
1 

AG CHEMICAL AND CROP NUTRIENT INTERACTIONS – CURRENT UPDATE 
 

Don M. Huber, Emeritus Professor, Purdue University  
 

ABSTRACT: Micronutrients are regulators, inhibitors and activators of physiological 
processes, and plants provide a primary dietary source of these elements for animals and people. 
Micronutrient deficiency symptoms are often indistinct (“hidden hunger”) and commonly 
ascribed to other causes such as drought, extreme temperatures, soil pH, etc.  The sporadic nature 
of distinct visual symptoms, except under severe deficiency conditions, has resulted in a 
reluctance of many producers to remediate micronutrient deficiency. Lost yield, reduced quality, 
and increased disease are the unfortunate consequences of untreated micronutrient deficiency. 
The shift to less tillage, herbicide resistant crops and extensive application of glyphosate has 
significantly changed nutrient availability and plant efficiency for a number of essential plant 
nutrients.  Some of these changes are through direct toxicity of glyphosate while others are more 
indirect through changes in soil organisms important for nutrient access, availability, or plant 
uptake. Compensation for these effects on nutrition can maintain optimum crop production 
efficiency, maximize yield, improve disease resistance, increase nutritional value, and insure 
food and feed safety.  
 

  
INTRODUCTION 

 

 Thirty+ years ago, U.S. agriculture started a conversion to a monochemical herbicide 
program focused around glyphosate (Roundup®).  The near simultaneous shift from 
conventional tillage to no-till or minimum tillage stimulated this conversion and the introduction 
of genetically modified crops tolerant to glyphosate.  The introduction of genetically modified 
(Roundup Ready®) crops has greatly increased the volume and scope of glyphosate usage, and 
conversion of major segments of crop production to a monochemical herbicide strategy.  
Interactions of glyphosate with plant nutrition and increased disease have been previously over 
looked, but become more obvious each year as glyphosate residual effects become more apparent 
 

The extensive use of glyphosate, and the rapid adoption of genetically modified 
glyphosate-tolerant crops such as soybean, corn, cotton, canola, sugar beets, and alfalfa; with 
their greatly increased application of glyphosate for simplified weed control, have intensified 
deficiencies of numerous essential micronutrients and some macronutrients. Additive nutrient 
inefficiency of the Roundup Ready® (RR) gene and glyphosate herbicide increase the need for 
micronutrient remediation, and established soil and tissue levels for nutrients considered 
sufficient for specific crop production may be inadequate indicators in a less nutrient efficient 
glyphosate weed management program. 
 

Understanding glyphosate’s mode of action and impact of the RR gene, indicate 
strategies to offset negative impacts of this monochemical system on plant nutrition and its 
predisposition to disease. A basic consideration in this regard should be a much more judicious 
use of glyphosate.  Glyphosate damage is often attributed to other causes such as drought, cool 
soils, deep seeding, high temperatures, crop residues, water fluctuations, etc.  Table X provides 
some of the common symptoms of drift and residual glyphosate damage to crops. This paper is 
an update of information on nutrient and disease interactions affected by glyphosate and the RR 
gene(s), and includes recently published research in the European Journal of Agronomy and 
other international scientific publications. 
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UNDERSTANDING GLYPHOSATE 
 

Glyphosate (N-(phosphomonomethyl)glycine) is a strong metal chelator and was first 
patented as such by Stauffer Chemical Co. in 1964 (U.S. Patent No. 3,160,632).  Metal chelates 
are used extensively in agriculture to increase solubility or uptake of essential micronutrients that 
are essential for plant physiological processes.  They are also used as herbicides and other 
biocides (nitrification inhibitors, fungicides, plant growth regulators, etc.) where they immobilize 
specific metal co-factors (Cu, Fe, Mn, Ni, Zn) essential for enzyme activity.  In contrast to some 
compounds that chelate with a single or few metal species, glyphosate is a broadspectrum 
chelator with both macro and micronutrients (Ca, Mg, Cu, Fe, Mn, Ni, Zn).  It is this strong, 
broadspectrum chelating ability that also makes glyphosate a broad-spectrum herbicide and a 
potent antimicrobial agent since the function of numerous essential enzymes is affected (Ganson 
and Jensen, 1988).   
 

Primary emphasis in understanding glyphosate’s herbicidal activity has been on inhibition 
of the enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) at the start of the 
Shikimate physiological pathway for secondary metabolism.  This enzyme requires reduced FMN 
as a co-factor (catalyst) whose reduction requires manganese (Mn).  Thus, by immobilizing Mn 
by chelation, glyphosate denies the availability of reduced FMN for the EPSPS enzyme. It also 
can affect up to 25 other plant enzymes that require Mn as a co-factor and numerous other 
enzymes in both primary and secondary metabolism that require other metal co-factors (Co, Cu, 
Fe, Mg, Ni, Zn).  Several of these enzymes also function with Mn in the Shikimate pathway that 
is responsible for plant responses to stress and defense against pathogens (amino acids, hormones, 
lignin, phytoalexins, flavenoids, phenols, etc.).  By inhibiting enzymes in the Shikimate pathway, 
a plant becomes highly susceptible to various ubiquitous soilborne pathogens (Fusarium, 
Pythium, Phytophthora, Rhizoctonia, etc.). It is this pathogenic activity that actually kills the plant 
as “the herbicidal mode of action” (Johal and Rahe, 1984; Levesque and Rahe, 1992, Johal and 
Huber, 2009).  If glyphosate is not translocated to the roots because of stem boring insects or 
other disruption of the vascular system, aerial parts of the plant may be stunted, but the plant is 
not killed. 

 

Recognizing that glyphosate is a strong chelator to immobilize essential plant 
micronutrients provides an understanding for the various non-herbicidal and herbicidal effects of 
glyphosate.  Glyphosate is a phloem-mobile, systemic chemical in plants that accumulates in 
meristematic tissues (root, shoot tip, reproductive, legume nodules) and is released into the 
rhizosphere through root exudation (from RR as well as non-RR plants) or mineralization of 
treated plant residues. Degradation of glyphosate in most soils is slow or non-existent since it is 
not ‘biodegradable’ and is primarily by microbial co-metabolism when it does occur.  Although 
glyphosate can be rapidly immobilized in soil (also spray tank mixtures, and plants) through 
chelation with various cat-ions (Ca, Mg, Cu, Fe, Mn, Ni, Zn), it is not readily degraded and can 
accumulate for years (in both soils and perennial plants).  Very limited degradation may be a 
“safety” feature with glyphosate since most degradation products are toxic to normal as well as 
RR plants.  Phosphorus fertilizers can desorb accumulated glyphosate that is immobilized in soil 
to damage and reduce the physiological efficiency of subsequent crops.  Some of the observed 
affects of glyphosate are presented in table 1. 
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TABLE 1. Some things we know about glyphosate that influence plant 
nutrition and disease. 

 

1. Glyphosate is a strong metal chelator (for Ca, Co, Cu, Fe, Mn, Mg, Ni, Zn) – in the spray tank, 
in soil and in plants. 

2. It is rapidly absorbed by roots, stems, and leaves, and moves systemically throughout the plant 
(normal and RR). 

3. Accumulates in meristematic tissues (root, shoot, legume nodules, and reproductive sites) of 
normal and RR plants. 

4. Inhibits EPSPS in the Shikimate metabolic pathway and many other plant essential enzymes. 
5. Increases susceptibility to drought and disease. 
6. Non-specific herbicidal activity (broad-spectrum weed control). 
7. Some of the applied glyphosate is exuded from roots into soil. 
8. Immobilized in soil by chelating with soil cat-ions (Ca, Co, Cu, Fe, Mg, Mn, Ni, Zn). 
9. Persists and accumulates in soil and plants for extended periods (years) – it is not 

‘biodegradable,’  but is rapidly immobilized by chelation generally. 
10. Desorbed from soil particles by phosphorus and is available for root uptake by all plants. 
11. Toxic to soil organisms that facilitate nutrient access, availability, or absorption of nutrients. 
12. Inhibits the uptake and translocation of Fe, Mn, and Zn at very low, non-herbicidal rates. 
13. Stimulates soilborne pathogenic and other soil microbes to reduce nutrient availability. 
14. Reduces secondary cell wall formation and lignin in RR and non-RR plants. 
15. Inhibits nitrogen fixation by chelating Ni for ureide synthesis and is toxic to Rhizoiaceae. 
16. Reduces physiological availability and concentration of Ca, Cu, Fe, K, Mg, Mn, and Zn in 

plant tissues and seed. 
17. Residual soil activity can damage plants through root uptake. 
18. Increases mycotoxins in stems, straw, grain, and fruit. 
19. Reduces photosynthesis (CO2 fixation). 
20. Causes fruit (bud) drop and other hormonal effects. 
21. Accumulates in food and feed products to enter the food chain as an item of food safety. 
 

UNDERSTANDING THE ROUNDUP READY® GENE 
 

Plants genetically engineered for glyphosate-tolerance contain the Roundup Ready® 
gene(s) that provide an alternate EPSPS pathway (EPSPS-II) that is not blocked by glyphosate.  
The purpose of these gene inserts is to provide herbicidal selectivity so glyphosate can be applied 
directly to these plants rather than only for preplant applications.  As an additional physiological 
mechanism, activity of this duplicate pathway requires energy from the plant that could be used 
for yield.  The RR genes are ‘silent’ in meristematic tissues where glyphosate accumulates so 
that these rapidly metabolizing tissues are not provided an active alternative EPSPS pathway to 
counter the physiological effects of glyphosate’s inhibition of EPSPS.  Meristematic tissues also 
are areas of high physiologic activity requiring a higher availability of the essential 
micronutrients needed for cell division and growth that glyphosate immobilizes by chelation.   
 

Residual glyphosate in RR plant tissues can immobilize Fe, Mn, Zn or other nutrients 
applied as foliar amendments for 8-35 days after it has been applied.  This reduces the 
availability of micronutrients required for photosynthesis, disease resistance, and other critical 
physiological functions.The presence of the RR gene(s) reduces nutrient uptake and 
physiological efficiency and may account for some of the ‘yield drag’ reported for RR crops 
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when compared with the ‘normal’ isolines from which they were derived.  Reduced 
physiological efficiency from the RR gene is also reflected in reduced water use efficiency 
(WUE) and increased drought stress (table 2).   
 

It should be recognized that:  
 

1. There is nothing in the glyphosate-tolerant plant that operates on the 
glyphosate applied to the plant.   

 

2. All the technology does is insert an alternative enzyme (EPSPS-II) 
that is not blocked by glyphosate in mature tissue.   

 

3. When glyphosate enters the plant, it is not selective; it chelates with a 
host of elements influencing nutrient availability, disease resistance, 
and the plant’s other physiological functions. 

 

4. Glyphosate is present for the life of the plant or until it is exuded into 
soil or groundwater through the roots.  Degradation products are 
toxic to RR and non-RR plants. 

 

 
TABLE 2. Some things we know about the glyphosate-tolerance (RR) gene(s). 

 

1.  Provides selective herbicidal activity for glyphosate. 
2. Inserts an alternative EPSPS pathway that is not sensitive to glyphosate action in mature 

tissue. 
3. Reduces the plant’s physiological efficiency of Fe, Mn, Ni, Zn, etc.  
4. Inactive (silent) in meristematic tissues (root and shoot tips, legume root nodules, and 

reproductive tissues). 
5. Reduces nutrient uptake and efficiency. 
6. Increases drought stress. 
7. Reduces N-fixation. 
8. Lowers seed nutrient content. 
9. Transferred in pollen to plants, and from degrading plant tissues to microbes. 
10. Generally causes a yield ‘drag’ compared with near-isogenic normal plants from which it 

was derived. 
11. Has greatly increased the application of glyphosate. 
12. Permanent in plants once it is introduced. 
 

 
INTERACTIONS OF GLYPHOSATE WITH PLANT NUTRITION 

 

Glyphosate can affect nutrient efficiency in the plant by chelating essential nutrient co-
factors after application since there is many times more ‘free’ glyphosate in the plant than all of 
the unbound cat-ions. Chelation of Mn and other micronutrients after application of glyphosate is 
frequently observed as a ‘flashing’ or yellowing that persists until the plant can ‘resupply’ the 
immobilized nutrients.  The duration of ‘flashing’ is correlated with the availability of 
micronutrients in soil. Symptom remission indicates a resumption of physiological processes, but 
is not an indicator of plant nutrient sufficiency since micronutrient deficiencies are commonly 
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referred to as ‘hidden hunger.’ As a strong nutrient chelator, glyphosate can reduce physiological 
efficiency by immobilizing elements required as components, co-factors or regulators of 
physiological functions at very low rates.  Thus, plant uptake and or translocation of Fe, Mn and 
Zn are drastically reduced (up to 80 %) by commonly observed ‘drift’ rates of glyphosate (<1/40 
the herbicidal rate). This is reflected in reduced physiological efficiency, lower mineral nutrient 
levels in vegetative and reproductive tissues, and increased susceptibility to disease.  Microbial 
and plant production of siderophores and ferric reductase in root exudates under nutrient stress 
are inhibited by glyphosate to exacerbate plant nutrient stress common in low-available 
micronutrient soils.   
 

Glyphosate is not readily degraded in soil and can probably accumulate for many years 
chelated with soil cat-ions. Degradation products of glyphosate are as damaging to RR crops as 
to non-RR crops. Persistence and accumulation of glyphosate in perennial plants, soil, and root 
meristems, can significantly reduce root growth and the development of nutrient absorptive 
tissue of RR as well as non-RR plants to further impair nutrient uptake and efficiency. Impaired 
root uptake not only reduces the availability of specific nutrients, but also affects the natural 
ability of plants to compensate for low levels of many other nutrients. Glyphosate also reduces 
nutrient uptake from soil indirectly through its toxicity to many soil microorganisms responsible 
for increasing the availability and access to nutrients through mineralization, reduction, 
symbiosis, etc.  
 

Degradation of plant tissues through growth, necrosis, or mineralization of residues can 
release accumulated glyphosate from meristematic tissues in toxic concentrations to plants.  The 
most damaging time to plant wheat in ryegrass ‘burned down’ by glyphosate is two weeks after 
glyphosate application to correspond with the release of accumulated glyphosate from 
decomposing meristematic tissues.  This is contrasted with the need to delay seeding of winter 
wheat for 2-3 weeks after a regular weed burn-down’ to permit time for immobilization of 
glyphosate from root exudates and direct application through chelation with soil cat-ions. The 
Roundup® label for Israel lists recommended waiting times before planting a susceptible crop on 
that soil.   
 

One of the benefits of crop rotation is an increased availability of nutrients for a 
subsequent crop in the rotation. The high level of available Mn (130 ppm) after a normal corn 
crop is not observed after glyphosate-treated RR corn.  The lower nutrient availability after 
specific RR crop sequences may need to be compensated for through micronutrient application 
in order to optimize yield and reduce disease in a subsequent crop.   
 

 
THE INFLUENCE OF GLYPHOSATE ON SOIL ORGANISMS IMPORTANT FOR 

ACCESS, MINERALIZATION, SOLUBILIZATION, AND FIXATION OF ESSENTIAL 
PLANT NUTRIENTS 

 

Glyphosate is a potent microbiocide and is toxic to earthworms, mycorrhizae (P & Zn 
uptake), reducing microbes that convert insoluble soil oxides to plant available forms (Mn and 
Fe, Pseudomonads, Bacillus, etc.), nitrogen-fixing organisms (Bradyrhizobium, Rhizobium), and 
organisms involved in the ‘natural,’ biological control of soilborne diseases that reduce root 
uptake of nutrients. Although glyphosate contact with these organisms is limited by rapid 
chelation-immobilization when applied on fallow soil; glyphosate in root exudates, or from 
decaying weed tissues or RR plants, contacts these organisms in their most active ecological 
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habitat throughout the rhizosphere.  It is not uncommon to see Cu, Fe, Mg, Mn, Ni, and Zn 
deficiencies intensify and show in soils that were once considered fully sufficient for these 
nutrients.  Increasing the supply and availability of Co, Cu, Fe, Mg, Mn, Ni, and Zn have 
reduced some of the deleterious effects of glyphosate on these organisms and increased crop 
yields. 
 

In contrast to microbial toxicity, glyphosate in soil and root exudates stimulates oxidative 
soil microbes that reduce nutrient availability by decreasing their solubility for plant uptake, 
immobilize nutrients such as K in microbial sinks to deny availability for plants, and deny access 
to soil nutrients through pathogenic activity.  Plant pathogens stimulated by glyphosate (table 3) 
include ubiquitous bacterial and fungal root, crown, and stalk rotting fungi; vascular colonizing 
organisms that disrupt nutrient transport to cause wilt and die-back; and root nibblers that impair 
access or uptake of soil nutrients. 
 

 
TABLE 3. Some plant pathogens stimulated by glyphosate. 

 

Botryospheara dothidea Gaeumannomyces graminis 
Corynespora cassicola Magnaporthe grisea 
Fusarium species Marasmius spp. 
F. avenaceum  Monosporascus cannonbalus 
F. graminearum Myrothecium verucaria 
F. oxysporum f.sp. cubense Phaeomoniella chlamydospora 
F. oxysporum f.sp. (canola) Phytophthora spp. 
F. oxysporum f.sp. glycines Pythium spp.  
F. oxysporum f.sp. vasinfectum Rhizoctonia solani 
F. solani f.sp. glycines Septoria nodorum 
F. solani f.sp. phaseoli Thielaviopsis bassicola 
F. solani f.sp. pisi Xylella fastidiosa 
 Clavibacter michiganensis subsp. nebraskensis (Goss’ wilt) 

 

  
HERBICIDAL MODE OF ACTION OF GLYPHOSATE 

 

As a strong metal micronutrient chelator, glyphosate inhibits activity of EPSPS and other 
enzymes in the Shikimate metabolic pathway responsible for plant resistance to various 
pathogens.  Plant death is through greatly increased plant susceptibility of non-RR plants to 
common soilborne fungi such as Fusarium, Rhizoctonia, Pythium, Phytophthora, etc. that are 
also stimulated by glyphosate (Johal and Rahe, 1984; Levesque and Rahe, 1992; Johal and 
Huber, 2009).  It is very difficult to kill a plant in sterile soil by merely shutting down the 
Shikimate pathway (secondary metabolism) unless soilborne pathogens are also present.  It is the 
increased susceptibility to soilborne pathogens, and increased virulence of the pathogens, that 
actually kills the plants after applying glyphosate.  Disease resistance in plants is manifest 
through various active and passive physiological mechanisms requiring micronutrients.  Those 
metabolic pathways producing secondary anti-microbial compounds (phytoalexins, flavenoids, 
etc.), pathogen inhibiting amino acids and peptides, hormones involved in cicatrisation (walling 
off pathogens), callusing, and disease escape mechanisms can all be compromised by glyphosate 
chelation of micronutrient co-factors critical for enzyme function.  Genetic modification of 
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plants for glyphosate tolerance partially restores Shikimate pathway function to provide a 
selective herbicidal effect. 
 

 
INTERACTIONS OF GLYPHOSATE WITH PLANT DISEASE 

 

Micronutrients are the regulators, activators, and inhibitors of plant defense mechanisms 
that provide resistance to stress and disease.  Chelation of these nutrients by glyphosate 
compromises plant defenses and increases pathogenesis to increase the severity of many abiotic 
(bark cracking, nutrient deficiencies) as well as infectious diseases of both RR and non-RR 
plants in the crop production system (table 4).  Many of these diseases are referred to as 
‘emerging’ or reemerging’ diseases because they rarely caused economic losses in the past, or 
were effectively controlled through management practices.  

 
Non-infectious (Abiotic) Diseases: Research at Ohio State University has shown that 

bark cracking, sunscald, and winter-kill of trees and perennial ornamentals is caused by 
glyphosate used for under-story weed control, and that glyphosate can accumulate for 8-10 years 
in perennial plants. This accumulation of glyphosate can be from the inadvertent uptake of 
glyphosate from contact with bark (drift) or by root uptake from glyphosate in weed root 
exudates in soil. Severe glyphosate damage to trees adjacent to stumps of cut trees treated with 
glyphosate (to prevent sprouting in an effort to eradicate citrus greening or CVC) can occur 
through root translocation and exudation several years after tree removal.   

 
Infectious Diseases: Increased severity of the take-all root and crown rot of cereals 

(Gaeumannomyces graminis) after prior glyphosate usage has been observed for over 20 years 
and take-all is now a ‘reemerging’ disease in many wheat producing areas of the world where 
glyphosate is used for weed control prior to cereal planting.  A related disease of cereals, and the 
cause of rice blast (Magnaporthe grisea), is becoming very severe in Brazil and is especially 
severe when wheat follows a RR crop in the rotation. Like take-all and Fusarium root rot, this 
soilborne pathogen also infects wheat and barley roots, and is a concern for U.S. cereal 
production. 
 

Fusarium species causing head scab are common root and crown rot pathogens of cereals 
everywhere; however, Fusarium head scab (FHB) has generally been a serious disease of wheat 
and barley only in warm temperate regions of the U.S.  With the extensive use of glyphosate, it is 
now of epidemic proportions and prevalent throughout most of the cereal producing areas of 
North America. Canadian research has shown that the application of glyphosate one or more 
times in the three years previous to planting wheat was the most important agronomic factor 
associated with high FHB in wheat, with a 75 % increase in FHB for all crops and a 122 % 
increase for crops under minimum-till where more glyphosate is used.  The most severe FHB 
occurs where a RR crop precedes wheat in the rotation for the same reason. Glyphosate altered 
plant physiology (carbon and nitrogen metabolism) increasing susceptibility of wheat and barley 
to FHB and increased toxin production, is also associated with a transient tolerance of wheat and 
soybeans to rust diseases. 
 

The increased FHB  with glyphosate results in a dramatic increase in tricothecene 
(deoxynivalenol, nivalenol, ‘vomitoxins’) and estrogenic (zaeralenone) mycotoxins in grain; 
however, the high concentrations of mycotoxin in grain are not always associated with Fusarium 
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infection of kernels.  Quite often overlooked is the increase in root and crown rot by FHB 
Fusaria with glyphosate and the production of mycotoxins in root and crown tissues with 
subsequent translocation to stems, chaff and grain.  Caution has been expressed  in using straw 
and chaff as bedding for pigs or roughage for cattle because of mycotoxin levels that far 
exceeded clinically significant levels for infertility and toxicity. This also poses a health and 
safety concern for grain entering the food chain for humans.  The list of diseases affected by 
glyphosate (see reference No. 18) is increasing as growers and pathologists recognize the cause-
effect relationship.  

 
SPECIAL NUTRIENT CONSIDERATIONS IN A GLYPHOSATE-DOMINANT WEED 

MANAGEMENT ECOLOGICAL SYSTEM 
 

There are two things that should be understood in order to remediate nutrient deficiencies 
in a glyphosate usage program: 1) the effects of glyphosate on nutrient availability and function 
and 2) the effect of the RR gene on nutrient efficiency.  With this understanding, there are four 
objectives for fertilization in a glyphosate environment – all of which indicate a more judicious 
use of glyphosate as part of the remediation process.  These four objectives are to: 
 

1. Provide adequate nutrient availability for full functional sufficiency to compensate for 
glyphosate and RR reduced availability or physiological efficiency of micronutrients 
(esp. Mn and Zn but also Cu, Fe, Ni). 

2. Detoxify residual glyphosate in meristematic and other tissues, in root exudates, and in 
soil by adding appropriate elements for chelation with the residual glyphosate. 

3. Restore soil microbial activity to enhance nutrient availability, supply, and balance that 
are inhibited by residual glyphosate in soil and glyphosate in root exudates. 

4. Increase plant resistance to root infecting and reemerging diseases through 
physiological plant defense mechanisms dependent on the Shikimate, amino acid, and 
other pathways that are compromised by micronutrient inefficiency in a glyphosate 
environment. 

 

Meeting Nutrient Sufficiency:  Extensive research has shown that increased levels and 
availability of micronutrients such as Mn, Zn, Cu, Fe, Ni, etc can compensate for reduced 
nutrient efficiency and the inefficiency of RR crops. This need may not be manifest in high 
fertility or nutrient toxic soils for a few years after moving to a predominantly monochemical 
strategy.  The timing for correcting micronutrient deficiencies is generally more critical for 
cereal plants (barley, corn, wheat) than for legumes in order to prevent irreversible yield and/or 
quality loss.  Nutrient sufficiency levels from soil and tissue analysis that are considered 
adequate for non-GM crops may need to be increased for RR crops to be at full physiological 
sufficiency. Since residual ‘free’ glyphosate in RR plant tissues can immobilize most regular 
sources of foliar-applied micronutrients for 8-15 days, and thereby reduce the future availability 
of these materials, it may be best to apply some micronutrients 1-2 weeks after glyphosate is 
applied to RR crops.  
 

The expense of an additional trip across the field for foliar application frequently deters 
micronutrient fertilization for optimum crop yield and quality. There are newly available 
micronutrient formulations (nutrient phosphites) that maintain plant availability without 
impacting herbicidal activity of the glyphosate in a tank-mix, and plants have responded well 
from these micronutrient-glyphosate mixes. Simultaneous application of some micronutrients 
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with glyphosate might provide an efficient means to overcome deficiencies in low fertility soils, 
as well as mitigate the reduced physiological efficiency inherent with the glyphosate-tolerant 
gene and glyphosate immobilization of essential nutrients in the plant.   
 

Under severe micronutrient deficiency conditions, selecting seed high in nutrient content 
or a micronutrient seed treatment to provide early nutrient sufficiency, establish a well-
developed root system, and insure a vigorous seedling plant with increased tolerance to 
glyphosate applied later, has been beneficial even though excess nutrient applied at this time may 
be immobilized by glyphosate from root exudates and not available for subsequent plant uptake. 
Micronutrients such as Mn are not efficiently broadcast applied to soil for plant uptake because 
of microbial immobilization to non-available oxidized Mn, but could be applied in a band or to 
seed or foliage. 
 

Detoxifying Residual Glyphosate: Some nutrients are relatively immobile in plant 
tissues (Ca, Mn) so that a combination of micronutrients may be more beneficial than any 
individual one to chelate with residual glyphosate and ‘detoxify’ it in meristematic and mature 
tissues.  Thus, foliar application of Mn could remediate for glyphosate immobilization of the 
nutrient; however, it may be more effective when applied in combination with the more mobile 
Zn to detoxify sequestered glyphosate in meristematic tissues even though Zn levels may appear 
sufficient. Gypsum applied in the seed row has shown some promise for detoxifying glyphosate 
from root exudates since Ca is a good chelator with glyphosate (one of the reasons that 
ammonium sulfate is recommended in spray solutions with hard water is to prevent chelation 
with Ca and Mg which would inhibit herbicidal activity).  
 

Although bioremediation of accumulating glyphosate in soil may be possible in the 
future, initial degradation products of glyphosate are toxic to both RR and non-RR plants. This is 
an area that needs greater effort since the application of phosphorus fertilizers can desorb 
immobilized glyphosate to be toxic to plants through root uptake.  Micronutrient seed treatment 
can provide some detoxification during seed germination, and stimulate vigor and root growth to 
enhance recovery from later glyphosate applications. 
 

Biological Remediation: The selection and use of plants for glyphosate-tolerance that 
have greater nutrient efficiency for uptake or physiological function has improved the 
performance of some RR crops, and further improvements are possible in this area.  Enhancing 
soil microbial activity to increase nutrient availability and plant uptake has been possible through 
seed inoculation, environmental modification to favor certain groups of organisms, and 
implementation of various management practices.  There are many organisms that have been 
used to promote plant growth, with the most recognized being legume inoculants (Rhizobia, 
Bradyrhizobia species); however, glyphosate is toxic to these beneficial microorganisms.  
Continued use of glyphosate in a cereal-legume rotation has greatly reduced the population of 
these organisms in soil so that annual inoculation of legume seed is frequently recommended. 
 

Biological remediation to compensate for glyphosate’s impact on soil organisms 
important in nutrient cycles may be possible if the remediating organism is also glyphosate-
tolerant and capable of over coming the soils natural biological buffering capacity.  This would 
be especially important for nitrogen-fixing, mycorrhizae, and mineral reducing organisms, but 
will be of limited benefit unless the introduced organisms are also tolerant of glyphosate.  
Modification of the soil biological environment through tillage, crop sequence, or other cultural 
management practices might also be a viable way to stimulate the desired soil biological activity. 
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Increasing Plant Resistance to Stress and Root-Infecting Pathogens: Maintaining 
plant health is a basic requirement for crop yield and quality.  Plant tolerance to stress and many 
pathogens is dependent on a full sufficiency of micronutrients to maintain physiological 
processes mediated through the Shikimate or other pathways that are compromised in a 
glyphosate environment. Sequential application(s) of specific micronutrients (esp. Ca, Cu, Fe, 
Mn, Zn) may be required to compensate for those nutrients physiologically lost through 
glyphosate chelation. Breeding for increased nutrient efficiency and disease resistance will be an 
important contributor to this objective. 

 
SUMMARY 

 

Glyphosate is a strong, broad-spectrum nutrient chelator that inhibits plant enzymes responsible 
for disease resistance so that plants succumb from pathogenic attack. This also predisposes RR 
and non-RR plants to other pathogens.  The introduction of such an intense mineral chelator as 
glyphosate into the food chain through accumulation in feed, forage, and food, and root 
exudation into ground water, could pose significant health concerns for animals and humans and 
needs further evaluation. Chelation immobilization of such essential elements as Ca (bone), Fe 
(blood), Mn, Zn (liver, kidney), Cu, Mg (brain) could directly inhibit vital functions and 
predispose to disease. The lower mineral nutrient content of feeds and forage from a glyphosate-
intense weed management program can generally be compensated for through mineral 
supplementation.  The various interactions of glyphosate with nutrition are represented in the 
following schematic: 
 

 
 

Schematic of glyphosate interactions in soil 
 

Accumulation of glyphosate in 
meristematic tissues (shoot, 
reproductive, and root tips). 
 
Translocation of glyphosate from 
shoot to root and subsequent 
release into the rhizosphere 

Glyphosate accumulates in soil 
   (not biodegraded - co-metabolism) 
Glyphosate desorbed from soil by P 
 

Glyphosate toxicity to: 

 N-fixing microbes  

 Bacterial shikimate pathway 

 Mycorrhiza 

 Mn & Fe reducing organisms 

 Biological control organisms 

 Earthworms 
 PGPR organisms 

Toxicity to root tips by glyphosate or its toxic 
metabolites (e.g. AMPA) 
 

Compromise of plant defense mechanisms 
 

Promotion of:  
Soilborne plant pathogens 

         (Fusarium, Pythium, Rhizoctonia, etc.) 
Nutrient oxidizers (Mn, Fe, N) 
Microbial nutrient sinks (K, Mg) 

 

Reduced availability or uptake of essential 
nutrients (Cu, Fe, K, Mg, Mn, N, Ni) 

Foliar application of glyphosate 
 
Systemic movement throughout 
the plant 
 
Chelation of micronutrients 
 
Intensified drought stress 
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Table X.  Some symptoms of glyphosate damage to non-target plants. 
 

1. Micronutrient (and often some macronutrient) deficiency 
2. Low vigor, slow growth, stunting 
3. Leaf chlorosis (yellowing) – complete or between the veins 
4. Leaf mottling with or without necrotic spots 
5. Leaf distortion – small, curling, strap-like, wrinkling, or ‘mouse ear’ 
6. Abnormal bud break, stem proliferation – witches broom  
7. Retarded, slow regrowth after cutting or running (alfalfa, perennial plants) 
8. Lower yields, lower mineral value – vegetative parts and reproductive (grain, seeds) 
9. Early fruit, bud, or leaf drop 
10. Early maturity, death before physiological maturity, tip die-back 
11. Predisposition to infectious diseases and extended infection/susceptible period– numerous 
12. Predisposition to insect damage 
13. Induced abiotic diseases – drought, winter kill, sun scald, bark cracking (perennial plants) 
14. Root stunting, inefficient N-fixation and uptake 
15. Poor root nodulation in legumes 
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a b s t r a c t

Fusarium pathogens cause important diseases, such as root/crown rot and Fusarium head blight (FHB), in
cereal crops. These diseases can be caused by similar Fusarium spp. Common root rot (CRR) is widespread
in the western Canadian Prairies, whereas FHB has potential of becoming an important disease in this
region. There are no commercially available cereal cultivars with good resistance to these diseases. It
is therefore important to identify agronomic practices that could affect levels of Fusarium pathogens
in cereals. This review deals primarily with the effects of tillage systems and glyphosate use on the
development of FHB and CRR in wheat and barley in eastern Saskatchewan. Although the FHB study
in 1999–2002 indicated that environment was the most important factor determining FHB develop-
ment, previous glyphosate use and tillage practice were among the production factors with the greatest
association with FHB. Overall, disease was highest in crops under minimum-till management. Previous
glyphosate use was consistently associated with higher FHB levels caused by the most important FHB
pathogens, Fusarium avenaceum and Fusarium graminearum. Cochliobolus sativus, the most common CRR
pathogen, was negatively associated with previous glyphosate use, while F. avenaceum, F. graminearum,
and other fungi were positively associated, suggesting that glyphosate might cause changes in fungal
communities. The occurrence and isolation of F. avenaceum from cereal residues were greater under
reduced-till than conventional-till while C. sativus was most common under conventional-till, and F.
graminearum was lowest under zero-till. Previous glyphosate applications were again correlated pos-
itively with F. avenaceum and negatively with C. sativus. These observations agreed with results from
the FHB and CRR studies. These are the first studies that established a relationship between previous
glyphosate use and increased Fusarium infection of spikes and subcrown internodes of wheat and barley,
or Fusarium colonization of crop residues. However, because of the close association between noncereal
crops, reduced tillage and glyphosate use, it was not possible to completely separate the effects of these
factors on Fusarium infections. Determining the relative contribution of these popular production trends
to the development of diseases caused by Fusarium spp. are essential for devising appropriate agronomic
recommendations to prevent their further spread in western Canada, and to reduce the impact that these
diseases are having in areas where they are already established. The consistent association between pre-
vious glyphosate use and Fusarium infections also warrants further research to elucidate the nature of
this association and the underlying mechanisms determining these effects.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Fusarium pathogens cause important diseases of cereal crops
in western Canada. Root and crown rot (Fernandez and Jefferson,
2004) and Fusarium head blight (FHB), also known as scab or
tombstone (Gilbert and Tekauz, 2000), can be especially severe.
Common root rot (CRR) is a prevalent disease throughout the west-

∗ Corresponding author. Tel.: +1 306 778 7255; fax: +1 306 778 3188.
E-mail address: myriam.fernandez@agr.gc.ca (M.R. Fernandez).

ern Canadian Prairies (Ledingham et al., 1973). In the province of
Saskatchewan, root and crown rot is generally caused by Cochliobo-
lus sativus (Ito & Kurib.) Drechsl. ex Dastur (anamorph Bipolaris
sorokiniana [Sacc.] Shoemaker) and Fusarium spp. (Fernandez and
Jefferson, 2004). Fusarium avenaceum (Fr.:Fr.) Sacc. (teleomorph
Gibberella avenacea Cook) is one of such species found in under-
ground and ground-level tissue of common (Triticum aestivum
L.) and durum (T. turgidum L. ssp. durum [Desf.] Husn.) wheat
(Fernandez and Jefferson, 2004; Fernandez and Zentner, 2005;
Fernandez et al., 2007a). This pathogen is also frequently isolated
from discoloured roots of noncereal crops, being found at high-

1161-0301/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.eja.2009.07.003
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est levels in pulse crops (Fernandez, 2007). Many of the Fusarium
isolates in discolored subcrown internodes or crowns are also
associated with FHB in wheat and barley (Hordeum vulgare L.)
(Fernandez et al., 2002a,b).

Of the several Fusarium species that can cause FHB, the most
important pathogen in North America is F. graminearum Schwabe
(teleomorph G. zeae [Schwein.] Petch). This pathogen produces
mycotoxins harmful to humans and livestock. The most commonly
found mycotoxin in infected grain is deoxynivalenol (DON). Toler-
ance levels for Fusarium-damaged kernels (FDK) are very low due to
processing problems and potential food safety concerns. For exam-
ple, FDK greater than 0.25% by weight will cause Canada Western
Red Spring (CWRS) class of wheat, to be downgraded from CWRS
#1 to CWRS #2. A FDK value of over 1% down grades it to CWRS #3,
and over 2% to CWRS #4 (Canadian Grain Commission, 2007). For
malting barley, the tolerance for FDK is nil for Super Select and 0.2%
for Select, whereas FDK for feed barley is 1%. These low tolerance
levels cause significant economic losses to producers in affected
areas.

Relative to other Fusarium pathogens, F. graminearum has been
less commonly isolated from infected cereal spikes and kernels in
western regions of the Canadian Prairies than in areas where this
disease has been historically more prevalent. The other Fusarium
pathogens commonly found in Saskatchewan are also mycotoxin
producers. Among these are F. avenaceum, F. culmorum (W.G. Smith)
Sacc., and F. poae (Peck) Wollenw., with F. avenaceum reported as
the most, or one of the most, common species in infected spikes
and kernels of wheat and barley (Clear et al., 2000; Fernandez et al.,
2003, 2007d; Pearse et al., 2007b; Turkington et al., 2002). Although
neither F. avenaceum nor F. poae produce DON, they produce other
harmful mycotoxins (Abramson et al., 2002).

Unfavourable weather conditions have caused FHB to occur
at lower levels in the last few years in Saskatchewan (Pearse
et al., 2007a,b) than in the late 1990s and early 2000s when
province-wide surveys showed the disease to be well established
in wheat and barley in eastern regions of the province and spread-
ing westward (Fernandez et al., 1999, 2000, 2001, 2002a,b; Pearse
et al., 2003). Thus, FHB still has potential to spread further west,
and adversely impact production and marketing opportunities for
wheat and barley throughout the western Prairies when conditions
are favourable for its development.

There are no commercially available wheat or barley culti-
vars with good resistance to FHB registered in western Canada
(Fernandez et al., 2005, 2007d). Chemical treatment has proven
inconsistent or ineffective in controlling FHB and/or preventing its
spread.

Because of the continued importance of FHB in the eastern
Prairies, and its potential to spread westward, strategies need to
be designed to stop or reduce the rate of spread, and to decrease
the damage it causes in areas where it is already well estab-
lished. Understanding the impact of agronomic practices on disease
and inoculum levels should form part of comprehensive strategies
aimed at controlling FHB. A comprehensive strategy should also
include the role of Fusarium infection of crop roots and crowns as
sources of fungal inoculum and its potential carryover from one
growing season to the next.

The adoption and use of conservation tillage (minimum- till and
zero-till) practices have become widespread throughout western
Canada (Zentner et al., 2002). These tillage methods are heavily
dependent on the use of glyphosate formulations for weed control.
Thus, it is also important to determine the possible impact that
this increased use of glyphosate might have on the development of
FHB.

Several studies have examined the effect of tillage practice on
FHB or FDK and associated DON levels in wheat in other regions in
North America and elsewhere (Dill-Macky and Jones, 2000; Krebs

et al., 2000; Miller et al., 1998; Schaafsma et al., 2001; Yi et al.,
2001). These findings vary with respect to the impact that tillage
and amount of crop residue have on disease levels, with no dif-
ference among tillage systems often observed (Miller et al., 1998;
Teich and Nelson, 1984). There are few reported studies on the
impact of tillage system on FHB in barley. In studies conducted in
Quebec, Rioux et al. (2005) found that DON content was greater in
barley grown under minimum till than conventional-till manage-
ment.

The effect of herbicides on FHB development has not been exten-
sively examined. Teich and Hamilton (1985) and Teich and Nelson
(1984) reported that there was no significant difference in disease
levels in wheat fields with or without herbicides, but they did not
identify the specific herbicides used. Difficulties in evaluating the
possible effect of glyphosate or other herbicides on FHB include
a lack of information regarding type, time and dose of herbicide
applied, and lack of adequate glyphosate-free controls.

Severity of CRR was not affected by tillage method (Bailey et
al., 2001; Conner et al., 1987) or declined in reduced tillage sys-
tems (Bailey et al., 2000; Tinline and Spurr, 1991). Furthermore,
higher levels of C. sativus, and lower levels of Fusarium spp., in
wheat or barley roots were reported with changes from less to more
intensive tillage (Bailey et al., 2000, 2001; Windels and Wiersma,
1992). Although the effect of several herbicides on CRR pathogens
was examined (Hsia and Christensen, 1951; Isakeit and Lockwood,
1989; Tinline and Hunter, 1982), the impact of glyphosate usage on
this disease has not been reported.

The overall objective of our research was to identify agronomic
practices associated with the development of high FHB levels in
wheat and barley. Because of the possible impact that Fusarium spp.
in underground plant tissue might have on the development of FHB
and persistence of inoculum in the field, the objectives included
an examination of the impact of agronomic practices on fungal
populations in subcrown internodes. A comprehensive approach to
understanding disease development includes examining the role of
crop residues as reservoirs of inoculum for infection and fungal car-
ryover from one season to the next, and how pathogen populations
on these residues are affected by agronomic practices.

This information should help identify cultural and manage-
ment practices that might decrease Fusarium populations in live
and dead crop tissue, and thus lead to recommendations regard-
ing practices that can reduce damage to wheat and barley from
FHB on the Canadian Prairies. A better understanding of the fac-
tors affecting pathogen inoculum and crop infection is important
for devising highly efficacious strategies to reduce inoculum levels,
disease development, and further spread of cereal diseases caused
by Fusarium spp.

The studies reported here were conducted on commercial
fields in eastern Saskatchewan. Surveying commercial fields allows
examination of plants in a large area, with little or no inter-
ference from fields under other agronomic practices, a common
concern in experimental plot trials. Although surveys of com-
mercial fields allow examination of a wide range of crops under
different combinations of agronomic practices, they can also suffer
from confounding effects of the various practices.

This review focuses on the impact of tillage system and
glyphosate use on FHB and CRR diseases. Because glyphosate use is
dependent on tillage frequency, these two factors are usually con-
founded. In order to isolate the effects of tillage frequency from
those of glyphosate use, the latter was analyzed as an effect nested
within tillage system. Only the most important findings concerning
tillage and glyphosate associations with FHB, CRR and fungal popu-
lations on crop residues are presented here. Comprehensive reports
of associations with other agronomic practices, such as cropping
sequence, have been previously published (Fernandez et al., 2005,
2007a,c,d, 2008).
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2. Materials and methods

Commercial fields (experimental units) were selected randomly
within Crop Districts 1B and 5A in south-east and east-central
Saskatchewan to represent the most common cropping practices in
the area. A description of the study area was provided by Fernandez
et al. (2005).

In late July to early August, spikes at the mid-milk to dough
stage of plant development (growth stage 75–83, Zadoks et al.,
1974) were taken at random from each field and the percentage
of spikes with FHB-like symptoms (incidence) determined. Disease
severity was estimated visually based on the percentage of spikelets
discolored on each spike. Individual spikelets/lemma showing dis-
coloration were removed, surface-disinfested, plated on modified
potato dextrose agar (Burgess et al., 1988; Fernandez and Chen,
2005), and incubated for 7 days under fluorescent and near-UV
lights at 22 ◦C day/15 ◦C night, 16 h photoperiod to confirm infec-
tion by Fusarium spp. and for species identification. Fusarium spp.
were identified by colony and spore morphology and reproduc-
tive structures (Samson et al., 2002; Watanabe, 2002). All isolates
identified as F. graminearum produced perithecia. A FHB index was
calculated for each of the wheat and barley crops sampled based
on the presence of Fusarium isolates in the tissue plated and on the
percentage isolation of the most common Fusarium spp., i.e. F. ave-
naceum (FHB-Fav), F. graminearum (FHB-Fg), F. poae (FHB-Fp), and
F. sporotrichioides Sherb. (FHB-Fspo).

Grain samples from most of the fields sampled were obtained
from cooperating producers in 2000 and 2001. Kernels with
FDK-like symptoms were visually identified in a 50 g subsample,
removed, and weighed. The percentage of FDK-like symptoms was
determined based on total weight of the sample. A subsample of
kernels with FDK symptoms was plated as above, and fungi grow-
ing out of kernels were identified. A percentage “total FDK” was
then calculated based on the percentage isolation of Fusarium spp.
Percentage FDKs were also calculated based on the percentage iso-
lation of the most common species (FDK-Fav, FDK-Fg, FDK-Fp, and
FDK-Fspo).

Plants were selected at random in each field surveyed and care-
fully removed from the soil to determine CRR. Subcrown internodes
were rated for extent of brown to black discoloration on a 0–3
scale (Ledingham et al., 1973) and a subcrown internode discol-
oration index was calculated for each field based on the incidence
and severity of discoloration. The most discolored segment of each
subcrown internode was then surface-disinfested, plated and incu-
bated as above. Fungi growing out of subcrown internodes were
identified and percentage isolation of each fungus calculated.

Residues of crops grown the previous year were sampled to
identify and quantify fungal populations in each field. Pieces were
cut from each residue sample (cereal pieces included a node),
washed thoroughly and air-dried before surface-disinfesting,
plated and incubated as described above. The percentage occur-
rence of each fungus was based on the proportion of fields sampled
where the fungus was isolated at least once. The mean percentage
isolation of a fungus in a field was the total number of isolates of
the fungal species divided by the number of plated residue pieces
from that field.

Crops/fields were categorized according to agronomic practice
from information provided by cooperating producers. Wheat and
barley crops were categorized into FHB “susceptible” and “inter-
mediate” cultivars. Susceptible cultivars were those rated as “poor”,
and intermediate cultivars were those rated as “fair” or “fair+” in the
Saskatchewan Varieties of Grain Crops publication (SAFRR, 2005).
For tillage system, fields were categorized by the total number of
tillage operations performed in the previous three years. Fields
under conventional-till had a total of seven or more tillage opera-
tions, and those under minimum-till had one to six operations (i.e.,

up to two tillage passes per year), while there were no tillage oper-
ations performed in fields under zero-till management. Residue
cover was not estimated for any field. Fields were also categorized
according to whether they received any application of glyphosate
herbicide in the previous 18 months. Some of the glyphosate had
been applied on glyphosate-tolerant canola (Brassica spp.). No other
glyphosate-tolerant crop was grown in any of the fields sampled.

The FHB, FDK, CRR severity, and fungal data were analyzed as
described by Fernandez et al. (2005, 2007a,c,d, 2008).

3. Results

3.1. Fusarium head blight

Fusarium graminearum was the most common pathogen isolated
in all four years of the study (41.3%) from common and durum
wheat; however, various other Fusarium species were also isolated
from spikes or kernels. Tillage significantly affected the proportion
of fields with a high FHB index, and/or the mean FHB index in three
of four years (Tables 1 and 2), with the mean FHB index generally
highest under minimum-till and lowest under zero-till.

Previous glyphosate application, nested within tillage system,
was the only agronomic factor significantly associated with higher
FHB levels every year of the study (Tables 3 and 4). Glyphosate’s
effect on the FHB index was not influenced by environmental
conditions as much as for other agronomic factors whose effects
on disease levels were not consistent from year to year. Under
minimum-till, application of glyphosate at least once in the previ-
ous 18 months significantly increased the mean FHB index and the

Table 1
Effect of tillage system on the frequency of common and durum wheat crops in
high and low classes based on the Fusarium head blight (FHB) index, in eastern
Saskatchewan, from 1999 to 2002 (adapted from Fernandez et al., 2005).

Year No. of
fields

FHB
class

Tillage system Chi-square

Conventional Minimum Zero

1999 33 High 10 15 8 4.03 (0.13)a

55 Low 11 19 25

2000 55 High 11 28 16 3.20 (0.20)
62 Low 17 27 18

2001 95 High 9 64 22 4.72 (0.09)
93 Low 8 50 35

2002 47 High 1 29 17 nab

158 Low 5 83 70

a Values in parentheses are probabilities of obtaining a larger value of chi-square
by chance alone.

b na: chi-square test not performed due to fewer than five observations in one
cell.

Table 2
Effect of tillage system on the mean Fusarium head blight (FHB) index in com-
mon and durum wheat crops sampled in eastern Saskatchewan, from 1999 to 2002
(adapted from Fernandez et al., 2005).

Year No. of
fields

Tillage system Probabilitya

Conventional (%) Minimum (%) Zero (%)

1999 88 0.33 ab 0.22 ab 0.09 b 0.07
2000 117 1.99 ab 3.39 a 1.80 b 0.08
2001 188 8.90 ab 9.51 a 6.25 b 0.04
2002 205 0.28 0.52 0.31 0.36

Mean 2.99 4.21 2.10

a Probability of achieving a larger value of F by chance alone.
b Mean FHB index within a year followed by a different letter are significantly

different according to least significant differences.
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Table 3
Effect of glyphosate application (previous 18 months) across tillage systems on the
mean Fusarium head blight (FHB) index in common and durum wheat crops sampled
in eastern Saskatchewan, from 1999 to 2002 (adapted from Fernandez et al., 2005).

Year No. of
crops

Glyphosate
use

Tillage system

Conventional (%) Minimum (%) Zero (%)

1999 39 Yes 0.71 (<0.01)a 0.27 (0.08) 0.10 (ns)
28 No 0.15 0.12 0.00

2000 80 Yes 2.93 (ns) 4.30 (<0.01) 1.82 (ns)
47 No 1.55 1.92 0.42

2001 143 Yes 8.28 (ns) 11.53 (<0.01) 6.36 (ns)
45 No 9.45 5.00 0.42

2002 133 Yes 0.14 (ns) 0.75 (<0.01) 0.23 (ns)
74 No 0.36 0.19 0.52

a Values in parentheses are probabilities of achieving a larger value of F by chance
alone; ns indicates probability >0.10.

proportion of fields in the high FHB index class every year. Previous
glyphosate application did not always cause a significant (P > 0.10)
increase in the mean FHB index under conventional-till or zero-
till management although the mean FHB index was consistently
higher and statistically significant in 1999 for conventional-

till (P ≤ 0.01) wheat grown on fields previously treated with
glyphosate.

Tillage system did not affect the mean percentage FDK of
common and durum wheat in 2000 or 2001, whereas previous glyh-
phosate use significantly increased the proportion of fields with a
high percentage FDK, and/or the mean percentage FDK (Fernandez
et al., 2005).

For two-rowed and six-rowed barley, Fusarium species other
than F. graminearum were most common. The percentage FHB
attributed to F. graminearum was 29%, 47% for F. sporotrichioides,
35% for F. poae, and 38% for F. avenaceum. In most cases, the inter-
action of tillage with cultivar susceptibility was significant. For
total FHB index, FHB-Fg and FHB-Fspo, susceptible cultivars had
the lowest disease levels under conventional-till, whereas cultivars
with intermediate resistance had the lowest levels under zero-till;
this resulted in barley grown under minimum-till having similar
or higher disease levels than when grown under the other tillage
systems (Table 5). Barley grown under minimum-till management
had a significantly higher percentage total FDK, FDK-Fg, and FDK-Fp
than barley grown under zero till and conventional-till combined
(Fernandez et al., 2007d).

The use of glyphosate was associated with increased levels of all
Fusarium pathogens in barley, although effects varied with tillage
system (Table 6). Glyphosate use was associated with a significantly

Table 4
Effect of glyphosate application (previous 18 months) across tillage systems on the frequencies of common and durum wheat crops in high and low classes based on the
Fusarium head blight (FHB) index, in eastern Saskatchewan, from 1999 to 2002 (adapted from Fernandez et al., 2005).

Year No. of crops Glyphosate use Tillage system

Conventional Minimum Zero

FHB class FHB class FHB class

High Low Chi-square High Low Chi-square High Low Chi-square

1999 39 Yes 5 2 naa 13 9 na 8 2 na
28 No 5 9 2 9 0 3

2000 80 Yes 5 4 na 28 12 5.70 (0.02)b 14 17 na
47 No 6 13 10 15 2 1

2001 143 Yes 4 4 na 53 26 12.53 (<0.01) 22 34 na
45 No 5 4 11 24 0 1

2002 133 Yes 0 2 na 22 44 4.64 (0.03) 14 51 na
74 No 1 3 7 39 5 19

a na: chi-square test not performed due to fewer than five observations in one or more cells.
b Values in parentheses are probabilities of obtaining a larger value of chi-square by chance alone.

Table 5
Effect of tillage system on total Fusarium head blight (FHB) index, and on that attributed to F. avenaceum (FHB-Fav), F. graminearum (FHB-Fg), F. poae (FHB-Fp), and F.
sporotrichioides (FHB-Fspo) in barley crops sampled in eastern Saskatchewan, 1999–2002 (adapted from Fernandez et al., 2007d).

Effect/contrast No. of crops FHB-total FHB-Fav FHB-Fg FHB-Fp FHB-Fspo

P-valuea

Crop susceptibilityb × tillage systemc 0.020 0.853 0.049 0.066 0.003
Crop susceptibility × CT vs. MT, ZT 0.006 0.630 0.014 0.311 0.001

Mean % (SE)d

Susceptible cultivars
CT 20 1.1 (0.3) 0.5 (0.2) 0.1 (0.1) 0.4 (0.3) 0.4 (0.1)
MT 47 2.1 (0.5) 0.4 (0.1) 0.7 (0.3) 0.1 (<0.1) 0.9 (0.2)
ZT 18 2.2 (0.6) 0.4 (0.1) 0.5 (0.3) 0.3 (0.2) 1.2 (0.5)

Intermediate cultivars
CT 13 1.9 (0.4) 0.3 (0.1) 0.3 (0.1) 0.1 (<0.1) 1.3 (0.3)
MT 65 1.4 (0.3) 0.2 (<0.1) 0.2 (<0.1) 0.2 (0.1) 0.7 (0.2)
ZT 24 0.5 (0.1) 0.2 (0.1) <0.1 (<0.1) 0.1 (<0.1) 0.2 (0.1)

a Probability of having a larger difference by chance alone.
b Categorization of cultivars into “susceptible” (“poor”) and “intermediate” (“fair” or “fair+”) is based on data presented in Varieties of Grain Crops (Saskatchewan Agriculture,

Food and Rural Revitalization, 2005) for each of the cultivars.
c CT: conventional-till; MT: minimum-till; ZT: zero-till.
d Standard error of the mean.
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Table 6
Effect of glyphosate use (previous 18 months) on total Fusarium head blight (FHB) index, and FHB index attributed to F. avenaceum (FHB-Fav), F. graminearum (FHB-Fg), F.
poae (FHB-Fp), and F. sporotrichioides (FHB-Fspo), of barley crops within each tillage system, sampled in eastern Saskatchewan, 1999-2002 (adapted from Fernandez et al.,
2007d).

Tillage systema Glyphosate useb No. of crops FHB-total FHB-Fav FHB-Fg FHB-Fp B-Fspo

P-valuec

CT 0.017 0.841 0.121 0.071 0.001
MT 0.465 0.010 0.375 0.585 0.801
ZT 0.015 0.604 0.100 0.378 0.025

Mean % (SE)d

CT No 14 0.8 (0.3) 0.4 (0.2) 0.1 (0.0) 0.0 (0.0) 0.4 (0.2)
CT Yes 7 2.8 (0.7) 0.4 (0.2) 0.4 (0.2) 0.6 (0.3) 1.5 (0.4)
MT No 47 1.4 (0.3) 0.1 (0.0) 0.2 (0.1) 0.2 (0.0) 0.7 (0.3)
MT Yes 76 1.7 (0.3) 0.3 (0.1) 0.4 (0.2) 0.2 (0.1) 0.7 (0.1)
ZT No 7 0.5 (0.3) 0.3 (0.3) 0.0 (0.0) 0.1 (0.0) 0.0 (0.0)
ZT Yes 36 1.3 (0.3) 0.3 (0.1) 0.2 (0.1) 0.2 (0.1) 0.7 (0.2)

a CT: conventional-till; MT: minimum-till; ZT: zero-till.
b No: no glyphosate applied; Yes: glyphosate applied at least once in the previous 18 months.
c Probability of having a larger difference by chance alone.
d Standard error of the mean.

Table 7
Correlation between number of glyphosate applications in previous 18 months and
Fusarium head blight index attributed to F. avenaceum (FHB-Fav) and F. graminearum
(FHB-Fg), for all barley crops, and for susceptible cultivars and cultivars with inter-
mediate resistance, grown under minimum-till, sampled in eastern Saskatchewan,
2000–2002 (adapted from Fernandez et al., 2007d).

No. of crops FHB-Fav FHB-Fg

All crops 112 0.234 (0.019)a 0.146 (0.151)
Susceptibleb 47 0.115 (0.456) 0.163 (0.289)
Intermediate 62 0.439 (0.000) 0.347 (0.005)

a Correlation coefficients (r) values in parentheses are probabilities of obtaining
a higher value of r by chance alone.

b Categorization of cultivars into “susceptible” (“poor”) and “intermediate” (“fair”
or “fair+”) is based on data presented in Varieties of Grain Crops (SAFRR, 2005) for
each of the cultivars.

higher level of FHB-Fav in barley grown under minimum-till com-
pared with barley grown in untreated fields. Similarly, barley grown
under zero-till had a significantly higher total FHB index, FHB-
Fg, and FHB-Fspo after previous applications of glyphosate. Barley
grown under conventional-till also had significantly higher FHB-
total, FHB-Fp, and FHB-Fspo in fields that had received glyphosate
compared with those that had not.

Correlations between the number of glyphosate applications
applied to barley fields in the previous 18 months and FHB caused
by F. graminearum (FHB-Fg) and F. avenaceum (FHB-Fa) (Table 7)
showed that the impact of this herbicide on disease levels was
greater for barley cultivars with intermediate resistance than for
susceptible cultivars.

3.2. Common root rot

The most commonly isolated fungus from wheat and barley sub-
crown internodes was C. sativus, followed by the genus Fusarium.
Most of the Fusarium spp. isolated from subcrown internodes were
also isolated from spikes and kernels.

Levels of most fungi in common wheat were affected by tillage,
although not in a consistent manner. Significant tillage effects for F.
culmorum and F. graminearum were only observed in wheat planted
after another cereal crop, where F. graminearum was favoured
by minimum-till and F. culmorum was lowest under zero-till
management (Table 8). Reduced tillage had a positive effect on F.
avenaceum populations in subcrown internodes of wheat, although
this tillage effect was only observed in wheat grown after an oilseed
crop.

Table 8
Effect of tillage system by previous crop/summerfallow on the common root rot index (CRRI), and mean percentage isolation of fungi from discoloured subcrown internodes
of common wheat crops sampled in eastern Saskatchewan, in 1999–2001 (adapted from Fernandez et al., 2007a).

Effect/contrast No. of crops CRRI Csa Fav Fc Fg

P-valueb

Summerfallow: CT vs. MTc 0.049 0.253 0.781 0.311 0.179
Cereal: CT vs. MT, ZT 0.166 0.602 0.836 0.129 0.010
Cereal: MT vs. ZT 0.198 0.284 0.144 0.062 0.010
Oilseed: CT vs. MT, ZT 0.127 0.000 0.011 0.749 0.205
Oilseed: MT vs. ZT 0.446 0.027 0.259 0.476 0.911
Pulse: MT vs. ZT 0.077 0.144 0.888 0.984 0.608

Mean % (SE)d

Summerfallow (CT) 18 1.5 (0.1) 66.3 (3.7) 1.9 (1.1) 0.2 (0.2) 1.3 (0.9)
Summerfallow (MT) 14 1.2 (0.1) 59.0 (5.1) 2.4 (1.5) 0.0 (0.0) 0.0 (0.0)
Cereal (CT) 10 1.1 (1.6) 40.7 (8.5) 3.6 (1.5) 1.7 (1.6) 0.0 (0.0)
Cereal (MT) 52 1.3 (<0.1) 39.1 (3.6) 5.0 (1.1) 1.5 (0.6) 1.3 (0.5)
Cereal (ZT) 17 1.4 (0.1) 32.8 (4.5) 2.9 (1.0) 0.3 (0.2) 0.0 (0.0)
Oilseed (CT) 31 1.3 (0.1) 50.4 (3.5) 2.4 (0.9) 0.7 (0.5) 1.7 (0.6)
Oilseed (MT) 84 1.3 (<0.1) 37.1 (2.3) 4.6 (0.8) 1.2 (0.6) 0.8 (0.3)
Oilseed (ZT) 54 1.2 (0.1) 28.7 (2.9) 6.2 (1.1) 1.0 (0.4) 0.8 (0.5)
Pulse (MT) 34 1.3 (<0.1) 38.4 (3.9) 8.1 (1.4) 1.2 (0.7) 1.7 (0.8)
Pulse (ZT) 25 1.2 (0.1) 29.1 (4.9) 8.4 (2.0) 1.2 (0.6) 1.1 (0.5)

a Cs: Cochliobolus sativus; Fav: F. avenaceum; Fc: F. culmorum; Fg: F. graminearum.
b Probability of having a larger difference by chance alone.
c CT: conventional-till; MT: minimum-till; ZT: zero-till.
d Standard error of the mean.
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Table 9
Effect of tillage system on the common root rot index (CRRI) and percentage isolation of the most common fungi isolated from subcrown internodes, for all barley crops and
for those preceded by a cereal or an oilseed crop, sampled in eastern Saskatchewan, 1999–2001 (adapted from Fernandez et al., 2007c).

Effect/contrast No. of crops CRRI Csa Fus spp. Fav Fc Fe Fg

P-valueb

All previous crops 0.074 0.001 0.011 0.026 0.663 0.445 0.008
CT vs. MT, ZTc 0.016 0.000 0.006 0.012 0.907 0.187 0.005

Mean % (SE)d

CT 28 1.9 (0.1) 62.6 (3.2) 14.6 (2.3) 3.4 (0.9) 3.0 (1.3) 6.3 (1.7) 0.2 (0.2)
MT 82 1.6 (<0.1) 49.0 (2.1) 20.5 (1.7) 4.6 (0.7) 3.6 (0.9) 8.5 (1.2) 2.1 (0.6)
ZT 23 1.6 (0.1) 45.8 (3.9) 25.7 (2.6) 7.2(1.4) 2.2 (1.9) 11.7 (2.2) 2.0 (1.0)

P-value
Cereal 0.138 0.045 0.000 0.114 0.004 0.258 0.178
CT vs. MT, ZT 0.513 0.032 0.001 0.090 0.227 0.070 0.058

Mean % (SE)
CT 11 1.9 (0.2) 65.9 (5.5) 8.4 (1.8) 1.9 (0.9) 0.6 (0.4) 5.1 (1.5) 0.0 (0.0)
MT 31 1.6 (0.1) 50.6 (3.6) 16.0 (1.8) 4.1 (0.9) 3.3 (1.1) 6.5 (1.4) 1.3 (0.5)
ZT 8 1.7 (0.1) 48.9 (6.4) 19.0 (2.2) 3.8 (1.5) 0.0 (0.0) 12.3 (2.6) 0.0 (0.0)

P-value
Oilseed 0.904 0.003 0.551 0.014 0.025 0.401 0.700
CT vs. MT, ZT 0.553 0.001 0.411 0.007 0.518 0.892 0.491

Mean % (SE)
CT 9 1.6 (0.1) 63.8 (5.5) 17.5 (5.2) 3.6 (1.7) 5.0 (3.5) 6.1 (3.8) 0.6 (0.6)
MT 39 1.6 (0.1) 44.4 (3.1) 21.9 (3.0) 5.0 (1.1) 3.0 (1.1) 8.5 (1.8) 2.6 (1.0)
ZT 10 1.6 (0.1) 42.0 (6.2) 27.0 (4.6) 8.7 (2.0) 0.2 (0.2) 13.8 (4.0) 2.2 (1.5)

a Cs, Cochliobolus sativus; Fus spp., total Fusarium spp.; Fav, F. avenaceum; Fc, F. culmorum; Fe, F. equiseti; Fg, F. graminearum.
b Probability of having a larger difference by chance alone.
c CT, conventional-till; MT, minimum-till; ZT, zero-till.
d Standard error of the mean.

While CRRI and C. sativus isolations from subcrown internodes of
barley were favoured by conventional-till management, coloniza-
tion by Fusarium spp., especially F. avenaceum and F. graminearum,
increased under reduced tillage (Table 9).

The effect of glyphosate on fungi isolated from subcrown
internodes of wheat and barley varied with tillage system.
Previous glyphosate applications were associated with a sig-
nificantly (P ≤ 0.05) lower percentage isolation of C. sativus in
wheat grown after a crop under minimum-till (44% and 35%, for
unsprayed fields, n = 51, and for sprayed fields, n = 110, respec-
tively). In contrast, there was a higher level of F. avenaceum in
wheat grown in glyphosate-sprayed than glyphosate-free fields
under conventional-till and zero-till, although this was only
significant (P ≤ 0.01) for the latter (for fields under conventional-
till: 2% for unsprayed, n = 26, and 5% for sprayed, n = 14; for
fields under zero-till: 1%, n = 6, for unsprayed, 7%, n = 81, for
sprayed).

Glyphosate was associated with higher levels of total Fusarium
spp., F. culmorum and F. graminearum, but lower levels of C. sativus,
on barley grown under minimum-till (Table 10). Levels of F. ave-
naceum also tended to be higher in glyphosate-sprayed than in
glyphosate-free fields. The same effects of glyphosate on fungal
isolations observed under minimum-till were generally observed
under conventional-till and/or zero-till; although they were not
always significant (P > 0.10). The exception was for F. avenaceum in
barley which was present at higher levels in the glyphosate-sprayed
than the glyphosate-free zero-till fields.

3.3. Crop residues

A variety of fungal species were isolated from crop residues,
including the same Fusarium spp. found in discolored underground
tissue and spikes affected by FHB, although at different relative
frequencies.

Table 10
Effect of glyphosate use (previous 18 months) on the common root rot index (CRRI) and percentage isolation of fungi within each tillage system, for barley crops sampled in
eastern Saskatchewan, 1999–2001 (adapted from Fernandez et al., 2007c).

Tillage systemb Glyphosate usec No. of crops CRRI Csa Fus spp. Fav Fc Fe Fg

P-valued

CT 0.165 0.125 0.229 0.448 0.923 0.472 1.000
MT 0.934 0.033 0.027 0.296 0.056 0.667 0.092
ZT 0.494 0.219 0.765 0.021 0.325 0.377 0.815

Mean % (SE)e

CT No 9 2.0 (0.2) 59.6 (6.1) 16.2 (4.7) 4.0 (1.9) 4.5 (3.4) 5.8 (3.1) 0.0 (0.0)
CT Yes 7 1.8 (0.2) 51.5 (4.0) 24.4 (4.5) 5.4 (1.7) 5.2 (2.9) 11.2 (4.9) 0.0 (0.0)
MT No 26 1.7 (0.1) 56.3 (3.0) 15.5 (2.3) 3.4 (0.9) 1.5 (0.5) 8.3 (2.1) 0.9 (0.4)
MT Yes 55 1.6 (0.1) 46.2 (2.6) 23.0 (2.3) 5.1 (0.9) 4.6 (1.3) 8.8 (1.5) 2.7 (0.8)
ZT No 2 2.0 (0.1) 61.0 (8.2) 26.8 (8.0) 4.1 (0.1) 0.0 (0.0) 18.5 (4.8) 2.1 (1.6)
ZT Yes 19 1.6 (0.1) 43.8 (3.5) 25.9(2.8) 7.9 (1.5) 2.6 (2.3) 10.8 (2.5) 2.1 (1.1)

a CT, conventional-till; MT, minimum-till; ZT, zero-till.
b No, no glyphosate applied; Yes, glyphosate applied at least once in previous 18 months.
c Cs, Cochliobolus sativus; Fus spp., total Fusarium spp.; Fav, F. avenaceum; Fc, F. culmorum; Fe, F. equiseti; Fg, F. graminearum.
d Probability of having a larger difference by chance alone.
e Standard error of the mean.
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Table 11
Correlations between mean percentage isolation of F. graminearum (Fg) and F. avenaceum (Fav) from various crop residues compared with Fusarium head blight (FHB)
severity or percent Fusarium-damaged kernels (FDK) caused by these fungi in common and durum wheat and barley crops categorized by FHB reaction, sampled in eastern
Saskatchewan, 2000 and 2001 (adapted from Fernandez et al., 2008).

Crop
residue

Current
crop

FHB reactiona Fg vs. FHB-Fg Fgv vs. FDK-Fg Fav vs. FHB-Fav Fav vs. FDK-Fav

No. of
fields

rb Pc No. of
fields

r P No. of
fields

r P No. of
fields

r P

Cereal Barley Susceptible 15 0.412 (0.127) 13 0.713 (0.006) 15 0.308 (0.265) 13 0.069 (0.824)
Cereal Barley Intermediate 15 0.366 (0.180) 13 0.878 (0.000) 15 0.213 (0.446) 13 0.027 (0.931)
Oilseed Barley Susceptible nad na 20 0.496 (0.026) 20 0.457 (0.043)
Oilseed Barley Intermediate na na 19 0.270 (0.263) 19 0.195 (0.423)
Cereal Wheat Susceptible 16 0.342 (0.195) 15 0.875 (0.000) 16 0.224 (0.404) 15 0.111 (0.694)
Cereal Wheat Intermediate 32 0.789 (0.000) 26 0.610 (0.001) 32 0.125 (0.495) 26 −0.160 (0.435)
Oilseed Wheat Susceptible na na 33 −0.084 (0.643) 32 −0.150 (0.414)
Oilseed Wheat Intermediate na na 66 0.095 (0.447) 64 0.099 (0.436)
Pulse Wheat Susceptible na na 19 0.427 (0.068) 16 0.227 (0.398)
Pulse Wheat Intermediate na na 26 −0.194 (0.342) 25 0.026 (0.901)

a Categorization of wheat and barley crops according to their reactions to FHB (Fernandez et al., 2005, 2007d).
b Correlation coefficient.
c Probability of having a higher r value by chance alone.
d na: not applicable.

The FHB index and percentage FDK caused by F. graminearum or
F. avenaceum, obtained from the FHB studies of wheat and barley
presented above, were correlated with the mean percentage iso-
lation of each of these pathogens from crop residues (Table 11).
For F. graminearum, the FHB index and percentage FDK in wheat
and barley were positively correlated with its mean percentage
isolation from cereal residues, although for the FHB index this
was significant only for wheat cultivars with intermediate resis-
tance. For F. avenaceum, there were significant positive correlations
between its mean percentage isolation from oilseed residues and
the FHB index in susceptible barley cultivars grown on oilseed stub-
ble, and between its mean percentage isolation from pulse residues
and percentage FDK in common wheat cultivars with intermediate
resistance grown on pulse stubble.

The Fusarium species isolated from crop residues varied depend-
ing on tillage method. The percentage occurrence of F. avenaceum
was highest under zero-till in cereal residues with another cereal as
the current crop (Table 12). Fusarium culmorum in cereal residues
had the lowest percentage occurrence under zero-till when the
current crop was an oilseed; whereas, under these same residue
conditions, F. graminearum had the lowest percentage occurrence
under conventional-till. In contrast, the percentage occurrence of
C. sativus decreased as the intensity of tillage decreased.

Generally, the mean percentage isolation of the various fungal
species among tillage systems was similar to those observed for
their percentage occurrence (Table 12). For cereal residues with
another cereal as the current crop, the mean percentage isolation
of F. graminearum was lowest under zero-till, whereas the opposite
was true for F. avenaceum. In contrast, C. sativus had the high-
est mean percentage isolation under conventional-till and lowest
under zero-till, whereas the mean percentage isolation of F. cul-
morum was highest under minimum-till. For cereal residues with
an oilseed or pulse as the current crop, the mean percentage isola-
tion of F. culmorum was lowest under zero-till, whereas for cereal
residues with a pulse as the current crop, F. graminearum had again
the lowest mean percentage isolation under zero-till.

The close association between tillage operations and glyphosate
applications made it difficult to separate their effects on the
fungal colonization of residues; however, correlations between
glyphosate use and the mean percentage isolation of some fungi
under zero-till reflect a negative or positive association with
glyphosate, independent of potential tillage intensity effects.
There was a significant positive correlation between previous
glyphosate applications and F. avenaceum (r = 0.563, P = 0.015) in

cereal residues under zero-till, and a significant negative corre-
lation between glyphosate applications and C. sativus (r = −0.589,
P = 0.010) when an oilseed was the current crop. The observa-
tion that the percentage isolation of F. avenaceum and C. sativus
in crop residues was positively and negatively correlated, respec-
tively, with the number of glyphosate applications under zero-till
management suggests that glyphosate might play a role in fungal
growth and competition among fungal species in crop residues.

The association of glyphosate with lower C. sativus and higher
F. avenaceum in crop residues is consistent with results from the
present CRR studies of wheat and barley, while the positive associ-
ation of glyphosate use with some of the Fusarium pathogens, such
as F. avenaceum, is also consistent with results from the present
FHB studies.

4. Discussion

The prevalence of Fusarium pathogens responsible for FHB and
FDK development was different in wheat than in barley. Fusar-
ium graminearum was the most commonly isolated species only
in common and durum wheat.

Our results from these FHB studies agree with those showing
that average DON levels in wheat were higher under minimum-
till than under either zero-till or conventional-till management
(Schaafsma et al., 2001). Other studies have indicated that tillage
had no effect on FHB (Teich and Nelson, 1984; Miller et al., 1998),
or that the incidence of F. graminearum-infected wheat grain and
DON content (Krebs et al., 2000) or FHB levels (Yi et al., 2001)
were lowest under conditions of high disturbance tillage. For barley,
Rioux et al. (2005) reported that barley grown under minimum-till
had a higher DON content than when grown under conventional-
till.

The significant positive association of previous glyphosate appli-
cation with FHB development suggests that the lower disease levels
observed under zero-till compared to minimum-till management
were not related to previous glyphosate application, but to factors
intrinsic to zero-till management such as the lack of disturbance of
residues which appears to have impacted inoculum levels and/or
its availability for head infection.

Our observations on tillage effects on the relative prevalence of
these pathogens in subcrown internodes of wheat and barley agree
with studies conducted elsewhere. The higher CRRI and C. sativus
levels with increasing tillage intensity observed after some crop-
ping sequences are similar to results reported by Bailey et al. (2000,
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Table 12
Effect of tillage system by cropping sequence on percentage occurrence and mean percentage isolation of fungi from various crop residues categorized by the crop grown in
the sampling year, sampled in eastern Saskatchewan, 2000 and 2001 (adapted from Fernandez et al., 2008).

Contrast Crop
residue

Current
crop

Tillage
systemb

No. of
fields

Percentage occurrence Mean percentage isolation (SE)a

Favc Fc Fg Cs Fav Fc Fg Cs

%
Cereal Cereal CT 11 82 18 46 91 14.8 (2.9) 0.5 (0.3) 10.5 (4.7) 26.9 (6.6)

MT 56 95 38 57 77 21.9 (2.3) 5.7 (1.5) 7.1 (1.2) 11.3 (1.5)
ZT 19 100 32 37 58 37.0 (5.4) 1.5 (0.5) 3.1 (1.3) 6.3 (1.7)

P-valued

CT vs. MT, ZT 0.199 0.226 0.926 0.033 0.001 0.001 0.274 0.009
MT vs. ZT 0.078 0.639 0.124 0.144 0.015 0.011 0.033 0.033

%
Cereal Oilseed CT 9 22 56 11 67 4.6 (3.5) 8.3 (3.2) 2.8 (2.6) 19.4 (6.7)

MT 41 44 46 39 78 7.9 (2.0) 7.6 (1.7) 5.9 (1.5) 16.5 (2.8)
ZT 33 42 15 36 49 8.1 (2.2) 1.3 (0.5) 6.8 (2.1) 10.6 (2.7)

P-value
CT vs. MT, ZT 0.170 0.157 0.030 0.840 0.379 0.247 0.229 0.403
MT vs. ZT 0.900 0.002 0.814 0.009 0.964 0.001 0.723 0.137

%
Cereal Pulse MT 30 33 27 27 70 3.9 (1.2) 4.2 (1.5) 7.8 (3.2) 15.0 (2.5)

ZT 12 17 8 8 67 3.5 (2.7) 0.7 (0.7) 1.4 (1.3) 9.7 (2.6)

P-value
MT vs. ZT 0.244 0.120 0.120 0.838 0.892 0.046 0.085 0.154

%
Oilseed Cereal CT 22 91 0 1 1 24.8 (3.9) 0.0 (0.0) 0.4 (0.4) 0.2 (0.2)

MT 86 94 2 9 2 22.2 (1.7) 0.1 (0.1) 0.6 (0.3) 0.2 (0.2)
ZT 46 89 4 7 4 29.4 (3.4) 0.3 (0.2) 0.4 (0.2) 0.2 (0.1)

P-value
CT vs. MT, ZT 0.911 0.054 0.505 0.801 0.820 0.082 0.775 0.920
MT vs. ZT 0.337 0.556 0.564 0.557 0.075 0.408 0.449 0.796

a Value in parentheses are standard errors of the mean.
b CT: conventional-till; MT: minimum-till; ZT: zero-till.
c Fav: F. avenaceum; Fc: F. culmorum; Fg: F. graminearum; Cs: Cochliobolus sativus.
d Probability of having a larger difference by chance alone.

2001), Mathieson et al. (1990), and Tinline and Spurr (1991). The
higher levels of C. sativus and lower levels of F. avenaceum in more
intensive tillage systems are similar to observations by Windels and
Wiersma (1992); however, they did not observe a tillage effect on
F. acuminatum or F. culmorum. In other regions of Saskatchewan, F.
avenaceum in underground wheat tissue was also associated with
reduced tillage management and continuously cropped diversified
rotations (Fernandez et al., 2007b). In studies of noncereal crops
conducted in eastern Saskatchewan, tillage operations were also
positively associated with the occurrence of C. sativus, and nega-
tively associated with F. avenaceum in roots of lentil (Lens culinaris
Medik.), flax (Linum usitatissimum L.) and canola plants grown in
rotation with wheat or barley (Fernandez, 2007).

Our observation that tillage system effects were dependent on
the previous cropping practices suggests that tillage effects on CRR,
or the fungi isolated from discoloured subcrown internodes, might
be attributed to different factors across the different practices.

The lower population of F. graminearum under zero-till than
conventional-till, in cereal residues when the current crop was
another cereal, is consistent with observations that F. graminearum
developed in parallel with the mineralization of residues (Yi et
al., 2002). The lower recovery of F. culmorum from cereal residues
under zero-till than conventional-till (when the current crop was
an oilseed) agrees with its lower occurrence reported in culm
bases of winter wheat in ploughless than in conventional tillage
treatments by Weber et al. (2001), and with its greater isolation
from barley subcrown internodes in our study as tillage intensity

increased. In contrast to the above, F. avenaceum was favoured
under reduced tillage. Tillage system effects on this fungus are sim-
ilar to those observed in the subcrown internodes of barley and
common wheat in the present studies, although the tillage effect
on wheat depended on the cropping sequence.

These studies document the positive association of glyphosate
with pathogenic Fusarium spp., including F. avenaceum, F. culmorum
and F. graminearum, in spikes/kernels and subcrown internodes
of wheat and/or barley, and in residues of these crops almost a
year after harvest. The exact nature of these associations was not
determined.

Previous research has shown that herbicides, including
glyphosate, can inhibit or stimulate the growth of fungal pathogens,
and can either increase or decrease disease development through
direct or indirect means (Altman, 1993; Levesque and Rahe, 1992).
Levesque and Rahe (1992) showed evidence that herbicides can
have a direct effect on various components of the soil microflora,
such as plant pathogens, antagonists, or mycorrhizae, which can
potentially increase or decrease the incidence of plant disease.
Pathogens able to infect weeds can also increase their inoculum
potential after weeds have been sprayed with herbicides, which
could subsequently affect host crops.

The observation that Fusarium infections increased in fields
previously sprayed with glyphosate agrees with reports of the asso-
ciation of glyphosate with Fusarium colonization of other crops.
Although no previous studies examined the effect of glyphosate
on FHB or F. graminearum in cereals, several studies have shown a
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stimulatory effect of glyphosate on Fusarium populations (Kawate
et al., 1997; Kremer et al., 2005; Levesque and Rahe, 1992; Rahe
et al., 1990; Sanogo et al., 2001), including F. avenaceum and F.
culmorum (Brown and Sharma, 1984; Levesque et al., 1987). For
example, Levesque et al. (1987) reported that glyphosate increased
root colonization of various treated weeds by F. avenaceum and
F. oxysporum Schltdl.:Fr., as well as increasing the propagule den-
sity of these species in soil. Johal and Rahe (1984) and Rahe et
al. (1990) showed that the glyphosate-induced root colonization
by Fusarium spp. and other pathogens was the cause, and not
the result, of plant death following application of certain doses of
glyphosate, and that the efficacy of glyphosate depended on the
synergistic action of these species and others in the soil. Kawate
et al. (1997) reported that Fusarium populations were greater in
the rhizosphere soil from glyphosate-treated than from untreated
henbit (Lamium amplexicaule L.), and suggested that weed control
with glyphosate in the spring may provide Fusarium pathogens an
energy source for survival and proliferation. Glyphosate-treated
quackgrass (Elymus repens [L.] Gould) was also rapidly colonized
by F. culmorum, which subsequently caused damage to the fol-
lowing barley crop (Lynch and Penn, 1980). Brown and Sharma
(1984) reported that flax plants treated with glyphosate were
rapidly colonized by several species of fungi, including F. culmorum.
Glyphosate could also act directly on plants by inhibiting their phe-
nolic metabolism which could potentially affect plant resistance;
thus, causing them to be more susceptible to pathogenic organisms.
Sub-lethal doses of glyphosate induced susceptibility to F. oxyspo-
rum f. sp. radicis-lycopersici Jarvis & Shoemaker in two resistant
tomato cultivars whose root tissue was invaded by the pathogen
soon after glyphosate treatment (Brammal and Higgins, 1988).

Glyphosate applied to glyphosate-tolerant soybean significantly
increased the isolation frequency of the causal agent of sudden
death syndrome, F. solani (Mort.) Sacc. f. sp. glycines Roy (Sanogo et
al., 2001), and Fusarium populations on roots and in the rhizosphere
of plants (Kremer et al., 2005). Glyphosate applications could cause
increased disease levels in soybean through enhanced pathogen
activity in the rhizosphere of treated plants caused by glyphosate
or plant metabolites in root exudates (Kremer et al., 2005).

Laboratory studies have also shown stimulatory activity of
glyphosate on Fusarium. Krzysko-Lupicka and Orlik (1997) reported
that Fusarium spp. grew out of soil suspensions only when these
were plated on nutrient media in which glyphosate had been used
as the sole source of C or P, but not on nutrient media alone.

Glyphosate was also shown to have a differential effect on fungi,
thus potentially altering the outcome of competition between them
(Wardle and Parkinson, 1992). Our studies showed a significant
negative association of previous glyphosate use with C. sativus, sug-
gesting changes in populations of the most common root rot fungi
associated with the use of this herbicide. The observation of neg-
ative associations of previous glyphosate use with C. sativus under
conventional-till and zero-till management systems suggests that
changes in population of this pathogen might be due to the herbi-
cide and unrelated to tillage management.

We could not determine if the higher Fusarium levels in sub-
crown internodes associated with previous glyphosate use was due
to effects on fungal inoculum, host susceptibility, or the lower lev-
els of C. sativus with which the Fusaria might be competing. There
are no previous reports of glyphosate effects on infection of under-
ground tissue of wheat or barley by C. sativus. Furthermore, these
studies could not determine how much of the increased levels of
Fusarium might be due to other factors, such as microenvironment,
in these systems or other factors associated with tillage frequency.
Increases in populations of F. avenaceum and F. graminearum might
cause more severe crown and root rot as well as spike infection in
subsequently grown cereal crops. Because Fusarium infections in
crown/roots would be less affected by environmental conditions

than spike infections, they might maintain high levels of inoculum
in years not conducive to FHB development and thus contribute to
the further spread of this disease in the Canadian Prairies.

These are the first studies showing a significant association of
previous glyphosate application with FHB and underground tissue
infections by C. sativus and Fusarium spp. Based on the observa-
tions made across four years in eastern Saskatchewan, growing
susceptible crops under minimum-till management in fields where
glyphosate has been previously applied, resulted in the most dam-
age from FHB in years conducive to disease development. The
barley study also showed that the greatest FHB levels occurred
in continuous cropping systems than when summerfallow was
included in the rotation (Fernandez et al., 2007d). For CRR, we con-
clude that growing wheat or barley under reduced tillage systems
that include glyphosate applications will likely increase infection
by Fusarium spp. These studies also show that the highest Fusarium
populations occur when noncereal crops are grown in rotation with
wheat or barley (Fernandez et al., 2007a,c).

Thus, current production practices relying on reduced tillage
management and increased glyphosate use, and continuous crop-
ping sequences that include noncereal crops, are potentially
associated with increases in cereal diseases caused by Fusarium spp.
The similar impact of production factors on FHB and CRR points to
the importance of agronomic practices vis-a-vis the environment
in the development of wheat and barley diseases. The observation
that similar crop production factors are associated with common
pathogenic Fusarium spp. in subcrown internodes and spikes or ker-
nels of barley suggests that measures aimed at reducing crown/root
rot caused by Fusarium spp. might also help reduce FHB develop-
ment in cereal crops.

4.1. Recommendations for future research

The FHB and FDK levels observed in our studies varied from
low to high for this region, but on average, disease levels were
lower than those normally found in eastern Canada and the east-
ern Prairies where FHB recently occurred in epidemic proportions.
It is unknown if cereal crops, grown in areas with traditionally
higher FHB levels and where F. graminearum is the predominant
pathogen, are likely to be impacted by the same crop production
factors, including previous glyphosate use.

The nature of these studies also does not permit separation of
the role of tillage intensity from glyphosate use on relative lev-
els of fungal pathogens in cereal spikes and underground tissue.
It is also not possible to completely separate the role of tillage
system/glyphosate use versus cropping sequence on Fusarium pop-
ulations in cereal tissue. Since correlations between the isolation
frequency of fungi in crop residues and tillage operations were
often of opposite sign to correlations between their isolation fre-
quency and number of previous glyphosate applications, it is not
possible to determine which factor(s) played the most important
role in the tillage system effects on fungal colonization of residues.

Determining the relative contribution of tillage, herbicide appli-
cation, and cropping sequence on FHB and CRR development in
wheat and barley should help in understanding the role that each
of these plays in disease levels and the relative frequency of the
various pathogens. It should also help elucidate the mechanisms
responsible for the changes in Fusarium populations under dif-
ferent tillage/input systems. Further research on the associations
observed in these studies is warranted considering the continu-
ing adoption of conservation tillage practices and glyphosate use,
and the increased development of important wheat diseases caused
by Fusarium spp. The increasing importance of noncereal crops
in cereal-based systems in western Canada and other parts of
the world, and the importance of F. avenaceum as a crown/root
pathogen of cereal and noncereal crops and a FHB pathogen of
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cereal crops, indicates that the impact of noncereal crops on dis-
eases caused by Fusarium spp. merits further investigation.

Determining the mechanism(s) responsible for the associations
of previous glyphosate applications with spike and root infections
by two of the most important FHB pathogens, F. graminearum and
F. avenaceum, will likely help in the control of these important
crop diseases. This is especially relevant considering that increased
incorporation of glyphosate-tolerant crops in rotations with cereal
crops increases the use of glyphosate. Further information might
allow for improved recommendations for lowering populations of
Fusarium pathogens in affected areas, as well as preventing their
further spread in western Canada.
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a b s t r a c t

Glyphosate, N-(phosphonomethyl)glycine, is the most extensively used herbicide in the history of agricul-
ture. Weed management programs in glyphosate resistant (GR) field crops have provided highly effective
weed control, simplified management decisions, and given cleaner harvested products. However, this
relatively simple, broad-spectrum, systemic herbicide can have extensive unintended effects on nutrient
efficiency and disease severity, thereby threatening its agricultural sustainability. A significant increase
in disease severity associated with the wide spread application of the glyphosate herbicide can be the
result of direct glyphosate-induced weakening of plant defenses and increased pathogen population and
virulence. Indirect effects of glyphosate on disease predisposition result from immobilization of specific
micronutrients involved in disease resistance, reduced growth and vigor of the plant from accumulation
of glyphosate in meristematic root, shoot, and reproductive tissues, altered physiological efficiency, or
modification of the soil microflora affecting the availability of nutrients involved in physiological disease
resistance. Strategies to ameliorate the predisposing effects of glyphosate on disease include judicious
selection of herbicide application rates, micronutrient amendment, glyphosate detoxification in meris-
tematic tissues and soil, changes in cultural practices to enhance micronutrient availability for plant
uptake, and biological amendment with glyphosate-resistant microbes for nitrogen fixation and nutrient
availability. Given that recommended doses of glyphosate are often many times higher than needed to
control weeds, we believe the most prudent method to reduce the detrimental effects of glyphosate on
GR crops will be to use this herbicide in as small a dose as practically needed. Such a frugal approach will
not only curtail disease predisposition of GR crops, but will also benefit the grower and the environment.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Changes in agricultural practices such as crop rotation, crop
sequence, tillage, and fertility that affect the soil microflora or nutri-
ent availability generally result in changes in disease expression
(Datnoff et al., 2007; Englehard, 1989; Huber and Graham, 1999).
This is commonly observed for soilborne diseases where only lim-
ited innate resistance is available in commercial cultivars so that
cultural controls become important management practices to min-
imize the impact of these diseases. Threatening to make things
worse in this regard is the introduction of herbicide-resistant crops
(canola, corn, cotton, soybeans, alfalfa, etc.) that are now grown
extensively throughout the world. This new trend in agriculture has
increased the usage and intensity of specific herbicides while limit-
ing genetic diversity in the specific crops that have been genetically
modified.

∗ Corresponding author. Tel.: +1 765 494 4448; fax: +1 765 494 0363.
E-mail addresses: gjohal@purdue.edu (G.S. Johal), huberd@purdue.edu

(D.M. Huber).
1 Tel.: +1 765 714 6825.

Herbicides are known to increase specific plant diseases (Altman
and Campbell, 1977; Hornby et al., 1998; Mekwatanakarn and
Sivasithamparam, 1987), and several are reported to influence
micronutrient availability (Evans et al., 2007; Huber et al., 2004,
2005). Micronutrients are the activators or inhibitors of many
critical physiological functions. Thus, a deficiency or change in
availability of these regulatory elements can greatly affect plant
growth and resistance to diseases and pests (Datnoff et al.,
2007). The virulence mechanism of some pathogens such as
Gaeumannomyces, Magnaporthe, Phymatotrichum, Corynespora, and
Streptomyces involves Mn oxidation at the infection site to com-
promise the plant’s resistance mechanisms involving the shikimate
pathway (Thompson and Huber, 2007). Isolates of these pathogens
that cannot oxidize physiologically available Mn2+ to the non-
available Mn4+ are avirulent and not able to cause significant tissue
damage (Roseman et al., 1991). Production of the Mn oxidizing
enzyme(s) occurs soon after spore germination and during epi-
phytic growth (Cheng, 2005; Schulze et al., 1995; Thompson et
al., 2005). Environmental conditions that reduce the availability of
micronutrients for plant uptake also predispose plants to disease
(Huber and McCay-Buis, 1993; Huber and Graham, 1999; Thompson
and Huber, 2007).
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Table 1
Some diseases increased in glyphosate weed control programs.

Plant Disease Pathogen References

Apple Canker Botryosphaeria dothidea Rosenberger and Fargione (2004)
Banana Panama disease Fusarium oxysporum f. sp. cubense Harper (2007)
Barley Root rot Magnaporthe grisea Smiley et al. (1992)
Bean Anthracnose Colletotrichum lindemuthianum Johal and Rahe (1984, 1988, 1990)
Bean Damping off, root rot Pythium spp. Johal and Rahe (1984)
Bean Root rot Fusarium solani f. sp. phaseoli Harper (2007)
Bean Hypocotyl rot Phytophthora megasperma Keen et al. (1982)
Canola Crown rot Fusarium spp. Harper (2007)
Canola Wilt Fusarium oxysporum Harper (2007), Large and McLaren (2002)
Citrus Citrus variegated chlorosis Xylella fastidiosa Yamada (2006)
Citrus Crown rot Phytophthora spp. Yamada (2006)
Cotton Damping off Pythium spp. Harper (2007)
Cotton Bunchy top Manganese deficiency Harper (2007)
Cotton Wilt F. oxysporum f. sp. vasinfectum Harper (2007)
Grape Black goo Phaeomoniella chlamydospora Harper (2007)
Melon Root rot Monosporascus cannonbalus
Soybeans Root rot Corynespora cassiicola Huber et al. (2005)
Soybeans Target spot Corynespora cassiicola Huber et al. (2005)
Soybeans Sudden Death Syndrome Fusarium solani f. sp. glycines Keen et al. (1982)
Soybeans Root rot Phytophthora megasperma Keen et al. (1982)
Soybeans Cyst nematode Heterodera glycines Geisler et al. (2002), Kremer et al. (2000)
Soybeans White mold Sclerotinia sclerotiorum Harper (2007)
Sugar beet Yellows Fusarium oxysporum f. sp. betae Larson et al. (2006)
Sugar beet Root rot Rhizoctonia solani Larson et al. (2006)
Sugarcane Decline Marasmius spp. Huber (unpublished)
Tomato Crown root rot Fusarium Bramhall and Higgins (1988)
Tomato Wilt Fusarium oxysporum f. sp. pisi Harper (2007)
Various Canker Phytophthora spp. Harper (2007)
Weeds Biocontrol Myrothecium verrucaria Boyette et al. (2006)
Wheat Bare patch Rhizoctonia solani Harper (2007)
Wheat Glume blotch Septoria spp. Harper (2007)
Wheat Root rot Fusarium spp. Fernandez et al. (2005, 2007), Harper (2007)
Wheat Head scab Fusarium graminearum Fernandez et al. (2005)
Wheat Take-all Gaeumannomyces graminis Hornby et al. (1998)

The herbicide glyphosate, N-(phosphonomethyl)glycine, is a
strong systemic metal chelator and was initially patented for that
purpose (Bromilow et al., 1993). Its herbicidal action is by chelating
with Mn, a cofactor for the 5-enolpyruvylshikimate-3-phosphate
(EPSP) synthase enzyme in the shikimate pathway, to inhibit this
metabolic pathway of plants and many microorganisms (Cerdeira
and Duke, 2006; Grossbard and Atkinson, 1985; Jaworski, 1972).
Many cations chelate with glyphosate, thus reducing its herbici-
dal efficacy (Bernards et al., 2005; Hickman et al., 2002). Plants
with a compromised shikimate metabolism are predisposed to var-
ious plant pathogens (Johal and Rahe, 1988; Rahe et al., 1990),
and glyphosate is patented as a synergist for mycoherbicides to
enhance the virulence and pathogenicity of organisms used for bio-
logical weed control (Boyette et al., 2006; Duke and Cerdeira, 2005).
The synergistic activity of glyphosate weed control in predisposing
plants to infectious organisms has been observed for many dis-
eases (Table 1), and the extensive use of glyphosate in agriculture
is a significant factor in the increased severity or “reemergence” of
diseases once considered efficiently managed.

The extensive adoption of Roundup Ready® crops such as soy-
beans, canola, cotton, and corn has intensified the application of
glyphosate in these production systems. The applied glyphosate
is readily translocated to roots and released throughout the rhi-
zosphere in root exudates of Roundup Ready® plants as well as
glyphosate-sensitive plants (Bromilow et al., 1993; Grossbard and
Atkinson, 1985). The toxic microbial effects of glyphosate are cumu-
lative with continued use so that Mn deficiency is now observed
in areas that were previously considered Mn sufficient because of
reduced populations of Mn-reducing soil organisms (Huber, unpub-
lished). The presence of the glyphosate-resistance gene in corn
and soybeans also reduces Mn uptake and physiological efficiency
(Dodds et al., 2002a,b,c; Gordon, 2006; Reichenberger, 2007). Along
with glyphosate-induced Mn deficiency, there has been a gradual

recognition of increased disease severity (Harper, 2007; Larson et
al., 2006). A few examples are presented to illustrate this relation-
ship.

2. Some diseases increased by glyphosate

2.1. Corynespora root rot of soybean

The damage from Corynespora root rot, previously considered
minor, may become economically damaging in Roundup Ready®

soybeans since application of glyphosate to Roundup Ready® soy-
beans greatly increases severity of this disease (Fig. 1). This fungal
root rot is more severe when glyphosate is applied to soybeans
under weedy conditions even though the weeds may not be
hosts for Corynespora cassiicola. The weeds serve to translocate
and release more glyphosate into the rhizosphere environment to
reduce the population of Mn-reducing organisms and increase Mn-
oxidizing organisms. This change in soil biology limits manganese
availability for plant uptake and active defense reactions, and acts
synergistically with Corynespora to increase disease (Huber et al.,
2005).

2.2. Take-all of cereal crops

The most comprehensive understanding of the interaction of
micronutrients influenced by glyphosate and disease is with the
take-all disease of cereals. Increased take-all of cereals after a pre-
plant “burn-down” use of glyphosate has been recognized for over
15 years (Hornby et al., 1998). Take-all is also increased when
glyphosate is applied to Roundup Ready® soybeans the preceding
year compared with the use of a non-glyphosate herbicide (Fig. 2).
All of the conditions known to affect Mn availability are inversely
related to the severity of take-all (and other diseases, Table 2) so that

dx.doi.org/10.1016/j.eja.2009.04.004
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Fig. 1. Increased severity of Corynespora root rot after glyphosate application to Roundup Ready® soybeans. Non-inoculated control (left), inoculated plants (center), inoculated
plants sprayed with glyphosate (right).

Fig. 2. More severe take-all root rot of wheat grown following Roundup Ready®

soybeans sprayed with glyphosate (left) than following Roundup Ready® soybeans
grown with a non-glyphosate herbicide (right).

Table 2
Some conditions affecting the form of nitrogen, manganese availability, and severity
of take-all, rice blast, potato scab, Phymatotrichum root rot, and corn stalk rot (after
Thompson and Huber, 2007).

Soil factor or
cultural practice

Favored N form
(NH4 vs. NO3)

Manganese
availability

Severity of
these diseases

Low soil pH NH4 Increase Decrease
Green manures (some) NH4 Increase Decrease
Ammonium fertilizers NH4 Increase Decrease
Irrigation (some) NH4 Increase Decrease
Firm seed bed NH4 Increase Decrease
Nitrification inhibitors NH4 Increase Decrease
Soil fumigation NH4 Increase Decrease
Metal sulfides NH4 Increase Decrease
High soil pH NO3 Decrease Increase
Lime NO3 Decrease Increase
Nitrate fertilizers NO3 Decrease Increase
Manure NO3 Decrease Increase
Low soil moisture NO3 Decrease Increase
Loose seed bed NO3 Decrease Increase

those conditions that increase the availability of Mn for plant uptake
generally reduce take-all, and those that reduce Mn availability
increase take-all (Huber and McCay-Buis, 1993). Microorganisms
proposed for biological control of this disease such as Bacillus cereus
and Trichoderma konigii are all strong Mn reducers that increase
Mn availability in the rhizosphere (Huber and McCay-Buis, 1993;
McCay-Buis, 1998; Rengel et al., 1996). In contrast, the addition of
Mn-oxidizing organisms increases take-all (Crowley and Rengel,
1999; McCay-Buis, 1998; Rengel, 1999; Thompson et al., 1998).
Gaeumannomyces graminis is a strong Mn oxidizer in soil and as
it grows externally along plant roots (Thompson et al., 2000, 2005).
Isolates of Gaeumannomyces that cannot oxidize Mn are avirulent,
and isolates that oxidize Mn only at certain temperatures are viru-
lent only at temperatures where they can oxidize Mn (Roseman et
al., 1991).

Species of Gramineae such as rye (Secale cereale L.) that are effi-
cient in Mn uptake are resistant to take-all compared with the
relatively inefficient, highly susceptible wheat (Triticum aestivum
L.) (Hornby et al., 1998). In contrast, resistance of oats to take-all
is associated with glycocyanide root exudates that are toxic to Mn-
oxidizing organisms in the rhizosphere. Oats, as a precrop for wheat,
provide effective control of take-all in many areas because of the
induced shift in soil biological activity that is less favorable for Mn
oxidation. The biological activity favoring Mn availability reduces
take-all severity for two or more subsequent wheat crops even
though there is little change in the pathogen population (Huber
and McCay-Buis, 1993). Glyphosate, in contrast to oats, is toxic to
Mn-reducing and N-fixing organisms in soil so that the availability
of nitrogen and Mn in soil may be markedly compromised (Huber et
al., 2004). Low levels of residual glyphosate in soil also reduce root
uptake and translocation of Fe, Mn, and Cu (Eker et al., 2006; Ozturk
et al., 2008). Increased take-all root, crown, and foot rot of cere-
als following glyphosate applications (Hornby et al., 1998; Huber
and McCay-Buis, 1993) may be the result of reduced resistance
from induced Mn deficiency, inhibited root growth from glyphosate
accumulation in root tips, modified virulence of the pathogen, or an
increase in synergistic Mn-oxidizing organisms in the rhizosphere.

2.3. Diseases caused by Xylella fastidiosa

Various diseases caused by X. fastidiosa are referred to as “emerg-
ing” or “reemerging” diseases as glyphosate weed management

dx.doi.org/10.1016/j.eja.2009.04.004
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Fig. 3. Expression of citrus variegated chlorosis under glyphosate (left) compared
with an alternative mulch (right) weed control program. All trees are infected with
the CVC pathogen, Xylella fastidiosa (after Yamada, 2006). Left: severe Mn and Zn
deficiency, and eventual severe decline in vigor with the glyphosate weed man-
agement program. Right: restoration of tissue nutrient levels and productivity of X.
fastidiosa infected trees under the non-glyphosate mulch system.

programs for their respective crops have intensified. These dis-
eases (Pierce’s disease of grapevine, plum scorch, almond scorch,
citrus variegated chlorosis, coffee blight, citrus blight, alfalfa dwarf,
pecan decline, etc.) are characterized by a loss of vigor, slow
decline, micronutrient deficiency, and reduced productivity. The
pathogen is an endophytic bacterium that colonizes xylem tis-
sues and restricts nutrient translocation when plants are stressed.
Citrus variegated chlorosis (CVC) was first described on oranges
in Brazil in 1987 and is also recognized in Puerto Rico. An early
symptom of this disease is a variegated chlorosis of foliage (Fig. 3)
similar to a deficiency of, and associated with, a drop in tissue lev-
els of Mn and Zn (Li et al., 1996). Normal flushes of new growth
are sparse or absent, fruit is small, “skirts” of trees move up, and
trees enter a serious decline in growth and productivity. A sim-
ilar disease referred to as “citrus blight” occurs worldwide and
causes the death of several hundred thousand citrus trees annually
in the United States (Derrick and Timmer, 2000; Timmer, 2000).
Yamada (2006) developed the only known control for CVC, and
properly managed trees return to full productivity even though the
pathogen may still be present. Control of CVC emphasizes elimina-
tion of glyphosate and adoption of an alternative grass mulch weed
control program for citrus orchards in Brazil (Yamada and Castro,
2005). This control strategy uses optimally fertilized Brachiaria
grass grown between the tree rows. The grass is mowed twice
a year to provide a 10–15 cm mulch under the citrus trees for
weed control and nutrition. Natural mineralization of this mulch
inhibits nitrification to provide an ammonium source of nutri-
tion for the citrus trees, Mn and Zn tissue levels are restored
to sufficiency levels, and trees in early to mid-decline produce a
new flush of growth. Full productivity is restored within a few
years. Removing glyphosate from the citrus production system also

has significantly reduced the occurrence of Phytophthora crown
rot.

2.4. Fusarium diseases

Various diseases caused by Fusarium spp. are increased by
glyphosate (Fernandez et al., 2005; Sanogo et al., 2000, 2001).
Glyphosate has made crops susceptible to normally non-pathogenic
isolates of Fusarium, and the population of Fusarium increases in
soil after glyphosate application (Levesque et al., 1987; Kremer
et al., 2000). Glyphosate predisposes tomato to Fusarium crown
and root rot by inhibiting the plant’s structural and defense bar-
riers (Bramhall and Higgins, 1988). Cotton growers in Australia
and the Western United States have seen a resurgence of Fusarium
wilt since the introduction of Roundup Ready® cotton, and previ-
ously high levels of wilt resistance appear to be less effective under
glyphosate management programs (Harper, 2007). Glyphosate also
breaks resistance to cyst nematodes in soybeans (Geisler et al.,
2002). The increased Fusarium yellows and Rhizoctonia solani dis-
eases of Roundup Ready® sugar beets prompted Larson et al. (2006)
to comment that “precautions need to be taken when certain soil-
borne diseases are present if weed management for sugar beet is
to include post-emergence glyphosate treatments.” These authors
also reported that the sugar beet variety resistant to Rhizoctonia
was as susceptible to this pathogen as the susceptible variety after
glyphosate application regardless of the time of inoculation.

Fusarium head scab of cereals and other diseases caused
by Fusarium spp. increase following glyphosate applications
(Fernandez et al., 2005; Larson et al., 2006), and previously
established “cardinal” conditions (precipitation, flowering, and
temperatures above 26 ◦C) for head scab are modified when
glyphosate is applied prior to a susceptible cereal crop (Fernandez
et al., 2005, 2007). Glyphosate modifies plant nitrogen metabolism
similar to high temperature-induced changes that provide suscep-
tibility to head scab (Huber, unpublished) so that head scab and
the mycotoxins produced by the causal fungi are now prevalent in
cooler areas where they were rarely observed before the extensive
use of glyphosate (Fernandez et al., 2005, 2007). Similar changes
in nitrogen and carbohydrate metabolism provide transient resis-
tance of wheat and soybeans to rust after glyphosate application
(Anderson and Kolmer, 2005; Feng et al., 2005, 2007).

The Palouse area of Washington, Idaho, and Oregon in the United
States has had a long history of pea, lentil, and wheat production
on the deep loess soils characteristic of the area; however, pea and
lentil yields have been in slow decline as symbiotic nitrogen fix-
ation is reduced and Fusarium diseases increased commensurate
with the extensive use of glyphosate for no-till wheat production.
Pea and lentil production are now uneconomical in some areas, and
production is rapidly moving from the Palouse to Montana where
glyphosate usage has been more limited. The loss of legumes in
crop rotations in the Palouse area can result in serious degrada-
tion of these once highly productive soils with few economical,
alternative crops available as replacements. A new Fusarium wilt of
canola caused by F. oxysporum and F. avenaceum has caused severe
yield reductions in nutrient poor soils of Alberta and Saskatchewan,
Canada since 2000, but has not yet become a problem in the Mn-rich
soils in the Red River valley (Lange and McLaren, 2002).

3. Predisposition to disease underlies the herbicidal
efficacy of glyphosate

Inhibition of EPSP synthase initially was considered to be the
sole target of glyphosate in plants. It was believed that this mode
of action would kill plants by starving them of aromatic amino
acids through deregulation of the shikimate pathway (Cerdeira

dx.doi.org/10.1016/j.eja.2009.04.004
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Fig. 4. Fate of glyphosate-treated (10 !g plant−1) bean plants grown in (A) vermi-
culite and (B) field soil 20 days after glyphosate treatment, and (C) non-glyphosate
treated control plants. Glyphosate treated plants in field soil (B) collapsed 10 days
after glyphosate treatment from Pythium infection.

and Duke, 2006; Grossbard and Atkinson, 1985; Jaworski, 1972).
This, however, did not explain some aspects of the death caused by
glyphosate. For instance, glyphosate must be translocated to roots
to be effective, although growth of the plant stops soon after appli-
cation of the herbicide. In addition, effects of sublethal doses of this
herbicide on perennial plants sometimes appear a year after expo-
sure and persist for two or more years (Rahe et al., 1990). These
characteristics of glyphosate-induced injury suggest that the her-
bicidal action of glyphosate was more than simply the starvation of
treated plants of aromatic amino acids as assumed initially (Rahe
et al., 1990).

Intrigued by these observations and the possibility that some-
thing about the root environment may contribute to the herbicidal
action of glyphosate, a systematic research effort was launched in
the early 1980s that led to the following findings (Levesque and
Rahe, 1992; Rahe et al., 1990):

(1) The herbicidal efficacy of glyphosate is largely due to coloniza-
tion of roots of affected plants by soil-borne pathogens (Fig. 4)
(Johal and Rahe, 1984).

(2) Two pathogens that are most important in this regard are
Pythium, an oomycete, and Fusarium, an ascomycete. Both of
these pathogens are ubiquitous in agricultural and other soils.

(3) Plants growing in sterile medium do not die even though their
growth is temporarily inhibited by glyphosate.

(4) Amending sterile media with Pythium or Fusarium restores the
ability of glyphosate to kill plants.

(5) Both Pythium and Fusarium begin to colonize plants within a
day or two of glyphosate application to foliar parts of the plant
(Fig. 4) (Johal and Rahe, 1984; Levesque et al., 1993).

(6) The amount of glyphosate needed to kill plants in natural soils
is much lower than the recommended dose.

These results suggested that glyphosate was somehow com-
promising the ability of plants to defend against rhizosphere-
inhabiting pathogens.

4. Mechanisms of predisposition to disease

Plants rely on multiple components of defense to deter
pathogens following infection (Hammond-Kosack and Jones, 2000).
Many of these active resistance components are derived from the
phenylpropanoid pathway, which acquires almost all of its precur-
sors (notably phenylalanine and chorismate) from the shikimic acid

pathway (Hammond-Kosack and Jones, 2000; Dixon et al., 2002).
A key inducible defense component associated with the shikimic
acid pathway is the production of antimicrobial phytoalexins that
accumulate rapidly at the site of infection. Lignification of cell walls
at and around the infection site is another shikimate-derived com-
ponent that functions to fortify cells and ensure isolation of the
pathogen at the infection site. Production of salicylic acid (SA)
following infection represents another component of inducible
defense. SA is synthesized either directly from chorismic acid or
indirectly through phenylalanine. Although SA is not antimicro-
bial per se, it functions to signal and coordinate various defenses
following challenge by a pathogen; however, its direct role in
plant–pathogen interactions involving root tissue remains unclear.
Another defense component that relies on three final products of
the shikimic acid pathway – tryptophan, tyrosine and phenylala-
nine – is the production of a diverse variety of pathogenesis-related
(PR) proteins that function to curtail the advance of a pathogen.
Many kinds of PR proteins have been identified (Hammond-Kosack
and Jones, 2000).

Given the reliance of many plant defenses on the shikimic acid
pathway, and the fact that glyphosate blocks this pathway, it is not
surprising that this herbicide would render plants more suscepti-
ble to pathogens. Keen et al. (1982) were the first to show that by
inhibiting the phytoalexin glyceollin, glyphosate was able to com-
promise resistance of soybeans to Phytophthora megasperma f. sp.
glycines. Using the bean-anthracnose pathosystem, Johal and Rahe
(1988, 1990) demonstrated that, while glyphosate did not interfere
with the hypersensitive reaction (HR) of incompatible interactions,
it suppressed significantly the production of all four of the bean
phytoalexins. As a result, the pathogen was able to kill the plant
if it escaped the localized HR, a situation that occurred only with
glyphosate-treated plants (Fig. 5). The effect of glyphosate on the
compatible bean anthracnose interaction was even more dramatic
(Johal and Rahe, 1990). Glyphosate almost completely suppressed
the production of phytoalexins associated with susceptible lesion
containment and permitted the pathogen to invade unimpededly
until the entire hypocotyl collapsed (Figs. 6 and 7). As little as 2%
of the recommended herbicidal rate of glyphosate was enough to
transform normally delimited lesions typical of anthracnose into
constantly expanding lesions (Johal and Rahe, 1990).

Fig. 5. Diagramatic representation of glyphosate-treated bean seedlings following
inoculation with an incompatible race of Colletotrichum lindemuthianum. (A) Dots all
over the hypocotyl represent hypersensitive reaction (HR) sites (cells) incited by the
pathogen on spray inoculation. Arrow indicates the site where a drop of glyphosate
(10 !g) was placed. (B) The fungus normally contained inside HR cells sometimes
escapes near the glyphosate treatment site and results in a susceptible lesion (arrow).
(C) The lesion continues to expand to kill the plant after glyphosate treatment.
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Fig. 6. Anthracnose lesions on bean hypocotyls in the (A) absence of glyphosate and
(B) presence of glyphosate. A 10 !g drop of glyphosate (black dot) was placed near
the center of the hypocotyls one day after inoculation with C. lindemuthianum in (B).
Note the loss of lesion delimitation and collapse of tissue seven days after glyphosate
treatment.

The defense studies mentioned above were confined largely
to diseases of aerial parts of host plants. There are indications
that defense components may vary significantly in root tissue that
are in intimate and continuous contact with potential pathogens
(Hammond-Kosack and Jones, 2000). For instance, roots do not rely
on HR-mediated defense to contend with pathogens, although the
exact defense components that keep roots pathogen-free are only
partially understood. To gain an insight into what contributes to
glyphosate-induced susceptibility of French beans (Phaseolus vul-
garis) to Pythium, Liu et al. (1995, 1997) assessed phytoalexins as
well as lignification of root tissue in response to glyphosate treat-
ment. By comparing phytoalexins in roots of bean seedlings grown
in different media, they concluded that phytoalexins were induced
by soil microorganisms. Interestingly, while phytoalexin accumu-
lation was affected only modestly by glyphosate in response to
exposure to Pythium, lignification (a process requiring Mn) was
suppressed significantly. Thus, enhanced colonization by Pythium
in roots of bean seedlings treated with foliar applied glyphosate
occurs as a result of glyphosate interference with lignin-based
defense mechanisms (Liu et al., 1997). However, these results also
suggest that sustained production of phytoalexins in response to
Pythium infection is maintained temporarily following glyphosate
treatment, whereas lignification is not.

5. Roundup Ready® plants and disease predisposition

Given that the herbicidal activity of glyphosate is mediated
largely by its ability to lower plant immunity to pathogens, the sta-
tus of Roundup Ready® plants with regard to such predisposition
following glyphosate treatment becomes a serious consideration.
For reasons that were not explained, Cerdeira and Duke (2006)
contended that reduced resistance to pathogens in response to
glyphosate treatment should not occur in Roundup Ready® plants.
This is a misconception that can hold true only if the Roundup
Ready® transgene following glyphosate treatment operates and
behaves in exactly the same manner as the native EPSP synthase
gene does in the absence of glyphosate. Such a scenario is possi-
ble only if the Roundup Ready® transgene is completely insensitive
to glyphosate and is also as efficacious as the native EPSP syn-
thase gene is in the absence of glyphosate. In addition, the Roundup
Ready® gene has to match exactly the transcriptional activity of the
native gene in every tissue of the plant and under all conditions,
both normal and stressful. This is a tall order of requirements that

is unlikely to be fulfilled by the present day Roundup Ready® trans-
genics, thus making it highly probable that our Roundup Ready®

crops are vulnerable to glyphosate toxicity under at least some con-
ditions. One such condition could arise when the level of glyphosate
exceeds the ability of the transgenic enzyme to tolerate it, and
yet another may develop if the transgene fails to match the tran-
scriptional activity and profile of the native gene under conditions
of biotic stress. Both of these scenarios are possible and, if they
develop, it is very likely they would enhance the vulnerability
of Roundup Ready® plants to fungal diseases following Roundup
application.

Glyphosate treatment of transgenic crops to manage weeds can
also promote disease damage indirectly by impacting the inocu-
lum potential of pathogens. Shortly after soilborne fungi’s causative
role was revealed in the herbicidal efficacy of glyphosate (Johal and
Rahe, 1984), Levesque et al. (1987) documented a significant, albeit
temporary, spike in the level of fungal pathogens in the rhizosphere
following glyphosate application to weeds. This prompted the spec-
ulation that such a buildup of pathogen load could have ill effects
for subsequent crop plants. This, indeed, was found to be the case in
barley fields in which significant yield reductions were witnessed
if the crop was planted within a few days after glyphosate applica-
tion (Smiley et al., 1992). Although the latter study was conducted
on non Roundup Ready® barley, it is likely that a similar boost in
the inoculum potential of pathogens in the rhizosphere (also called
‘green bridge’) could lead to enhanced root rot problems in Roundup
Ready® crops as well.

A prudent way to avoid disease enhancement is to decrease
the concentration of glyphosate applied to Roundup Ready® crops.
Many studies have documented that the levels of glyphosate nec-
essary to kill or compromise the health of many weeds are several
fold lower than the generally recommended application rates (Rahe
et al., 1990). An alternative to using insensitive EPSP synthase genes
to generate glyphosate-resistant plants might be to use genes that
degrade glyphosate. Three such genes which inactivate glyphosate
by oxidation (the Gox gene), acetylation (the Gat gene) or decar-
boxylation (the Gdc gene) have become available in recent years
(Cerdeira and Duke, 2006; Dill, 2005). If the problem persists, there
is also the possibility of stacking a resistant EPSP synthase gene
with a glyphosate metabolism gene as has been done in canola (Dill,
2005). A major disadvantage of this strategy is that it may encourage
the application of higher levels of glyphosate than needed. In turn,
this would not only impact the environment negatively but also
would hasten the evolution of resistant weeds and thereby further
threaten sustainability of this herbicide.

6. Strategies to ameliorate glyphosate predisposition to
disease

Several strategies may be deployed to reduce glyphosate-
induced predisposition to disease. These strategies primarily focus

Fig. 7. Glyphosate suppression of phytoalexins in compatible bean anthracnose
lesions by 10 !g glyphosate (after Johal and Rahe, 1990).
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on four aspects of the glyphosate-disease-environment interaction,
i.e.:

(1) minimizing non-target exposure to glyphosate by limiting the
rates of glyphosate used,

(2) enhancing micronutrient sufficiency to maintain optimum
plant physiological function and resistance,

(3) detoxifying accumulated glyphosate in root tips and other
meristematic tissues to restore growth potential, and

(4) moderating glyphosate toxicity to rhizosphere microbes or
restoring critical microbial components damaged by glyphosate
released in root exudates.

6.1. Minimizing non-target exposure to glyphosate by limiting the
rates of glyphosate used

As stated earlier, the rates of glyphosate generally recommended
for herbicide use are far in excess of the amount required to kill
most weeds. Excess application has occurred primarily as a result of
advertising promotions, ease of application, increasing weed resis-
tance, low cost of the product, and apathy towards the extensive
non-target environmental effects of glyphosate. Very low levels of
residual glyphosate in soil can greatly impede the availability and
uptake of Mn, Fe, Cu, and Zn with subsequent translocation to veg-
etative tissues also impeded (Eker et al., 2006; Ozturk et al., 2008).
This limitation in uptake and translocation can greatly impede
the “replenishing” of these critical micronutrients and restoration
of physiological resistance mechanisms dependent on them after
nutrient immobilization in tissues by the applied glyphosate. A
more judicious use of glyphosate would appear essential to main-
tain sustainable crop production efficiency.

6.2. Enhancing micronutrient sufficiency to maintain optimum
plant physiological function and resistance

Most micronutrients are readily absorbed after foliar appli-
cation, a common method of fertilization; however, some
micronutrients, such as Mn, are relatively immobile and are not
basipitally translocated to roots where soilborne root, hypocotyl,
crown and vascular pathogens are established (Marschner, 1995;
Thompson and Huber, 2007). Thus, although foliar application of
Mn can provide nutrient sufficiency to foliar tissues for this essen-
tial element, it would not be effective in detoxifying accumulated
glyphosate in root tip meristematic tissues or maintaining phys-
iological resistance dependent on the shikimate pathway in root
tissues because it is relatively immobile in the plant and does not
move downward in the phloem.

A combination of foliar applied Mn with more mobile elements
such as Cu or Zn could be more effective in detoxifying glyphosate
in root tissues than Mn alone. Difficulties in meeting plant needs for
Mn are further compounded since soil-applied Mn can be readily
oxidized by soil organisms to the Mn4+ form that is not available
for plant uptake (Marschner, 1995; Thompson and Huber, 2007).
Reduced physiological efficiency of Roundup Ready® crops (Dodds
et al., 2002a,b,c; Gordon, 2006; Zobiole et al., 2009) require higher
levels of Mn to achieve nutrient sufficiency and comparable pro-
ductivity as their non-genetically modified isolines (Reichenberger,
2007). Rates of Mn applied to Roundup Ready® soybeans required
for comparable yield with non-RR soybean approached toxic-
ity when applied to the isogenic non-Roundup Ready® soybean
(Gordon, 2006; Reichenberger, 2007). The simultaneous applica-
tion of many nutrients with glyphosate (“tank mixes”) results in
their immobilization and non-availability for plant physiological
functions. Full physiological efficiency from nutrient application
may not be achieved unless the micronutrients are applied eight
to fifteen days after the glyphosate is applied. This is necessary to

prevent chelation and immobilization by residual glyphosate in tis-
sues that renders them physiologically unavailable (Huber et al.,
2004; Severson, 2006), although earlier applications may be more
effective in detoxifying tissue-bound glyphosate.

6.3. Detoxifying accumulated glyphosate in meristematic tissues

Reduced root growth from the accumulation of glyphosate in
root tips results in less contact of the roots with dispersed nutrients
in the soil profile and may negate tolerance of plants to soil-
borne pathogens based on their ability to “outgrow” the damage
caused from loss of root tissue. Likewise, glyphosate accumulates
in active meristematic tissue in shoots and developing fruits to
inhibit growth of these tissues. Calcium, Mg, and micronutrients
that chelate with glyphosate can reduce its biological activity and
restore some of the potential physiological activity in these tissues.
These “detoxifying” elements can come from within the plant or
from further uptake from the soil. Thus, it is important to maintain
mineral sufficiency in plant tissues and their ready availability in
soil for plant uptake. This may be achieved by soil or foliar applied
nutrients (Bernards et al., 2005; Huber et al., 2004; Reichenberger,
2007) if other environmental restraints are considered.

6.4. Eliminating glyphosate toxicity to rhizosphere microbes or
restoring critical microbial components damaged by glyphosate
released in root exudates

Detoxifying glyphosate in root exudates may occur in highly cal-
careous soils or soils with high levels of soluble metal nutrients
through chelation to reduce its impact on soil organisms. Toxic-
ity of glyphosate to Mn-reducing and synergistic nitrogen-fixing
organisms in the rhizosphere can have serious consequences for
sustainability of legume production. Regular inoculation of legume
crops with synergistic nitrogen-fixing organisms may be required in
many areas for maximal productivity where extended applications
of glyphosate have eliminated them from the soil profile. Devel-
opment of glyphosate-tolerant nitrogen-fixing and Mn-reducing
organisms would be beneficial in many of these situations, and
especially for perennial Roundup Ready® legume crops such as
alfalfa.

7. Summary

Extended use of glyphosate can significantly increase the sever-
ity of various diseases by impacting all four of the interacting
components of the “plant disease diamond” comprised of the plant,
abiotic and biotic environments, and pathogen (Fig. 8). Reduced
growth, impaired defenses, impaired uptake and translocation of
nutrients, and altered physiology of plants by glyphosate can affect
susceptibility or tolerance to various diseases. Glyphosate chela-
tion of nutrients in the plant and soil can render those nutrients
immobile and unavailable for plant use or uptake, while toxic-
ity to essential synergistic and beneficial soil organisms (Purcell,
2001) further reduces availability of nutrients that are critical for
a plant’s physiological defense to disease. Glyphosate stimulation
of fungal growth and enhanced virulence of pathogens such as
Fusarium, Gaeumannomyces, Phytophthora, Pythium, and Xylella can
have serious consequences for sustainable production of a wide
range of susceptible crops and lead to the functional loss of genetic
resistance that is dependent on metabolites through the shiki-
mate pathway (Larson et al., 2006). Nutrient balance is important
because each element functions as part of a delicately balanced,
interdependent physiological system with the plant’s genetics and
the environment. Maximal utilization of cultural and management
practices that increase the availability of nutrients (Table 2) to
negate the deleterious effects of glyphosate should be incorporated
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Fig. 8. The four primary interacting factors influencing nutrient availability and
disease that are affected by glyphosate.

into crop production programs to facilitate optimal production effi-
ciency and sustainable disease control. It is important to understand
the effect of glyphosate on the chemical and biological proper-
ties of soils and its overall effects on the agricultural production
system to permit its judicious use. Ignoring potential non-target
detrimental side effects of any chemical, especially used as heav-
ily as glyphosate, may have dire consequences for agriculture such
as rendering soils infertile, crops non-productive, and plants less
nutritious (Altman and Campbell, 1977). To do otherwise might well
compromise not only agricultural sustainability, but also the health
and well-being of animals and humans (Ozturk et al., 2008).
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a b s t r a c t

Current crop production relies heavily on transgenic, glyphosate-resistant (GR) cultivars. Widespread
cultivation of transgenic crops has received considerable attention. Impacts of glyphosate on rhizo-
sphere microorganisms and activities are reviewed based on published and new data from long-term
field projects documenting effects of glyphosate applied to GR soybean and maize. Field studies con-
ducted in Missouri, U.S.A. during 1997–2007 assessed effects of glyphosate applied to GR soybean and
maize on root colonization and soil populations of Fusarium and selected rhizosphere bacteria. Frequency
of root-colonizing Fusarium increased significantly after glyphosate application during growing seasons
in each year at all sites. Roots of GR soybean and maize treated with glyphosate were heavily colonized by
Fusarium compared to non-GR or GR cultivars not treated with glyphosate. Microbial groups and functions
affected by glyphosate included Mn transformation and plant availability; phytopathogen–antagonistic
bacterial interactions; and reduction in nodulation. Root-exuded glyphosate may serve as a nutrient
source for fungi and stimulate propagule germination. The specific microbial indicator groups and pro-
cesses were sensitive to impacts of GR crops and are part of an evolving framework in developing
polyphasic microbial analyses for complete assessment of GR technology that is more reliable than single
techniques or general microbial assays.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Glyphosate [N-(phosphomonomethyl)glycine] is a water-
soluble, non-selective herbicide applied to foliage resulting in death
of most herbaceous plants. The mode of action of glyphosate is
inhibition of the enzyme 5-enolpyruvyl-shikimate-3-phosphatase
synthase (EPSPS) in the shikimic acid pathway blocking the syn-
thesis of essential aromatic amino acids and precursors of other
critical aromatic compounds including plant growth regulators
and phytoalexins (Duke et al., 2003a). Glyphosate is an extremely
effective herbicide because the compound remains intact in the
plant with little degradation and is systemically transported to
metabolically active sites throughout the plant before induc-
ing symptoms (Cerdeira and Duke, 2006). Glyphosate is often
described as exhibiting little or no activity in soil due to potential
rapid adsorption on soil inorganic and organic particles (Duke and
Powles, 2008).

∗ Corresponding author.
E-mail address: nemeans@ccis.edu (N.E. Means).

1.1. Glyphosate and soil microorganisms

In contrast to generalizations that glyphosate is tightly bound
and inactivated in soil, numerous studies show that glyphosate is
available to soil and rhizosphere microbial communities as a sub-
strate for direct metabolism leading to increased microbial biomass
and activity (Haney et al., 2000; Wardle and Parkinson, 1990).
Indeed, Simonsen et al. (2008) recently demonstrated that agri-
cultural soils amended with phosphorus fertilizers are high in
unbound glyphosate because soil sorption sites are occupied by
competing phosphate ions; thus, glyphosate remaining in the soil
solution is vulnerable to potential uptake by plant roots, microbial
metabolism, or leaching into groundwater. The main degrada-
tion product, aminomethylphosphonic acid (AMPA), is frequently
detected in soils subjected to frequent glyphosate applications
(Fomsgaard et al., 2003). Reports on impacts of glyphosate and
its degradation products on specific microbial species inhabiting
non-rhizosphere soil are limited.

Response to glyphosate appears to vary among soil bacteria
based on sensitivity of intracellular EPSPS to the herbicide. Screen-
ing assays with glyphosate in minimal medium identified five
pseudomonad species (P. maltophilia, P. putida, P. aeruginosa [two
strains], Pseudomonas sp.) that were not growth inhibited due to
a ‘glyphosate-resistant EPSPS’ (Schulz et al., 1985). Interestingly,
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the ubiquitous environmental bacterium, Pseudomonas fluorescens,
exhibited a ‘glyphosate-sensitive EPSPS’ and was inhibited by
glyphosate. Using enrichment culture, several bacterial strains
isolated from both untreated and glyphosate-treated soils metabo-
lized glyphosate using an initial cleavage of the carbon–phosphorus
bond to yield sarcosine (Dick and Quinn, 1995). A majority of the
isolates was classified as Pseudomonas and Arthrobacter species. Liu
et al. (1991) also demonstrated that several members of Rhizobi-
aceae including Rhizobium spp. and Agrobacterium spp. grew on
glyphosate and the glyphosate metabolite, AMPA, as the sole source
of P under P-limiting conditions in liquid culture medium. Mineral-
ization of glyphosate to CO2 in five agricultural soils in a microcosm
study was highly correlated with Pseudomonas spp. population in
the soils, suggesting that the mineralizing activity of specific pseu-
domonads was a major factor controlling the fate of glyphosate in
soil (Gimsing et al., 2004).

Several studies document effects of glyphosate on soil fungal
community response and function. Wardle and Parkinson (1990)
found that glyphosate applied to soil amended with wheat (Triticum
aestivum L.) straw and incubated with fungi significantly enhanced
straw colonization by Trichoderma harzianum, Mortierella alpina,
and Arthrinium sphaerospermum. Subsequent research revealed
that antagonistic interactions between the fungal species were
eliminated by glyphosate suggesting that the herbicide might
influence overall soil fungal community structure (Wardle and
Parkinson, 1992). Glyphosate added to sandy clay with a history
of repeated glyphosate treatment appeared to select for specific
fungal species that were able use the herbicide as a nutrient source
(Krzysko-Lupicka and Orlik, 1997). A follow-up study verified that
long-term exposure of soil microorganisms to glyphosate led to a
fungal community dominated by Fusarium spp. (Krzysko-Lupicka
and Sudol, 2008). Similarly, Means (2004) detected a significant
increase in soil Fusarium within 2 weeks after glyphosate was
applied at recommended rates in the field. In culture-based stud-
ies, five strains of Fusarium spp. isolated from soil were able to
metabolize glyphosate and use it as a phosphorus source (Castro et
al., 2007). Population growth and sporulation of soil Fusarium spp.
increased after glyphosate application to soils containing maize
(Zea mays L.) or peanut (Arachis hypogeae L.) crop residues com-
pared with lower Fusarium populations in similar fallowed soils
lacking crop residues (Meriles et al., 2006).

1.2. Glyphosate and rhizosphere microorganisms

Because the rhizosphere is rich in organic substances and high
microbial activity with fluctuating soil moisture (Kennedy, 2005),
the fate of glyphosate entering this environment is difficult to pre-
dict although microbial metabolism, movement through soil pores
or root channels, absorption by living plant roots, and soil sorption
are all possible. Early research showed that glyphosate absorbed
through plant foliage after application was transported systemi-
cally toward roots and was eventually released into the rhizosphere
(Coupland and Casely, 1979). Indeed, Neumann et al. (2006) demon-
strated that glyphosate released through the roots of dying plants
was transferred to living plants (not treated with glyphosate) via
root absorption, and suggested that glyphosate applied to veg-
etation in orchard alleys may be similarly transferred to trees
causing disease and yield losses. Microbial activity may increase
in rhizospheres of glyphosate-treated plants through transloca-
tion and release from roots, where it is immediately metabolized
resulting in stimulation of activity and changes in functional diver-
sity of the heterotrophic microbial community (Mijangos et al.,
2009).

Glyphosate applied to susceptible plants resulted in heavy
colonization of roots by soilborne fungi, primarily Fusarium and

Phytophthora (Johal and Rahe, 1984; Lévesque and Rahe, 1992).
Lévesque et al. (1987) observed that glyphosate not only increased
root colonization of various susceptible weeds by F. oxysporum
but also increased propagule density of the fungus in soil. Sever-
ity of root and crown rot diseases was highest on cereal crops
planted immediately after glyphosate treatment of weeds and vol-
unteer cereal plants in which facultative (opportunistic) pathogens
rapidly built up to provide inocula for subsequent coloniza-
tion of seedling roots of the cereal crop (Smiley et al., 1992).
Glyphosate treatment of bean (Phaseolus vulgaris L.) plants caused
heavy root colonization by Pythium spp., significantly building
up the soil populations of Pythium spp. as the dying roots pro-
vided substrate increasing inocula levels of the phytopathogen
(Descalzo et al., 1998). The severity of damping-off disease of
sunflower (Helianthus annuus L.) seedlings growing in the colo-
nized soil significantly correlated with Pythium population density.
Bacterial endophytic communities in soybean [Glycine max (L.)
Merr.] can also be altered by pre-plant applications of glyphosate
(Kuklinshy-Sobral et al., 2005).

These studies suggest that glyphosate exhibits non-herbicidal
effects manifested by enhancement or suppression of activity of
latent pathogenic and/or plant growth-promoting bacteria and
fungi, which may subsequently impact growth of non-target plants.
Because glyphosate blocks the shikimate pathway and subsequent
synthesis of aromatic compounds including phytoalexins, pathogen
defense mechanisms are suppressed, as shown in early studies in
which glyphosate contributed to infection of soybean by Phytoph-
thera megasperma f. sp. glycines (Keen et al., 1982) and of tomato
(Solanum lycopersicon L.) by crown and root rot Fusarium spp.
(Brammall and Higgins, 1988). In addition to suppression of phy-
toalexin synthesis, glyphosate is implicated in immobilization of
micronutrients including Mn and Fe, essential in many metabolic
pathways (Eker et al., 2006; Jolley et al., 2004; Neumann et al., 2006;
Ozturk et al., 2007), and increased excretion of substrates from
roots that may be selectively metabolized by pathogens (Lévesque
and Rahe, 1992). Regarding the latter, Liu et al. (1997) showed that
roots of bean seedlings were vulnerable to infection by Pythium
spp. 2 days after glyphosate application to the foliage. Increased
amino acid contents as well as suspected translocated glyphosate
released in root exudates apparently enhanced germination and
growth of Pythium propagules which, combined with suppression
of plant cell lignification defense responses to pathogen attack,
rapidly infected and colonized roots (Liu et al., 1997). Glyphosate
applied to the winter annual weeds henbit (Lamium amplexicaule
L.) and downy brome (Bromus tectorum L.) significantly increased
rhizosphere populations of Fusarium solani f. sp. pisi and Pythium
ultimum (Kawate et al., 1997). Proliferation of these phytopathogens
on winter annual weeds may boost soil populations suggesting that
weed control with a burndown application of glyphosate could lead
to disease incidence in subsequent leguminous crops planted into
residues of the killed vegetation.

These reports show that glyphosate imposes diverse effects on
the biology and ecology of rhizosphere microorganisms and on
their interactions with plant roots when released into the rhi-
zosphere. Although the interactions suggest a “secondary mode
of action” of glyphosate by pre-disposing susceptible plants to
microbial infection (Johal and Rahe, 1984), the potential for devel-
oping critical pathogen inocula levels in soils that affect crop
health, altering rhizosphere microbial communities involved in
nutrient transformations, and shifting the balance of beneficial
and detrimental plant-associated microorganisms are legitimate
concerns regarding the impact of glyphosate on crop productiv-
ity and environmental sustainability. This is especially significant
with consideration to the current widespread use of glyphosate in
glyphosate-resistant (GR) cropping systems.

dx.doi.org/10.1016/j.eja.2009.06.004
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1.3. Rhizosphere microorganisms and glyphosate-resistant crops

One of the most significant advancements in intensive agricul-
ture was the introduction of GR crops in the mid-1990s. By 2007
the global area planted to all genetically modified crops exceeded
113 million ha on which GR soybean occupied 58.6 million ha (52%
of the global area planted to biotech crops), followed by GR maize
(35.2 million ha at 31% of global area), and GR cotton (13.4 million
ha at 12% of global area) (James, 2007). Indeed, based on aver-
age application rate and frequency and area treated, the amount
of glyphosate applied to GR soybean in the U.S. increased by 52
million kg from 1997 to 2004 (Benbrook, 2004). The GR cropping
system provided a more cost-effective option for farmers, allowing
them flexibility in weed management to spray a broad spectrum of
weeds with glyphosate on an “as needed” basis and reducing the
need for pre- and post-emergence herbicides. Production of trans-
genic crops, resistant to glyphosate, represents a drastically new
approach in weed management that allows broad-spectrum weed
control without crop injury, may reduce preemergence herbicide
use, and better conserve soils by increasing the use of no-tillage
(Zablotowicz and Reddy, 2004; Locke et al., 2008). Because current
soybean production relies heavily on use of transgenic, GR cultivars
(Roundup ReadyTM), considerable interest has developed concern-
ing the impacts of widespread cultivation of genetically modified
crops and use of one herbicide class on agroecosystems, especially
on the potential effects on biological processes including phy-
topathogenic activity and disease incidence. Glyphosate-resistant
soybean was developed by insertion of a transgene (cp4) from an
Agrobacterium species that codes for an insensitive version of EPSPS
(Franz et al., 1997). The limited research conducted to date sug-
gests that, in GR soybean, very little glyphosate is degraded within
the plant (Arregui et al., 2003) with most of the herbicide translo-
cated to active metabolic sinks including seeds (Duke et al., 2003b),
nodules (Reddy and Zablotowicz, 2003), and roots (Duke, 1996).
Nodulation and nitrogen fixation are reduced in some early-season
GR soybean cultivars receiving glyphosate applications at field rates
(King et al., 2001).

Since the introduction of GR crops in the mid- to late-1990s
many consequences associated with production of GR crops were
soon reported based on field observations of apparent increased
disease and nutritional deficiencies relative to conventional or non-
transgenic cultivars. A limited number of studies attempted to
quantify or repeat anecdotal observations of glyphosate influences
on crop-microorganism interactions, yielding variable results. In
a controlled field study, increased susceptibility to sudden death
syndrome (SDS) in soybean caused by F. solani pv. glycines [reclas-
sified as F. virguliforme (Aoki et al., 2003)] was reported for GR
soybean treated with glyphosate compared with no herbicide treat-
ment (Sanogo et al., 2000). However, subsequent research (Njiti
et al., 2003) failed to reproduce SDS in other GR soybean cul-
tivars. Corynespora cassiicola may cause severe root rot on GR
soybean in proximity to giant ragweed (Ambrosia trifida L.) treated
with glyphosate (Huber et al., 2005). Altered root exudates and/or
glyphosate released from roots of dying ragweed plants appeared
to modify the rhizosphere environment and predispose adja-
cent GR soybean roots to severe Corynespora root rot. Research
with Sclerotinia sclerotiorum (Sclerotinia root rot) was inconsis-
tent in describing a definite relationship between susceptibility
and glyphosate use on GR soybean, leading to the conclusion that
effects of the GR trait or glyphosate use on disease susceptibility
may be cultivar specific (Lee et al., 2002). Disease severity caused
by F. oxysporum and Rhizoctonia solani in GR sugarbeet [Beta vulgaris
(saccharifera) L.) increased with glyphosate application (Larson et
al., 2006).

Studies on glyphosate interactions with microbial communities
in GR cropping systems reveal that the most pronounced effects

are detected with specific genera or species of microorganisms
(i.e., Fusarium, Pythium) rather than with broader measurements
of soil microbial diversity and functions. In a review on impacts
of disturbance on soil microbial communities, Wardle (1995) sug-
gests that measurement of response by functional groupings may
be problematic because individual taxonomic species are likely to
be more sensitive to disturbance rather than an entire functional
group comprised of multiple taxonomic groups. If herbicide appli-
cation is considered an external ecosystem disturbance, it is not
surprising that glyphosate is often reported to have no effect on
soil microbial biomass and diversity and broad functional activities
such as soil respiration and soil enzymatic activity in GR cropping
systems (Liphadzi et al., 2005; Lupwayi et al., 2007; Means et al.,
2007; Hart et al., 2009). Based on numerous studies of Fusarium
spp., Powell and Swanton (2008) proposed possible mechanisms
involved in promoting the proliferation of an individual taxonomic
group by glyphosate in GR crops including direct stimulation of
fungal growth, indirect stimulation due to alteration of root exu-
date components, increase in host susceptibility to pathogens, and
decrease in effectiveness of pathogen antagonists.

Glyphosate and root exudates released into the rhizosphere from
GR soybean influence microbial populations and/or activity in the
rhizosphere. Previous findings that glyphosate and high concentra-
tions of soluble carbohydrates and amino acids exude from roots of
glyphosate-treated GR soybean (Kremer et al., 2005) suggested that
impacts on root microbial interactions and micronutrient uptake
might mirror those described for glyphosate interactions in non-
transgenic cropping systems.

Based on the previous research on glyphosate-induced micro-
bial root infection of susceptible weeds and crops and limited
reports for GR crops, we hypothesized GR soybean and maize might
be more susceptible to root infection by fungi than conventional,
non-transgenic cultivars. Our research was justified because of the
numerous reports by producers of seemingly more frequent inci-
dence of diseases appearing in GR soybean than that observed
previously with conventional soybean (Sanogo et al., 2000; Njiti
et al., 2003). A primary focus of our long-term field studies is doc-
umenting effects of glyphosate applied to GR soybean and maize
cultivars on root colonization and soil populations of Fusarium spp.
Fusarium spp. were selected as indicators of the microbial ecology
of the soybean rhizosphere because they exist in soil saprophyti-
cally and are prevalent in rhizospheres of many plants where they
may dominate microbial communities and become pathogenic,
often in response to root exudation (Nelson, 1990). Additional
potential consequences of GR cropping systems are alterations
in the microbial ecology and biological processes carried out in
the crop rhizosphere environment (Lupwayi et al., 2009). Several
functions are affected including nutrient cycling and plant avail-
ability; potential phytopathogen and antagonist interactions; and
activities and composition of beneficial microorganisms including
plant-growth promoting rhizobacteria (Johal and Huber, this issue).
Due to the complexity of soil and microbial communities, such
plant-associated components are often neglected in evaluations of
crop productivity or risk assessments of GM crops (Azevedo and
Araujo, 2003). Our objective is to present a research summary to
illustrate approaches for understanding the impacts of GR crops on
microbiological interactions in the rhizosphere.

2. The glyphosate-resistant crop production and
rhizosphere microbial ecology project

Field trials with soybean and maize were conducted at the
University of Missouri Bradford Research and Extension Center
(Boone County; 38◦53′N, 92◦12′W), the Delta Center (Pemiscot
County; 36◦23′N, 89◦36′W), and six mid-Missouri on-farm sites
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Please cite this article in press as: Kremer, R.J., Means, N.E., Glyphosate and glyphosate-resistant crop interactions with rhizosphere
microorganisms. Eur. J. Agron. (2009), doi:10.1016/j.eja.2009.06.004

ARTICLE IN PRESSG Model
EURAGR-24874; No. of Pages 9

4 R.J. Kremer, N.E. Means / Europ. J. Agronomy xxx (2009) xxx–xxx

from 1997 through 2007. Soils are representative of the Central
(U.S.) Claypan Region, developed in loess overlain on glacial till,
and contain a claypan that limits water percolation and promotes
surface runoff. The soils are generally classified as aeric, vertic
Epiaqualfs, and are located on landscapes of 1–2% slopes. The exper-
imental design consisted of crop variety + herbicide combination
treatments, each replicated four times: GR variety + glyphosate, GR
variety + non-glyphosate herbicide, GR variety + no herbicide, non-
GR variety + non-glyphosate herbicide, and non-GR variety + no
herbicide. Plot size area varied from 3.7 × 6.1 m to 3.7 × 24.4 m
depending on availability of field space each year. All treatment-
combinations were not established every year; however, GR
variety + glyphosate and GR variety + no herbicide treatments were
evaluated every year. Field plots were prepared using minimum
tillage consisting of one or two passes of a disk-harrow as nec-
essary to incorporate crop residues before planting. Soybean and
maize were planted in 76-cm rows from mid-May to mid-June
depending on the annual weather conditions. Supplemental fertil-
ization was consistent with recommended management practices.
Glyphosate at 0.84 kg a.e. ha−1 was applied to GR soybean and
GR maize at the V4–V5 and V5–V6 growth stages, respectively.
Non-glyphosate herbicides included post-emergence application
of clethodim (0.42 kg a.i. ha−1) + fomesafen (0.175 kg a.i. ha−1) on GR
and conventional soybean and pre-plant incorporation of atrazine
at 2.24 kg a.i. ha−1 on GR maize. All herbicides were applied to
the appropriate crop variety-herbicide combination plots at a
130 L ha−1 spray volume at a pressure of 138 kPa using 11,003 spray
nozzles. Plots receiving no herbicides were hand-weeded periodi-
cally during the season.

Intact soybean and maize plants were randomly sampled imme-
diately prior to and periodically (up to 42 days) after herbicide
application. All nodules present on the roots were removed for
fresh and dry mass measurements; a subsample of roots were
cleaned of soil and fresh and dry biomass. Fusarium colonization
was assessed on surface-sterilized root segments following the root
plating procedures of Lévesque et al. (1993) and using Fusarium-
selective agar medium (Nash and Snyder, 1962). After a 7-day
incubation, numbers of fungal colonies developing on root seg-
ments were recorded. Fusarium colonies were randomly selected
from colonized roots, subcultured on potato dextrose agar, and ten-
tatively identified using descriptions of cultural and microscopic
morphologies (Nelson et al., 1983). Identification was confirmed
by molecular analysis using partial translation elongation factor
sequences (Skovgaard et al., 2001).

Soil tightly adhered to roots was rigorously removed using
a sterile camel-hair brush, suspended in buffer and appropriate
dilutions plated on S1 agar medium selective for fluorescent pseu-
domonads (Gould et al., 1985) and on Gerretsen’s agar medium
for detecting Mn-oxidizing and -reducing microorganisms (Huber
and Graham, 1992). After incubation, colonies developing on agar
were recorded and represented an estimate of colony-forming units
in the rhizosphere. Mn-transforming bacterial components were
further expressed as ratios of Mn reducers to Mn oxidizers to
provide a means of detecting potential effects of microbial activ-
ity on plant available Mn (Rengel, 1997). Representative bacterial
colonies from the pseudomonad and Mn-transformer assays were
selected and subcultured on S1 and tryptic soy agars to obtain pure,
single-colony isolates. These isolates were further assayed for in
vitro antagonism of Fusarium (Kremer et al., 1990), extracellular
protease production (Harley and Prescott, 1999), and extracellu-
lar polysaccharide (EPS) production (Kelman, 1954). Isolates were
characterized for colony morphology and fluorescent pigment
production; gram stain and oxidase reactions; and classified tax-
onomically by determining cellular fatty acid profiles using gas
chromatography-fatty acid methyl ester analysis (Kennedy, 1994).
Rhizobial-induced nodules on soybean root samples were removed

and weighed for estimation of relative symbiotic nitrogen fixation.
Statistical analyses were performed with the general linear

model procedure; analysis of variance and, where F values were sig-
nificant (˛= 0.05), mean separations were conducted using Fisher’s
protected least significance difference (LSD) test (SAS Institute,
Cary, NC).

3. Results and discussion

3.1. Fusarium root colonization of glyphosate-resistant crops

Fusarium colonization was higher on GR soybean treated with
glyphosate throughout the growing season, generally two to five
times higher compared with soybean receiving no herbicide or a
conventional (non-glyphosate) herbicide. The frequency of root-
colonizing Fusarium increased significantly within 1 week after
glyphosate application throughout the growing season in each
year at all sites (Fig. 1A). Fusarium-like colonies developed on
surface-sterilized soybean root segments indicating colonization
or infection of root tissue by the fungi. Populations of Fusarium
in rhizosphere soil from soybean receiving glyphosate were also
significantly increased during each growing season at all locations
(Means, 2004). Several studies report rhizosphere and soil Fusar-
ium spp. increase in response to glyphosate addition (Lévesque
et al., 1987; Powell and Swanton, 2008) including infection and
disease severity by F. solani f. sp. glycines, which increased with
GR soybean treated with glyphosate compared to no herbicide
treatment (Sanogo et al., 2000). Fusarium colonization of roots of
GR maize receiving glyphosate was 3–10 times higher coloniza-
tion levels than for colonization levels for the atrazine treatment,
similar to colonization patterns documented for soybean with

Fig. 1. Relationship of glyphosate application with root colonization of (A)
glyphosate-resistant soybean (‘Pioneer 94B01’) and (B) glyphosate-resistant maize
(‘DeKalb DKC60’) by Fusarium spp. Data in (A) based on Kremer (2003); data in (B)
based on Means (2004). In both graphs, significant differences (*P < 0.05) between
glyphosate and no glyphosate treatments within dates are indicated by the vertical
bars representing Fisher’s protected LSD.
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glyphosate treatment (Fig. 1B; Means, 2004). These results sug-
gest that glyphosate induces fungal colonization of both soybean
and maize rhizospheres via similar mechanisms. Taxonomic diag-
nosis of representative cultures collected from annual field studies
has been distributed among the following groupings: 70% Fusarium
oxysporum complex, 18% Fusarium solani complex, and 10% Fusarium
equiseti.

A summary of root colonization results of field-grown soy-
bean roots during the period 1997–2007 demonstrates consistently
higher colonization of GR cultivars by Fusarium spp., especially
when glyphosate is applied (Fig. 2). Soybean roots from plants
receiving no or conventional post-emergence herbicides exhib-
ited low Fusarium colonization; non-transgenic (non-GR) cultivars
always showed lowest root colonization. Rhizosphere-inhabiting
Fusarium may readily metabolize glyphosate in root exudates as
a sole source of P and also as a C and energy source (Castro et
al., 2007). Also, glyphosate may stimulate propagule germination
and early growth by Fusarium (Krzysko-Lupicka and Orlik, 1997).
When root exudation is excessive, as for glyphosate-treated soy-
bean, root infection by soilborne pathogens is enhanced (Nelson,
1990). Also, Griffiths et al. (1999) indicate that as concentrations
of soluble carbohydrates and amino acids increased in root exu-
dates, the proportion of fungi in the rhizosphere community also
increased compared with that of bacteria. Therefore, the structure
of the microbial community is not solely governed by composi-
tion of exudates. Optimal growth of different microorganisms is
also related to quantity of available substrates. Thus glyphosate
released into the rhizosphere of GR soybean combined with release
of high concentrations of carbohydrates and/or amino acids favor
increased growth of Fusarium spp., illustrated by the results from
our repeated field studies with GR soybean (Kremer, 2003; Means,
2004). These findings summarized in Fig. 2 demonstrate that mon-
itoring for effects of glyphosate on environmental processes is
prudent especially in light of its current widespread use in agri-
cultural, horticultural, and timber production systems.

Annual variations in weather conditions affected Fusarium col-
onization of soybean roots, accounting for the variable infection
levels shown in Fig. 2. For example, low colonization during 2003
was suspected to be related to low rainfall during the growing sea-
son, which was about 30% of normal. A greenhouse study in which
soil water contents were controlled verified that glyphosate-treated
soybean under extreme moisture stress exhibited about 75% reduc-
tion in Fusarium colonization of roots (Means and Kremer, 2007).
Moisture stress reduces activity of other plant-microbial associa-
tions, including nitrogen fixation in glyphosate-treated GR soybean
(King et al., 2001), considerably more than in untreated plants.
These findings partly explain reported problems with soybean pro-

Fig. 2. Average seasonal colonization of glyphosate-resistant soybean roots by
Fusarium spp. across all sites during 1997–2007, influenced by glyphosate, non-
glyphosate, or no herbicide applications. Within year, significant differences
(*P < 0.05) between colonization of glyphosate-treated roots compared with the
non-glyphosate and no herbicide treatments are indicated by the vertical bars rep-
resenting Fisher’s protected LSD. Partly based on data from Kremer (2003).

Fig. 3. Populations of rhizosphere Pseudomonas spp. detected in 2006 field study
on conventional soybean (W82, ‘Williams 82’) and GR soybean (GR, ‘DeKalb DK-
838-52’) at two growth stages (V4 and R2), influenced by herbicide treatment: TM,
tank-mix of fomesafen + clethodim (non-glyphosate); glyphosate; or no designation
indicates hand-weeding without herbicide. Pseudomonas spp. populations for W82
at both growth stages were significantly higher (*P < 0.05) than all GR treatment
combinations indicated by the vertical bars representing Fisher’s protected LSD.

ductivity and yields experienced by many farmers using the GR
cropping system in the Midwestern U.S.

3.2. Glyphosate and GR soybean interactions with the rhizosphere
bacterial community

3.2.1. Fluorescent pseudomonads
Rhizosphere-inhabiting Pseudomonas spp. are important multi-

functional bacteria in the rhizosphere capable of producing
numerous secondary metabolites including siderophores, hydro-
gen cyanide, extracellular enzymes, and various antibiotics that
suppress competing microbial groups (Schroth et al., 2006). A
majority of fluorescent pseudomonads is associated with antag-
onism of fungal pathogens (Schroth and Hancock, 1982), which
contribute to Mn transformations, primarily Mn reduction (Rengel,
1997), in plant rhizospheres. Glyphosate and soybean cultivar
significantly decreased rhizosphere fluorescent pseudomonads
detected using selective culture (Fig. 3). Fluorescent pseudomon-
ads, always higher in non-GR soybean rhizosphere, may be reduced
in GR soybean due to their reported sensitivity to glyphosate
(Schulz et al., 1985) that is exuded into the rhizosphere or
because antagonistic activity is overcome by glyphosate (Wardle
and Parkinson, 1992). Also, any negative effects of cultivar on rhi-
zosphere pseudomonads might be further reduced by glyphosate. A
negative relationship between population size of fluorescent pseu-
domonads and Fusarium root colonization further demonstrated
that GR soybean and/or glyphosate was involved in altering the
microbial composition in the rhizosphere (Fig. 4). Bioassays of sin-
gle cultures of fluorescent pseudomonads confirmed that most
(≈85%) were potentially antagonistic toward Fusarium; antagonism
was also associated with strong extracellular protease activity by
many of the isolates. Thus, as suggested by Powell and Swanton

Fig. 4. Relationship between Pseudomonas spp. populations and Fusarium root col-
onization on soybean at R2 growth stage based on data collected in 2006 field study.
Regression is significant at *P < 0.05.
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(2008), glyphosate and GR soybean may enhance fungal root colo-
nization and potential disease through not only stimulating growth
of the fungal pathogen but also by suppressing bacterial antago-
nists.

3.2.2. Manganese-transforming rhizosphere bacteria
Mn transformations are primarily microbially mediated and

thus have a major impact on plant nutrient availability and
metabolic processes (Thompson and Huber, 2007). A low ratio of
Mn reducers to Mn oxidizers determined for the GR soybean Dekalb
‘DK-838-52’ treated with glyphosate compared with ‘Williams 82’
suggested soil Mn was immobilized and not available for plant
uptake (Fig. 5). This occurred despite standard chemical analy-
sis showing the soils were Mn sufficient. Glyphosate as a major
factor in enhancing Mn-oxidizing bacteria was further strength-
ened by results determined for both GR and non-GR soybean
with or without non-glyphosate herbicides that were significantly
different (higher ratio) from glyphosate treatments. Fluorescent
pseudomonads are also primarily Mn-reducers involved in fun-
gal suppression (Huber and McCay-Buis, 1993), thus low numbers
on GR soybean (Fig. 3) likely further contribute to increased
Fusarium root colonization due to reduction of this suppressive
activity.

Interestingly, a majority of bacterial isolates with Mn-oxidizing
ability detected on Gerritsen’s medium produced copious amounts
of exopolysaccharides (EPS), and was most frequently associated
with GR soybean or GR soybean + glyphosate. Many isolates sub-
cultured from this group were phenotypically characterized as
Agrobacterium spp., which are resident saprophytic bacteria in the
soybean rhizosphere (Kuklinsky-Sobral et al., 2004). The consis-
tent detection of agrobacteria producing excessive amounts of EPS
suggested that biofilm formation on the soybean root surface may
be related Mn-oxidizing agrobacteria, enhanced in the presence of
glyphosate. As members of the alpha–proteobacteria, comprised
of many Mn-transforming bacteria, agrobacteria are known strong
Mn oxidizers (Thompson and Huber, 2007; Johal and Huber, this
issue). Agrobacteria also typically form biofilms composed of EPS
matrices on the rhizoplane in which many biological functions
are mediated (Matthysse, 2006), including biogenic Mn oxidation,
reported for many biofilm-forming bacteria that produce precip-
itated Mn oxides, which are retained within the biofilm (Toner
et al., 2005). Thus the frequency of rhizobacteria with both EPS-
producing and Mn-oxidizing properties (primarily Agrobacterium
spp.) in rhizospheres of GR soybean treated with glyphosate sug-
gests that the herbicide alone or in combination with GR soybean

Fig. 5. Populations of rhizosphere Mn-transforming bacteria detected in 2006 field
study on conventional soybean (W82, ‘Williams 82’) and GR soybean (‘DeKalb
DK-838-52’) at growth stage R2 influenced by herbicide treatment (see Fig. 3 for
explanation). Ratios of potential Mn-reducing to Mn-oxidizing bacteria are indicated
at top of each bar. Significant differences (*P < 0.05) among each bacterial group are
indicated by the vertical bars representing Fisher’s protected LSD.

enhances or selects this group of bacteria with potential detrimen-
tal effects on plant growth through Mn immobilization. Because
GR crop cultivars contain the cp4 gene, derived from an Agrobac-
terium sp., that encodes for the glyphosate-resistant EPSPS (Funke
et al., 2006), it is possible that as glyphosate is released through
roots of GR crops, genetically similar Agrobacterium spp. in soils
may be preferentially selected for colonization of the rhizosphere
and rhizoplane. The role of glyphosate in biofilm formation and
associated Mn transformation by rhizosphere bacteria remains to
be clarified.

3.2.3. Root nodulation
Symbiotic nitrogen fixation may contribute 40–70% of the nitro-

gen required by soybean during the growing season, thus sustaining
this nitrogen input is critical for profitable grain yield and sus-
taining long-term soil productivity (Zablotowicz and Reddy, 2007).
Legume nodules provide the necessary conditions for specialized
plant and rhizobial structures to perform nitrogen fixation; thus
nodule number and mass on roots qualitatively indicate the status
of other parameters including nitrogenase activity, leghemoglobin
content, and nitrogen accumulation. In our studies, nodulation was
always lower on GR soybean with or without glyphosate compared
with conventional varieties (i.e., Williams 82) with non-glyphosate
or no herbicide (Fig. 6). These results confirm that glyphosate
and perhaps the genetic modification in the GR plant may affect
numerous processes associated with the nitrogen fixation sym-
biosis, including nitrogenase activity and leghemoglobin content
(King et al., 2001; Reddy et al., 2000; Reddy and Zablotowicz, 2003;
Zablotowicz and Reddy, 2007). A recent field study reporting that
glyphosate significantly reduced nodule mass and nitrogen fixa-
tion in GR soybean yet did not affect grain yields suggests that
an increased dependence of the crop on mineralized N from soil
organic matter (Bohm et al., 2009) may contribute to a negative N
balance and reduced sustainability of cropping systems based on
GR soybean.

4. Recommendation

4.1. Polyphasic microbial analysis to assess impacts of GR crops

Results of our field studies emphasize the necessity for eval-
uation of the numerous and complex factors in the rhizosphere
(root exudation, glyphosate release, microbial activities) to broaden
our understanding of glyphosate interactions with root-associated
microorganisms. Kowalchuk et al. (2003) recognized the limitations
of general measurements such as soil microbial biomass and res-
piration for describing potential GM crop-induced effects on the
microbial community and proposed that a polyphasic microbial
analysis comprised of selected indicator groups and activities com-
bined with general assays including microbial diversity analyses
would yield a more comprehensive and informative assessment of
GM crops.

Initial studies in our GR crop-microbial ecology project focused
on rhizosphere Fusarium spp. as a key indicator of potential impacts
of GR soybean and maize on the rhizosphere ecosystem (Kremer,
2003; Means and Kremer, 2007) because this fungal group read-
ily responds to alterations (i.e., introduction of glyphosate and
altered root exudation) in the rhizosphere (Nelson, 1990). How-
ever, because of the complexity of the rhizosphere ecosystem, a
more comprehensive examination of the structure and functions of
the broader microbial community was implemented to provide a
more complete assessment of potential effects induced by GR crops.

Our polyphasic microbial analysis entails a multiple assessment
of sensitive indicators that provides a more reliable view of GR
technology effects relative to any single technique (Kowalchuk et
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Fig. 6. Relationship of glyphosate application with root nodulation of glyphosate-resistant (‘DeKalb DKB38-52’) and conventional (‘Williams 82’) soybean based on 2005 field
study. HW, hand-weeded check; TM, conventional herbicide tank-mix. Significant differences (*P < 0.05) between treatments are indicated by the vertical bars representing
Fisher’s protected LSD.

al., 2003; Powell, 2007). The framework for evaluating GR crop
effects evolved during the course of our project based on progres-
sive development of information in two areas: (1) non-herbicidal
activity of glyphosate including systemic movement and release
through GR plant roots; metal chelation within plant and in the
rhizosphere; and growth stimulation or suppression of selected
microbial groups; and (2) alteration of root exudate composition
in GR plants with or without glyphosate treatment (Kremer et
al., 2005). These are areas of concern because the structure of
the rhizosphere microbial community is determined by the spe-
cific types and quantities of component chemicals and signaling
compounds in root exudates (Grayston et al., 1998; El-Shatnawi
and Makhadmeh, 2001; Broeckling et al., 2008); if the chem-
ical composition of root exudates is drastically altered due to
genetic transformation or treatment with glyphosate, it follows that
physiological processes, pathogen defense mechanisms, and plant
growth could be detrimentally affected. Therefore, our current spe-
cific analyses include fungal root colonization, Mn-transforming
bacteria, symbiotic nitrogen fixation and nodulation, pseudomonad
communities, and arbuscular mycorrhizal fungi (data not reported).
We are also linking these key microbial relationships to commu-
nity structure through analyses of DNA extracted from soybean
rhizospheres to yield a molecular fingerprint. Preliminary results
indicate that bacterial diversity based on molecular analyses was
generally higher for conventional soybean compared with GR soy-
bean treated with or without glyphosate, which agreed with the
variations in composition and activities of the key indicators.
The decreased microbial diversity in GR soybean rhizospheres
is a concern because high diversity is essential in maintain-
ing a stable ecosystem and plant productivity (Grayston et al.,
1998).

5. Conclusions

The widespread adoption of transgenic GR crops is largely due to
simplified crop management and greater flexibility in weed man-
agement offered by the GR cropping system. These crops have been
released after assessments based on general soil biological analyses
that often lack sensitivity to detect non-target effects (Kowalchuk
et al., 2003). A more informative approach to assess the impact
of GR crops on the environment is to target sensitive indicator
microbial groups and/or processes in addition to the more gen-
eral tests targeting microbial community diversity. Those microbial
groups most neglected in assessments include specific soilborne
and plant-associated (rhizosphere) microorganisms (Azevedo and
Araujo, 2003; Kowalchuk et al., 2003).

In this overview we have attempted to present the current
knowledge regarding impacts of glyphosate and GR crops on
plant–microbial interaction. Our current view of the complex
interactions in GR soybean and maize rhizospheres illustrates

the limited information available and areas where research is
desparately needed, such as impacts on mycorrhizal fungi. The
report on our GR crop-microbial ecology project presented in
this paper supports some of the literature reviewed, especially
that dealing with glyphosate-induced Fusarium activity in the
rhizosphere and negative impacts on soybean nodulation. Addi-
tionally, we document new information on changes in microbial
components of GR soybean and maize rhizospheres: increases in
the proportion of Mn-oxidizing bacteria; decreases in the pseu-
domonad component that antagonizes fungal pathogens; and
increases in agrobacteria that may be involved in Mn oxidation
and microbial community shifts due to apparent selection by
glyphosate exudation. Analyses of GR soybean root exudates sug-
gest that promotion of rhizosphere and root colonization of GR
soybean by specific microbial groups may be a combination of stim-
ulation by glyphosate released through root exudation and altered
physiology leading to exudation into the rhizosphere of high levels
of carbohydrates and amino acids (Kremer et al., 2005) possibly
related to indirect, or pleiotropic, effects of genetic transforma-
tion for glyphosate resistance (Powell, 2007). This supports the
ecological concept that plants actively modify their rhizospheres
through production of specific root exudates that have a pro-
found qualitative and quantitative effect in modifying the microbial
communities (Grayston et al., 1998; El-Shatnawi and Makhadmeh,
2001; Broeckling et al., 2008). Overall, exposure of the rhizosphere
microbial community to glyphosate and GR crops appeared to cause
complex and varied responses; our project demonstrates the impor-
tance of using a multiphasic approach to yield a comprehensive
analysis of rhizosphere microbial community structure and func-
tion in response to GR cropping systems.

It should be noted that the information generated from our
project might also be used to improve productivity of GR crops
by developing a combination of strategies including soil manage-
ment for balanced biological activity, proper plant nutrition, and
suppression of potential pathogens. Knowledge of the relationships
between soil biology, plant nutrition, management factors, and dis-
ease potential provide a basis for addressing recurrent productivity
problems associated with GR crops integrated in current agricul-
tural production systems.
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