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The Roles of Sulfur inThe Roles of Sulfur in
NutrientNutrient--Disease Disease InteractionsInteractions

Background on nutrient associationsBackground on nutrient associations

Interactions of Sulfur and DiseaseInteractions of Sulfur and Disease

Use of Sulfur in Disease ManagementUse of Sulfur in Disease Management



Implications of Nutrition in DiseaseImplications of Nutrition in Disease

• Observed effects of mineral Observed effects of mineral 
amendment on disease severityamendment on disease severity

•• Comparison of plant tissue levels of Comparison of plant tissue levels of 
resistant and susceptible plants resistant and susceptible plants or or 
diseased and nondiseased and non--diseased plantsdiseased plants

•• Association of conditions affecting a Association of conditions affecting a 
specific nutrient with differences specific nutrient with differences 
in diseasein disease

•• A combination of the aboveA combination of the above

Rhizoctonia Rhizoctonia winterwinter--kill of wheatkill of wheat

ManuredManured Not Not manuredmanured



Some Diseases Reduced by SulfurSome Diseases Reduced by Sulfur
Host PlantHost Plant DiseaseDisease Effect of SEffect of S
Cotton, tomatoCotton, tomato Fusarium Fusarium wilt, wilt, Verticillium Verticillium wiltwilt DecreaseDecrease
CrucifersCrucifers Club rootClub root DecreaseDecrease
GrapeGrape Downy mildew, powdery mildewDowny mildew, powdery mildew DecreaseDecrease
MaizeMaize Leaf blight, Stewarts wiltLeaf blight, Stewarts wilt DecreaseDecrease
Nicotiana glutinosaNicotiana glutinosa Tobaco Tobaco Mosaic VirusMosaic Virus DecreaseDecrease
PeachPeach Armillaria Armillaria root rotroot rot DecreaseDecrease
PeanutPeanut Cercospora Cercospora leaf spotleaf spot DecreaseDecrease
PinePine Needle blightNeedle blight DecreaseDecrease
PotatoPotato Common scab, late blight, stem cankerCommon scab, late blight, stem canker DecreaseDecrease
RapeRape Black spot, black leg, late leaf spot,Black spot, black leg, late leaf spot, DecreaseDecrease

Sclerotinia Sclerotinia stem rot, stem rot, Verticilium Verticilium wiltwilt
RhododendronRhododendron Bud DeathBud Death DecreaseDecrease
SoybeansSoybeans Rhizoctonia Rhizoctonia root rotroot rot DecreaseDecrease
SugarbeetsSugarbeets Ramularia Ramularia leaf spotleaf spot DecreaseDecrease
TurfgrassTurfgrass Fusarium Fusarium patchpatch DecreaseDecrease
WheatWheat Powdery mildew, sharp eyePowdery mildew, sharp eye--spotspot DecreaseDecrease



PLANTPLANT

ENVIRONMENTENVIRONMENT
MoistureMoisture
TemperatureTemperature
pH, pH, gasesgases
Density,Density,
Interacting nutrientsInteracting nutrients
Organic matter (sinks)Organic matter (sinks)
HerbicidesHerbicides

PATHOGENSPATHOGENS
PopulationPopulation
VirulenceVirulence
ActivityActivity

RHIZOSPHERE ENVIRONMENTRHIZOSPHERE ENVIRONMENT

ABIOTICABIOTIC

SulfurSulfur

Interacting Roles of Sulfur on DiseaseInteracting Roles of Sulfur on Disease
Vigor, Stage of Growth, Root ExudatesVigor, Stage of Growth, Root Exudates

HealthHealth SpeciesSpecies

Oxidizers, ReducersOxidizers, Reducers
Competitors, Competitors, MineralizersMineralizers

Biological controlsBiological controls
Other diseasesOther diseases



The Effect of Sulfur on the The Effect of Sulfur on the PATHOGENPATHOGEN
May be Direct or IndirectMay be Direct or Indirect

Direct toxicityDirect toxicity
PesticidesPesticides

Inhibition of growthInhibition of growth
PreservativesPreservatives

Inhibited virulenceInhibited virulence
PesticidesPesticides

Stripe rust onStripe rust on
WheatWheat

PowderyPowdery mildewsmildews



Sulfur Compounds are Applied:Sulfur Compounds are Applied:
-- Preplant  Preplant  -- seed or soil treatmentsseed or soil treatments
-- During plant growth During plant growth -- foliage and fruit spraysfoliage and fruit sprays
-- Post harvest Post harvest -- dips, sprays, fumigantsdips, sprays, fumigants

Some Sulfur compounds usedSome Sulfur compounds used
-- Inorganic sulfur compoundsInorganic sulfur compounds

Sulfur, sulfur oxidesSulfur, sulfur oxides
Bordeaux mixtureBordeaux mixture
Copper sulfateCopper sulfate
Sulfides (NHSulfides (NH44SSxx, CS, CS22, K, K22S, HS, H22S, PS, P22SS55))
Thiosulfates Thiosulfates ((NHNH44SS22OO33))

-- Organic sulfur compoundsOrganic sulfur compounds
DithiocarbamatesDithiocarbamates

•• Direct Effect of Sulfur on the Direct Effect of Sulfur on the PATHOGENPATHOGEN

Downy mildew of grapeDowny mildew of grape
Plasmopara viticolaPlasmopara viticola



•• Some Indirect  Effects of SulfurSome Indirect  Effects of Sulfur on the PATHOGENon the PATHOGEN

Indirect effectsIndirect effects are mediated through changesare mediated through changes
in the in the abiotic abiotic or biotic environments:or biotic environments:

Inhibit virulence mechanismsInhibit virulence mechanisms
Stimulate biological controlStimulate biological control
Enhance microbial competitionEnhance microbial competition

Some sulfur compounds involved:Some sulfur compounds involved:
Sulfides, Sulfides, thiosulfatesthiosulfates, , thiocyanatesthiocyanates
Organic sulfur compoundsOrganic sulfur compounds

Biological control ofBiological control of
AmillariaAmillaria by by TrichodermaTrichoderma

after CSafter CS22 fumigation of soilfumigation of soil

Armillaria Armillaria root rot of peachroot rot of peach

Ggt Ggt oxidizing oxidizing Mn Mn in soil and on rootsin soil and on roots TakeTake--allall
Root rotRoot rot



As a nutrient element, sulfur functionsAs a nutrient element, sulfur functions
As part of a delicately balanced As part of a delicately balanced 

INTERDEPENDENT SYSTEMINTERDEPENDENT SYSTEM with the with the 
Plant’s genetics and the environmentPlant’s genetics and the environment

NN
PP KK

Ca, Mg, SS, Fe, Mn Cu, Zn, B, Mo, I

Nutrient Balance is ImportantNutrient Balance is Important

•• Involvement of Sulfur with the Involvement of Sulfur with the PLANTPLANT



•• The Role of Sulfur on the The Role of Sulfur on the PLANTPLANT

Nutrient: growth Nutrient: growth -- vigor vigor -- disease escapedisease escape
•• A constituentA constituent ofof plants and metabolitesplants and metabolites

Amino acids, proteins,Amino acids, proteins, coenzymes, coenzymes, 
sulfolipidssulfolipids, polysaccharides, etc., polysaccharides, etc.

•• Interaction with other nutrients Interaction with other nutrients -- efficiencyefficiency
-- Involved in C, N and secondary metabolismInvolved in C, N and secondary metabolism
-- Solubility of sulfate salts, micronutrientsSolubility of sulfate salts, micronutrients

•• OffOff--set reduced efficiency from disease set reduced efficiency from disease -- tolerancetolerance

Club rootClub root

Sharp eye spotSharp eye spot

Deficiency   Deficiency   Sufficiency       Sufficiency       ExcessExcess

The greatest effect on growth is fromThe greatest effect on growth is from
deficiencydeficiency to sufficiencyto sufficiency

Nutrient balance is important for efficiencyNutrient balance is important for efficiency



Resistance mechanismsResistance mechanisms
•• Physiological resistancePhysiological resistance

-- Glutathione, Glutathione, glycosinolatesglycosinolates, , cysteinecysteine, , methioninemethionine
-- PhytoalexinsPhytoalexins
-- LignificationLignification

•• Preformed resistance compoundsPreformed resistance compounds

TakeTake--all of wheatall of wheat

•• The Role of Sulfur on the The Role of Sulfur on the PLANTPLANT

Lignified callousLignified callous
around infectingaround infecting
hyphae hyphae of of GgtGgt,,

after after SkouSkou, 1975, 1975



Affect of Sulfur on the Affect of Sulfur on the Abiotic Abiotic Environment Environment -- pHpH
High pH Diseases;High pH Diseases;

Reduced by lowering pHReduced by lowering pH
TakeTake--all of cerealsall of cereals
Root knot nematodeRoot knot nematode
Sclerotium Sclerotium root rotroot rot
Verticillium Verticillium wiltwilt
Potato scabPotato scab
Onion white rotOnion white rot
AnthracnoseAnthracnose
Potato virus XPotato virus X
Maize stalk rotMaize stalk rot

Take-all root, crown, and root rot

Maize stalk rot



•• TheThe Role of Sulfur on theRole of Sulfur on the ABIOTIC ENVIRONMENTABIOTIC ENVIRONMENT

Lower the soil pHLower the soil pH (S, AlSO(S, AlSO44))

Increased nutrient availability as Increased nutrient availability as sulfursulfur saltssalts
Ca, MgCa, Mg, Cu, Fe, NH, Cu, Fe, NH44, , MnMn, Mo, Zn, Mo, Zn

4.0       5.0         6.0         7.04.0       5.0         6.0         7.0 8.0        8.0        9.09.0 1010
pHpH

Potassium
Sulfur

Calcium
Magnesium

Iron
Manganese

Boron
Copper and Zinc

Molybdenum

Effect of Soil pH on Nutrient AvailabilityEffect of Soil pH on Nutrient Availability

Manganese AvailabilityManganese Availability
pH 5.2 to pH 7.8pH 5.2 to pH 7.8

Rhizosphere biologyRhizosphere biology



Sulfur is important to detoxify toxic compoundsSulfur is important to detoxify toxic compounds
-- Heavy metals Heavy metals -- (Physiologic)(Physiologic)

Plants and fungi that accumulatePlants and fungi that accumulate heavy  metals have activeheavy  metals have active
glutathione glutathione reductase reductase systemssystems

-- PPesticides esticides -- ((complexingcomplexing))
Gypsum detoxification of Gypsum detoxification of glyphosate glyphosate in root exudatesin root exudates

Fusarium Fusarium crown rot of Canola, crown rot of Canola, Corynespora Corynespora root rot of soybeanroot rot of soybean

Corynespora Corynespora root rot of soybeanroot rot of soybean
Control     Control     Inoculated       Inoculated+RUInoculated       Inoculated+RU

Control Control GlyphosateGlyphosate

CFU X 1000CFU X 1000
8080

6060

4040

2020

00

OxidizersOxidizers
ReducersReducers

•• TheThe Role of Sulfur on theRole of Sulfur on the ABIOTIC ENVIRONMENTABIOTIC ENVIRONMENT



Sulfur suppresses specific microbialSulfur suppresses specific microbial
activity:activity:
-- Inhibit Fe, Inhibit Fe, MnMn, N oxidizers, N oxidizers

CSCS22,, NHNH44SSxx, K, K22S, PS, P22SS55

-- Inhibit Inhibit Urease Urease 
Sulfur coated ureaSulfur coated urea

Stimulate specific microbial activity:Stimulate specific microbial activity:

Mn Mn reducing organismsreducing organisms

Biological control organismsBiological control organisms

MineralizersMineralizers
Release sulfur decomposition metabolites Release sulfur decomposition metabolites (Oil seed rape)](Oil seed rape)]

TakeTake--all of wheatall of wheat
After After glyphosate           glyphosate           NoneNone

•• TheThe Role of Sulfur on theRole of Sulfur on the BIOTIC ENVIRONMENTBIOTIC ENVIRONMENT



Normal nitrificationNormal nitrification

Verticillium Verticillium wilt, potatowilt, potato
Nitrification inhibitedNitrification inhibited

-- Inhibit nitrificationInhibit nitrification (NH(NH44/NO/NO33 ratios)ratios)

CSCS22, , thiosulfatesthiosulfates, , xanthatesxanthates, sulfides, sulfides

Potato scabPotato scab

KK22SS

NN--serveserve

CaNOCaNO33

CHO CHO ++ NHNH44
Amino AcidsAmino Acids
AcidAcid

NONO33
AlkalineAlkaline

RhizosphereRhizosphere

Influence of the FORM of NInfluence of the FORM of N
PhotosynthesisPhotosynthesis

CHOCHO + + NONO3 3 ++HH
= Amino Acids= Amino Acids

•• TheThe Role of Sulfur on theRole of Sulfur on the BIOTIC ENVIRONMENTBIOTIC ENVIRONMENT



Increased uptake of Increased uptake of Mn Mn by adding Pby adding P22SS55 with soil applied MnSOwith soil applied MnSO44

Mn Mn oxidizers in soiloxidizers in soil

+ P+ P22SS55 ControlControl

Tissue:Tissue: PP KK MgMg CaCa SS FeFe MnMn ZnZn
TreatmentTreatment --------------------------------------%%-------------------------------------- ------------------PPMPPM------------------

Control (TSP)Control (TSP) .422.422 1.921.92 .512.512 .907.907 .325.325 171171 4444 3535
+ P+ P22SS55 .422.422 1.841.84 .512.512 .918.918 .338.338 179179 5555 3535

•• TheThe Role of Sulfur on theRole of Sulfur on the BIOTIC ENVIRONMENTBIOTIC ENVIRONMENT

Mn Mn deficiency in soybeandeficiency in soybean



PLANTPLANT

ENVIRONMENTENVIRONMENT
Alter nutrient solubilityAlter nutrient solubility

Modify Modify soil/rhizosphere soil/rhizosphere pHpH

PathogenPathogen
Inhibit virulenceInhibit virulence

Reduce populationReduce population

RHIZOSPHERE ENVIRONMENTRHIZOSPHERE ENVIRONMENT

ABIOTICABIOTICSULFURSULFUR

Approaches to Use Sulfur forApproaches to Use Sulfur for
Disease ControlDisease Control

Vigor, Growth, Root Exudates to Escape DiseaseVigor, Growth, Root Exudates to Escape Disease
Optimum                HealthOptimum                Health

Crop sequenceCrop sequence
Residue managementResidue management

Stimulate biological controlsStimulate biological controls

1. Provide nutrient sufficiency1. Provide nutrient sufficiency
2. Modify the environments2. Modify the environments

3. Enhance beneficial organisms3. Enhance beneficial organisms



ConclusionsConclusions
1.1. Sulfur has direct and indirect effects on disease through:Sulfur has direct and indirect effects on disease through:

Plant growth and resistancePlant growth and resistance
Reduced Pathogen virulence or survivalReduced Pathogen virulence or survival
ChangingChanging the the abiotic abiotic environmentenvironment
Changes in the biological environmentChanges in the biological environment

2.2. Sulfur compounds in root exudates, and metabolites from Sulfur compounds in root exudates, and metabolites from 
residue decomposition affect pathogen virulence, plant residue decomposition affect pathogen virulence, plant 
resistance, and biological control.resistance, and biological control.

3.3. Sulfur can be used to balance other nutrients and make the Sulfur can be used to balance other nutrients and make the 
environment less favorable for the pathogen.environment less favorable for the pathogen.

4. 4. Sulfur is Sulfur is underunder--utalized utalized in nutrientin nutrient--disease interactionsdisease interactions





Compensate for Reduced Nutrient Efficiency by DiseaseCompensate for Reduced Nutrient Efficiency by Disease

Disease TypeDisease Type Effect on Plant NutritionEffect on Plant Nutrition

•• Root rots, dampingRoot rots, damping--off, off, Immobilization, absorption andImmobilization, absorption and
insects, nematodesinsects, nematodes distributiondistribution

•• “Maceration” (rot) diseases   Distribution (“sinks), depletion,“Maceration” (rot) diseases   Distribution (“sinks), depletion, change change 
metabolismmetabolism

•• Vascular wilts, leaf spotsVascular wilts, leaf spots Translocation, distribution, efficiencyTranslocation, distribution, efficiency

•• Galls, brooms, overGalls, brooms, over--growth   Distribution (“sinks”) metabolic efficiencygrowth   Distribution (“sinks”) metabolic efficiency

•• VirusesViruses “Sinks”, depletion, metabolic efficiency“Sinks”, depletion, metabolic efficiency

•• Fruit & storage rotsFruit & storage rots “Sinks”, distribution, nutrient reserves“Sinks”, distribution, nutrient reserves
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Sulfur

Calcium

Magnesium

Iron
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Effect of Soil pH on Nutrient Availability



Frenching Frenching of Tobacco caused byof Tobacco caused by
Bacillus cereus (Bacillus cereus (Mn Mn toxicity)toxicity)

Disease can alter Disease can alter 
plant nutritionplant nutrition

•• AvailabilityAvailability
•• Impaired utilizationImpaired utilization
•• MobilizationMobilization

Nutrition can alter Nutrition can alter 
Disease severityDisease severity

Effect of Zn sufficiency on Effect of Zn sufficiency on 
Rhizoctonia Rhizoctonia winterwinter--kill of wheatkill of wheat

- zinc + zinc



Effect of the Form of Nitrogen on Effect of the Form of Nitrogen on 
Verticillium Verticillium Wilt of PotatoWilt of Potato

Source      Source      VerticilliumVerticillium YieldYield PercentPercent
of Nof N wilt indexwilt index (kg/ha)       No. 1(kg/ha)       No. 1

(NH(NH44))22SOSO44 3.9 b3.9 b 3267032670 69 a69 a

Ca (NOCa (NO33))22 9.4 a 9.4 a 2134021340 57 b57 b


