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a.  Study 1 

 
b.  Study 2 
 
Figure 5. Incidence of Verticillium wilt.  A. Early growing season 1990;  B. Late growing season 1990; 

C. Early growing season 1991; D. Late growing season (1991);  (Davis et al, 1996).   
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Wilt incidence was positively correlated with V. dahliae colonization in apical stems but was not 
significantly related to other pathogens or to effects of green manure treatments on preplant nutritional 
effects of N, P or K.  The effect of green manures is not completely understood but other lines of evidence 
have suggested biological control.  First, the direct effects of treatments on soilborne V. dahliae 
populations alone do not account for disease suppression.  Second, root-colonization data have shown V. 
dahliae suppression on potato roots with green manure treatments to be highly correlated with both 
disease resistance and potato yield even though treatments have had no effect on inoculum densities of V. 
dahliae in the soil. 
 
Nitrogenous Soil Amendments 
Soil amendments can be used to suppress disease but the success varies with soil type.  The effect of a 
soil amendment (urea @ 200 kg N ha-1 plus CaO @ 5,000 kg ha-1) on the survival of bacterial wilt 
(Ralstonia solanacearum) was investigated (Figure 6).  Depending on the soil, the amendment had 
different effects on R. solanacearum. 
 
The population did not decline until 3 weeks after amendment in the first two soils.  This coincided with 
the appearance of nitrite.  This did not happen in soil MMSU because at the higher pH of this soil, nitrite 
is not as toxic (less nitrous acid).  In the first two soils, the pH dropped below 7 on the second and last 
sampling dates, thereby increasing the toxicity of nitrite. 
 
Ammonia was not considered to be toxic even though all soils showed an accumulation of ammonium.  
The first two soils did not show a significant decline in R. solanacearum when a nitrification inhibitor 
was added.  This kept the ammonium levels high and prevented buildup of nitrite.  Therefore, the toxic 
effect was attributed to nitrite. 
 
The initial decrease in R. solanacearum in the MMSU soil was attributed to a high pH effect, which is 
known to strongly reduce growth of nitrifying bacteria.  The BRCI soil did not accumulate nitrite, 
therefore, there was no toxic effect on R. solanacearum.  The lack of amendment effect on the BRCI soil 
illustrates the importance of understanding the soil environment interactions in order to utilize these 
amendments successfully. 
 
Addition of swine manure to field soils killed Verticillium dahliae microsclerotia and reduced verticillium 
wilt in potato but only at one of several fields (Conn and Lazarovits, 2000).  When swine manure was 
added to the soil, the efficacy increased with the concentration of swine manure added, indicating that one 
or more components were directly toxic to the microsclerotia.  The toxicity of swine manure was reduced 
with increasing soil moisture indicating that the active component was undergoing dilution.  When the pH 
of the soil was adjusted from 5.0 to 6.5, the toxicity of the swine manure was eliminated (Figure 7).  
Conversely, in a soil where swine manure initially had no effect, an adjustment of the pH from 7.5 to 
below 6 caused mortality of microsclerotia.  Increasing the soil temperature slightly increased the toxicity 
of the swine manure.  The results were similar in a range of soil textures from sand to loam when they 
were made equal with respect to pH and swine manure concentration.  It was also equally effective in 
soils with organic carbon contents from 1.4 to 6% when soil pH and moisture levels were made equal. 
 
Tenuta et al (2002) found that a mixture of volatile fatty acids (VFAs) comparable to that found in the 
liquid swine manure above had a similar toxicity to V. dahliae microsclerotia.  Acidity promotes the 
protonation and generation of non-ionized forms of short-chain VFAs, which they found were the most 
effective at killing the microsclerotia.  This explained why the effectiveness of the manure was greater at 
lower soil pH.  Acetic acid was the predominant VFA in the liquid swine manure with propionic acid also 
present in significant concentration.  It is not known why the non-ionized forms of short-chain VFAs are 
more effective at killing microsclerotia. 
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Figure 6. Populations of Ralstonia solanacearum (log10[(CFU/g dry soil) + 1], concentrations of 

ammonium-N (NH4
+-N), nitrite-N (NO2--N) and nitrate-N (NO3--N) (mg of N/kg dry soil) 

and pH in four Philippine soils at 0, 7 and 21 days after adding a soil amendment (SA).  Data 
are means of two experiments.  _•_ with SA; _o_ without SA.  ns = no significant difference; 
*, **, *** = significant difference at P<0.05, P<0.01 and P<0.001, respectively (Michel and 
Mew, 1998). 
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Figure 7. Effect of soil pH on the efficacy of swine manure (SwM; % concentration mass/mass soil 

water) to kill Verticillium dahliae microsclerotia (MS).  Microsclerotia were placed in soil 
and removed 1 week later.  Error bars represent standard error of the mean of two 
experiments (n=6) (Conn and Lazarovits, 2000). 

 
 
Adding meat and bone meal to a sandy soil resulted in the death of microsclerotia of the fungal wilt 
pathogen Verticillium dahliae (Tenuta and Lazartovits, 2003).  No effect was found when the same 
amount was added to a loam soil.  Microsclerotia mortality was attributed to the accumulation of 
ammonia or nitrous acid products that did not accumulate to lethal levels in the loam soils. 
 
Twelve different soils were tested for the toxicity of meat and bone meal amendment to microsclerotia 
and their ability to accumulate ammonia and nitrous acid.  Addition of meat and bone meal resulted in 
killing microsclerotia in four soils due to ammonia accumulation.  The inhibition of nitrification caused 
the accumulation of ammonia.  In six soils, meat and bone meal amendment resulted in moderate 
accumulation of ammonia and a reduction in germination of microsclerotia from 35 to 90%.  In those 
soils, nitrification was rapid and ammonia was quickly removed from solution.  In three of the soils, when 
the ammonia dissipated, the germination of microsclerotia returned to the same level as that in non-
amended soil.  The addition of meat and bone meal killed microsclerotia in two soils by nitrous acid 
accumulation.  These soils had an acidic pH (< 7).  Nitrous acid accumulated to significant levels in three 
other soils where the pH was basic (> 7) but it was not lethal at the higher pH. 
 
Meat and bone meal amendment can also suppress verticillium wilt in potatoes, but again, it does not 
work on all soils.  It is most effective on sandier soils with low organic matter content.  High ammonia 
content with soil pH >8.5 suppresses the MOs that normally convert ammonia to nitrite, which causes 
high ammonia levels to persist and kill the verticillium microsclerotia.  Nitrous acid, conversely, is most 
toxic to the microsclerotia at pH levels below 5.  The results indicated that organic C and soil bulk density 
were potential predictors of the ability of soil to accumulate ammonia.  This is very different from the soil 
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properties that affect the ability of swine manure to control the same pathogen where soil texture and 
organic matter content had little effect. 
 
Summary 
 
There are many other examples of soil-plant-pathogen interactions that could be cited.  Modern research 
techniques that allow us to manipulate the DNA of microscopic organisms and detect subtle changes in 
root-microbe interactions are revealing just how little we actually know about the factors controlling the 
relationship between the soil environment and the plant-pathogen interactions and feedback mechanisms 
that occur within.  These interactions will be impacted by a warming climate that will change the present 
range of both temperature and moisture status for many soils.  The impact of these changes is completely 
unknown at this point. 
 
It is clear that attempting to modify the soil environment to advantage for agriculture is a complex task.  
We can only continue to investigate carefully the impacts of various modifications of the soil 
environment on a case-by-case basis to build a better knowledge base from which we can design soil 
management practices that can benefit agricultural productivity.  This will take much more research than 
we currently have to date.  But no matter how daunting the task may now appear, it is clear that we must 
invest the time and resources needed to gain a fuller understanding of soil-plant-pathogen dynamics.  If 
we want to take a more holistic approach to managing our soil resource without heavy use of chemical 
inputs, we must exploit this knowledge to meet the dual challenge of sustaining high crop yields in the 
short term and soil productivity in the long term.   
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