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ABSTRACT: Micronutrients are regulators, inhibitors and \ttibrs of physiological
processes, and plants provide a primary dietarsceoef these elements for animals and people.
Micronutrient deficiency symptoms are often indisti(“hidden hunger”) and commonly
ascribed to other causes such as drought, extemgetatures, soil pH, etc. The sporadic nature
of distinct visual symptoms, except under sevefeidacy conditions, has resulted in a
reluctance of many producers to remediate micragmitdeficiency. Lost yield, reduced quality,
and increased disease are the unfortunate conssggpuehuntreated micronutrient deficiency.
The shift to less tillage, herbicide resistant srapd extensive application of glyphosate has
significantly changed nutrient availability and pi&fficiency for a number of essential plant
nutrients. Some of these changes are throughtdmeicity of glyphosate while others are more
indirect through changes in soil organisms impdrtannutrient access, availability, or plant
uptake. Compensation for these effects on nutriteommaintain optimum crop production
efficiency, maximize yield, improve disease resist increase nutritional value, and insure
food and feed safety.

INTRODUCTION

Thirty+ years ago, U.S. agriculture started a ession to a monochemical herbicide
program focused around glyphosate (Roundup®). riEae simultaneous shift from
conventional tillage to no-till or minimum tillaggimulated this conversion and the introduction
of genetically modified crops tolerant to glyph@sat he introduction of genetically modified
(Roundup Ready®) crops has greatly increased theneoand scope of glyphosate usage, and
conversion of major segments of crop productioa teonochemical herbicide strategy.
Interactions of glyphosate with plant nutrition andreased disease have been previously over
looked, but become more obvious each year as gbgtbagesidual effects become more apparent

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

Understanding glyphosate’s mode of action and impbthe RR gene, indicate
strategies to offset negative impacts of this mbeadcal system on plant nutrition and its
predisposition to disease. A basic consideratighigiregard should be a much more judicious
use of glyphosate. Glyphosate damage is ofteibaii®d to other causes such as drought, cool
soils, deep seeding, high temperatures, crop resjduater fluctuations, etc. Table X provides
some of the common symptoms of drift and residlgdigpsate damage to crops. This paper is
an update of information on nutrient and diseatsactions affected by glyphosate and the RR
gene(s), and includes recently published researtiei European Journal of Agronomy and
other international scientific publications.



UNDERSTANDING GLYPHOSATE

Glyphosate (N-(phosphomonomethyl)glycine) is argirmetal chelator and was first
patented as such by Stauffer Chemical Co. in 1868.(Patent No. 3,160,632). Metal chelates
are used extensively in agriculture to increaselslily or uptake of essential micronutrients that
are essential for plant physiological processdweyTare also used as herbicides and other
biocides (nitrification inhibitors, fungicides, plagrowth regulators, etc.) where they immobilize
specific metal co-factors (Cu, Fe, Mn, Ni, Zn) egse for enzyme activity. In contrast to some
compounds that chelate with a single or few mgiaties, glyphosate is a broadspectrum
chelator with both macro and micronutrients (Ca, Kg, Fe, Mn, Ni, Zn). It is this strong,
broadspectrum chelating ability that also makegplghgate a broad-spectrum herbicide and a
potent antimicrobial agent since the function ofnewous essential enzymes is affected (Ganson
and Jensen, 1988).

Primary emphasis in understanding glyphosate’sitied) activity has been on inhibition
of the enzyme 5-enolpyruvylshikimate-3-phosphatelsyse (EPSPS) at the start of the
Shikimate physiological pathway for secondary meliain. This enzyme requires reduced FMN
as a co-factor (catalyst) whose reduction requitaeganese (Mn). Thus, by immobilizing Mn
by chelation, glyphosate denies the availabilityeafuced FMN for the EPSPS enzyme. It also
can affect up to 25 other plant enzymes that regdim as a co-factor and numerous other
enzymes in both primary and secondary metabolistrédguire other metal co-factors (Co, Cu,
Fe, Mg, Ni, Zn). Several of these enzymes alsatfan with Mn in the Shikimate pathway that
is responsible for plant responses to stress afethske against pathogens (amino acids, hormones,
lignin, phytoalexins, flavenoids, phenols, etB) inhibiting enzymes in the Shikimate pathway,
a plant becomes highly susceptible to various utngs soilborne pathogenBysarium,

Pythium, Phytophthora, Rhizoctonia, etc.). It is this pathogenic activity that actydlills the plant
as “the herbicidal mode of action” (Johal and Ra®84; Levesque and Rahe, 1992, Johal and
Huber, 2009)._If glyphosate is not translocateth&roots because of stem boring insects or
other disruption of the vascular system, aerialspaf the plant may be stunted, but the plant is
not killed.

Recognizing that glyphosate is a strong chelatamtoobilize essential plant
micronutrients provides an understanding for th&ous non-herbicidal and herbicidal effects of
glyphosate. Glyphosate is a phloem-mobile, systetmémical in plants that accumulates in
meristematic tissues (root, shoot tip, reproductisgume nodules) and is released into the
rhizosphere through root exudation (from RR as aglhon-RR plants) or mineralization of
treated plant residues. Degradation of glyphosatedst soils is slow or non-existent since it is
not ‘biodegradable’ and is primarily by microbia-metabolism when it does occur. Although
glyphosate can be rapidly immobilized in soil (adgway tank mixtures, and plants) through
chelation with various cat-ions (Ca, Mg, Cu, Fe,,Mi Zn), it is not readily degraded and can
accumulate for years (in both soils and perenn&itp). Very limited degradation may be a
“safety” feature with glyphosate since most degtiadigproducts are toxic to normal as well as
RR plants. Phosphorus fertilizers can desorb aatated glyphosate that is immobilized in soil
to damage and reduce the physiological efficierfcgubsequent crops. Some of the observed
affects of glyphosate are presented in table 1.



TABLE 1. Some things we know about glyphosate thanfluence plant
nutrition and disease.

1. Glyphosate is a strong metal chelator (for Ga,@Qu, Fe, Mn, Mg, Ni, Zn) — in the spray tank,
in soil and in plants.

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

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

4. Inhibits EPSPS in the Shikimate metabolic pathamd many other plant essential enzymes

5. Increases susceptibility to drought and disease.

6. Non-specific herbicidal activity (broad-spectrweed control).

7. Some of the applied glyphosate is exuded fromtsrmto soil.

8. Immobilized in soil by chelating with soil cairs (Ca, Co, Cu, Fe, Mg, Mn, Ni, Zn).

9. Persists and accumulates in soil and plantexXtanded periods (years) — it is not
‘biodegradable,’” but is rapidly immobilized by ¢dgon generally.

10. Desorbed from soil particles by phosphorusiayailable for root uptake by all plants.

11. Toxic to soil organisms that facilitate nutti@acess, availability, or absorption of nutrients.

12. Inhibits the uptake and translocation of Fe, &hrd Zn at very low, non-herbicidal rates.

13. Stimulates soilborne pathogenic and othemsmitobes to reduce nutrient availability.

14. Reduces secondary cell wall formation and higniRR and non-RR plants.

15. Inhibits nitrogen fixation by chelating Ni fareide synthesis and is toxic fbizoiaceae.

16. Reduces physiological availability and concatian of Ca, Cu, Fe, K, Mg, Mn, and Zn in
plant tissues and seed.

17. Residual soil activity can damage plants thhowogt uptake.

18. Increases mycotoxins in stems, straw, graid faurt.

19. Reduces photosynthesis ((fQation).

20. Causes fruit (bud) drop and other hormonaktsfe

21. Accumulates in food and feed products to ehiefood chain as an item of food safety.

UNDERSTANDING THE ROUNDUP READY® GENE

Plants genetically engineered for glyphosate-tolegacontain the Roundup Ready®
gene(s) that provide an alternate EPSPS pathwayRERI) that is not blocked by glyphosate.
The purpose of these gene inserts is to provideididal selectivity so glyphosate can be applied
directly to these plants rather than only for paeplapplications. As an additional physiological
mechanism, activity of this duplicate pathway regsienergy from the plant that could be used
for yield. The RR genes are ‘silent’ in meristelméissues where glyphosate accumulates so
that these rapidly metabolizing tissues are notiges an active alternative EPSPS pathway to
counter the physiological effects of glyphosatetsibition of EPSPS. Meristematic tissues also
are areas of high physiologic activity requiringigher availability of the essential
micronutrients needed for cell division and growtat glyphosate immobilizes by chelation.

Residual glyphosate in RR plant tissues can imregbHe, Mn, Zn or other nutrients
applied as foliar amendments for 8-35 days afteast been applied. This reduces the
availability of micronutrients required for photaglesis, disease resistance, and other critical
physiological functions.The presence of the RR (@neduces nutrient uptake and
physiological efficiency and may account for sorhéhe ‘yield drag’ reported for RR crops



when compared with the ‘normal’ isolines from whitley were derived. Reduced
physiological efficiency from the RR gene is alefiected 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 planthat operates on the
glyphosate applied to the plant.

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

3. When glyphosate enters the plant, it is not sealve; 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 planbr until it is exuded into
soil or groundwater through the roots. Degradationproducts are
toxic to RR and non-RR plants.

TABLE 2. Some things we know about the glyphosatesterance (RR) gene(s).

=

Provides selective herbicidal activity for dhgsate.

2. Inserts an alternative EPSPS pathway that isemitive to glyphosate action in mature
tissue.

. Reduces the plant’s physiological efficiencyref Mn, Ni, Zn, etc.

. Inactive (silent) in meristematic tissues (rantl shoot tips, legume root nodules, and
reproductive tissues).

5. Reduces nutrient uptake and efficiency.

6. Increases drought stress.

7. Reduces N-fixation.
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. Lowers seed nutrient content.
. Transferred in pollen to plants, and from degrggblant tissues to microbes.
0. Generally causes a yield ‘drag’ compared waarfisogenic normal plants from which it
was derived.
11. Has greatly increased the application of glgatte.
12. Permanent in plants once it is introduced.

INTERACTIONS OF GLYPHOSATE WITH PLANT NUTRITION

Glyphosate can affect nutrient efficiency in thamilby chelating essential nutrient co-
factors after application since there is many timese ‘free’ glyphosate in the plant than all of
the unbound cat-ions. Chelation of Mn and otheromuatrients after application of glyphosate is
frequently observed as a ‘flashing’ or yellowingtlpersists until the plant can ‘resupply’ the
immobilized nutrients. The duration of ‘flashing’correlated with the availability of
micronutrients in soil. Symptom remission indicaaegsumption of physiological processes, but
is not an indicator of plant nutrient sufficienagee micronutrient deficiencies are commonly



referred to as ‘hidden hunger.’” As a strong nutréhelator, glyphosate can reduce physiological
efficiency by immobilizing elements required as gaments, co-factors or regulators of
physiological functions at very low rates. Thusnp uptake and or translocation of Fe, Mn and
Zn are drastically reduced (up to 80 %) by commarigerved ‘drift’ rates of glyphosate (<1/40
the herbicidal rate). This is reflected in redupégsiological efficiency, lower mineral nutrient
levels in vegetative and reproductive tissues,iaaeased susceptibility to disease. Microbial
and plant production of siderophores and ferriciotalse in root exudates under nutrient stress
are inhibited by glyphosate to exacerbate planienitstress common in low-available
micronutrient soils.

Glyphosate is not readily degraded in soil andmabably accumulate for many years
chelated with soil cat-ions. Degradation produétglgphosate are as damaging to RR crops as
to non-RR crops. Persistence and accumulationyphglsate in perennial plants, soil, and root
meristems, can significantly reduce root growth #reldevelopment of nutrient absorptive
tissue of RR as well as non-RR plants to furthgramnutrient uptake and efficiency. Impaired
root uptake not only reduces the availability aé@fic nutrients, but also affects the natural
ability of plants to compensate for low levels cdmy other nutrients. Glyphosate also reduces
nutrient uptake from solil indirectly through itxtcity to many soil microorganisms responsible
for increasing the availability and access to reutts through mineralization, reduction,
symbiosis, etc.

Degradation of plant tissues through growth, nasr@s mineralization of residues can
release accumulated glyphosate from meristemasaés in toxic concentrations to plants. The
most damaging time to plant wheat in ryegrass ‘edmown’ by glyphosate is two weeks after
glyphosate application to correspond with the ideaf accumulated glyphosate from
decomposing meristematic tissues. This is cortdasith the need to delay seeding of winter
wheat for 2-3 weeks after a regular weed burn-ddeipermit time for immobilization of
glyphosate from root exudates and direct applicatioough chelation with soil cat-ions. The
Roundup® label for Israel lists recommended waitinges before planting a susceptible crop on
that soill.

One of the benefits of crop rotation is an increameailability of nutrients for a
subsequent crop in the rotation. The high leve\wailable Mn (130 ppm) after a normal corn
crop is not observed after glyphosate-treated RR. cdhe lower nutrient availability after
specific RR crop sequences may need to be compehisatthrough micronutrient application
in order to optimize yield and reduce diseasesnlasequent crop.

THE INFLUENCE OF GLYPHOSATE ON SOIL ORGANISMS IMPOR TANT FOR
ACCESS, MINERALIZATION, SOLUBILIZATION, AND FIXATIO N OF ESSENTIAL
PLANT NUTRIENTS

Glyphosate is a potent microbiocide and is toxieadhworms, mycorrhizae (P & Zn
uptake), reducing microbes that convert insolubleaxides to plant available forms (Mn and
Fe,Pseudomonads, Bacillus, etc.), nitrogen-fixing organism8i(adyr hizobium, Rhizobium), and
organisms involved in the ‘natural,” biological ¢oyl of soilborne diseases that reduce root
uptake of nutrients. Although glyphosate conta¢hwhese organisms is limited by rapid
chelation-immobilization when applied on fallow Isgilyphosate in root exudates, or from
decaying weed tissues or RR plants, contacts tirgsmisms in their most active ecological



habitat throughout the rhizosphere. It is not unicwn to see Cu, Fe, Mg, Mn, Ni, and Zn
deficiencies intensify and show in soils that wenee considered fully sufficient for these
nutrients. Increasing the supply and availabityCo, Cu, Fe, Mg, Mn, Ni, and Zn have
reduced some of the deleterious effects of glyptieosia these organisms and increased crop
yields.

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

TABLE 3. Some plant pathogens stimulated by glyphage.

Botryospheara dothidea Gaeumannomyces graminis
Corynespora cassicola Magnaporthe grisea
Fusarium species Marasmius spp.

F. avenaceum Monospor ascus cannonbal us
F. graminearum Myrothecium verucaria

F. oxysporum f.sp. cubense Phaeomoniella chlamydospora
F. oxysporumf.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 subspnebraskensis (Goss’ wilt)

HERBICIDAL MODE OF ACTION OF GLYPHOSATE

As a strong metal micronutrient chelator, glyphesahibits activity of EPSPS and other
enzymes in the Shikimate metabolic pathway resptn$or plant resistance to various
pathogens. Plant death is through greatly inccepknt susceptibility of non-RR plants to
common soilborne fungi such Rasarium, Rhizoctonia, Pythium, Phytophthora, etc. that are
also stimulated by glyphosate (Johal and Rahe,;1984sque and Rahe, 1992; Johal and
Huber, 2009). Itis very difficult to kill a plaimn sterile soil by merely shutting down the
Shikimate pathway (secondary metabolism) unledb@wie pathogens are also present. It is the
increased susceptibility to soilborne pathogend,iaareased virulence of the pathogens, that
actually Kills the plants after applying glyphosaf@isease resistance in plants is manifest
through various active and passive physiologicathmaisms requiring micronutrients. Those
metabolic pathways producing secondary anti-mi@otmmpounds (phytoalexins, flavenoids,
etc.), pathogen inhibiting amino acids and peptiiesmones involved in cicatrisation (walling
off pathogens), callusing, and disease escape misch&can all be compromised by glyphosate
chelation of micronutrient co-factors critical fenzyme function. Genetic modification of



plants for glyphosate tolerance partially rest@bikimate pathway function to provide a
selective herbicidal effect.

INTERACTIONS OF GLYPHOSATE WITH PLANT DISEASE

Micronutrients are the regulators, activators, mnmibitors of plant defense mechanisms
that provide resistance to stress and diseaselati@imeof these nutrients by glyphosate
compromises plant defenses and increases pathagémesrease the severity of many abiotic
(bark cracking, nutrient deficiencies) as well@gctious diseases of both RR and non-RR
plants in the crop production system (table 4).nilaf these diseases are referred to as
‘emerging’ or reemerging’ diseases because th&jyraaused economic losses in the past, or
were effectively controlled through management ficas.

Non-infectious (Abiotic) DiseasesResearch at Ohio State University has shown that
bark cracking, sunscald, and winter-kill of treesl @erennial ornamentals is caused by
glyphosate used for under-story weed control, &atlglyphosate can accumulate for 8-10 years
in perennial plants. This accumulation of glyphesztn be from the inadvertent uptake of
glyphosate from contact with bark (drift) or by tagptake from glyphosate in weed root
exudates in soil. Severe glyphosate damage to adjasent to stumps of cut trees treated with
glyphosate (to prevent sprouting in an effort tadecate citrus greening or CVC) can occur
through root translocation and exudation severatg/after tree removal.

Infectious Diseasestncreased severity of the take-all root and croetrof cereals
(Gaeumannomyces graminis) after prior glyphosate usage has been observen&r 20 years
and take-all is now a ‘reemerging’ disease in mahgat producing areas of the world where
glyphosate is used for weed control prior to cepdahting. A related disease of cereals, and the
cause of rice blasMagnaporthe grisea), is becoming very severe in Brazil and is esplgcia
severe when wheat follows a RR crop in the rotatidke take-all and Fusarium root rot, this
soilborne pathogen also infects wheat and barletsr@nd is a concern for U.S. cereal
production.

Fusarium species causing head scab are common root and cabywathogens of cereals
everywhere; however, Fusarium head scab (FHB) &asrglly been a serious disease of wheat
and barley only in warm temperate regions of th&. UVith the extensive use of glyphosate, it is
now of epidemic proportions and prevalent througoost of the cereal producing areas of
North America. Canadian research has shown thaghkcation of glyphosate one or more
timesin the three years previous to planting wheat was the most important agronomic factor
associated with high FHB in wheat, with a 75 % é&ase in FHB for all crops and a 122 %
increase for crops under minimume-till where morgppbsate is used. The most severe FHB
occurs where a RR crop precedes wheat in the oatédr the same reason. Glyphosate altered
plant physiology (carbon and nitrogen metabolismjeasing susceptibility of wheat and barley
to FHB and increased toxin production, is also ess$ed with a transient tolerance of wheat and
soybeans to rust diseases.

The increased FHB with glyphosate results in anadt& increase in tricothecene
(deoxynivalenol, nivalenol, ‘vomitoxins’) and esgemnic (zaeralenone) mycotoxins in grain;
however, the high concentrations of mycotoxin iaigrare not always associated whilisarium



infection of kernels. Quite often overlooked is thcrease in root and crown rot by FHB
Fusaria with glyphosate and the production of mycotoxmsdot and crown tissues with
subsequent translocation to stems, chaff and g@aution has been expressed in using straw
and chaff as bedding for pigs or roughage for editicause of mycotoxin levels that far
exceeded clinically significant levels for infeitil and toxicity. This also poses a health and
safety concern for grain entering the food chamhiamans. The list of diseases affected by
glyphosate (see reference No. 18) is increasingg@asers and pathologists recognize the cause-
effect relationship.

SPECIAL NUTRIENT CONSIDERATIONS IN A GLYPHOSATE-DOM INANT WEED
MANAGEMENT ECOLOGICAL SYSTEM

There are two things that should be understoodderdao remediate nutrient deficiencies
in a glyphosate usage program: 1) the effectsygftgisate on nutrient availability and function
and 2) the effect of the RR gene on nutrient edficy. With this understanding, there are four
objectives for fertilization in a glyphosate envirnent — all of which indicate a more judicious
use of glyphosate as part of the remediation pedcEkese four objectives are to:

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

2. Detoxify residual glyphosate in meristematic atfer tissues, in root exudates, and in
soil by adding appropriate elements for chelatiatt whe residual glyphosate.

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

4. Increase plant resistance to root infectingraednerging diseases through
physiological plant defense mechanisms dependetiteo8hikimate, amino acid, and
other pathways that are compromised by micronutirezfficiency in a glyphosate
environment.

Meeting Nutrient Sufficiency: Extensive research has shown that increased landls
availability of micronutrients such as Mn, Zn, G, Ni, etc can compensate for reduced
nutrient efficiency and the inefficiency of RR ceof his need may not be manifest in high
fertility or nutrient toxic soils for a few yearéter moving to a predominantly monochemical
strategy. The timing for correcting micronutrielgficiencies is generally more critical for
cereal plants (barley, corn, wheat) than for legeimeorder to prevent irreversible yield and/or
quality loss. Nutrient sufficiency levels from kand tissue analysis that are considered
adequate for non-GM crops may need to be increfasd®R crops to be at full physiological
sufficiency. Since residual ‘free’ glyphosate in RRnt tissues can immobilize most regular
sources of foliar-applied micronutrients for 8-1&yd, and thereby reduce the future availability
of these materials, it may be best to apply soneeanutrients 1-2 weeks after glyphosate is
applied to RR crops.

The expense of an additional trip across the fi@ldoliar application frequently deters
micronutrient fertilization for optimum crop yielthd quality. There are newly available
micronutrient formulations (nutrient phosphitesjttinaintain plant availability without
impacting herbicidal activity of the glyphosateaitank-mix, and plants have responded well
from these micronutrient-glyphosate mixes. Simwdtars application of some micronutrients



with glyphosate might provide an efficient meansvercome deficiencies in low fertility soils,
as well as mitigate the reduced physiological &fficy inherent with the glyphosate-tolerant
gene and glyphosate immobilization of essentialienis in the plant.

Under severe micronutrient deficiency conditiorsesting seed high in nutrient content
or a micronutrient seed treatment to provide eaulyient sufficiency, establish a well-
developed root system, and insure a vigorous seggdlant with increased tolerance to
glyphosate applied later, has been beneficial @vangh excess nutrient applied at this time may
be immobilized by glyphosate from root exudates amidavailable for subsequent plant uptake.
Micronutrients such as Mn are not efficiently broast applied to soil for plant uptake because
of microbial immobilization to non-available oxiéid 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 micrdeats may be more beneficial than any
individual one to chelate with residual glyphosaiel ‘detoxify’ it in meristematic and mature
tissues. Thus, foliar application of Mn could retia¢e for glyphosate immobilization of the
nutrient; however, it may be more effective wheplega in combination with the more mobile
Zn to detoxify sequestered glyphosate in meristentigsues even though Zn levels may appear
sufficient. Gypsum applied in the seed row has sheame promise for detoxifying glyphosate
from root exudates since Ca is a good chelator glithhosate (one of the reasons that
ammonium sulfate is recommended in spray solutrgtis hard water is to prevent chelation
with Ca and Mg which would inhibit herbicidal aaty).

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

Biological Remediation The selection and use of plants for glyphosaleraoce that
have greater nutrient efficiency for uptake or pblggical function has improved the
performance of some RR crops, and further improvesnare possible in this area. Enhancing
soil microbial activity to increase nutrient availéty and plant uptake has been possible through
seed inoculation, environmental modification todagertain groups of organisms, and
implementation of various management practiceserd are many organisms that have been
used to promote plant growth, with the most recoghibeing legume inoculant3h{zobia,
Bradyrhizobia species); however, glyphosate is toxic to theseti@al microorganisms.
Continued use of glyphosate in a cereal-legumeioothas greatly reduced the population of
these organisms in soil so that annual inoculatidegume seed is frequently recommended.

Biological remediation to compensate for glypho'satapact on soil organisms
important in nutrient cycles may be possible if tamediating organism is also glyphosate-
tolerant and capable of over coming the soils @tiplogical buffering capacity. This would
be especially important for nitrogen-fixing, mydumae, and mineral reducing organisms, but
will be of limited benefit unless the introducedjanisms are also tolerant of glyphosate.
Modification of the soil biological environment thugh tillage, crop sequence, or other cultural
management practices might also be a viable watintailate the desired soil biological activity.



Increasing Plant Resistance to Stress and Root-Inféng Pathogens:Maintaining
plant health is a basic requirement for crop yasd quality. Plant tolerance to stress and many
pathogens is dependent on a full sufficiency ofromatrients to maintain physiological
processes mediated through the Shikimate or otitbyays that are compromised in a
glyphosate environment. Sequential application{specific micronutrients (esp. Ca, Cu, Fe,
Mn, Zn) may be required to compensate for thosgenis physiologically lost through
glyphosate chelation. Breeding for increased notréficiency and disease resistance will be an
important contributor to this objective.

SUMMARY

Glyphosate is a strong, broad-spectrum nutrienfattriethat inhibits plant enzymes responsible
for disease resistance so that plants succumbgathogenic attack. This also predisposes RR
and non-RR plants to other pathogens. The inttimluof such an intense mineral chelator as
glyphosate into the food chain through accumulaiticieed, forage, and food, and root
exudation into ground water, could pose signifidaedlth concerns for animals and humans and
needs further evaluation. Chelation immobilizatadrsuch essential elements as Ca (bone), Fe
(blood), Mn, Zn (liver, kidney), Cu, Mg (brain) cloudirectly inhibit vital functions and
predispose to disease. The lower mineral nutrientent of feeds and forage from a glyphosate-
intense weed management program can generallyrbpassated for through mineral
supplementation. The various interactions of gbgate with nutrition are represented in the
following schematic:

Foliar application of glyphosate ) _
Accumulation of glyphosate in

meristematic tissues (shoot,

Systemic movement throughout C ]
reproductive, and root tips).

the plant

Translocation of glyphosate from
shoot to root and subsequent
release into the rhizosphere

Chelation of micronutrients

Intensified drought stress

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

(not biodegraded -co-metabolish ) )
Glyphosate desorbed from soil by P Compromise of plant defense mechanisms
Promotion of:

Soilborne plant pathogens

Fusarium, Pythium, Rhizoctonia, etc.)

Glyphosate toxicity to:
N-fixing microbes

Bacterial shikimate pathwa ) D
Mycorrhiza P y Nutrient oxidizers (Mn, Fe, N)

Mn & Fe reducing organisms Microbial nutrient sinks (K, Mg)

Biological control organisms Reduced availability or uptake of essential
Earthworms nutrients (Cu, Fe, K, Mg, Mn, N, Ni)
PGPR organisms

Schematic of glyphosate interactions in soil
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Table X. Some symptoms of glyphosate damage to ntarget plants.

. Micronutrient (and often some macronutrientjaehcy

. Low vigor, slow growth, stunting

. Leaf chlorosis (yellowing) — complete or betwdiea veins

. Leaf mottling with or without necrotic spots

. Leaf distortion — small, curling, strap-like,imkling, or ‘mouse ear’

. Abnormal bud break, stem proliferation — witchesom

. Retarded, slow regrowth after cutting or runnaidalfa, perennial plants)

. Lower yields, lower mineral value — vegetatiatp and reproductive (grain, seeds)

. Early fruit, bud, or leaf drop

10. Early maturity, death before physiological migyutip die-back

11. Predisposition to infectious diseases and eetgimfection/susceptible period— numerous
12. Predisposition to insect damage

13. Induced abiotic diseases — drought, winter &ilh scald, bark cracking (perennial plants)
14. Root stunting, inefficient N-fixation and upéak

15. Poor root nodulation in legumes
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