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Abstract Glyphosate is the most used herbicide globally. It is a unique
non-selective herbicide with a mode of action that is ideal for vegetation manage-
ment in both agricultural and non-agricultural settings. Its use was more than
doubled by the introduction of transgenic, glyphosate-resistant (GR) crops. All of
its phytotoxic effects are the result of inhibition of only 5-enolpyruvylshikimate-3-
phosphate synthase (EPSPS), but inhibition of this single enzyme of the shikimate
pathway results in multiple phytotoxicity effects, both upstream and downstream
from EPSPS, including loss of plant defenses against pathogens. Degradation of
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glyphosate in plants and microbes is predominantly by a glyphosate oxidoreductase
to produce aminomethylphosphonic acid and glyoxylate and to a lesser extent by a
C-P lyase to produce sarcosine and phosphate. Its effects on non-target plant species
are generally less than that of many other herbicides, as it is not volatile and is
generally sprayed in larger droplet sizes with a relatively low propensity to drift and
is inactivated by tight binding to most soils. Some microbes, including fungal plant
pathogens, have glyphosate-sensitive EPSPS. Thus, glyphosate can benefit GR
crops by its activity on some plant pathogens. On the other hand, glyphosate can
adversely affect some microbes that are beneficial to agriculture, such as
Bradyrhizobium species, although GR crop yield data indicate that such an effect
has been minor. Effects of glyphosate on microbes of agricultural soils are generally
minor and transient, with other agricultural practices having much stronger effects.

Keywords EPSPS - Glyphosate - Herbicide - Herbicide degradation - Hormesis -
Mode of action - Weed management
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2PG 2-Phosphoglycolate

AKR Aldo-keto reductase
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1 Introduction

After commercialization in 1974, glyphosate (N-(phosphonomethyl)glycine; CAS #
1071-83-6) became the most used herbicide worldwide. According to SciFinder®, in
2020 there were over 23,000 scientific publications, including patents, on glyphosate
since 1972. Numerous general reviews (e.g., Baylis 2000; Dill et al. 2010; Duke
1988, 2018a; Duke et al. 2003a) and two entire books (Grossbard and Atkinson
1985; Franz et al. 1997) on glyphosate are available. There have been two special
issues of a journal on use of glyphosate as a herbicide (Pest Management Science,
April, 2008 and May, 2018) and a special issue of Critical Reviews of Toxicology
(supplemental issue of 2016) on glyphosate’s toxicological properties. Additionally,
there are numerous reviews on specific aspects of glyphosate, such as its metabolic
degradation in plants (e.g., Duke 2011), its degradation by microbes (e.g., Zhan et al.
2018), glyphosate extraction and analysis methods (Koskinen et al. 2016), its
behavior in soil (Borggaard and Gimsing 2008), human exposure to glyphosate
(Solomon 2020), and its environmental toxicology (Geisy et al. 2000). This review
will not deal with formulation ingredients used with glyphosate, as these can vary
between different products, and can vary with a particular product name between
countries and over time. Unfortunately, many published studies are designed so that
the effects of glyphosate cannot be differentiated from those of formulation ingre-
dients. Furthermore, the exact ingredients of commercial glyphosate formulations
are sometimes proprietary, making it impossible to evaluate some studies done with
these products. The ecotoxicology of glyphosate and its formulants are covered by
Rodriguez-Gil et al. (2020) in this volume.

The selection of topics covered by this review could be considered eclectic, but
they were determined by what was not covered by the three other reviews on
glyphosate of this volume. The review of Green and Siehl (2020) is on
glyphosate-resistant (GR) crops, that of Rodriguez-Gil et al. (2020) covers the
ecotoxicology of glyphosate, its formulants, and degradation products, and Baek
et al. (2020) discuss evolved GR weeds. This review covers uses of glyphosate other
than on GR crops, mode of action of glyphosate, metabolic degradation of glypho-
sate in microbes and plants, non-target vegetation effects and indirect effects of
agricultural glyphosate use on non-target organisms, and effects of glyphosate on
microbes in agriculture. A significant amount of this review is germane to the
environmental toxicology of glyphosate, but I have tried to avoid those aspects
covered by Rodriguez-Gil et al. (2020). This review emphasizes the more recent
significant literature that has not been previously reviewed and will not discuss the
burgeoning literature (often questionable toxicology studies) frequently found in
predatory or very low impact journals. See Mesnage and Antoniou (2017) for an
analysis of some of this questionable literature and its potentially harmful effects.

Glyphosate was an important herbicide when it was introduced, as there was no
previous herbicide available that was effective on all weeds (non-selective) that was
also considered to have low toxicity to animals, including humans. The only highly
effective, non-selective herbicide alternatives at that time were paraquat
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(1,1°dimethyl-4,4"-bipyridinium dichloride; CAS # 75365-73-0) and diquat (1,1-
'_ethylene--2,2'-bipyridinium dibromide; CAS # 85-00-7), two pyridinium herbi-
cides, both with high acute toxicity to animals. In the USA, paraquat use is much
greater than diquat use (United States Geological Survey 2020). Paraquat is so
acutely toxic to humans that it has often been used to commit suicide (Onyon and
Volans 1987). Furthermore, paraquat and diquat are perhaps the fastest acting
herbicides, so there is insufficient time for them to be translocated from sprayed
foliage to protected plant meristems before the tissues to which they are applied are
killed. Thus, after treated foliage dies, paraquat-treated plants, especially perennials,
often regrow from meristems that do not come in contact with the herbicide.
Glyphosate is highly systemic, translocating both acropetally and basipetally to
metabolic sinks like meristems from treated parts of the plant. In most weed species,
glyphosate is metabolized slowly to non-phytotoxic or very weakly phytotoxic
compounds (Duke 2011), giving the herbicide time to reach critical metabolic
sinks without being metabolized. It is also one of the slowest acting herbicides on
most plant species, giving the plant adequate time to translocate it to meristems
before translocation is adversely affected by glyphosate. This combination of attri-
butes made it more effective than other herbicides in killing weeds with the potential
to regrow, being effective on many perennial weed species.

Glyphosate was significantly more expensive than paraquat, but more effective
and much safer. Even before the introduction of GR crops, its use was considerably
higher than that of paraquat in agriculture (Fig. 1). The rapid increase in glyphosate
use after the introduction of GR crops in the USA (Fig. 1a) did not affect the patterns
of paraquat use in agriculture (Fig. 1b), and the use of paraquat went up in cotton
(Gossypium hirsutum) and soybean (Glycine max) production after evolved GR
weeds became a major problem in these crops (Fig. 1b). Thus, before the introduc-
tion of GR crops, glyphosate captured a strong market for vegetation management in
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Fig. 1 Glyphosate (a) and paraquat (b) use in agriculture in the USA. GRC designates the
introduction of GR crops. From the United States Geological Survey (2020)



Glyphosate: Uses Other Than in Glyphosate-Resistant Crops, Mode of Action,. .. 5

situations, other than in most horticultural and agronomic row crops while they are
growing, as all crops were susceptible to glyphosate. Before GR crops were avail-
able, most herbicide use within growing crops was with highly selective herbicides
that do not substantially harm the crop, even when sprayed directly on them; e.g.,
diclofop-methyl ((RS)-methyl-2-[4-(2,4-dichlorophenoxy)phenoxy]propanoate;
CAS # 51338-27-3) on soybean.

Compared to other herbicides introduced since 1974, glyphosate is a high use rate
herbicide, requiring 0.5 to 2.0 kg/ha of active ingredient for management of most
weeds. Most more recent herbicides, except for bioherbicides, are applied at a few
hundred grams or less per hectare. Glyphosate is an anionic compound that is sold as
a formulated salt (usually with potassium or isopropylamine (IPA) cations), but the
glyphosate anion is the only substantially herbicidal compound in the commercial-
ized formulations. In solution, at physiological pHs, glyphosate exists mostly as a
divalent anion (Wauchope 1976). Ions of Ca, Mn, and Zn in tank mixtures of
glyphosate can reduce its efficacy (Chahal et al. 2010). A glyphosate product
(sometimes called sulfosate) that used a cationic sulfur counterion (trimesium or
trimethylsulfonium) was sold at one time, but it was reported to have greater acute
human toxicity than a commercial formulation of the IPA salt of glyphosate
(Sgrensen and Gregersen 1999). The trimesium salt is no longer sold.

Glyphosate’s non-selectivity significantly limited its potential market, because it
could not be sprayed directly on any growing crop like a selective herbicide. This
changed dramatically in the USA with the introduction of transgenic, GR crops in
1996 (Duke 2014) (Fig. 1a). Similar increases in usage occurred in other countries
that adopted GR crops, such as Argentina and Brazil. Agricultural use of glyphosate
use plateaued in the USA in 2012 (Fig. 1a), probably due to both GR crop market
saturation and farmers turning to other herbicides due to the rapid evolution and
spread of GR weeds (Heap and Duke 2018). In 2016, about 56% of all glyphosate
used globally was estimated to be used on GR crops, and 72% of all glyphosate used
globally in its first 40 years of sales was used in the last 10 of those years (Benbrook
2016). The topic of GR crops and glyphosate use in them has been reviewed before
(e.g., Duke 2014, 2015) and will be updated in this volume by Green and Siehl
(2020). Other uses of glyphosate are briefly reviewed below.

2 Uses of Glyphosate Other Than in GR Crops

Glyphosate was a very successful herbicide for more than 20 years before the
introduction of GR crops. Furthermore, it is still extensively used globally for
other than weed management in GR crops. Gaines (2018) reviewed the topic of
glyphosate use in non-GR crop settings in the USA. Wiese et al. (2018) and Antier
et al. (2020a, b) provide good analyses of glyphosate use in Europe, where GR crops
are essentially not grown. Even in Europe, glyphosate is the most used herbicide,
comprising more about 33% of all herbicide use by volume. Figure 2 provides a
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Fig. 2 Glyphosate uses in agriculture in the European Union. With permission from Antier et al.
(2020a, b) with slight modification

breakdown of the many uses of glyphosate in agriculture in the European Union
(EU). These EU uses are similar to the non-GR crop uses of glyphosate in agriculture
throughout the rest of the world.

2.1 Weed Control in Non-Agricultural Situations

In 1995, before GR crops were introduced in the USA in 1996, 31% of the
glyphosate used was for non-agricultural uses (Benbrook 2016). This percentage
decreased to about 10% after GR crops were introduced in 1996, but the actual
amount used for non-agricultural needs had more than doubled by 2014. The main
non-selective alternatives for such uses are paraquat, with its toxicity issues
discussed above, and glufosinate ((RS)-2-amino-4-(hydroxy(methyl)phosphonoyl)
butanoic acid; CAS # 51276-47-2), which is less effective, less non-selective, and
more expensive than glyphosate in most settings. Glufosinate was first commercial-
ized in 1993, almost 20 years after glyphosate was introduced to the market. It is
structurally similar to glyphosate, but has an entirely different molecular target site,
glutamine synthetase (EC 6.3.1.2), involved in amino acid metabolism (Takano and
Dayan 2020). Glyphosate is an ideal herbicide for total vegetation control in
non-crop settings such as roadsides, railroad sidings, and preparation of land for
installation of turf. It is used in turf to spot treat weeds (e.g., Burt 1980) or when the
desired turf grass is dormant in the winter to kill winter weeds (e.g., Johnson 1976;
Binkholder et al. 2011). Glyphosate is virtually inactive in soil and has a relatively
short half-life (5.7 to 40.9 days) in moist soil in most climates (Blake and Pallett
2018). Thus, there are no long-lasting effects of these uses, other than indirect effects
of killing the unwanted vegetation.
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In the USA, glyphosate is used or has been proposed to be used to manage
invasive weeds in non-agricultural settings such as Bromus tectorum (Sebastian et al.
2017), Typha spp. (Linz and Homan 2011), Oxalis pes-caprae (Lazzaro et al. 2019),
and Chrysanthemoides monilifera ssp. rotundata (Matarczyk et al. 2002). Glypho-
sate has been recommended for management of invasive weed species such as
Spartina densiflora that has become a problem in tidal marshes of southwest Spain
(Mateos-Naranjo et al. 2009) and Bischofia javanica, an invasive tree species in the
Ogasawara Islands (Itou et al. 2015). It is effective in control of invasive Mexican
petunia (Ruellia simplex) in the state of Florida of the USA (Adams et al. 2014).
These are but a few of the uses and proposed uses of glyphosate to manage invasive
plant species in non-agricultural ecosystems.

Glyphosate is also used for aquatic weed management (Barrett 1985). There is at
least one commercial formulation of glyphosate sold in the USA exclusively for
management of aquatic weeds found growing on bodies of water or along shorelines.
It is used for macrophyte aquatic weeds with foliage that is not submerged such as
water hyacinth (Eichhonia crassipes) (e.g., Lopez 1993) and alligator weed
(Alternanthera philoxeroides) (Bowmer et al. 1993). Many such targeted weed
species are invasive, exotic weeds that are harmful to native aquatic vegetation.
Glyphosate formulated for aquatic vegetation is sprayed on emergent aquatic veg-
etation, but it can also be wiped on (e.g., Kay 1995) in order to reduce water
contamination. It is not used for submerged macrophytic vegetation such as Hydrilla
verticillata (Dayan and Netherland 2005) or algae control, as the concentrations
required would have to be very high, with potentially harmful environmental effects.
On small, floating aquatic plants that have foliage exposed to the atmosphere like
duckweed (Lemna minor), glyphosate is not effective in the water in which they
grow, but it is very effective when sprayed on the foliage (Lockhart et al. 1989).

2.2 Weed Control in Non-GR Crops

Negatively charged glyphosate at soil pH ranges binds soil components (especially
the clay fraction and Fe and Al oxides) so tightly (Morillo et al. 2000; Borggaard and
Gimsing 2008) that it has no herbicidal effects in most soils. Therefore, it is
commonly used in non-GR row crops for weed control before planting. A study
meant to simulate effects of the potential accumulation of glyphosate and its main
degradation compound, aminomethylphosphonic acid (AMPA; CAS # 1066-51-9)
in soil when used at very high rates over multiple years on the growth and develop-
ment of wheat (Triticum aestivum), field peas (Pisum sativum), and canola (Brassica
napus), found no effects at recommended application rates (0.5 to 2.0 kg a.e./ha)
(Blackshaw and Harker 2016). They found that application rates of 17.6 to 77 kg a.
e./ha would be required to add enough glyphosate to soil to cause any crop injury,
depending on the crop and location. The experiment assumed that glyphosate would
be retained in the top 2 cm of soil. If glyphosate was distributed throughout a deeper
soil profile because of tillage or high rainfall, the application rates required to cause
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crop injury would be even higher. Another proof of its safety to plants in soil is that
dormant turf grasses can be sprayed with glyphosate in the winter to control winter
weeds without damage to the dormant grass that regrows in the spring from
subterranean meristems.

However, there are a few reports of glyphosate causing crop injury by uptake
from sandy soils, especially when phosphate fertilizers are used (e.g., Cornish 1992).
Phosphate can displace glyphosate from its soil binding sites in some cases (Gimsing
and Borggaard 2001). In sandy loam soil, glyphosate application to weeds, followed
by planting of wheat immediately or 1 day after spraying the weeds sometimes
reduced wheat growth (Jang et al. 2020). However, in clay loam soil, growth of
wheat was sometimes increased by such treatments, perhaps because of glyphosate
hormesis (see Sect. 2.5). These effects were influenced by weed densities, target
weed species, and soil water conditions. Glyphosate is less commonly used to kill
weeds in fields of crops (both GR and non-GR) after harvest. Despite being
non-selective, glyphosate is widely used in non-GR crop agriculture, as evidenced
by its heavy use in Europe, where GR crops are not grown (e.g., Weise et al. 2018.
Antier et al. 2020a, b) and in the USA in non-GR crop settings (Gaines 2018). In the
USA in 2014, ca. 12% of the glyphosate use in agriculture was in non-GR crops
(Benbrook 2016). The analysis by Gaines (2018) of glyphosate, glufosinate, and
paraquat use in various non-GR USA crops showed that glyphosate use
predominated, except for peanuts (Arachis hypogaea), in which case paraquat use
(percent of hectares treated) in 2013 was slightly higher than glyphosate use.

Glyphosate can be safely used in orchards and vineyards to control weeds when
crop foliage is high enough to avoid significant spray reaching leaves from directed
applications to lower-growing weeds among these crops. The distance between
orchard and vineyard crop plants also assists in avoiding contact of the crop foliage
with spray. Glyphosate was predicted to end problems with perennial weeds in tree
and vine crops soon after it was introduced (Lange et al. 1975). If used properly in
vineyards and other perennial, woody crops, there is no crop damage. However, used
improperly, drift of glyphosate to foliage can cause crop injury (e.g., Mohseni-
Moghadam et al. 2016; Schriibbers et al. 2014). Gaines (2018) reported that in the
USA in 2017, glyphosate was used for weed management in 35 to 42% of such
crops. Glyphosate has been used so much in some vineyards, that its use has been
associated with contamination of nearby surface waters with the herbicide (Daouk
et al. 2013). Another evidence of the intensive use of glyphosate in orchard crops is
that one of the first cases of evolved resistance of a weed (Eleusine indica) to
glyphosate was in a fruit orchard in Malaysia (Lee and Ngim 2000). Plants do not
evolve resistance to glyphosate easily, as with some herbicides (e.g., the sulfonyl-
ureas), as it required more than 20 years for the first report of revolved resistance
(Baek et al. 2020), despite its widespread use and resulting strong selection pressure.
Glyphosate has been used extensively in conifer silvaculture (Freedman 1990),
mostly in the early stages of establishment of the conifer crop. It has also been
used to destroy illicit crops, including Erythroxylum coca (Solomon et al. 2007;
Marshall et al. 2009), marijuana (Cannabis sativa) (Lanaro et al. 2015), and opium
poppy (Papaver somniferum) (Solomon et al. 2007). Glyphosate does not have to
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kill the Erythroxylum coca plant in order to lower the cocaine levels in leaves to
uneconomical concentrations (Casale and Lydon 2007).

Another common use of glyphosate is to kill cover crops that are used to prevent
soil loss and for suppression of weeds between crops in no-tillage agriculture (e.g.,
Reddy and Koger 2004; Nascente et al. 2013). The most environmentally damaging
weed management option is tillage, as it facilitates erosion of top soil which can take
eons to replace. Reduced tillage and plant residue management provide many
environmental advantages (Locke and Bryson 1997). Tillage also results in loss of
soil moisture (e.g., Blevins et al. 1971). Adoption of GR crops (soybean, maize (Zea
mays), cotton, canola (Brassica napus) and sugar beet (Beta vulgaris)) allowed
farmers to greatly reduce tillage in these crops (Cerdeira and Duke 2006; Duke
and Powles 2009; Givens et al. 2009; Morishita 2018). Use of reduced tillage and
cover crops with GR crops can reduce soil erosion, moisture loss, and movement of
pre-emergence herbicides from the field (Krutz et al. 2009). Even in non-GR crops,
glyphosate use has reduced tillage for weed management both directly (e.g.,
Melander et al. 2013; Kudsk and Mathiasson 2020) and for facilitation of the use
of cover crops that reduce soil erosion (e.g., Weston 1990). Glyphosate is also used
extensively in wheat crops before planting and after harvesting to facilitate reduced
and no-tillage agriculture (Gaines 2018). Similar practices have been used with
glyphosate to facilitate reduced and no-tillage agriculture in Europe, where GR
crops are not grown (Wiese et al. 2018; Antier et al. 2020a, b). Furthermore, tillage
is a fossil fuel-intensive procedure. Largely due to the reduction of tillage, the use of
GR crops in 2016 reduced worldwide fossil fuel use by the equivalent of removing
1.8 million family automobiles from the road for 1 year (Brookes and Barfoot 2018).
This figure is only for 1 year and does not include the fuel savings by the reduction of
tillage facilitated by glyphosate in non-GR crops.

Some effort has been made to use glyphosate in glyphosate-sensitive row crops
by using devices to wipe glyphosate on weeds that are taller than the crop
(McWhorter and Derting 1985; Derting 1987; Harrington and Ghanizadeh 2017)
and by using shielded or hooded sprayers between rows (e.g., Westerman and
Murray 1994). Such methods greatly reduce the amount of herbicide needed per
unit area. These approaches have been used with tractor-mounted booms over
several crop rows and with hand-held devices for spot treatments. Even with these
devices to reduce contact of the crop by glyphosate, crop injury is common. Contact
with even one leaf of a plant can cause significant injury or plant death because of
glyphosate’s ability to translocate well (see Sect. 3.2) once it enters the plant.
Although these application technologies were largely developed in the USA, this
type of glyphosate application in the USA became rare after the introduction for GR
crops. However, methods are being developed to apply herbicides with robotic
systems that can differentiate between crops and weeds, applying the herbicide
only to the weeds (e.g., Rajaa et al. 2020). Because glyphosate is non-selective, it
is ideal for this technology, as the robot would only have to determine if the detected
plant is the crop or not. Such technology used with glyphosate would change it from
a high use rate herbicide to a very low use rate herbicide.
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2.3 Use as a Crop Harvest Aid

After the harvested portion of annual crops are mature, there is an advantage to
killing the crop and letting it desiccate so that it can be harvested efficiently with
mechanical equipment. Living, green shoots of crops can interfere with harvesting
equipment. Also, waiting for the annual crop to die naturally and desiccate so that it
can be harvested can delay harvesting until times of the year that are too wet for
harvesting (e.g., cotton in the southeast USA). Several herbicides have been used as
crop harvest aids to rapidly kill the crop, and glyphosate has become the most
commonly used herbicide for this purpose (Griffin et al. 2010). An additional benefit
of this practice is that seed-producing weeds that are in the field at the time of
application are killed, preventing them from contributing viable seeds to the weed
seed bank for future cropping seasons. For example, late season application of
glyphosate after seed set of the crop reduced seed production of the weeds Sesbania
herbacea and Senna obtusifolia by 85%, and the S. herbacea seeds produced had
only 6% viability (Clay and Griffin 2000).

Glyphosate-based herbicides are recommended to be used as a harvest
aid at least a week before harvest during the ripe stage of physiological seed
maturity. When so used, some shikimic acid ((3R,4S,5R)-(—)-3,4,5-trihydroxy-1-
cyclohexenecarboxylic acid; CAS 138-59-0) can accumulate in the grain (see Sect. 3),
indicating that some glyphosate translocates to the grain, but no impact on amino acid
composition or gluten protein composition is seen, unless glyphosate is applied too early
(Malalgoda et al. 2020). Glyphosate applied too early as a harvest aid can result in
translocation of enough glyphosate to developing seeds to cause developmental prob-
lems. If this occurs, the germination vigor of some or all of these seeds may be
compromised (e.g., Jeffery et al. 1981; Whigham and Stoller 1979), and residues of
glyphosate and AMPA in the harvested food product will be increased (e.g., Cessnaet al.
2002). However, when properly used as a harvest aid in wheat, most of the glyphosate
ends up in the straw, with very little in the seed, and relatively little AMPA, the main
metabolite of glyphosate, is found (Cessna et al. 1994). Even if there is no translocation,
glyphosate residues, but not AMPA, can contaminate harvested food products from use
of glyphosate as a harvest aid.

Reports of a few ppm of glyphosate contamination of cereal grain-based foods
(e.g., Harris and Gaston 2004) such as beer (e.g., Jansons et al. 2018) and grain-
based breakfast foods (e.g., Zoller et al. 2018) are almost certainly due to contam-
ination from use as a harvest aid. How much of the glyphosate is due to translocation
to the seed vs contamination from sprayed surfaces is unknown. Residues of
glyphosate in these food products are generally below what is permitted by regula-
tory agencies and are thus not considered to be a health concern by these agencies. In
arecent review of the topic, Xu et al. (2019) found that the reported glyphosate levels
in grains and other foods were below the residue limits of all regulatory authorities
listed in the paper. For example, the maximum residue levels (MRL — called
tolerances by the USEPA) for glyphosate in wheat are 30 ppm in the USA and for
FAO/WHO, 10 ppm in the EU, and 5 pm in Canada (Xu et al. 2019). The highest
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level reported by Xu et al. (2019) was 11.1 ppm by Gélinas et al. (2018), but the
sample from this study was not from the commercial food supply. This was far
higher than most of the other reports that found most wheat-based foods to have
glyphosate residues of less than 1 ppm. AMPA was found in some of the samples of
the papers reviewed by Xu et al. (2019), indicating that translocated glyphosate was
degraded in the grain or at some point in the food supply chain. Similar results were
reported by Kolakowski et al. (2020) who found glyphosate residues in a wide range
of foods in Canada, but the levels in 99.4% of the almost 8,000 samples tested were
lower than Canadian MRLs. No glyphosate was found in dairy and meat samples,
and the highest amounts tended to be in grain-derived foods, especially wheat
products, likely to be due to glyphosate use as a harvest aid. A recent review by
Solomon (2020) of glyphosate levels found in urine of the general public (e.g., in
California from 1993-2016 that are assumed to be mostly from dietary exposure
(Mills et al. 2017)), concluded that the exposure from this source poses a de minimis
risk. The results of Mills et al. (2017) indicated an increasing exposure during the
time period of the study (1993-2016), a time span when the use of glyphosate in
agriculture in the USA grew rapidly until 2012 (Fig. 1a).

2.4 Use as a Sugarcane Ripener

Low application rates (0.16 to 0.47 kg a.i./ha) of glyphosate applied to sugarcane
(Saccharum officinarum) at 8 weeks before harvest enhances the yield of sucrose
(Dalley and Richard 2010; Dusky et al. 1986; Legendre and Finger 1987; Nguyen
etal. 2019; Velini et al. 2010). Used in this way, glyphosate is called a ripener. These
glyphosate rates are lower than those recommended to kill weeds and are sublethal to
sugarcane at the growth stage at which it is treated, yet glyphosate use at these low
application rates causes marked increases in shikimic acid (up to 12-fold increases,
reaching concentrations of up to 120 ppm) (Carbonari et al. 2014; Viana et al. 2019;
Pincelli-Souza et al. 2020), the best biomarker for glyphosate reaching its molecular
target site as a herbicide (see Sect. 3). The sucrose yield increase resulting from
glyphosate treatment can be more than 10%, depending on the cultivar, weather,
treatment timing, application rate of glyphosate, and timing of harvest after treatment
(Dalley and Richard 2010). In addition to increasing sucrose yield, low application
rates of glyphosate can enhance other growth parameters, such as leaf area and
internode numbers (Pincelli-Souza et al. 2020). The low glyphosate application rates
used may be sufficient to reduce enough metabolic activity in metabolic sink tissues
such as meristems and developing leaves, so that less sucrose is translocated to them.
These low application rates, however, do not affect photosynthesis and transport of
sucrose from mature leaves to stem internodes. Thus, sucrose accumulates to higher
than normal levels in the harvested part of the plant. Some other herbicides with
different modes of action (e.g., fluazifop-butyl; butyl-(R)-2-(4-{[trifluoromethyl)-2-
pyridylJoxy }phenoxy)propionate; CAS #79241-46-6) cause similar effects, but they
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are not permitted for this use in the USA. GR sugarcane, as proposed by several
groups (e.g., Wang et al. 2017), would render glyphosate ineffective as a sugarcane
ripener.

Because glyphosate and sucrose translocate similarly (see Sect. 3.2), glyphosate
contamination of sugars from glyphosate-treated sugarcane and GR sugar beet might
be expected. However, Barker and Dayan (2019) found that, even with the high
application rates of glyphosate for weed control in GR sugar beet (Morishita 2018),
processing of the sugar reduced glyphosate levels to below the limit of detection in
the refined, crystalline sugar. Similar results should be expected with refined sugar-
cane sugar, especially since the application rate of glyphosate used as a ripener is
much less than that used for weed management in GR sugar beet. A recent study
found ca. 1 ppm of glyphosate in a crude extract of juice of sugarcane which had
been treated with glyphosate to enhance sugar yields in Vietnam (Nguyen et al.
2019). This level was stated to be below the MRL of 2 ppm allowed by the
Vietnamese Ministry of Health.

2.5 Potential Use as a Plant Growth Regulator

Low application rates of glyphosate have been proposed to slow turf growth without
unacceptable injury (e.g., Johnson 1990; Fry 1991; Dias et al. 2019). However,
glyphosate is not used for this purpose, as the risk of injuring or killing the turf
instead of stunting its growth is too great. Transgenic GR turf grasses have been
developed (e.g., Blume et al. 2010; Wang and Brummer 2012), and glyphosate-
tolerant fescue (Festuca arundinacea) has been developed through conventional
breeding (Rose-Fricker 2002), although such products have not yet reached the
commercial market. Low application rates of glyphosate (up to 0.7 kg/ha) can
provide good weed control with some available fineleaf fescue varieties without
damage to the turf (Askew et al. 2019). There is concern that glyphosate resistance
genes could move from GR or glyphosate-tolerant turf grasses, creating major GR
weeds in GR crops (Zapiola and Mallory-Smith 2012). As mentioned earlier, glyph-
osate can be used in winter to kill weeds without injury to dormant turf grass. Low
application rates of glyphosate have been proposed as a plant growth regulator for
tomato (Solanum lycopersicum) production (Pombo et al. 1985), but this use has not
materialized. Later work showed that low application rates of glyphosate can enhance
tomato plant photosynthetic rates and growth (Khan et al. 2020).

Hormesis is the stimulatory effect of a subtoxic dose of a toxin (Calabrese et al.
2007). Such an effect is not always beneficial. Very low, subtoxic application rates
of herbicides often enhance plant growth (Belz and Duke 2014), but glyphosate is
unique, in that its stimulatory effects are the strongest and most consistent among
herbicides (Belz and Duke 2017; Brito et al. 2018). Application rates of glyphosate
that are effective in stimulation of growth usually range from 1.8 to 32 g/ha
(compared to the 500-2,000 g/ha used to kill most weeds) for glyphosate-susceptible
plants. Hormetic application rates of glyphosate can increase growth,



Glyphosate: Uses Other Than in Glyphosate-Resistant Crops, Mode of Action,. .. 13

Control] Growth stimulus [ Growth inhibition

"0 | 18 | 36 | 72 | 18 36 | 72 | 180 | 360 | 720
Glyphosate rate (g AE ha™')

Fig. 3 Effects of different doses of glyphosate on Eucalyptus 60 days after spraying. From Velini
et al. (2008) with permission

photosynthesis, seed production, and other developmental parameters. Increases in
growth for herbaceous plants are generally 10 to 30% (e.g., Wagner et al. 2003) and
sometimes greater (e.g., Sammons et al. 2018), whereas for some woody plants, such
as Eucalyptus spp., the increase can be 50 to more than 100% increase over untreated
plants, depending on the plant part measured (e.g., Velini et al. 2008) (Fig. 3).

The physiological mechanism of glyphosate-caused hormesis is unknown, but the
fact that hormesis is not seen in GR crops at glyphosate application rates that cause
hormesis in non-GR crops (Velini et al. 2008) indicates that the effect is tied to the
herbicidal mode of action of glyphosate. Sammons et al. (2018) found that glyph-
osate hormesis of GR Arabidopsis thaliana lines with one, two, or four copies of a
transgene for GR 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS, EC
2.5.1.19), glyphosate’s molecular target, occurred at the same and higher glyphosate
application rates than hormesis of susceptible plants. Application rates that were
very toxic to the wild type were hormetic to the transformants, and the more resistant
the transformant, the higher the maximum hormetic application rate. Thus, hormesis
might be seen in GR crops at much higher glyphosate application rates than in
non-GR crops, because the dose-response curves are shifted to higher application
rates by a factor of about fifty (Nandula et al. 2007). Thus, it is possible that the
weed-killing rates of glyphosate used on GR crops might sometimes stimulate their
growth. I am unaware of any published studies designed to specifically test this
hypothesis. However, in a multi-year study with GR maize, ear number, green ear
mass, and kernel mass were increased by a recommended glyphosate rate (1.7 kg/ha)
for weed management compared to maize kept weed-free without glyphosate use
(Williams et al. 2015). Likewise, 1 and 3.33 kg a.e./ha of glyphosate stimulated early
growth of GR canola in greenhouse studies in which the plants were not grown full
term to harvest (Corréa et al. 2016).

The hormetic effect of glyphosate has led some to propose that ultralow applica-
tion rates of glyphosate could be used commercially to increase crop yield (e.g.,
Abbas et al. 2015, 2016). However, the stimulatory effects on growth are generally
transitory and seldom lead to yield increases (Cedergreen 2008; Brito et al. 2018).
Nevertheless, the hormetic effects (greater tiller numbers, culm length and dry mass,
leaf dry mass, internode numbers, leaf area, and sugar yield) of a low glyphosate
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dose on sugarcane are sustained until harvest (Pincelli-Souza et al. 2020). For other
crops, getting reproducible and predictable results in the field is difficult, as the
hormetic dose range is affected by environmental conditions and plant developmen-
tal stage, as well as the time between application and harvest. For example, hormetic
effects can be reduced by water stress in the weed Echinochloa colona (Mollaee
et al. 2020). However, in safflower (Carthamus tinctorius), a drought-tolerant crop,
a glyphosate application rate of 36 g a.e./ha caused hormesis under water stress (dos
Santos et al. 2021). The makeup of the microbiome associated with the plant root can
have a strong effect on glyphosate hormesis. Ramirez-Villacis et al. (2020) found the
presence of a few root growth-inhibiting microbial strains (e.g., Firmicutes spp. and
Burkholdia spp.) could eliminate the hormetic effect of glyphosate on A. thaliana.
The presence of these soil microbiota could account for the fewer reports of
glyphosate hormesis in the field than one would expect. However, the study of
Ramirez-Villacis et al. (2020) was not done in soil and, thus, may not extrapolate to
the field. Furthermore, in this study, glyphosate was applied to the roots in agar
rather than as a foliar application, as it is used as a herbicide in the field.

As far as I know, glyphosate is not being used as a yield enhancer, except for
sugarcane. The ripener effect of glyphosate on sugar yield of sugarcane is an atypical
example of hormesis. Whether the stimulatory effects of glyphosate on growth of
woody plants is a benefit of using the herbicide at the early stage of tree establish-
ment is unclear. For example, the use of glyphosate for weed management in early
cultivated Pinus taeda forest establishment results in larger tree seedlings (Pehl and
Shelnutt 1990), and glyphosate use during the establishment of several tree species
resulted in larger trees (Fu et al. 2008). Whether these effects are due to elimination
of competition with other, more glyphosate-sensitive vegetation, to hormesis, or to
both was not determined in these studies.

Glyphosate-associated hormesis has recently been proposed to facilitate evolu-
tion of GR weeds (Belz and Duke 2017; Brito et al. 2018). In the field, drift
concentrations of glyphosate can stimulate the growth of glyphosate-susceptible
weeds, such as Urochloa decumbens (de Moraes et al. 2020). Hormesis can be
more pronounced in GR weeds, giving them a growth advantage in a competitive
environment (Belz 2014). Furthermore, low application rates of glyphosate can be
more advantageous to certain subpopulations of a single plant species than another,
altering the makeup of the population (Belz and Sinkkonen 2019) in a way that
favors survival of tolerant members of the population.

2.6 Glyphosate Effects on Non-Plant Pests

Phytotoxicity of glyphosate to non-target plant species outside of fields can influence
ecosystems, especially if it changes the species composition of an ecosystem. For
example, glyphosate could have a harmful effect on an animal species that depends
on a plant species that is adversely impacted by glyphosate. This is likely if both
species are native to a region in which glyphosate is heavily used. In some cases,
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glyphosate is used to influence unwanted non-plant species. For example, glypho-
sate management of invasive cattail (Typha spp.) has also had the benefits of
reducing the sanctuary of cattail stands for blackbird (Icteridae) pests (Linz and
Homan 2011). This program reduced blackbird damage to sunflower (Helianthus
annuus) crops in North and South Dakota of the USA.

Glyphosate elimination of most weeds in agroecosystems should reduce the
incidence of pests that use weeds as a food source and/or breeding habitat, but
very little has been done to verify this. Elimination of all vegetation, other than the
crop, in a GM crop field can also result in disruption of some pest biocontrol
technologies, as vegetational diversity is needed for many biological control organ-
isms as a source of habitat and nutritional resources (Lundgren et al. 2009). A few
studies have correlated patterns of decline of certain arthropods with glyphosate-
killed weeds (e.g., Haughton et al. 2001). There is much more literature on the direct
effects of glyphosate (usually as a formulated product) on insects (e.g., Bernal and
Dussan 2020) than on the much more severe and long-lasting effects of killing their
food sources and habitat.

Desirable insects can be indirectly adversely affected by killing weeds on which
they rely on or very near agricultural fields where glyphosate is used. For example,
both the monarch butterfly (Danaus plexippus) and certain Asclepias species upon
which this butterfly exclusively depends are found in the parts of North America
where glyphosate is heavily used because of GR crop adoption. The decline of this
butterfly has been largely attributed to glyphosate use by some (e.g., Pleasants and
Oberhauser 2013; Thogmartin et al. 2017). However, an analysis by Boyle et al.
(2019) reported that the beginning of the decline of the monarch butterfly predates
the adoption of GR crops. Their analysis shows that the decline of both Asclepias
species and the monarch butterfly in North America began at close to the same time,
when there was a widespread shift to synthetic herbicide-based weed management in
the middle of the twentieth century. The use of synthetic insecticides also increased
dramatically at approximately the same time. With the widespread adoption of GR
crops, there was no inflection in the decline plot of either the butterfly nor its host
plant (Boyle et al. 2019). Hartzler (2010) found little effect of adoption of GR crops
in Iowa (USA) on Asclepias syriaca, the main milkweed species host of the monarch
butterfly outside of agricultural fields in this area, where insecticides are generally
not used. However, in agricultural fields, where insecticides are often sprayed,
A. syriaca populations were reduced after the introduction of GR crops. Asclepias
spp. in fields where insecticides are used could be considered an attract and kill
situation for the monarch butterfly. Thus, as long as insecticides are sprayed in crops,
Asclepias spp. growing in such crops could be more of a risk than a benefit to the
monarch butterfly. Therefore, glyphosate reducing the milkweed in GR crops, while
having almost no effect on this plant species outside of fields where insecticides are
not sprayed, might benefit the butterfly. Clearly, more study of the roles of these
factors in the decline of the monarch butterfly is warranted. This example illustrates
that cause and effect conclusions based on incomplete knowledge of all factors
affecting an ecosystem or a species in it can be erroneous.
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3 Mode of Action of Glyphosate

3.1 Effect of Glyphosate
on 5-Enolpyruvylshikimate-3-Phosphate Synthase

The only molecular target site of glyphosate as a herbicide is EPSPS, an enzyme of
the shikimate pathway that produces the three aromatic amino acids (phenylalanine
(CAS 63-91-2), tyrosine (CAS 60-18-4), and tryptophan (CAS 73-22-3) required for
protein synthesis and for production of compounds required for plant growth and
development such as the plant hormone indole acetic-3-acid (IAA, CAS 87-51-4 and
plastoquinone (PQ, CAS 4299-57-4) that is essential for photosynthesis and carot-
enoid synthesis (Fig. 4). Plants, fungi, and bacteria, but not animals, possess EPSPS
(Kishore and Shah 1988; Dill et al. 2010). The only exceptions are most of the
Apicomplexan parasitic parasites, such as those that cause malaria, which all contain
a vestigial plastid, the apicoplast, which is considered to be the result of endosym-
biosis of a red alga by a heterotopic, unicellular eukaryote (Arisue and Hashimoto
2015). Even though the apicoplast is not photosynthetic, it contains much of the
biosynthetic capability of a plant plastid, including EPSPS that is sensitive to
glyphosate (Roberts et al. 1998; McConkey et al. 2004). Glyphosate was once
proposed as an antimalarial pharmaceutical with inhibition of EPSPS as its mode
of action (Roberts et al. 2002). This has not occurred, but environmentally realistic
exposure of mosquito larvae to glyphosate can reduce their infection with Plasmo-
dium relictum, a prevalent avian malaria in Europe (Bataillard et al. 2020).

The percent of the carbon in terrestrial plants that passes through the shikimate
pathway is estimated to range from 20 to 50% (Tohge et al. 2013), varying largely
with the amount of lignin synthesized. Therefore, blocking this pathway has pro-
found effects on plant metabolism. There has been speculation about some of the
toxic effects of glyphosate on plants being due to effects unrelated to the shikimate
pathway, but the finding that transgenes encoding GR EPSPS render plants approx-
imately 50-fold less sensitive to foliar-applied glyphosate (application rates for 50%
growth reduction were 0.47 and 22.8 kg a.e./ha for sensitive and GR soybean,
respectively) (Fig. 5) (Nandula et al. 2007) proves EPSPS to be the only herbicide
target for glyphosate at the range of recommended application rates used for weed
management (0.5-2.0 kg/ha). This supports the view that none of the molecular
targets held in common between plants and animals are likely to be affected by the
much lower concentrations of glyphosate to which animals are exposed than to
which target plants are exposed. For example, some have claimed that because
glyphosate can be an in vitro inhibitor of some P450 monooxygenase enzymes
(e.g., Xiang et al. 2005), they could cause human toxicity by such a mechanism in
gut microbes (e.g., Samsel and Seneff 2013). Because P450 monooxygenases are
essential to plants, and GR crops are completely resistant to much higher concen-
trations (more than 10 kg a.e./ha) of glyphosate than to which they are exposed in the
field, such enzymes are highly unlikely to be affected by glyphosate in vivo at
recommended application rates for weed management (0.5 to 2.0 kg a.e./ha). Thus,
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Fig. 5 Growth response of GR soybean (Agrow 460RR) and non-GR soybean (HBKC 5025)
3 weeks after treatment with glyphosate applications to 22-day-old (one- to two-trifoliolate leaf
stage) seedlings. The L5, values for the GR and non-GR varieties were 22.8 and 0.47 kg a.e./ha,
respectively. From Nandula et al. (2007) with permission

the much lower concentrations of glyphosate to which animals are normally exposed
(Solomon 2020), compared to those used for weed control, are highly unlikely to
affect any P450 monooxygenases of gut microbes of animals, including humans, at
concentrations found in the food supply.

Early glyphosate mode of action research findings indicated that it inhibited
synthesis of aromatic amino acids (Jaworski 1972). The main clue that led to the
discovery of EPSPS as the target of glyphosate (Steinriicken and Amrhein 1980) was
the large increase in shikimic acid seen soon after plant exposure to glyphosate
(Amrhein et al. 1980). The shikimic acid concentrations in most plant species are
exceedingly low and sometimes undetectable. For example, Lydon and Duke (1988)
found 0, O, O, 5, and 31 nmoles/g dry weight in leaf tissues of Amaranthus
retroflexus, Abutilon theophrasti, soybean, Lolium perenne, and Cyperus esculentus
that had not been treated with glyphosate. Six days after treatment with 10 mM
glyphosate, the concentrations were 65,211, 120, 190, and 135 nmoles/g dry weight,
respectively. This rapid, pronounced, and easily measured response to glyphosate is
the best biomarker for glyphosate exposure or injury to almost all plants (Harring
et al. 1998; Singh and Shaner 1998; Shaner et al. 2005). Even glyphosate exposures
which cause no injury or even promote growth (see Sect. 2.5 for discussion of
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hormesis) can result in shikimate increases (Velini et al. 2008). Hydroxybenzoic
acids, such as gallic (CAS 149-91-7), protocatechuic (CAS 99-50-3), and
4-hydroxybenzoic (CAS 99-96-7) acids can also accumulate in glyphosate-treated
plants (Lydon and Duke 1988; Becerril et al. 1989) and glyphosate-sensitive
microbes (Moorman et al. 1992), apparently derived from shikimate. For example,
6 days of treatment with 10 mM glyphosate caused increases in gallate,
protocatechuate, and hydroxybenzoate in soybean leaves from 0.7, 5.9, and 2.3
nmoles/g dry weight to 3.9, 44.6, and 4.8 nmoles/g dry weight, respectively
(Lydon and Duke 1988). These biomarkers for glyphosate exposure are not as
pronounced as that of shikimate accumulation.

EPSPS is a nuclear-coded enzyme that is located in the plastid. All plant cells
contain plastids (green chloroplasts in leaves and other green tissues, chromoplasts
(plastids without chlorophyll, but with carotenoids), and leucoplasts (with neither
carotenoids nor chlorophyll) such as amyloplasts and etioplasts in roots and other
non-green tissues) that are involved in many aspects of plant metabolism other than
photosynthesis. Like all other nuclear-coded, plastid enzymes, EPSPS is synthesized
in the cytoplasm and enters the plastid by cleavage of a terminal transit peptide in the
process of crossing the plastid envelope (della-Cioppa et al. 1986). Unlike other
nuclear-coded plastid enzymes, EPSPS is catalytically active in the cytoplasm with
its transit peptide (preEPSPS). Furthermore, EPSPS and preEPSPS bind glyphosate
with the same affinity. Glyphosate-bound preEPSPS is not processed to EPSPS or
taken up by plastids (della-Cioppa and Kishore 1988). Glyphosate has no direct
effect on the import of other nuclear-coded enzymes into the plastid.

EPSPS transfers the enolpyruvyl moiety of phosphoenolpyruvate (PEP; CAS
138-08-9) to the 5-hydroxyl of shikimate-3-phosphate (S3P; CAS 63959-45-5) to
produce 5-enolpyruvylshikimate-3-phosphate (EPSP; CAS 9068-73-9). The active
catalytic site of the enzyme is highly conserved (CaJacob et al. 2003). Glyphosate
forms a tight ternary complex with EPSPS and S3P and is competitive with respect
to PEP, with a Ki of 1.1 pM, and is an uncompetitive inhibitor with respect to S3P
(Boocock and Coggins 1983; Sammons et al. 1995). S3P must bind the enzyme first,
followed by either PEP or glyphosate (Anderson et al. 1988; Boocock and Coggins
1983). However, the inhibition is reversible (Boocock and Coggins 1983;
Steinriicken and Amrhein 1984). Binding of S3P ligand-free EPSPS causes a large
conformational change in the enzyme (Fig. 6a), after which either PEP or glyphosate
can bind (Fig. 6b) (Pollegioni et al. 2011). The EPSPS reaction occurs through a
tetrahedral intermediate formed between S3P and the carbonation state of PEP,
after which inorganic phosphate is released (Anderson and Johnson 1990a, b). The
binding interactions of glyphosate and PEP to the same binding site are similar
(Eschenburg et al. 2003). The complete enzyme kinetics for each step in the
enzymatic production of EPSP from PEP and S3P are discussed in Anderson et al.
(1988) and Anderson and Johnson (1990a). The 12 rate constants for EPSPS for the
six steps of the EPSPS reaction are provided in Fig. 7. These constants were obtained
by analysis of data from a large number of experiments with a computer simulation
(modification of KINSIM). The overall equilibrium constant calculated by [EPSP]
[P;1/[S3P][PEP] was calculated to be 180 (Anderson and Johnson 1990a).
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Fig. 6 Molecular binding of glyphosate to EPSPS (a) In its ligand-free state, EPSPS exists in the
open conformation (left; Protein Data Bank (PDB): leps). Binding of S3P induces a large confor-
mational change in the enzyme to the closed state, to which glyphosate or the substrate PEP bind
(PDB: 1g6s). The respective crystal structures of the E. coli enzyme are shown, with the N-terminal
globular domain colored pale green and the C-terminal domain colored brown. The helix containing
Pro101 is colored magenta, and the S3P and glyphosate molecules are colored green and yellow,
respectively. (b) Schematic representation of potential hydrogen-bonding and electrostatic interac-
tions between glyphosate and active site residues including bridging water molecules in EPSPS
from E. coli (PDB: 1g6s). Adapted from Pollegioni et al. (2011)

One of the commercial advantages of glyphosate is that no other inhibitor of
EPSPS has been found that is a good herbicide. This is unusual for herbicide target
sites, as there are several commercial herbicides targeting most other herbicide
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Fig. 7 The six steps of the
conversion of S3P and PEP
to EPSP and inorganic
phosphate by EPSPS (E).
The tetrahedral intermediate
is created by step 3. The
equilibrium constants are
from Anderson and Johnson
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targets (Herbicide Resistance Action Committee 2020). Considering the enormous
commercial success of glyphosate, it is reasonable to assume that there has been
considerable effort to find other herbicides that target EPSPS. Some of these
discovery efforts have been published (e.g., Funke et al. 2007; Marzabadi et al.
1996), but none have resulted in a commercial herbicide. Good inhibitors of EPSPS
such as N-amino-glyphosate (Knowles et al. 1993) have been found, but they have
not been commercialized. Good in vitro activity on a molecular target of a herbicide
is only one of many characteristics required for commercial viability.

3.2 Glyphosate Uptake and Translocation

To have its desired effects, glyphosate must be taken up by the plant and moved to
the plastid (in both green and non-green cells), where EPSPS resides in plant cells.
Caseley and Coupland (1985) and Duke (1988) reviewed the uptake and transloca-
tion of glyphosate decades ago, and little of significance has been added to the
literature since then. Of 147 commercial herbicides used in postemergence applica-
tions, glyphosate is second to glufosinate as the most hydrophilic (Dayan 2018).
Without the help of adjuvants in the solution to be sprayed, glyphosate is poorly
taken up by plants compared to the uptake of most other foliar-applied herbicides. A
problem with early formulations of glyphosate was that rain within a day or two after
application would prevent enough glyphosate from being absorbed by foliage to act
effectively as a herbicide. The most efficient formulation (the IPA salt of glyphosate
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with cationic surfactants, including polyethoxylated tallow amines) studied by Feng
et al. (2000) on the common weed A. theophrasti resulted in about 15 and 30% of the
glyphosate on the leaf being taken up by the plant within 6 and 24 h, respectively.
Other less efficient commercial formulations of glyphosate took 24 h for 15%
uptake. About 2 and 6% of the glyphosate applied to the foliage had been
translocated to the root after 6 and 24 h, respectively, with the most efficient
formulation, whereas about 1 and 3.5% was translocated to the root after 6 and
24 h, respectively, with the less efficient formulations. After simulated rainfall at 0.5,
1, and 2 h after application, growth inhibition was doubled by the use of the most
efficient formulation over that of the others. The authors concluded that
“rainfastness” of the formulation correlates more with the speed (% of glyphosate
retained by the leaf after application that is taken up per unit time before a rainfall
event) and the quantity of uptake by the foliage than with how much is retained by
the leaf surface after a rainfall event. Considerable effort has been exerted in
improving the earlier, less rainfast formulations of glyphosate. Unfortunately,
some formulation ingredients have proven more toxic than glyphosate (Rodriguez-
Gil et al. 2020).

The movement across the cuticle and cell wall is passive, with the rate of
diffusion being dependent on many factors such as cuticle composition and thick-
ness, temperature, concentration gradient, and formulation ingredients. With the
help of formulation ingredients, sufficient glyphosate for herbicidal effect moves
through the leaf cuticle and cell wall to reach the epidermal cell plasma membrane
relatively rapidly (e.g., 6 h or less (Feng et al. 2000)). Glyphosate salts (K, Na, NH,,
IPA, and trimethylsulfonium) move across the cuticle better than the free acid of
glyphosate, moving in a first order process (Schonherr 2002). For example, at 90%
relative humidity (RH), the time for 50% uptake of the free acid was 866 h, whereas
that for the IPA salt was ca. 10 h. The time for 50% penetration of the cuticle
increased with lower humidity, being ca. 10, 21, and 37 h for the IPA salt at 90, 80,
and 70% RH, respectively. The tolerance (not evolved resistance) of some plant
species is at least partly due to reduced glyphosate uptake due to low levels of
movement from the leaf surface into the plant cells (absorption). For example,
Norsworthy et al. (2001) found glyphosate-tolerant Ipomoea lacunosa to take up
only about 5% of radiolabeled glyphosate in a 0.28 kg a.e./ha glyphosate application
48 h after application. In the same experiment, they found the uptake of glyphosate
to be 15 to 62% in three more glyphosate-sensitive species.

With the help of effective formulation ingredients, glyphosate is more readily
taken up from sprayed foliage. After traversing the non-living cuticle and cell wall,
the herbicide must enter living cells of the leaf and the phloem by crossing the
plasma membrane. Early work by Gougler and Geiger (1981) indicated that glyph-
osate crosses the plasma membrane by passive diffusion, with dependency on
glyphosate concentration. After 3 h of exposure, they found a linear relationship
between cellular uptake and external glyphosate concentration up to 10 mM with
sugar beet leaf discs. However, a later study found uptake through the plasma
membrane is first order with respect to extracellular glyphosate concentration,
independent of pH and dependent on ATP (Ge et al. 2014). Also, glyphosate does
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not passively diffuse across semi-permeable membranes such as the plant plasma
and vacuolar membranes (Takano et al. 2019). Evidence exists to support the view
that phosphate transporters are involved in cellular uptake of glyphosate (Morin et al.
1997; Pereira et al. 2019).

One of the reasons that glyphosate is so effective is that it is a slow-acting
herbicide, usually taking several days to kill a plant. It thus has time to be
translocated to metabolic sinks such as young, developing leaves and meristems,
to which it is translocated in hours (e.g., Gougler and Geiger 1981). Glyphosate
moves in both the phloem (symplastic) and xylem (apoplastic) of plants, but its
movement in phloem is much greater than xylem movement. Its phloem movement
in plants is very much like that of sucrose, with a linear relationship between
movement of radiolabeled sucrose and glyphosate from a treated leaf to other parts
of a sugar beet plant (Gougler and Geiger 1981; Duke 1988). Gougler and Geiger
(1981) found that glyphosate is taken up slowly and released slowly by plant cells,
with a plasma membrane permeability of 1.7 x 10~' m per second, allowing it to
accumulate in and be transported by the phloem to plant tissues far from the tissues
to which it is applied and taken up before exiting the phloem cell. In a later study
from Geiger’s lab, glyphosate and CO, assimilate accumulated similarly in rhizomes
of the perennial weed Elytrigia repens (Shieh et al. 1993). McAllister and Haderlie
(1985) also found phloem movement of glyphosate and photoassimilate to translo-
cate similarly in Cirsium arvense, but they found glyphosate to translocate a little
better to roots than photoassimilates. In an analysis of the phloem mobility of all
herbicides, based on their pK, and log K, values, in Chap. 5 of Devine et al. (1993),
glyphosate ranks among the most phloem mobile. Phytotoxic effects on cells that
take up glyphosate can limit its movement to phloem cells and translocation in
hypersensitive plant species like sugar beet (Geiger and Bestman 1990), but its
action in most species is so slow that translocation is initially very good, even at
eventually lethal application rates. Some weeds have evolved glyphosate resistance
mechanisms based on reduced translocation. This uncommon mechanism of evolved
glyphosate resistance is dealt with in the chapter in this volume by Baek et al. (2020).

Vacuolar uptake of glyphosate competes with movement into the phloem and
perhaps into the plastid (Ge et al. 2013). In some cases, enhanced vacuolar uptake of
glyphosate results in reduced translocation and glyphosate resistance. Grown under
similar conditions and treated with the same amount of glyphosate, the fraction of
glyphosate that is found in the vacuole varies considerably between species (Ge et al.
2013). Those species with relatively high vacuole content were less sensitive to
glyphosate, as vacuolar sequestration removes the herbicide from the translocatable
pool, as well as from glyphosate in the plastid.

The shikimate pathway and EPSPS reside in the plant plastid stroma, where the
pathway is required for cell maintenance, whether the cell is green or not. As
mentioned earlier, glyphosate binds preEPSPS (della-Cioppa and Kishore 1988),
so it does not necessarily have to be taken up by the plastid to kill the cell if the
EPSPS is poisoned entering the plastid. The relative amount of binding of glypho-
sate to preEPSPS versus EPSPS in plant cells has not been determined. If glyphosate
does enter the plastid, it is probably transported by either a phosphate or an amino
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acid transporter. Apparently, there is more than one type of glyphosate transporter,
as overexpression of one associated with the tonoplast can cause glyphosate resis-
tance, based on sequestration of glyphosate in the plant vacuole (reviewed by
Sammons and Gaines 2014). A glutamate/aspartate transporter has recently been
reported to also be a glyphosate transporter in the soil bacterium Bacillus subtilis
(Wicke et al. 2019). The same transporter is also involved in glufosinate transport.
Plants also have glutamate/aspartate transporters, but the glutamate transporter of the
plastid transports the amino acid from the plastid to the cytosol (Renné et al. 2003),
so it may not transport glyphosate into the plastid where EPSPS functions in the
shikimate pathway. How much of the glyphosate taken up by the cell that enters the
plastid and the mechanism of plastid uptake of glyphosate are still unknown.

3.3 How Inhibition of EPSPS Kills Plants

Only inhibition of EPSPS by glyphosate leads to the processes that eventually kill
the plant. Thousands of papers have been published on secondary and tertiary
biochemical and physiological effects of glyphosate on plants that provide little
insight into its “mode of action.” In some cases, people mistake indirect effects for
direct effects of glyphosate. For example, many papers describe elevated levels of
reactive oxygen species (ROS) in response to glyphosate and insinuate that this
effect is somehow unrelated to inhibition of EPSPS (e.g., Gomes et al. 2016). ROS
generation is a general effect of stress in plants (Suzuki et al. 2012). Thus, elevation
of ROS is a tertiary effect of all herbicides that is not directly related to the target site,
except for herbicides that have more direct effects on photosynthesis (photosystem II
inhibitors, such as atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine;
CAS # 1912-24-9) and photosystem I energy diverters such as paraquat) (Dayan
et al. 2019) and chlorophyll synthesis inhibitors that cause the photodynamic
compound protoporphyrin IX (CAS 553-12-8) to accumulate (Dayan and Duke
2003). The latter are all protoporphyrinogen oxidase (PPO, EC 1.3.3.4) inhibitors,
such as acifluorfen (5-[2-chloro-4-(trifluoromethyl)phenoxy]-2-nitrobenzoic acid;
CAS # 50594-66-6).

Inhibition of EPSPS causes at least three linked effects that can contribute to
phytotoxicity. See Fig. 4 for some of the compounds mentioned in this discussion.
The most obvious is loss of aromatic amino acids and compounds derived from
them, such as IAA and PQ that are essential for plant metabolism. Aromatic amino
acids are required for protein synthesis. IAA, derived from tryptophan, is required
for many aspects of plant growth and development. PQ, derived from tyrosine, is
required for photosynthetic electron transport and is a co-factor phytoene desaturase
(EC 1.3.99.31) (PDS) (Breitenbach et al. 2001), an enzyme required for synthesis of
carotenoids. PQ is also required for proper functioning of PPO, which is required for
chlorophyll synthesis (Brzezowski et al. 2019). At one time, the strong effect of
glyphosate on chlorophyll accumulation in plants under some conditions led some to
think that it was more than a secondary effect (Kitchen et al. 1981). Many
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phenylpropanoids (e.g., certain phytoalexins and all flavonoids) and lignin are
derived from phenylalanine and tyrosine. Lignin accounts for a major fraction of
the carbon passing through the shikimate pathway, especially in woody plants.
Blocking production of only these latter products of the shikimate pathway might
not kill a plant, at least not quickly enough to be considered as a herbicide. For
example, blocking production of phenylalanine-derived secondary compound pro-
duction in soybean by inhibiting phenylalanine ammonia-lyase (PAL) (EC 4.3.1.24)
with the specific inhibitor L-a-aminooxy-f-phenylpropionic acid (AOPP; CAS # -
42990-62-5) does not cause herbicide-like effects (Duke et al. 1980), but, like
glyphosate, it reduces production of compounds needed for pathogen resistance,
thereby causing greater susceptibility to plant pathogens (e.g., Moerschbacher et al.
1990; Carver et al. 1992) (see Sect. 3.4). An interesting aspect of the paper by Duke
et al. (1980) is that both glyphosate and AOPP induced high levels of extractable
PAL activity, indicating the phenylalanine pools in glyphosate-treated plants are not
only not replenished, but are also probably further reduced by enhanced in vivo PAL
activity. The same phenomenon was found in maize treated with glyphosate (Duke
and Hoagland 1978). A problem with loss of aromatic amino acids and essential
compounds made from them as the only mechanism of action is that, even though
glyphosate clearly causes depletion of free pools of aromatic amino acids, providing
glyphosate-treated plants with supplementary aromatic amino acids does always not
provide strong rescue of glyphosate-treated plant cells or tissues (e.g., Haderlie et al.
1977; Jenson 1985) or bacteria (Fischer et al. 1986). Other, more indirect effects of
inhibition of EPSPS may contribute to the herbicidal effects of glyphosate.

There is evidence that prephenate  (1-(2-carboxy-2-oxoethyl)-4-
hydroxycyclohexa-2,5-dienecarboxylic acid; CAS # 126-49-8) and/or arogenate
(1-[(25)-2-azaniumyl-2-carboxylatoethyl]-4-hydroxycyclohexa-2,5-diene- 1-car-
boxylate; CAS # 53078-86-7) may be feedback inhibitors of the shikimate pathway
at the level of 3-deoxy-D-arabinoheptulosonate-7-phosphate synthase (EC 2.5.1.54)
(DAHPS) (Fischer et al. 1986; Jenson 1985; Herrmann 1995). In a few plant species,
one or more aromatic amino acids may act as a feedback inhibitor at the DAHPS
level (Maeda and Dudareva 2012; Zulet-Gonzalez et al. 2020). The relative gene
expression of several enzymes of the shikimate pathway in Amaranthus palmeri leaf
discs was elevated by exposure to glyphosate, and a mixture of the aromatic amino
acids reduced this effect (Zulet-Gonzalez et al. 2020). Arogenate and prephenate
levels will still be depleted in glyphosate-treated plants cells provided exogenous
aromatic amino acids, so deregulation of the shikimate pathway may not be
completely corrected. Reduced products of the shikimate pathway will result in
elevated DAHPS activity, subsequently causing consumption of erythrose-4-phos-
phate (E4P; CAS 585-18-2), PEP and ATP, to produce uncontrolled production of
shikimate and other derivatives of intermediates of the shikimate pathway that occur
before EPSPS, depleting carbon fixation pathways of key intermediates (e.g., PEP
and erythrose-4-phosphate) and ATP. Glyphosate reduces carbon flow to the carot-
enoid pathway (Corniani et al. 2014), but part of this reduction could be due to
reduced PDS activity because of reductions of PQ synthesis from tyrosine. If
depletion of carbon fixation intermediates is sufficient, greatly reduced carbon
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fixation would be relatively rapid (<2 h), as seen in glyphosate-treated sugar beets
(Geiger et al. 1986; Servaites et al. 1987). Cessation of carbon fixation in strong
sunlight will result in energy dissipation through destructive oxidative processes.
The symptoms of glyphosate toxicity in most species are not consistent with this
mechanism. However, these symptoms are seen in sugar beets (Geiger and Bestman
1990; Madsen et al. 1986) and in GR Ambrosia trifida in which the effects are so
rapid that the sprayed foliage dies very rapidly like that of glyphosate-sensitive sugar
beet (van Horn et al. 2018; Moretti et al. 2018). In the case of GR A. trifida, the
foliage dies before glyphosate can be translocated to meristems from which the plant
regrows (similar to what is seen with paraquat treatment). In the few plant species
like sugar beet and GR A. trifida, the drain of intermediates and ATP caused by
deregulation of the shikimate pathway by glyphosate may be rapid, causing strong
inhibition of carbon fixation, resulting in photosystem energy dissipation via ROS, a
rapid process. This process probably occurs to a lesser degree in other plant species
under certain environmental situations (e.g., strong sunlight).

The herbicide efficacy of glyphosate on some weeds species diminishes with
increases in atmospheric CO, concentrations (Ziska and Teasdale 1999, 2000; Ziska
et al. 2004; Ziska and Goins 2006). The enzyme responsible for most carbon fixation
by plants is ribulose-1,5-bisphosphate carboxylase (4.1.1.39) (RUBISO). RUBISCO
is a very inefficient enzyme because of its low affinity for CO, and the competition
of CO, and O, for the same binding site. Photorespiration occurs when RUBISCO
uses O, instead of CO,, resulting in adding oxygen to ribulose-1,5-bisphosphate to
produce 3-phosphoglycerate ((2R)-2-hydroxy-3-phosphonooxypropanoic acid; CAS
820-11-1)) (PGA) and 2-phosphoglycolate (2-phosphonatooxyacetate; CAS 13147-
57-4) (2PG). 2PG inhibits some enzymes involved in carbon fixation. Thus, photo-
respiration not only wastes energy produced by the photosystems of photosynthesis,
but also inhibits carbohydrate production from fixed CO,. Plants that rely on
RUBISCO for carbon fixation are termed C3 plants because RUBISCO produces
PGA, a three-carbon compound, by combining ribulose-1,5-bisphosphate and CO,.
Elevated CO, levels increase the enzymatic efficiency of RUBISCO, enhancing
photosynthesis in C3 plants. Some plants, such as most grasses (Poaceae), have a
more efficient means of carbon fixation, in which CO, is first fixed by the enzyme
PEP carboxylase (EC 4.1.1.31) to produce oxaloacetate (2-oxobutanoic acid; CAS
328-42-7), a four-carbon compound. Thus, these plants are termed C4 plants. With
PEP carboxylase, CO, does not compete significantly with O,, and CO, levels are
not as limiting for C4 plants as with C3 plants. The anatomy of the leaves of C4
plants is usually characterized by an inner ring of cells (bundle sheath cells) that fix
carbon with RUBISCO, surrounded by mesophyll cells that fix carbon with PEP
carboxylase. The mesophyll cells provide high concentrations of CO, to bundle
sheath cells, so that their RUBISCO is more efficient.

The reduction of glyphosate activity by elevated CO, (up to 250 ppm above
ambient 360 ppm) levels is more pronounced and consistent in C3 than in C4 plants
(Ziska and Goins 2006; Fernando et al. 2016) (Table 1), as might be expected
because C3 plants do not have a means of concentrating CO, to enhance carbon
fixation as C4 plants do. In fact, C4 plant growth is saturated at 360 ppm atmospheric
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Table 1 Glyphosate efficacy changes with increased ambient CO, levels of various C3 and C4
plants

Change in
Species Carbon fixation pathway | efficacy Reference
Chenopodium album C3 Reduced Ziska and Teasdale (1999)
Circium arvense C3 Reduced Ziska et al. (2004)
Conyza canadensis C3 Reduced Matzrafi et al. (2019)
Elytrigia repens C3 Reduced | Ziska and Teasdale (2000)
Amaranthus retroflexus C4 None Ziska and Teasdale (1999)
Parthenium hysterophorus | C3 & C4 None Bajwa et al. (2019)
Parthenium hysterophorus | C3 & C4 Reduced | Cowie et al. (2020)
Chloris gayana C4 Reduced | Manea et al. (2011)
Cyperus esculentus C4 None Marble et al. (2015)
Cyperus rotundus C4 None Marble et al. (2015)
Eragrostis curvula C4 Reduced Manea et al. (2011)
Paspalum dilatatum C4 Reduced Manea et al. (2011)
Sporobolus indicus C4 None Manea et al. (2011)

Adapted and updated from Ziska (2014)

CO; (Leegood 2002), a level slightly lower than current atmospheric CO, concen-
tration (410 ppm), making C4 plants less likely to respond positively to CO, above
current levels. Glyphosate efficacy is compromised in a few C4 plants by elevated
CO, concentrations and not others (Table 1). In the case of Parthenium
hysterophorus, different tissues and different developmental stages can be C3 or
C4. Accordingly, researchers have reported elevated CO, (600 to 800 ppm) to have
both no effect (Bajwa et al. 2019) or a reduction (Cowie et al. 2020) on glyphosate
efficacy on P. hysterophorus, but how much of the tissues were C3 and C4 in the two
studies was not reported.

The clear decrease in glyphosate efficacy in C3 plants could be due to two causes.
The additional growth of C3 plants at elevated CO, concentrations will dilute a
glyphosate concentration, reducing the amount per unit of fresh weight. Further-
more, the additional fixation of CO, in C3 plants at high CO, concentrations should
reduce the effect of glyphosate in draining metabolic intermediates from carbon
fixation pathways. Thus, the reduced effect of glyphosate on C3 plants at high CO,
concentrations supports the view that part of the mode of action of glyphosate is
deregulation of the shikimate pathway to drain intermediates from metabolic path-
ways. These findings suggest that future glyphosate use will increasingly favor C3
weeds (e.g., Chenopodium album, A. theophrasti, and Convolvulus arvensis) as
atmospheric CO, levels increase.

A third part of the mode action of glyphosate may be accumulation of toxic
derivatives of the shikimic acid pathway (Dayan and Duke 2020). Most plant species
have very low levels of S3P (a substrate of EPSPS) or shikimate (the substrate of
shikimate kinase (EC 2.7.1.71), the enzyme just before EPSPS) (Fig. 4), but
treatment with glyphosate causes high levels of accumulation of shikimate and to
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a lesser extent hydroxybenzoic acids (e.g., protocatechuate) and quinate (CAS
77-95-2), another product of a shikimate pathway intermediate (3-dehydroquinate;
CAS 10534-44-8) (Fig. 4). Quinate can also be generated from shikimate by quinate
hydrolyase (EC 4.2.1.10) (Bentley 1990). Plants treated with acetolactate synthase
(ALS; EC 2.2.1.6; also called acetohydroxy acid synthase — AHAS) inhibitor
herbicides also accumulate high levels of quinate (Orcaray et al. 2010). The mech-
anism of this effect of ALS inhibitors is unknown.

The levels of shikimate that accumulate in response to glyphosate treatment
generally dwarf those of quinate and hydroxybenzoates. Although no data on the
phytotoxicity of shikimate could be found, there are reports that shikimate inhibits
PEP carboxylase at high concentrations (Iso = 71 pM for leaf and ca. 5 mM for
nodular PEP carboxylase) (Colombo et al. 1998; de Maria et al. 2006). There is an
additive effect of shikimate and protocatechuate as PEP carboxylase inhibitors
(de Maria et al. 2006), so that the combined concentrations of these inhibitors
could be sufficient in some tissues of glyphosate-treated plants to significantly
inhibit PEP carboxylase. As mentioned above, this enzyme is a key enzyme in
carbon fixation in C4 plants. It also has an important role in C/N metabolism in C3
plants (Chollet et al. 1996). It is amazing that there has been no further research to
determine whether shikimate itself is causing metabolic disruption through inhibi-
tion of PEP carboxylase. A more indirect contribution of toxicity by glyphosate-
caused shikimate accumulation may be through shikimate-caused induction of genes
of the shikimate pathway (Zulet-Gonzélez et al. 2020), further deregulating the
pathway to cause metabolic disruption.

Quinate is moderately phytotoxic, causing some of the effects of glyphosate
(Orcaray et al. 2010; Zabalza et al. 2017, 2020; Zulet et al. 2013), and, as mentioned
above, shikimate can be converted to quinate in vivo. Therefore, at least part of the
effects of glyphosate in some plant species may be due to high levels of quinate. A
non-phytotoxic application concentration (400 mM) of quinate applied with a mildly
phytotoxic application rate (0.21 kg a.e./ha) of glyphosate-killed Amaranthus
palmeri plants (Zulet-Gonzalez et al. 2019). Treatment with quinate did not increase
the shikimate levels in the plants over that caused by glyphosate alone. Neither
glyphosate nor quinate alone caused increases in the extractable activity of the
shikimate pathway enzyme anthranilate synthase (EC 4.1.3.27), but glyphosate
with quinate caused a four-fold increase in the enzyme. In quinate-sensitive Papaver
rhoeas, the mode of action of quinate as a herbicide appeared to be related to general
perturbations in carbon/nitrogen metabolism, rather than to specific effects on the
shikimate pathway (Zabalza et al. 2020).

Shikimate and quinate are both usually found at very low levels (undetectable to a
few ppm of dry weight) in plant tissues of the majority of plant species, making their
accumulation an excellent biomarker for glyphosate exposure. However, a few plant
species accumulate high levels of shikimate (e.g., star anise (Illicium verum) and
sweetgum (Liquidambar styraciflua)) (Enrich et al. 2008; Ghosh et al. 2012) and
quinate (e.g., Cinchona officianalis) (Eliel and Ramirez 1997) without exposure to
glyphosate. In order to avoid autotoxicity, these plants probably have a means of
compartmentalizing these compounds away from cells involved in normal growth
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and development, as is commonly found with many other compounds that can cause
autotoxicity to plants (reviewed by Duke et al. 1999). Interestingly, both shikimate
and quinate can be starting compounds for synthesis of the anti-influenza pharma-
ceutical oseltamivir (ethyl (3R,4R,5S)-5-amino-4-acetamido-3-(pentan-3-yloxy)-
cyclohex-1-ene-1-carboxylate; CAS # — 196618-13-0) (Ghosh et al. 2012;
Federspiel et al. 1999), and glyphosate-treated plants have been proposed as a source
of these oseltamivir precursors (Matallo et al. 2014; Hobbie et al. 2017).

In summary, glyphosate probably adversely affects plants by more than just
reducing levels of aromatic amino acids and necessary compounds derived from
these three amino acids. The role of deregulation of the shikimate pathway with
ensuing disruption of carbon assimilation and of phytotoxic quinate accumulation
probably varies between species and within a species, depending on the develop-
mental and environmental factors. Variations in the roles of these processes between
different tissues and cell types in a plant are also likely. Thus, the mode of action of
glyphosate is apparently more complex than might be expected. Nonetheless, all of
the effects are ultimately due to the inhibition of EPSPS.

The fact that there are no commercial herbicides that target other enzymes of the
shikimate pathway may reflect that other targets may not cause all of the metabolic
dysfunctions caused by glyphosate, even though they block the shikimate pathway.
For example, the natural cyanobacterial compound 7-deoxy-sedoheptulose, an
inhibitor of 3-dehydroquinate synthase (DQS; EC 4.2.3.4), an early step of the
shikimate pathway (Fig. 4), is phytotoxic and has been proposed as a herbicide
(Brilisauer et al. 2019). Inhibition of this enzyme does not cause quinate or shikimate
to accumulate; however, it does cause accumulation of the substrate of DQS,
3-deoxy-D-arabino-heptulosonate-7-phosphate (CAS # 2627-73-8). Thus, it should
cause deregulation of the shikimate pathway.

Some have claimed that glyphosate causes either direct effects on plants due to its
ability to chelate divalent metal cations, and they have claimed such an effect occurs
when glyphosate is applied to GR crops (e.g., Yamada et al. 2009; Zobiole et al.
2010; Martinez et al. 2018; Mertins et al. 2018). This purported effect on plant
mineral nutrition was proposed to be linked to greater plant disease in GR crops
treated with glyphosate (e.g., Johal and Huber 2009; Kremer and Means 2009).
Glyphosate does reduce the ability of non-GR plants to fight plant disease, but this
phenomenon is related to reduced levels of defense compounds (see Sect. 3.4) and
not to effects on mineral nutrition. The topic of mineral chelation in plants and its
potential role in the mode of action of glyphosate was reviewed by Duke et al.
(2012), who concluded that the data debunking this hypothesis are much stronger
than those supporting it. Since this review was published, additional support has
accumulated in support of the view that none of glyphosate’s mode of action is
associated with effects on plant mineral nutrition (e.g., Costa et al. 2018; Duke et al.
2018b; Kandel et al. 2015; Reddy et al. 2018). These papers found no effects of
glyphosate applications on mineral content of GR maize and GR soybean treated
with recommended glyphosate application rates in replicated field experiments over
more than 1 year at sites in different states of the USA, one Canadian province, and
Brazil. The generally steady increase in yields of cotton, maize, and soybean USA,



30 S. O. Duke

after more than 90% adoption of GR varieties, argues against there being any
significant phytotoxicity issues with glyphosate in these crops. A recent short review
summarized the state of the current knowledge of this topic (Duke and Reddy 2018).

There have been exceedingly few recent papers that meaningfully probe the mode
of action of glyphosate, but there have been many papers describing secondary and
tertiary effects. Modern metabolomic, transcriptomic, proteomic, and other methods
(e.g., Maroli et al. 2016, 2018a, b; Patterson et al. 2020) provide tools for a better
understanding of the more direct effects of inhibiting the shikimate pathway at the
EPSPS site. However, interpretation of massive amounts of metabolomic or
transcriptomic data to gain insight into a herbicide mode of action can be challenging
(Duke et al. 2013, 2018a).

3.4 Role of Microbes in Glyphosate Efficacy

An important part of the mode of action of glyphosate in the field is the role of
reduction of plant defenses to plant pathogens. A sublethal application of some, but
not all, herbicides can predispose a plant to greater susceptibility of a herbicide (see
review by Altman and Campbell (1977)), but this effect is more pronounced with
glyphosate (Hammerschmidt 2018). Glyphosate is a more effective herbicide in soil
containing microbes than in sterilized soil because of the reduction in plant defenses
to soil-borne pathogens by glyphosate (Lévesque and Rahe 1992; Schafer et al.
2012, 2013) (Fig. 8). The reduction in shikimate pathway-derived plant defense
compounds (e.g., phytotalexins and lignin) against plant pathogens by glyphosate
has been used to enhance and synergize the efficacy of microbial bioherbicides
(Christy et al. 1993; Duke et al. 2007; Hoagland et al. 2018; Gressel 2010). For
example, Sharon et al. (1992) found a concentration of glyphosate (50 pM) that
caused no visible phytotoxicity to the weed Cassia obtusifolia (now Senna
obtusifolia) to almost completely block synthesis of the shikimic pathway-derived
phytoalexin 2-(p-hydroxyphenyloxy)-5,7-dihydroxychromene. This glyphosate
concentration, combined with a dose of the mycoherbicide derived from Alternaria
cassia conidia that caused only a few necrotic spots on the foliage when used alone,
completely killed the weed. This is but one of many examples of the lowering of
plant defenses to pathogens by glyphosate. The topic of glyphosate’s effects on plant
disease via inhibition of shikimate pathway-derived defenses is reviewed in detail by
Hammerschmidt (2018) and Duke et al. (2018b).

Although the contribution of soil pathogens to glyphosate efficacy has been
clearly demonstrated under controlled conditions, little is known of this effect in
the field. The magnitude of this augmentation to glyphosate efficacy by the activity
by pathogens would be dependent on several factors, such as both the types and
amounts of pathogens in the soil and environmental conditions. We know that
glyphosate acts as a fungicide on some plant pathogens (see Sect. 6), so the balance
between direct effects of glyphosate on the pathogen and indirect effects from
reducing the plant’s capacity to produce pathogen defenses could be complicated,
depending on many factors.



Glyphosate: Uses Other Than in Glyphosate-Resistant Crops, Mode of Action,. . . 31

0 0.21  0.42 0.84 168 336 6.72

Fig. 8 Ambrosia trifida grown in sterile (a) and unsterile (b) soil sprayed with different rates
(kg ae/ha) of glyphosate at 21 days after spraying. From Schafer et al. (2012) with permission

4 Metabolic Degradation of Glyphosate in Microbes
and Plants

There are non-enzymatic means by which glyphosate can degrade by breakage of the
C-P bond. For example, Barrett and McBride (2005) reported that both glyphosate
and AMPA are degraded by breaking the C-P bond by Mn oxide in aqueous media.
Glyphosate degraded faster than AMPA by this mechanism. Because AMPA has a
longer half-life than glyphosate in soil (e.g., Simonsen et al. 2008), this mechanism
could contribute to glyphosate metabolism in soil. Metal ions in solution have also
been implicated in abiotic degradation of glyphosate to AMPA (Yael et al. 2014).
Biological degradation in nature is clearly the predominant mechanism of break-
down of glyphosate, because degradation in sterile soil is nil (e.g, Torstensson and
Aamisepp 1977). Soil type can influence the rate of degradation (e.g., Qiao et al.
2020), but how much of this variation is due to differences in bioavailability and
microbial differences has not be determined. There are two means of metabolic
degradation of glyphosate (Borggaard and Gimsing 2008; Duke 2011; Nandula et al.
2019; Zhan et al. 2018). The predominant route is via a glyphosate oxidoreductase
(GOX; EC 1.5.3.23) that converts glyphosate to AMPA and glyoxylate
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(CAS # 563-96-2) (see Fig. 3 of Green and Siehl 2020), a common, natural
metabolite. AMPA is also a degradation product of some detergents, so some of
the AMPA found in the environment is from this source (e.g., Botta et al. 2009). A
gene (goxv247) that encodes GOX from the soil microbe Ochrobactrum anthropi
was identified, cloned, and used as a glyphosate resistance transgene in the first
commercialized GR canola cultivars (Green 2009). An apparently less common
means of glyphosate metabolic degradation is by a C-P lyase that converts the
herbicide to the sarcosine (CAS # 107-97-1), a natural product, and inorganic
phosphate (e.g., Kishore and Jacob 1987; Jacob et al. 1988) (see Fig. 3 of Green
and Siehl 2020). The reviews of Zhan et al. (2018) and Singh et al. (2020) provide
similar lists of microbes that degrade glyphosate. Most of those listed degrade it with
a GOX enzyme and most are bacteria, although some fungi, such as Penicillium
citrinum (Zboifiska et al. 1992), Alternaria sp., and Trichoderma spp. (Krzy$ko-
Lupicka and Orlik 1997) also degrade glyphosate. Sarcosine is seldom found or
found in very small amounts in studies on the degradation of glyphosate in soils
(e.g., Al-Rajab et al. 2008) and plants (Duke 2011). However, being a natural
metabolite, it may have a shorter half-life than AMPA, which might mask the
importance of this metabolic degradation route. Also, sarcosine if not always looked
for in studies of the degradation of glyphosate (e.g., Arregui et al. 2003).

AMPA, which is more environmentally persistent than glyphosate, requires a C-P
lyase enzyme to be degraded. Microbes that break down glyphosate with a C-P lyase
can also metabolize AMPA, using both glyphosate and AMPA as a sole source of
phosphorus (Selvapanidiyan and Bhatnagar 1994), although some of these microbes
apparently have both a GOX and a C-P lyase (Lerbs et al. 1990; Obojska et al. 2002).
The greater persistence of AMPA than glyphosate in soils may indicate that
microbes that use this degradation pathway are less common than those with
GOX. The biochemistry and genetics of C-P lyases that metabolize glyphosate and
AMPA are reviewed by Hove-Jensen et al. (2014). The finding that glyphosate is
readily broken down by many different microbes has led to numerous papers and
patents on use of such microbes to remove glyphosate from soil (e.g., Ermakova
et al. 2010) and water (e.g., Hallas et al. 1992). The need for such bioremediation is
unlikely in normal use of glyphosate for weed management because of its relatively
short half-life in soil and water (Blake and Pallett 2018; Rodriguez-Gil et al. 2020).

A number of publications exist on other microbial enzymes that will transform
glyphosate to non-herbicidal compounds. These other glyphosate-degrading
enzymes include glyphosate N-acetyltransferase (GAT) (Castle et al. 2004), a
bacterial glycine oxidase (Nicolia et al. 2014), and a glyphosate decarboxylase
(Hammer et al. 2007). There are no data indicating that any of these routes of
degradation of glyphosate are significant in the environment. In the case of GAT,
the enzymatic activity with glyphosate is so low for the enzyme obtained from
Bacillus licheniformis that several rounds of gene shuffling with selection for the
best enzymatic activity were needed to generate a gene encoding a GAT that could
be used to produce a GR crop (Castle et al. 2004). Although most of the genes for
these glyphosate-transforming enzymes were proposed for producing GR crops,
only a gene for GOX was used in one GR crop (Green 2009), and it is no longer
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used (see discussion below). GR crops with the highly engineered GAT gene reached
a high level of development (Green et al. 2008), but were never commercialized.

Glyphosate degradation in the environment can be enhanced by certain animals in
soil and water. For example, glyphosate and AMPA degradation in soil containing
earthworms (Fisenia fetida) is faster than the same soil without earthworms
(Lescano et al. 2020). In this study, the earthworms were not harmed by glyphosate.
Degradation of glyphosate in water is enhanced by the presence of the golden mussel
(Limnoperna fortunei) (Gattas et al. 2020). However, there is no evidence in either of
these papers that the animals themselves degrade glyphosate.

Plants also degrade glyphosate, predominantly by a GOX-type activity, although
evidence of metabolism by a C-P lyase has been reported in a few species of higher
plants (Duke 2011). The amount of GOX activity varies considerably, from little or
no metabolism in some grasses to much higher levels in some legumes, including
soybeans (Reddy et al. 2008; Duke 2011). Vemanna et al. (2017) showed that rice
(Oryza spp.) has an aldo-keto reductase (AKR) that acts as a GOX and that, when
used as an overexpressed transgene, can provide glyphosate resistance to tobacco
(Nicotiana tabacum). There are many AKRs in plants with a wide spectrum of
substrates, and some of these monomeric enzymes are associated with abiotic stress
(Sengupta et al. 2015). Pan et al. (2019) reported that the evolved glyphosate
resistance of a GR weed (E. colona) is due to elevated AKR activity due to two
upregulated AKR genes. This is the most clearly confirmed case of evolved resis-
tance to glyphosate by enhanced metabolic degradation (Duke 2019), although a few
other cases have been reported (summarized by Baek et al. (2020)). However, this
GR E. colona with enhanced AKR-mediated degradation of glyphosate was later
shown to also have a GR EPSPS (McElroy and Hall 2020). The relative contribu-
tions of the two resistance mechanisms have not been determined. Whether AKR is
the only enzyme responsible for GOX type of glyphosate metabolism to AMPA in
plants is unknown. We also do not know if all plants have an AKR with GOX
activity. In plants in which low levels of glyphosate metabolism occurs, finding
AMPA in glyphosate-treated plants is difficult. In such plants, metabolism could be
due in part or wholly to endophyte metabolism of the herbicide, as endophyte-
mediated metabolism of other herbicides has been documented (Tétard-Jones and
Edwards 2016), and some endophyte-type microbes can metabolize glyphosate
(discussed in Sect. 6).

The amount of AMPA found in glyphosate-treated plants will be both a function
of the amount of glyphosate applied to the plant and the sensitivity of the plant to that
application rate, as a very toxic amount of glyphosate will reduce the ability of the
plant to metabolize it. This was considered in the study of Reddy et al. (2008), in
which the ratios of glyphosate to AMPA in non-GR plant species treated with an
application rate of glyphosate that inhibits growth by 50% were compared at 7 days
after treatment in a variety of plant species. This ratio will be affected by many
factors, such as time after treatment, species, and degradation of AMPA. AMPA was
found in most species, and the ratio of glyphosate to AMPA was less than 10 in three
species, indicating strong metabolism of glyphosate. No AMPA was detected in four
species, including both GR and non-GR maize. Nevertheless, in a later field study
using higher application rates of glyphosate, the same scientists, using the same
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analytical methods, found low levels of AMPA in glyphosate-treated GR maize
leaves in one field site (Mississippi, USA) two years in a row, but not in another site
(Illinois, USA) with different GR cultivars (Reddy et al. 2018). However, the
harvested seeds at the Mississippi site had no AMPA, whereas a very low AMPA
level (ca. 30 ng/g dry wt) was found in seeds in one of 2 years in Illinois. Bernal et al.
(2012) also reported levels of AMPA in glyphosate-treated (1.6 kg/ha) GR maize
leaves that were 65-fold less than the glyphosate levels at a week after treatment.
Both glyphosate and AMPA concentrations decreased with time after spraying, but
the ratio of glyphosate to AMPA decreased with time, indicating that AMPA
degrades and/or translocates more slowly than glyphosate in vivo. AMPA and
glyphosate compete for movement into the vacuole and the cell and perhaps the
plastid (Ge et al. 2013), so these processes will also influence the ratio. Hearon et al.
(2021) reported AMPA to be readily taken up by GR maize from soil treated with
either AMPA or glyphosate, so all AMPA found in GR maize is not necessarily from
degradation of glyphosate in the plant. They also claimed conversion of glyphosate
to AMPA in planta, but this was not rigorously proven. The finding that microbe-
free cell cultures of maize can metabolize glyphosate to AMPA (Komofa et al.
1992) proves that maize has an enzyme that can act as a GOX at relatively low
in vivo activity levels compared to some other species. In general, however, mem-
bers of the Poaceae (Gramineae) like maize have very little capability for degrading
glyphosate (Duke 2011).

The question of how much glyphosate and AMPA ends up in harvested GR crops
is of great interest because of the current human toxicology controversy. Because
glyphosate preferentially translocates from sprayed foliage to metabolic sinks such
as developing seeds and storage organs (e.g., sugar beet roots) (Duke et al. 2003a;
Gougler and Geiger 1981) and GR crops are not impaired in any significant way by
the application rates of glyphosate used for weed management (Nandula et al. 2007),
one would expect high levels of glyphosate and/or AMPA in harvested parts of GR
crops. The only GR crops for which glyphosate and AMPA residue data from peer-
reviewed papers exist are GR soybean, sugar beet, and maize. As mentioned above,
neither glyphosate nor AMPA is found in processed sugar from GR sugar beets
(Barker and Dayan 2019). In a field study, only trace amounts (<0.1 ppm) of
glyphosate were found in GR sugar beet roots 2 weeks after spraying glyphosate
either 0.825 kg a.e./ha once or 1.26 kg a.e./ha twice approximately 6 weeks apart. At
harvest, the glyphosate concentrations in the fresh sugar beet root from different
fields ranged from 1.5 (one glyphosate application) to 32 ppb (two applications). The
USEPA MRL for fresh sugar beet is 10 ppm. Glyphosate is exuded from roots of
glyphosate-treated non-GR plants (e.g., Coupland and Caseley 1979; Rodrigues
et al. 1982; Kremer et al. 2005; Laitenen et al. 2007; Barker and Dayan 2019)
provided evidence that rapid loss of glyphosate in sugar beet roots is due to root
exudation. There are more reports of glyphosate exudation from plant roots than for
any other herbicide (Ghanizadeh and Harrington 2020), but there are no reports that
this means of glyphosate loss from the plant contributes to glyphosate resistance
(Duke 2019; Baek et al. 2020). Roots of some species can retain glyphosate for long
periods, as glyphosate and AMPA were found in the roots of perennial, herbaceous
plants where glyphosate was applied at a rate of 2.16 kg a.e./ha a year earlier, with
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tissue glyphosate concentrations ranging from 77 to 1,050 ppb and AMPA from
16 to 48 ppb (Wood 2019). AMPA was not found in all species and, when found,
shoot concentrations of both were much lower than root concentrations.

Both glyphosate and AMPA accumulate in the harvested seed of GM soybean
(Arregui et al. 2003; Duke et al. 2003b, Bohm et al. 2014, Bghn et al. 2014), but
reported residues are generally well within the maximum tolerance level. For
example, the MRL for glyphosate content for soybean seed in the USA is 20 ppm
(United States Electronic Code of Federal Regulations 2020), and concentrations as
high as 10 ppm have been reported in a survey of GR soybeans grown in the USA
(Bghn et al. 2014). The yearly analysis of soybean samples in the USA by the
U.S. Department of Agriculture, Agricultural Marking Service (USDA AMS 2020)
reports no presumptive tolerance violations. Only trace amounts of glyphosate or
AMPA are sometimes found in GR maize grain (Reddy et al. 2018; Costa et al.
2018). No glyphosate has been reported in maize in the annual USDA AMS (2020)
survey. Very low levels or no glyphosate in seeds of glyphosate-treated GR maize is
surprising because, just as developing soybean seeds are metabolic sinks that
accumulate glyphosate along with photosynthate, developing maize seeds should
also accumulate glyphosate along with sucrose from sprayed leaves. Because at least
three labs have found either trace amounts or no glyphosate in seed of glyphosate-
treated GR maize from different locations and in multiple years, maize seeds of
glyphosate-treated GR maize apparently do not accumulate significant glyphosate or
AMPA residues.

The first commercial varieties of GR canola contained transgenes for both a
bacterial GOX and a GR form of EPSPS (Green 2009). These two transgenes
provide a resistance factor of about 50-fold (Nandula et al. 2007). Only one paper
has examined AMPA formation in one of these GR varieties in detail (Corréa et al.
2016). In a laboratory study, at a very low application rate of radiolabeled glypho-
sate, virtually all of the glyphosate applied to the plants was converted to AMPA
within 7 days, whereas very little AMPA was produced in a conventional, non-GR,
isogenic variety. Only AMPA and no glyphosate was found in untreated leaves of
GR canola. Whether this AMPA was translocated from treated leaves or was formed
by oxidation of translocated glyphosate in the untreated leaves was not determined.
In a greenhouse study, plants treated with 3.3 kg a.e./ha converted about a third of
the glyphosate taken up to AMPA within 2 weeks. How much the added GOX
activity contributed to glyphosate resistance in this GR crop is unknown because
there are no publicly available data comparing glyphosate resistance imparted by
only the GOX gene, only the GR EPSPS gene, and the two genes together in the
same canola germplasm or even different germplasms. However, later varieties of
GR canola have only a transgene for GR EPSPS, so the contribution of the GOX was
apparently not necessary unless the level of expression of the GR EPSPS gene in
these first canola varieties was insufficient for robust resistance. Why the GOX
transgene was used with a GR EPSPS in the first GR canola varieties was never
disclosed.

AMPA is weakly phytotoxic (Hoagland 1980; Gomes et al. 2014), and GR crops
are not resistant to AMPA (Reddy et al. 2004; Ding et al. 2011), indicating that
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AMPA has one or more molecular targets other than EPSPS. Amounts of AMPA or
glyphosate applied to GR soybeans that result in the same levels of AMPA within
the plant tissues result in similar phytotoxicity symptoms (Reddy et al. 2004). Under
rare environmental conditions, glyphosate-treated GR soybean accumulates enough
AMPA to cause chlorosis (called “yellow flash” by farmers). This effect is not seen
in all GR soybean varieties (Cerny et al. 2014). These differences could be due to
different AMPA levels accumulating in the different varieties, but differences in
glyphosate degradation between varieties have not been determined under the same
conditions. The yellow flash effect is temporary and has not been found to affect
yield of the crop. Yellow flash is not seen in GR maize, which produces little or no
AMPA when treated with glyphosate. Reddy et al. (2004) concluded that yellow
flash in glyphosate-treated soybean is due to the phytotoxicity of accumulated
AMPA. As noted above, glyphosate-treated canola with the GOX gene accumulates
high levels of AMPA, but yellow flash has not been reported in canola. The reason(s)
for this difference is unclear, especially since the phytotoxicity effects of treating GR
soybean and GR canola with AMPA are similar (Nandula et al. 2007).

5 Non-target Vegetation Effects

Glyphosate is non-selective, so it can be harmful to almost all plant species if the
dose is high enough. Non-target vegetation can be exposed to glyphosate by
exposure to the root or foliage. Although some have discussed the potential effects
of glyphosate on non-target vegetation by root exposure (e.g., Saunders and
Pezeshki 2015), this type of exposure is almost irrelevant because, as discussed
above, glyphosate is virtually inactive in most soils. Even if glyphosate were
significantly bioavailable to plants in soil, glyphosate is not effectively taken up
and translocated acropetally from the roots, and the concentrations found in ground
and surface waters are generally lower than amounts needed for a significant
physiological effect. Glyphosate drift from sprayed fields to foliage of plants outside
the field is the main source of exposure of non-target plants. The amount of
glyphosate needed to cause phytotoxicity varies between species. Drift levels of
glyphosate can also vary considerably, and even the amount of a herbicide reaching a
plant within a sprayed field can be highly variable (Velini et al. 2017). Because
glyphosate translocates readily from foliage to growing parts of the plant, good
coverage of the target weed is not needed for efficacy. Thus, large spray droplets,
without good coverage of the weed, can be effective in delivering lethal glyphosate
quantities to target plants. The larger the spray droplet, the less the drift problem,
especially for an essentially non-volatile compound like glyphosate. Even with aerial
spraying of glyphosate, plant injury is usually minimal at distances of >20 m
downwind from sprayed fields (Marrs et al. 1993; Reddy et al. 2010). For mature
plants of many species, there is minimal damage at distances of less than 20 m. There
are reports of significant effects of very high simulated glyphosate drift levels on
non-GR crops. For example, a simulated drift level of 100 g/ha was found to
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adversely affect nitrogen metabolism in non-GR soybeans (Bellaloui et al. 2006).
However, there was no effect on yield, seed protein, or seed oil content by this
relatively high “drift” level. Wild plant species are generally less sensitive to
glyphosate than domesticated plant species (Cederland 2017). An analysis by
Cederland (2017) found that drift of 5 g a.e./ha of glyphosate would not result in
even minor adverse effects of drift on 95% of plant species, and that drift levels of
1 to 2 g a.e./ha of glyphosate would essentially cause no harm to any vascular plants.
However, there can be stimulatory effects of glyphosate on plant growth at such low
application rates (hormesis — as discussed in Sect. 2.5). Nevertheless, there has been
a report of injury to an endangered plant species (Pimelea spicata) from glyphosate
drift from a non-agricultural use (Matarczyk et al. 2002), but the “drift” concentra-
tion of glyphosate was not provided.

As mentioned above and below, glyphosate can influence plant disease by
directly inhibiting the pathogen or reducing plant defenses against plant disease,
and this effect could cause effects on plant communities subjected to glyphosate
drift. Such potential effects have not been studied, other than the beneficial effects of
simulated glyphosate drift in Eucalyptus grandis, due to its fungicidal effects on rust
(dos Santos et al. 2019) — see Sect. 6.

As with any postemergence herbicide, the effects of glyphosate on non-target
vegetation vary with the amount of drift, plant species, environmental conditions,
and other factors. Although more plant species might be expected to be affected by
glyphosate drift than by drift of any single selective herbicide, in most cases,
especially in GR crops, glyphosate replaced several selective herbicides. Thus, the
effects of glyphosate on non-target vegetation should be contrasted with the com-
bined effects of the herbicides that it replaced. The relatively short environmental
half-life of glyphosate and its lower drift potential than many of the herbicides that it
replaced could mean adverse effects on non-target vegetation are likely to be less or,
at the most, similar. However, with the increasing evolution and spread of GR weeds
(Heap and Duke 2018; Baek et al. 2020), some of the herbicides that glyphosate
replaced are now being sprayed again, along with glyphosate (e.g., Gage et al. 2019),
reducing the early environmental benefits glyphosate used in GR crops (Cerdeira
and Duke 2006; Cerdeira et al. 2007; Duke and Powles 2009).

6 Effects of Glyphosate on Microbes in Agriculture

Fungi and bacteria, as well as members or the phylum Apicomplexa, contain EPSPS
that is sensitive to glyphosate (Dill et al. 2010; Roberts et al. 1998). However, there
is considerable variation in the EPSPS among microbes, with some having
glyphosate-sensitive, class I EPSPS (similar to that in higher plants) and others
having relatively insensitive class II enzyme (Funke et al. 2007; Mir et al. 2015).
Glyphosate can act as a fungicide and a bactericide on microbes with class [ EPSPS.
Duke et al. (2018b) recently reviewed much of the literature on this topic. Table 2
provides examples of the effects of glyphosate on variety of microbes as reported in
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Table 2 Effects of glyphosate on various microbes in laboratory studies

Microbe species Dose Inhibition (%) | Reference

Bacteria

Aerobacter aerogenes 1 mM 20% Amrhein et al. (1983)
Bradyrhizobium japonicum 0.5 mM 10-41%* Moorman et al. (1992)
Burkholderia galdioli 20 mM 0-80% Kuklinsky-Sobral et al. (2005)
Pseudomonas oryzihabitans 20 mM 100% Kuklinsky-Sobral et al. (2005)
Fungi

Septoria sp. <0.6 mM 90% Dill et al. (2010)
Pseudocercosporella sp. <0.6 mM 90% Dill et al. (2010)

Botrytis sp. <0.6 mM 90% Dill et al. (2010)
Phytophthora sp. 6 mM 90% Dill et al. (2010)
Rhizoctonia sp. 6 mM 90% Dill et al. (2010)

Fusarium sp. 6 mM 90% Dill et al. (2010)
Gaeumannomyces sp. 6 mM 90% Dill et al. (2010)

Puccinia sp. 30 mM 90% Dill et al. (2010)
Pyricularia sp. 30 mM 90% Dill et al. (2010)
Alternaria sp. 0.6 mM 18-63% Grossbard (1985)
Aspergillis niger sp. 3 mM 100% Grossbard (1985)
Cladosporium herbarum 3 mM 100% Grossbard (1985)
Fusarium lateritium 0.6 mM 33-73% Grossbard (1985)
Gliocladium roseum 3 mM 100% Grossbard (1985)
Penicillium sp. 0.6 mM 37-67% Grossbard (1985)
Stachybotrys chartarum 0.3 mM 100% Grossbard (1985)
Trichoderm polysporum 0.6 mM 27-68% Grossbard (1985)
Neurospora crassa 2 mM 0% Roisch and Lingens (1980)
Pythium ultimum 50 mM 35% Kawate et al. (1992)

“In some studies the effects varied, depending on media and other variables

the literature. The concentrations in the papers listed in Table 2 were given as
molarity. The molarity of 1 kg a.e./ha of glyphosate ranges from ca. 2.4 to 15 mM
with glyphosate manufacturer recommended spray volumes of 40 to 250 L/ha
(Monsanto 2020). Thus, the actual concentration of glyphosate that is applied to
plants in the field is often sufficiently high to adversely affect many microbes.
However, the concentrations of glyphosate in plants and soils will be lower than
the concentration in the spray solution, reducing the possibility of there being an
antimicrobial or antifungal effect of glyphosate.

Unfortunately, direct comparisons of effects between species from the data in
Table 2 are not possible because of the different methods in the different papers.
Furthermore, much of the literature is on the effects of formulated glyphosate, which
does not differentiate between effects of formulation ingredients and that of glyph-
osate (Duke 2018b). Hormesis is common with fungitoxic compounds (Pradhan
et al. 2017), so this phenomenon may occur with numerous plant pathogens at low
glyphosate concentrations. For example, a sub-millimolar concentration
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(ca. 0.33 mM) of glyphosate stimulated mycelial dry weight accumulation of the
plant pathogens Fusarium solani f. sp. pisi and Pythium ultimum (Kawate et al.
1992). The fact that glyphosate can serve as a source of phosphorus for some fungi
(e.g., Adelowo et al. 2014) could contribute to hormesis.

Glyphosate is a relatively weak fungicide on most fungi in in vitro assays (Dill
et al. 2010), and, as discussed above, glyphosate in non-GR plants reduces the
shikimic acid pathway-based plant defenses, giving microbial plant pathogens an
advantage, even though glyphosate could be toxic to the pathogen at the right dose.
The bioavailable concentration of glyphosate in soil of sprayed weeds in the field
may be insufficient to directly affect these pathogens, although the concentration for
inhibition of the growth of some fungal plant pathogens is less than 1 uM in an
in vivo assay (Puccinia spp. in wheat; Dill et al. 2010). This was a thousand times
time less than glyphosate’s activity in an in vitro assay (Table 2). Dill et al. (2010)
attributed this discrepancy to the fact that Puccinia species are obligate pathogens
that may not be amenable to in vitro screens.

The high application rates of glyphosate used on GR crops can thus have
beneficial effects for the crop by their fungicidal effects on plant pathogens. This
is particularly true for rusts. For example, a weed-killing application rate of glyph-
osate (0.84 kg/ha) applied to GR wheat 1 day before inoculation with wheat leaf rust
(Puccinia triticina) prevented significant infection compared to plants that were not
treated with glyphosate (Feng et al. 2005) (Fig. 9). This application rate in a typical
carrier volume of 100 L/ha has a glyphosate concentration of ca. 5 mM, a concen-
tration found to be fungitoxic to several fungi with in vitro assays (Table 2).
Anderson and Kolmer (2005) reported similar results with glyphosate on wheat

e

Fig. 9 The effect of glyphosate treatment on severity of wheat leaf rust (Puccinia triticina) in GR
wheat leaves 13 days after inoculation with the rust. Treatment A, no spray; treatment B, glyphosate
formulation (0.84 kg ae/ha in a commercial formulation) 14 days before inoculation; treatment C,
glyphosate formulation at 1 day before inoculation. From Feng et al. (2005). Copyright (2005)
National Academy of Sciences, U.S.A
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leaf rust and wheat stem rust (P. graminis f. sp. tritici) in GR wheat, obtaining good
disease prevention with applications 22 days before inoculation that was evident
20 days after inoculation. Feng et al. (2005, 2008) also found preventative and
curative effects of glyphosate on P. striiformis f.sp. tritici in GR wheat and suppres-
sion of Asian soybean rust (Phakopsora pachyrhizi) in GR soybeans. Glyphosate is
inhibitory to some other cereal fungal pathogens, including Septoria nodorum (leaf
blotch) (Harris and Grossbard 1979), Pyrenophora tritici-repentis (tan spot)
(Sharma et al. 1989), Gaeumannomyces graminis (take-all) (Wong et al. 1993),
and Rhizoctonia solani (Rhizoctonia root rot) (Wong et al. 1993) in studies not
involving spraying infected live plants. These results suggest that glyphosate would
have a beneficial effect on controlling these diseases in GR crops.

Rust infections in non-cereal GR crops are also reduced by glyphosate. Alfalfa
rust (Uromyces striatus) was controlled in GR alfalfa by glyphosate (Samac and
Foster-Hartnett 2012). It had both preventive and curative effects. Although phyto-
toxic to glyphosate-susceptible Eucalyptus grandis, glyphosate reduced rust infec-
tion by Austropuccinia psidii at sublethal doses to the tree (dos Santos et al. 2019;
Tuffi-Santos et al. 2011). Glyphosate at 0.84 kg a.e./ha has been reported to reduce
disease symptoms of Rhizoctonia solani in GR cotton (Pankey et al. 2005).

Examples of no effect of glyphosate on a plant disease in a GR crop include a
multi-year, multisite study of the influence of glyphosate on Goss’s wilt (Clavibacter
michiganensis ssp. nebraskensis) in GR maize (Williams et al. 2015), and a massive,
multi-year study in five US states and one Canadian province on the effect of
glyphosate on sudden death syndrome (Fusarium virguliforme) in GR soybean
(Kandel et al. 2015). Earlier work (Njiti et al. 2003; Sanogo et al. 2001) found no
influence of glyphosate on sudden death syndrome in GR soybeans. In a two-year
field study, Harikrishnan and Yang (2002) found no effect of glyphosate on root rot
and damping off caused by Rhizoctonia solani in GR soybeans. Likewise, there was
no effect of glyphosate on R. solani virulence in GR sugar beet (Barnett et al. 2012)
and GR cotton (Baird et al. 2004). Another example is the negative findings of Lee
et al. (2000, 2003) and Nelson et al. (2002) on the effects of glyphosate on white
mold (Sclerotinia sclerotiorum) in GR soybean. Baley et al. (2009a) found no effect
of glyphosate on virulence of several pathogens (Gaeumannomyces graminis var.
tritici, Pythium ultimum, Rhizoctonia oryzae and R. solani) to GR wheat.

As discussed above, glyphosate makes glyphosate-sensitive plants more suscep-
tible to plant pathogens by reducing synthesis of shikimate pathway-derived defense
compounds. However, there is no viable rationale for why GR crops would be more
susceptible to plants pathogens, as claimed by some (e.g., Johal and Huber 2009;
Yamada et al. 2009). GR crops are about 50-fold more resistant to glyphosate than
isogenic lines of the same crops (Nandula et al. 2007), and the lack of shikimate
accumulation when these crops are treated with glyphosate (e.g., Velini et al. 2008)
indicates that shikimate pathway-based pathogen defenses should not be impaired by
glyphosate treatment. As mentioned above, a connection between mineral nutrition
of GR crops and disease susceptibility has not been proven (Duke et al. 2012). The
preponderance of well-replicated field studies in many geographically diverse loca-
tions has found either reduction of or no effect on plant disease in glyphosate-treated
GR crops. In his extensive review, Hammerschmidt (2018) concludes that neither
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the glyphosate resistance gene (discussed in Green and Siehl (2020)) nor glyphosate
applied to GR crops makes these crops more susceptible to plant pathogens. His only
caveat is that treatment of glyphosate-susceptible plants in the near vicinity of GR
crops could cause a temporary increase in inoculum of soil-borne plant pathogens
that could increase GR crop disease. However, evidence for this being a significant
problem in field situations is lacking.

In summary, glyphosate can act as a fungicide on some plant pathogens in GR
crops, and it has been patented for this use (Baley et al. 2009b; Kohn and South
2020). The latter patent claims suppression of the non-rust diseases Fusarium
virguliforme, Phialophora gregata, Diaporthe phaseolorum, and Macrophomina
phaseolina in GR soybeans, generally increasing yields. However, use of glyphosate
as a fungicide is not on the glyphosate label, probably partly because it is not as good
as most commercial fungicides (e.g., for fungal disease management), having little
or no effects on many such microbes. Also, the timing for application of glyphosate
for weed management and that for disease control are unlikely to coincide. Peer-
reviewed comparisons of glyphosate with commercial fungicides in field settings are
not available. Nevertheless, the fungicidal effect of glyphosate on some plant
pathogens is an unrecognized benefit of unknown magnitude in GR crops. However,
it has little or no effect on many plant pathogens in these crops. Evidence of
enhanced plant disease caused by glyphosate in GR crops is weak and, in some
cases, may be the result of indirect effects of glyphosate such as increases in
pathogen inoculum coming from nearby glyphosate-susceptible plants. However,
such an effect must be rare, as the yields of maize, soybean, and cotton in the USA
after there was more than 90% of adoption of GR cultivars of these crops has
continued to rise at the same rate as before GR crops were introduced (Duke and
Reddy 2018).

A virtually unexplored area of research is the effect of glyphosate on diseases of
GR weeds. GR hairy fleabane (Conyza bonariensis) is more susceptible to powdery
mildew caused by Podosphaera erigerontis-canadensis than a susceptible biotype
(Pazdiora et al. 2019). However, in weeds that have evolved very high levels of
glyphosate resistance such as Amaranthus palmeri with multiple copies of EPSPS
(Gaines et al. 2010, 2011) (more than 20-fold resistant, requiring more than 7 kg a.e./
ha to get the level of control that 0.2 kg ae/ha provides with susceptible biotypes), or
in E. indica with a two codon change (Yu et al. 2015) (threonine to isoleucine at
codon 102 and proline to serine at codon 106 — known as the TIPS mutation in
EPSPS, requiring more than 30 kg a.e./ha to achieve the effect of 0.3 kg a.e/ha),
recommended field rates (0.5-2 kg/ha) of glyphosate could increase their fitness by
providing protection from some plant pathogens, in addition to the potential benefits
of hormesis as discussed in Sect. 2.5.

Some non-pathogenic microbes interfere with plant pathogens, giving the host
plant some protection (e.g., Haidar et al. 2016). For example, some endoyphytic
bacteria can suppress plant diseases (Sturtz et al. 2000). If the concentrations of
glyphosate reaching these microbes were more toxic to them than to the plant
pathogen, glyphosate could enhance the success of the pathogen in GR crops. One
study (Kuklinsky-Sobral et al. 2005) found the endophyte species of soybeans
grown in soil treated with glyphosate were different than those in soil without a
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glyphosate treatment. No mention was made of whether the soybean varieties used
were GR or not. The total population density of endophytes in the stem and roots
(ca. 1,000 and 40,000 CFU (colony-forming units)/g fresh tissue, respectively) was
unaffected by growing plants in glyphosate-treated soil, and was reduced from
ca. 300 to 100 CFU/g fresh tissue in leaves. A later study found GR soybean
cultivars treated with glyphosate to generally have a greater abundance of endo-
phytic bacterial communities (de Almeida Lopes et al. 2016). The endophyte species
in GR soybean were different from those of the non-GR cultivars. The experiments
were not designed to determine whether the differences were due to glyphosate
application or to the genetics of the different cultivars.

Some plant growth-promoting endophytes might be benefitted by glyphosate if
they can use it as a source of phosphorous with a C-P lyase, as found in the
endophyte Enterobacter cloacae (Kryuchkova et al. 2014). Such endophytes
might be involved in glyphosate metabolism attributed to the plant, but those
metabolizing it with a C-P lase are unlikely to be significantly involved in plant
metabolism of glyphosate, because, as previously discussed, sarcosine is rarely
reported as a glyphosate metabolite in plants. As far as I can determine, no publica-
tions have demonstrated any effects glyphosate on plant disease due to adverse
effects on endophytes. Publications that show no effects of glyphosate on endo-
phytes may be rare because “no effect” publications are considered low priority and
rejected by the “so what?” rationale of many journals. Thus, unpublished studies
such as that by Nolan (2016), who found no effect of glyphosate application on
endophytic bacteria associated with roots of GR maize, whereas tillage practices and
maize cultivars had effects, are less likely to appear in refereed journals.

Mycorrhizae are much like fungal endophytes, but they form obvious physical
interactions with plants which provide benefits to the plant, such as increasing root
surface area and enhancing water and nutrient uptake. Arbuscular mycorrhizal fungi
(AMF) form structures in cortical roots cells called arbuscles that are involved in
exchange of phosphorous, carbon, water, and other nutrients. Glyphosate (2.25 kg a.
e./ha) applied to soil reduces root colonization by AMF in glyphosate-susceptible
plants, with the effect being influenced by tillage and presence of endophytes
(Helander et al. 2018). For example, in Festuca pratensis, there was less effect of
glyphosate on the number of arbuscles with tillage or endophytes than without.
Whether the glyphosate effects were due to effects on the plant, the AMF, or both
was not determined. Four treatments of a high glyphosate rate (3 kg a.e./ha X 4, for
total of 12 kg/ha) in a single year for 4 years in succession reduced root colonization
of meadow grass (Lolium arundinaceum) by AMF and certain endophytes (Druille
et al. 2016). There was no effect at an application rate that kills most weeds (0.8 kg a.
e./ha per treatment X 4, for a total of 3.2 kg a.e./ha). The high rates used to get such
an effect are unrealistic, as such high rates (12 kg/ha/year) are not needed to kill
almost all unwanted vegetation, and the combined costs of the glyphosate and its
application would be economically prohibitive. In a field study such as this, whether
the effects are direct effects on the microbes or indirect effects from killing almost all
of the plant life is unclear.
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Before GR soybeans were commercially introduced, glyphosate was found to be
toxic to Bradyrhizobium japonicum grown in vitro (Moorman et al. 1992) (Table 2),
the microbe responsible for nitrogen fixation in soybean nodules. In this study, there
was some variation in the sensitivity of different strains of the microbe to the
herbicide. Variation in sensitivity could be due to differences in degradation of
glyphosate by B. japonicum, as this microbe has the genetics for a C-P lyase
(Hove-Jensen et al. 2014). Hydroxybenzoic acids, upstream by-products of shikimic
acid (Lydon and Duke 1988), accumulated in the treated microbes (Moorman et al.
1992), indicating that the toxicity is due to inhibition of EPSPS. Glyphosate causes
accumulation of shikimate and protocatechuate in Bradyrhizobium sp. nodules also
(de Maria et al. 2006). Moorman et al. (1992) reasoned that since soybean nodules
are metabolic sinks and because glyphosate preferentially translocates to metabolic
sinks, there could be problems with glyphosate translocating to nodules in GR
soybeans, where it could adversely affect B. japonicum, thereby reducing nitrogen
fixation. Reddy et al. (2001) later found no effects of 1.12 kg a.e./ha glyphosate on
nodule number or biomass in GR soybean, but 2.24 kg a.e./ha reduced both of these
parameters and also reduced leghemoglobin by 6 to 18%. They stated that the
adverse 