes,  and tuber yield, size,  

and quality.  As a genera l izat ion ,  factors re lated  to  soi l  

integrity (organic matter, organic nitrogen, and increased 

nutr i ent  avai labi l i ty)  were  most  c lose ly  re lated  to  wi l t  

s u p p r e s s i o n  and h igher  tuber  y ie lds ,  w h e r e a s  fac tors  

related to loss o f  soi l  integrity (sodium and reduced nutri- 

ent  availabil ity)  were  related to increased wilt  and lower 

tuber yields. In a mult iple  regression analysis,  three inde- 

pendent  variables,  feeder-root  infect ions  by V. d a h l i a e ,  

sodium content  in soil ,  and soi l  organic content ,  were  sig- 

ni f icant  predictors o f  tuber  yield.  With these  three  fac- 

tors, this model  accounted for 49%, 53%, and 62% o f  the 

field variabil ity related to  total  yield in 1994, 1995, and 

1996,  r e s p e c t i v e l y .  T h r o u g h o u t  th i s  i n v e s t i g a t i o n ,  V. 

dahl iae  root infections had the most  direct effect on tuber 

yield,  which  e m p h a s i z e s  the  importance  o f  quant i fy ing  

root  infect ions  in epidemiological  studies  o f  Vertici l l ium 

wilt.  Based on these  results ,  organic matter  may be one 

factor that can be manipulated for suppression o f  Verti- 

c i l l ium wi l t  w i t h o u t  r e d u c i n g  so i l  p o p u l a t i o n s  o f  th e  

pathogen.  
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I N T R O D U C T I O N  

In the arid and semi-arid regions of the world, Verticillium 

wilt, caused by Verticill ium dahliae Kleb., is a common limit- 

ing factor of potato production. In the western U.S., this disease 

is frequently referred to as potato early dying (Rowe et al. 1987). 

Severe early dying symptoms, however, can also result from 

interactions between V. dahliae and the root lesion nematode, 

Praty lenchus  penetrans.  The results of numerous soil assays 

have shown P. neglectus to be the most common root lesion 

nematode in Idaho potato fields (Davis et al. 1992), whereas P. 

pene t rans  has not been detected. To date, our studies have 

shown no relationship between P. neglectus and either wilt 

severity or potato yield (Davis et al. 1992). 

CoUetotrichum coccodes can cause aerial infections, pre- 

mature vine death, and as a soilborne pathogen it can interact 

with V. dah/iae to increase symptom expression and yield reduc- 

tion (Mohan et al. 1987). In addition to yield reductions, certain 

C. coccodes isolates have also been found to reduce specific 

gravity and yields of larger tubers >280 g (Barkdoll and Davis 

1992). 

Soil inoculum densities of V. dahliae have been correlated 

with incidence and severity of Verticillium wilt and economic 

damage in potato (Nnodu and Harrison 1979). In southeastern 

Idaho, however, this has not been the case. A three-year quanti- 

tative survey of potato fields throughout southeastern Idaho 

showed no significant correlation between soil populations of 

V. dahliae and wilt severity (Davis and Everson 1986). Several 

cultural factors such as nitrogen (N), phosphate (P), and soil 

electroconductivity (EC) accounted for 71% of the field vari- 

ability related to Verticillium wilt in cv. Russet Burbank. 
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Green manure studies at the University of Idaho Aberdeen 

Research Center also raised questions concerning the pre- 

dictability of Verticillium wilt with V. dahl iae  soil inoculum lev- 

els (Davis et al. 1996). Large differences in disease incidence and 

severity as well as economic damage were observed among dif- 

ferent green manure treatments in plots having essentially the 

same soil inoculum densities of the pathogen. A later study 

(Davis et al. 1999) showed control of Verticillium wilt with green 

manures (barley and corn) even though the inoculum densities 

of V. dahliae were 2 to 4 fold higher than weed free fallow areas. 

In contrast to soil populations of V. dahliae, root colonization 

by this pathogen early in the growing season was highly corre- 

lated with both wilt incidence (positively) and potato yield (neg- 

atively). Clearly, a number  of soil physical, chemical and/or 

biological factors significantly influenced the ability of V. dah/iae 

to colonize roots while compromising the relationship between 

soil inoculum density and disease incidence. 

These recent findings suggested a possible explanation for 

the failure to find a significant Correlation between soil inocu- 

lum density and wilt incidence in the earlier survey of grower 

fields (Davis and Everson 1986). In commercial fields, factors 

similar to those observed in our green manure studies could 

impact the ability of V. dah l iae  to colonize potato roots, and 

hence, weaken the relationship between soil inoculum density 

and disease incidence and severity. The availability of a reliable, 

quantitative assay for root colonization (Hnisman 1988) permit- 

ted the evaluation of this possibility. In addition, the simultane- 

ous quantification of other soil factors and potentially 

interacting microorganisms may provide leads on other factors 

influencing this host-pathogen interaction. 

The objectiCes of this investigation were (1) to quantify 

both V. datdiae and C. coccodes in soil and in stems, roots, and 

tubers of potato and soil nutrients and soil physical factors in 

commercial potato fields and (2) to determine the relationships 

of pathogen inoculum densities and soil factors to wilt severity, 

yield, and tuber quality. 

MATERIALS AND METHODS 

Field Selections 

Soil samples were collected from 100 commercial potato 

fields in southeastern Idaho during 1994-1996. None of these 

fields, which had been in potato production for an extended 

period of time, had been treated with green manures. Approxi- 

mately 50% of the growers practice a three-year wheat, sugar 

beet, wheat rotation prior to potato. Depending on the region 

and year, survey fields were selected that had been planted with 

Russet Burbank on similar dates. Unlike the earlier study, all 

fields selected for the survey were under professional manage- 

ment. Many growers employ the services of crop-production 

advisors who make recommendations on fertilizer applications 

(based on soil and petiole analysis), irrigation scheduling, and 

other cultural practices. Selection of such supervised fields min- 

imized many uncontrolled variables that different cultural prac- 

tices can introduce. The constant oversight of field performance 

ensured that the survey fields received essentially similar cul- 

tural treatment throughout the growing season. For each time 

and area, potatoes in fields being compared were at similar 

growth stages. In the three production areas (Bingham County, 

Power County, and Magic Valley), similarity of growth stage at 

sampling time was verified by evaluating the plant height after 

emergence. At each sampling date, differences in plant height 

among locations were considered negligible. In each field, a 30.5- 

m-long two-row plot was staked. All evaluations of disease 

severity and collections of soil and plant material were taken 

from these plots. 

Soil A s s a y s  

A total of 18 random soil samples were taken in late May 

with a 1.8-cm-diameter sampling tube to a depth of 23 cm from 

each plot and bulked. Samples from locations being compared 

were made within 24 hr. Soil samples were mixed thoroughly, 

divided, and analyzed the following day by Stukenholtz Labs 

(Twin Falls, ID) for the following: pH, electroconductivity 

(mmhos cm-1), Na, cation exchange capacity (CEC), excess lime, 

organic matter, organic N, NO3-N , P, K, Ca, Mg, S, Zn, Fe, Mn, 

Cu, and B. The remaining soil was slowly air dried for 4-5 wk in 

the laboratory at room temperature (about 20-25 C). Air-dried 

soil from each plot was separately remixed in plastic bags. From 

this sample, six subsamples totaling 80 g were randomly col- 

lected and mixed again. Samples from the third mixing were 

passed through a 250-lJm (60 mesh) screen to remove large 

pieces of organic matter and to standardize particle size. Final 

samples were again mixed, and for each plot, five subsamples 

(50 mg each) were plated onto separate plates of NP-10 medium 

(Sorensen et al. 1991) with the Anderson air sampler (Butter- 

field and DeVay 1977). Plates were incubated at laboratory room 

temperature for 2 wk, washed under  running tap water to 

remove soil particles, and colonies of V. dahl iae  and C. coccodes 

were counted with a binocular microscope and expressed as 

colony-forming units per gram of dry soil (cfu/g soil). Soil sam- 

ples were independently assayed by both J.R. Davis and O.C. 
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Huisman at the University of Idaho, Aberdeen, and University of 

California, Berkeley, respectively. 

Root Assays  

Five core samples were taken with a bulb planter (6 x 10 

cm) from the row in each plot that was not used for harvest. Soil 

samples were collected in early July of each year. Root infec- 

tions by V. dahl iae  and C. coccodes were quantified by the pro- 

cedure of Huisman (Huisman 1988). Feeder roots of at least 1 

cm in length were collected with tweezers from the soil sample. 

Roots were washed thoroughly in root wash solution (1% 

sodium hexametaphosphate, 0.1% Tergitol NP-10) and rinsed in 

sterile water. Roots were then plated on NP-10 medium 

(Sorensen, et al. 1991). After 2 wk, the nunlber of colonies of V. 

dah l iae  and C. coccodes emerging from the root cortex were 

counted and expressed as number of colonies per meter of root 

(cfu/m root). 

Disease  Assessment  

Wilt symptoms were expressed as the percentage of stems 

with symptoms in each plot (50 stems per plot). In 1994, symp- 

tom development was both earlier and generally more severe 

than in either 1995 or 1996. In view of this, wilt symptoms were 

expressed as the incidence of severe wilt (>75% of foliage with 

symptoms) as previously described (Davis et al. 1983). In 1995 

and 1996, however, disease severity was noticeably less, and wilt 

symptoms were evaluated on the uppermost 15 cm of the stem. 

To separate Verticillium-like symptoms from other factors that 

may produce similar symptoms (e.g., drought stress, nutrient 

deficiency, or senescence), the terminal 8 cm of stem tissue was 

assayed for V. dahl iae  and C. coccodes as previously described 

(Davis et al. 1983). At harvest, i-ram-thick slices from the stem 

ends of 30 tubers were bulked and assayed for each pathogen. 

Stem apices and tuber stem ends were air dried in the labora- 

tory and ground with a Wiley mill using a 40-mesh screen. Sam- 

ples (10 mg) were then plated onto NP-10 medium using the 

Anderson Sampler. Following incubation for several weeks, V. 

dahl iae  and C. coccodes colonies were counted under a stere- 

omicroscope. Colonies from stem and tuber populations were 

estimated as colony-forming units per gram dry tissue (cfu/g tis- 

sue). 

Tuber Harvest ing and Grade 

At season end, potatoes were harvested from a 3.0-m row 

length at each location. Following washing, tubers were graded 

according to standard methods (Anonymous 1971). 

Data  Analys is  

All fungal soil, root, stem, and tuber population data were 

transformed [ln (x+l)]. Simple correlations were first deter- 

mined for all data, which included 18 soil factors, eight pathogen 

variables (inoculum densities in soil of V. dahl iae  and C. coc- 

codes, root colonization by V. dahl iae  and C. coccodes, stem col- 

onization by V. dahl iae  and C. coccodes, and tuber colonization 

by V. dah l i ae  and C. coccodes) and five yield variables (total 

yield, usable tubers, U.S. #1 tubers, tubers >280 g, and U.S. #1 

tubers >280 g) (Steel and Torrie 1960). Years of data collection 

also were included in the model. Partial regression coefficients 

were calculated for each year, and yield data of each year were 

normalized (adjusted). This allowed for comparisons among 

growers within year, between years, and for the combined years. 

These estimates were tested for generality by including 

other terms in the model - e.g. OM, Na, and In cfu V. dahl iae  as 

predictors. Multiple regression equations (Myers 1986) and pre- 

diction models were determined based on the most commonly 

related factors. 

RESULTS 

The commercial fields exhibited a range of values for each 

of the biotic and abiotic factors (Table 1). For most factors, dif- 

ferences occurred among years. Since fields were selected a pr/- 

or/ to data collection, such differences may be related to chance 

selection processes for soil physical factors or to environmental 

differences among years (for disease and tuber components). 

Relationship Between VerticiUium Soil and 
Root Populations and Wilt Severi ty  and 
Tuber Yield 

Analysis of within-year data yielded a number of significant 

correlations among the factors (Table 2). On the average (using 

pooled data correlated within years), the density of cortical root 

infections by V. dah//ae correlated significantly (P<0.05) with wilt 

severity whereas soil inoculum density of V. dah/iae did not. The 

correlation (0.529**) between the percentage of wilt and root cor- 

tical infections was also significant (P<0.01) (Table 2). Relation- 

ships, where they existed, either between soil populations of V. 

dahliae and feeder-root infections or between wilt severity and 

yield components were all negative (Table 2). Wilt severity and 

root colony densities correlated significantly (P<0.01) with all 

yield components; e.g., total yield, usable tubers, U.S. #1s, and 

tubers > 280 g. With the exception of the tubers in the >280-g 

class, correlation coefficients were higher for root colony density 
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TABLE 1 - -Mean  values  and  ranges o f  survey  data by  year  o f  commerc ia l  potato  f ields.  

1994 1995 

Mean Range Mean Range 

1996 

Mean Range 

% wilt 27.1 0-100 19.6 0-80 14.2 0-40 
Ln cfu CoUetotrichum coccodes/g stem 2.44 0-8.00 - -  
Ln cfu C. coccodes/m root 1.66 0-3.14 .73 0-2.84 - -  
Ln cfu C. coccodes/g soil 1.05 0-3.37 .41 0-3.21 .58 0-2.83 
Ln cfu C. coccodes/g tuber 7.09 3.07-8.72 6.55 0-8.56 4.48 0-8.04 
Ln cfu VerticiUium dahliae/g stem 3.44 0-9.16 4.31 0-9.32 3.39 0-7.55 
Ln cfu V. dahliae/m root 2.21 0-4.11 1.57 .59-3.03 1.47 0-3.03 
Ln cfu V. dahliae/g soil 2.99 0-5.42 3.61 .69-4.98 2.49 0-4.23 
Ln cfu V. dahliae/g tuber 6.29 3.71-8.22 5.76 3.04-7.74 5.54 0-8.14 
% organic matter 1.60 .50-2.85 1.52 .85-2.30 1.78 1.45-2.35 
ppm organic N 60.6 25.0-90.0 61.4 35.0-85.0 38.1 35.0-45.0 
CEC ~ 13.4 7.0-17.0 17.1 7.2-22.5 16.9 11.7-21.2 
EC 2 1.57 .80-3.00 .93 .50-2.00 1.05 .40-2.00 
% lime 4.51 0-12.80 3.41 .10-12.80 5.89 1.20-13.90 
soil pH 7.57 6.00-8.10 7.78 6.9-8.2 7.97 7.40-8.20 
ppm NO3-N 26.6 14.0-39.0 26.5 10.0-38.0 33.2 13.045.0 
ppm P 26.5 17.0-35.0 33.6 24.0-51.0 29.9 7.00-47.00 
ppm K 286 140-510 308 130-810 330 95-1527 
meg 100-1g soil .19 .05-.50 .13 .05-.40 .27 .20-.50 
ppm Ca 10.0 4.9-12.7 12.8 4.3-18.5 12.6 8.7-16.3 
ppm S 22.8 10.0-62.0 13.7 5.0-29.0 11.8 7.00-25.00 
ppm Zn 3.81 .60-9.10 3.09 1.20-7.80 2.87 1.50-6.90 
ppm Mn 8.83 2.20-18.30 5.82 2.40-14.50 7.88 4.00-13.00 
ppm B .63 .40-.90 .59 .50-.70 .66 .65-.70 
t ha I total yield 43.4 30.5-56.2 41.9 26.7-56.3 46.0 15.9-62.51 
t h~ ~ usable tubers 31.4 20.1-42.4 28.4 10.5-43.2 30.9 10.3-53.4 
t h~ ~ U.S. #1 tubers 25.2 9.6-37.5 24.0 7.6-37.9 23.4 6.9-41.0 
t ha '  tubers >280g 9.5 2.0-22.1 6.4 0.820.6 12.5 2.1-29.4 
t ha -1U.S. #1 tubers >280g 10.4 2.0-22.1 4.9 0.0-15.6 8.3 0.5-22.5 

Cation exchange capacity 
2 Electroconductivity coccodes. 

t h a n  for  wil t  sever i ty  (Table  2). Soil i nocu lum dens i t i e s  of  V. 

dahliae were  negat ive ly  co r r e l a t ed  (P<0.01) w i th  to ta l  yield, 

usable  tubers, and  yield of  U.S. #1s, but  not  with  tubers  > 280 g. 

The  corre la t ion  coeff icients ,  however ,  were  m u c h  lower  t han  

those  found be tween  root  colony density and  yield components .  

These  data show tha t  over  the  three-year study tha t  feeder  root  

infection was the bes t  predict ive value for bo th  wilt severi ty and  

yield loss. Tuber  infection was second to the feeder  root  infection 

in predictive value, followed by soil and apical s t em populations.  

Relationship o f  Abiotic Factors with Wilt 
Severi ty  and Tuber Yield 

Ten soil factors  were  negatively corre la ted wi th  writ sever- 

ity (organic mat te r  [OrgM], organic N [OrgN], ca t ion exchange  

capacity [CEC], electxoconductivity [EC], lime, NOa-N , S, Zn, and  

B) (Table 2). Of these  factors,  OrgM and Org-N had  the  highest  

cor re la t ion  coefficients and  were  col l inear  wi th  CEC, EC, lime, 

NO3-N , Ca, S, Zn, and  B. 

Sodium was  negatively cor re la ted  wi th  total  yield, usable  

tubers  and  US #1s but  no t  wi th  large tube r s  (>280 g). Organic  

m a t t e r  was  pos i t ive ly  co r re l a t ed  w i th  t h r ee  of  the  four  yield 

components ,  wi th  the except ion  of  U.S. #1 tubers.  Phosphorus  

was posi t ively correla ted wi th  total  yield and  tubers  > 280 g, bu t  

no t  wi th  the  o the r  yield components .  For  the  o ther  soil factors, 

m o s t  co r re l a t ions  were  ins igni f icant  wi th  yield or  s igni f icant  

wi th  only a single yield c o m p o n e n t  (Table 2). 

Relationship of  C. c o c c o d e s  with Wilt Severi ty 
and Tuber Components 

Wilt severi ty  was  the  highest  and  occur red  earlier in 1994 

compared  to 1995 and  1996. Apical s t em popula t ions  of  C. coc- 

codes cor re la ted  significantly (P<0.01) wi th  wilt severi ty (Table 
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TABLE 2--Pooled w i t h i n  year correlations o f  biotic and abiotic factors w i th  VerticiUium wil t  and tuber yield components 

o f  potato. 

Pooled correlations for 3 year period ~ 

Correlated % wilt Ln V. dahliae 
factors in soil Total 

Tuber yield 

Usable U.S. #1 >280 

% wilt 
In cfu CoUetotrichum coccodes/g stem 
In cfu C. coccodes/m root 
In cfu C. coccodes/g soil 
In cfu C. coccodes/g tuber 
In cfu Verticillium dahliae/m root 
In cfu V. daldiae/g stem 
In cfu V. daldiae/g soil 
In cfu V. dahliae/g tuber 
% Org-M 
ppm Org-N 
CEC ~ 
EC' 
% lime 
soft pH 
ppm NO3-N 
ppm P 
ppm K 
ppm Na 
ppm Ca 
ppm S 
ppm Zn 
ppm B 

-.357"* -.412"* -.306"* -.486"* 
+.560 *.4'~ -.497"* 

-.211" 
+.257** -.205" -.223" 
+.529** +.235* -.514"* -.454"* -.400"* 
+.376** -.251"* 

-.399** -.311"* -.349** -.093 
+.330** +.425** -.432** -.363** -.278** -.235* 

-.499** +.226* +.213" +.362** 
-.512"* +.301"* 
-.385** +.245* 
-.309** +.309** 
-.299** -.225* 

-.207* 
-.219" 

+.224* 
+.256* 
-.409** -.370"* -.366"* 

-.287** 

+.229* 

-.341"* +.265* 
-.268** +.231" 
-.291"* +.269** 
-.297** 

LWith exception of pathogen data in respect to wilt and yield of particular relevance, only correlation coefficients showing significant differences are 
presented in the table. 
~Cation exchange capacity. 
:~Electroconductivity mmhos cm ~. 
4*indicates significance to P<0.05, **indicates significance to P_<0.01. 
tin 1994 wilt in upper stems was primarily correlated with C. coccodes. 

2). This significant re la t ionship be t w een  C. coccodes s t em infec- 

t ions  and  wilt  o c c u r r e d  in only  one  of  the  t h r ee  years .  When  

c o m b i n e d  wi th  the  p e r c e n t  soil  o rganic  m a t t e r  in a mul t ip le  

regress ion equation, these  two factors  ( s tem colonizat ion by  C. 

coccodes and percen tage  of  soil organic mat te r )  a ccoun ted  for 

73% of  the  field variabil i ty re la ted to wilt. 

In 1994, apical  s t em popula t ions  of C. coccodes were  nega- 

t ively cor re la ted  (P<0.01) wi th  yield of  tube r s  >280 g, bu t  no t  

w i th  to ta l  yield, usab le  tubers ,  or  US #1 tubers .  A l though  Mn 

a lone  showed  no significant corre la t ion wi th  t ube r  size in 1994, 

bo th  C. coccodes s t em infect ions  and  Mn accoun ted  for 80% of 

the  field variabili ty re la ted to large tubers  >280 g. 

A l though  n u m b e r  of  r oo t  in fec t ions  by  C. coccodes was 

higher  in 1994 than  1995 or  1996 (Table 1) and  disease was  more  

severe,  the  n u m b e r  of  roo t  infect ions  by  C. coccodes were  no t  

corre la ted  wi th  wilt severi ty (Table 2). However,  the  n u m b e r  of  

root  infect ions by C. coccodes in 1994 was  highly correla ted wi th  

the  n u m b e r  of  root  infect ions by  V. dahliae; e.g. the  grea ter  the  

n u m b e r  of  root  infections by C. coccodes, the greater  the  n u m b e r  

of  roo t  infect ions  by V. dahliae. 

A Descript ive Model 

For  all four  yield variables (total  yield, usables,  U.S. #1, and  

tube r s  >280 g), In cfu V. dahliae/m feeder  root  showed  higher  

negat ive corre la t ions  than  e i ther  the  In cfu V. dahliae/g of soil 

or  of  tubers .  Therefore,  this  var iable  was  chosen  as a be t t e r  pre- 

d ic tor  t han  e i ther  soil inoculum densi ty  of  V. dahliae or tube r  

colonizat ion by  this  pathogen.  

The severity of wilt differed f rom year  to year  (Table 1). Not 

only did symptoms  occur  earl ier  in 1994 compared  to the  o ther  
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two years, disease was more severe. In 1994, wilt was recorded 

on basis of stems showing >75% wilt, whereas  in 1995 and 1996 

symptoms were less evident and data were  taken if symptoms 

were  present in the upper  15 cm of the stem. In spite of  this, the 

percentage of stems with symptoms was still higher in 1994 than 

in either 1995 or  1996. To compensate  for this, the year  effect 

was included in the model. To do this, partial regression coeffi- 

cients were adjusted for yearly effects. This a l lowed for com- 

pa r i sons  among  f ie lds  wi th in  each  pa r t i cu la r  year .  In this  

manner,  the "pooled within year" estimates for generality were 

tested by holding other  terms in the model  constant. We further 

interpreted the model  by the strength of  the coefficient of  deter- 

mina t ion  (R 2) and by the  s ignif icance of  each  of  the  par t ia l  

regression coefficients. 

Since both percentage of organic matter  and Na were  the 

most  consistently related to tuber  yield components,  along with 

feeder-root infections by V. dah/iae, they also were  included as 

key variables in a descriptive mathematical  model  of  our  sur- 

veys. Common slopes were  assumed for all years, e.g., only the 

y intercepts changed, and these changes were compensated  for 

by partial regression coefficients. For example, for calculation of 

:~ = yield, the following calculations were used: 

1994 :~ = 449.2 + 64.54 OM - 293.93 N a -  46.14 LVDRT 

1995 :~ = 396.7 + 64.54 OM - 293.93 N a -  46.14 LVDRT 

1996 :~ = 454.9 + 64.54 OM - 293.93 N a -  46.14 LVDRT 

(where 449.2 = 454.9 - 5.7 and 396.7 = 454.9 - 58.2) 

OM = % organic matter, LVDRT = In cfu V. dahliae/m root 

The model  was as follows: 

Yij = B + ai + B1Xl ij + B2 X2 ij + B3 X~3 jj + eij 

where Y~i = observation of j"  farm in the i"' year. 

D = overall mean " 

a I = effect of  i ~ year 

B I = partial regression coefficient o f y  on OM 

B 2 = partial regression coefficient of  y on Na 

B 3 = part ial  regress ion coeff ic ient  of  y on In V. dahliae roo t  

colony density 

eti = random error  

This combination of  three factors (organic matter, Na, and 

in cfu V. dahliae/m root) provided the highest R ~ values. When 

other  soil factors were included, the R 2 values were lower and 

not as consistent. 

When tested in each of the three years, R ~ values for each of 

the yield components  remained snnilar using the above three  

factors.  Fo r  1994, 1995, and 1996, respectively,  these factors  

accounted for 49%, 53%, and 62% of the field variability related to 

total yield, 44%, 43%, and 50% for yield of usable tubers, and 44%, 

43%, and 33% for yield of U.S. #Is. For  U.S. #1 tubers >280 g, they 

accounted for 26%, 25%, and 35% of the field variability. 

Analyses of  Variance showed these three key factors related 

to yield and quality to be highly significant (Table 3). With the 

except ion of  the relationship of Na to U.S. #1 tubers >280 g in 

size, all four  factors  (year, organic  matter ,  Na, and in cfu V. 

daldiae/m root) were correlated with the four yield components. 

Using these data, the impact of number  of  root infections by V. 

dah/iae and soil organic matter on wilt severity can be estimated 

(Table 4). The effect of  these two variables on tuber yield is quite 

large (Tables 5 and 6). When the percentage of soil organic mat- 

ter was maintained as a constant of  1.7% (the approximate mean 

organic level of fields surveyed), and the number of V. dah/ iae  

infections/m root  were altered to a range from 1 to 36/m root, 

yield decreased with an increase in V. dahliae root infections. 

Similarly, when multiple-regression calculations considered the 

TABLE 3--Analysis  of  variance for  factors related to tuber yield of  potato. 

Total Usable 

Source df M.S. P>F M.S. P>F 

Year 2 29,343 0.0001 31,916 0.0001 
Organic matter 1 51,039 0.0001 43,154 0.0003 
Na 1 79,068 0.0001 64,179 0.0001 
In cfu Verticillium 

datdiae/m root 1 90,017 0.0001 66,970 0.0001 
Error 94 2,724 3,093 
Total 99 
R 2 0.496 
Mean 387.3 
Standard Deviation 52.2 

U.S. #1 

M.S. P>F 

14,584 0.0181 
22,249 0.0131 
57,253 0.0001 

49,935 0.0003 
3,482 

0.406 0.304 
267.5 216.6 

55.6 59.0 

Total>280 g 

M.S. P>F 

U.S. #1 >280 g 

M.S. P>F 

19,609 0.0001 18,724 0.0001 
31,680 0 . 0 0 0 1  24,913 0.0001 
6,441 0.0512 3,328 0.1264 

12,333 0 . 0 0 7 5  13,630 
1,652 1,399 

0.0024 

0.382 
79.2 
40.6 

0.361 
67.4 
37.4 
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TABLE 4---Calculated severity o f  Verticillium wil t  based on 

Ver t ic i l l ium dah l i ae  root infections and soil 

organic matter.1 

cfu Soil . . . .  
V. dahliae/m organic 1994 

root matter (%) 

Wilt severity (%) 

1995 1996 

1 1.7 20.7 7.6 8.6 
6 1.7 22.1 22.1 19.5 

12 1.7 22.9 30.4 25.7 
24 1.7 23.8 39.6 32.6 
36 1.7 24.4 45.3 36.8 
12 0.8 63.4 39.3 41.8 
12 1.3 40.9 34.4 32.9 
12 1.7 22.9 30.4 25.7 
12 2.0 9.4 27.5 20.4 
12 2.3 0.0 24.5 15.0 

Multiple regressions for wilt predictions by year. 
1994 y = 95.6 + 1.443 In cfu V. dahliae/m root-  45.001% organic matter 

R 2 = 0.491 s 2 yx = 579.3 
1995 y = 8.1 + 14.844 In cfu V. dahliae/m root** - 9.871% organic matter 

R 2 = 0.173 s 2 yx = 336.1 
1996 y = 26.8 + 11.108 In cfu V. dahliae/m root** - 17.894 % organic 
matter** 

R 2 = 0.562 s 2 yx = 57.9 

n u m b e r  o f  in fec t ions /m root,  the  dec rease  in yield that  resu l ted  

f r o m  an inc rease  in n u m b e r  of  r o o t  in fec t ions  w a s  d imin i shed  

wi th  inc reased  soil organic  mat ter .  

S imi la r ly ,  y i e ld s  o f  t u b e r s  >280 g a l s o  s h o w e d  l a rge  

r e s p o n s e s  to  roo t  infect ions by  V. dahliae and  pe rcen tage  o f  soil 

o rganic  m a t t e r  (Table 6). With the  h ighe r  n u m b e r  of  r o o t  infec- 

t ions,  wilt  w a s  m o r e  severe  in 1995 and  1996, w h e r e a s  in 1994, 

w h e n  C. coccodes w a s  m o r e  closely re la ted to  wilt incidence,  the  

effect  o f  n u m b e r  of  roo t  infec t ions  b y  V. dahliae w a s  bare ly  evi- 

dent. As wi th  total  yield, yield o f  t u b e r s  >280 g w a s  r educed  wi th  

i n c r e a s e d  r o o t  in fec t ions  by  V. dahliae w h e n  p e r c e n t  o rgan ic  

m a t t e r  w a s  he ld  constant .  In cont ras t ,  yield o f  t ube r s  >280 g w a s  

i nc reased  w h e n  roo t  infec t ions  by  V. dah/i({e w e r e  ma in ta ined  

c o n s t a n t  and  pe rcen t age  o f  organic  m a t t e r  w a s  increased.  

DISCUSSION 

W h e n  w e  did the  early su r ve y  o f  g r o w e r  fields dur ing  1975- 

1978 (Davis  a n d  E v e r s o n  1986), w e  lacked a good  t echn ique  for  

quantifying V. dah / / a e  infection in po ta to  roots .  Since then,  quan- 

t if ication o f  f eede r  roo t  infect ion by  V. dah!iae is done  rout ine ly  

TABLE 5--Calculated tuber yield loss estimates o f  potato based on number  o f V e r t i c i l l i u m  dah l i ae  root infections and percent 

soil organic matter. 

cfu % soil Tuber yield (T hg~) ~ 

V. dahliae/m organic 1994 1995 1996 

root matter Mean % decrease Range Mean % decrease Range Mean % decrease Range 

1 1.7 50 - -  46-53 50 - -  46-53 48 - -  43-53 
6 1.7 45 10.0 43-47 41 18.0 38-43 42 12.5 3846 
12 1.7 43 14.0 40-44 36 28.0 32-39 39 18.8 3345 
24 1.7 40 20.0 36-42 30 40.0 25-35 35 27.1 26-45 
36 1.7 38 24.0 34-41 26 48.0 20-33 33 31.3 21-44 
12 0.8 43 - -  3745 29 28.0 23-35 21 58.9 7-35 
12 1.3 43 - -  39-44 33 17.5 29-36 31 39.2 2240 
12 1.7 43 - -  40-44 36 10.0 32-39 39 23.5 3345 
12 2.0 43 - -  4045 38 1.8 3342 45 11.8 38-52 
12 2.3 43 - -  3947 40 - -  34-45 51 - -  4140 

1 Multiple regressions for yield predictions by year. 
1994 
y = total yield = 466 - 41.65 In cfu VerticiUium dahliae/m root + 12.25 organic matter. 

R ~ = 0.360 s z y �9 x = 2,508 
1995 
y = 425.3 - 81.14 In cfu V. dahliae/m root + 62.29 organic matter. 

R 2 = 0.453 s 2 y * x = 2,602 

1996 
y = 192.5 - 53.87 In cfu V. dahliae/m root + 175.02 organic matter. 

R 2 = 0.412 s z y �9 x = 5,047 
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TABLE 6---Calculated estimates of  tuber yield loss estimates of  potato based on Verticil l ium dahl iae  root infections and soil 

organic matter.1 

1994 1995 1996 
cfu Soil 

V. dahliae/m organic T ha -~ tubers % T ha ~ tubers % T ha -~ tubers % 
root matter (%) >280g decrease >280g decrease >280g decrease 

1 1.7 12.3 - -  9.2 - -  12.3 - -  
6 1.7 10.4 15 6.2 33 11.0 l l  

12 1.7 9.4 24 4.4 52 10.2 17 
24 1.7 8.2 33 2.5 73 9.4 24 
36 1.7 7.4 40 1.3 86 8.9 28 
12 0.8 5.7 51 1.2 81 0 100 
12 1.3 7.7 34 3.0 54 4.7 74 
12 1.7 9.4 21 4.4 32 10.2 59 
12 2.0 10.5 10 5.5 16 14.3 22 
12 2.3 11.8 - -  6.5 - -  18.4 - -  

' Total T ha ~ of tubers >280 g 
1994 y = 68.0 - 17.292 In cfu V. dahliae/m root + 36.05 % organic matter * 

R 2 = 0.251 s 2 y * x = 1,899 
1995 y = 59.12 - 27.618 In cfu V. dahliae/m root** + 31.21% organic matter 

R 2 = 0.202 s2y * x = 1,112 
1996 y = -84.83 - 12.043 In cfu V. et/m root + 122.12 % organic matter ** 

R 2 = 0.348 s 2 y * x = 2,269 
�9 = P < 0.05, ** = P < 0.01 

by several laboratories. This added  step be tween  soil and apical 

s tem assays is a link for improving our understanding of  the rela- 

t ionship be tween  Verticillium wilt and tuber  yield. 

With the high n u m b e r  of  C. coccodes root  infect ions  that  

occur red  in 1994, V. dahliae root  infections were  also higher. 

G r e e n h o u s e  s tud ies  have  s h o w n  tha t  s y m p t o m s  w e r e  m o r e  

severe  and reduct ion in tuber  yield was  greater  w h e n  both  C. 

coccodes and V. dahliae were  present.  This s tudy also demon-  

s t rates  the close a.ssociation be tween  s tem infections by C. coc- 

codes and reduced tuber  size. Although this relationship to tuber 

size has been  demons t ra ted  in field exper iments  (Barkdoll and 

Davis 1992), this is the first quantitative field survey showing a 

similar relationship. Although these  relat ionships wi th  C. coc- 

codes were observed in only one out of three years, this is not  

surprising,  s ince C. coccodes requires  specif ic  env i ronmenta l  

condit ions that are not  required by V. dahliae for writ develop- 

men t  (Davis and Johnson ,  2001). Wilt f rom V. dahliae resul ts  

f rom infection of feeder  roots,  whereas  wilt deve lopment  from 

C. coccodes results  f rom aboveground s tem and foliage infec- 

tions. The latter is favored by the movement  of  soil particles with 

high winds,  warm tempera tu res  (>30 C), and moisture,  ei ther  

f rom rains or sprinkler irrigation. Root infections by V. dah/ iae  

w e r e  correlated with wilt  severi ty over the three-year  period,  

whereas  C. coccodes root  infections were  not  (Table 2). 

"Pooled  wi thin  year" analyses,  adjust ing for  the average 

value of  each  year, showed  root  infect ions by V. dah/ iae  to cor- 

relate posit ively with wilt severity, whe reas  soil populat ions of  

V. dahliae did not  (Table 2). This finding is consis tent  with ear- 

her  observat ions  (Davis and Everson  1986). Based on our stud- 

ies wi th  green manures  (Davis et al. 1996), we  had postula ted  

that  roo t  colonizat ion levels, in con t r a s t  to  soil popula t ions ,  

should  cor re la te  posit ively wi th  wilt. As d o c u m e n t e d  by this  

study, this was  observed to be the  case  for commercia l  fields 

as well. This suggests  that  similar re lat ionships  are occurr ing 

in g r o w e r  f ie lds  w h e r e  g r e e n  m a n u r e  t r e a t m e n t s  w e r e  n o t  

applied.  In our  surveys,  f eede r  roo t  in fec t ions  by V. dahliae 

accoun ted  for  only 24% of  the field variability observed  wi th  

wilt severity. This also is consis tent  wi th  the earlier finding that  

cultural prac t ices  and nutr ient  levels s h o w e d  a highly signifi- 

cant  corre la t ion  with wilt severity. A n u m b e r  of soil physical  

and chemical  componen t s  exhibi ted highly significant negative 

correlat ions wi th  wilt severity (Table 2). This is consis tent  wi th  

the in terpre ta t ion  that  the plant  nut r ient  status,  in turn  influ- 

enced  by the  soil nutrient status, is a significant modula tor  of  

pa thogen  activity in the host  and of  wilt  severity. Soil organic 

mat te r  also was  correlated negatively with wilt incidence and 

pos i t ive ly  wi th  yield. The ear l ier  s tudy  (Davis and E v e r s o n  

1986) failed to take soil organic mat te r  into account: This s tudy 
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is the first to report on the role of soil organic content in the 

epidemiology of Verticftlium wilt. 

Potato yields also showed significant negative correlations 

wi th  V. dahl iae  populations in the roots, tubers, soft, and stems. 

Correlations with root populations were the highest, followed 

by tuber, soft, and stem populations (Table 2). Feeder root infec- 

tions explained 51% of the observed field variability in total yield, 

whereas soft populations explained only 40% of this variability. 

Again, these results indicate that a measure of the pathogen in 

the root system is a much better predictor of subsequent eco- 

nomic damage than are soft populations. 

In addition to V. dahliae, other soft factors exhibited signif- 

icant correlations, both negative and positive, with tuber yields 

(Table 2). Positive correlations with soil nutrient levels are not 

surprising given the role of nutrients In plant growth. However, 

three key factors (feeder root infections by V. dahliae, Na, and 

soft organic matter) explained a major portion (Table 3) of the 

observed field variability related to tuber yield. With economic 

subcomponents of yield, analogous values were lower but still 

highly significant. Other factors exhibited a high degree of 

covariance with the main factors. 

The negative relationships of soft Na on tuber yield are con- 

sistent with reported negative effects of Na on plant growth 

(Richards 1954). Na in the soft may exert important secondary 

effects on plant growth by adversely modifying soil structure 

(McGeorge and Breazeale 1938). 

The importance of soft organic matter on disease suppres- 

sion has been previously described for the biological control of 

P y t h i u m ,  Phytophthora,  and R h i z oc t on i a  so lani  in greenhouse 

potting soils (Hoitink and Boehm 1999). Hoitink and Boehm 

used composts to provide a food base for biocontrol agents In 

potting softs, which led to sustained biological control based on 

activities of microbial  communities.  Organic amendments  

(green manures, stable manures, and composts) have long been 

recognized to facilitate biological control if applied well ahead of 

planting (Baker and Cook 1974; Hodges and Scofield 1983; 

Lumsden et al. 1983). 

Prior to 1950, farmers commonly used green manures in 

their fields, but with the increased use of synthetic inorganic fer- 

tilizers and fungicides it became possible to break the link 

between organic amendments, soft fertility, and disease control. 

Hoitink and Boehm (1999) suggest that with the introduction of 

modem agriculture, the soft structure has declined, and with this 

degradation, numerous diseases caused by soilborne plant 

pathogens eventually developed to epidemic proportions. 

The content of soft organic matter is possibly the single best 

indicator of soil quality (Papendick and Elliott 1983). With a 

reduction in amount of organic matter, soil tilth and crop pro- 

ductivity are compromised. Similar relationships also have been 

shown with green manure studies (Davis et al. 1994, 1996, 1999). 

When field plots were maintained weed-free and fallow, soft 

organic matter was reduced, and with this reduction, Verticil- 

lium wilt was more severe. In contrast, among green manure 

treated plots, organic matter was higher and Verticillium wilt 

was less severe. Regardless of  green manure treatment,  V. 

dahl iae  soft populations were similar to those in the fallow. In 

this regard, the study described in this paper suggests that 

organic matter may be a factor that can be manipulated for sup- 

pression of Verticillium wilt without reducing soft populations 

of the pathogen. 
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