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Special Foreword

This Volume of Reviews in Environmental Contamination and Toxicology (RECT)
is devoted to an assessment of the chemistry, toxicology and uses of the herbicide
glyphosate (N-phosphonomethyl)glycine, CAS # 1071-83-6)). This herbicide is a
broad spectrum and highly translocated foliar herbicide. Glyphosate inhibits
5-enolpyruvylshikimate-3-phosphate synthase (EPSPS, 2.5.1.26) in the shikimate
biosynthetic pathway that produces the essential amino acids (tryptophan, tyrosine
and phenylalanine) and plant phenolics. Glyphosate was originally registered in
1974 as a noncrop herbicide and in 1996 through biotechnology on glyphosate-
resistant (GR) soybeans and cotton. This was achieved by inserting CP4 EPSPS gene
into the plant genome.

As of today, glyphosate is registered on nine GR crops: soybeans, cotton, corn,
Argentine canola, Polish canola, alfalfa, sugar beets, creeping bent grass and wheat.
Genetically modified plants are regulated by various US agencies pursuant to the
Coordinated Framework for Regulation of Biotechnology., 51 Fed. Reg. 23, 302
(June 26, 1986).

The USEPA indirectly regulates genetically modified plants through FIFRA,
7 U.S.C. 136-136y, which governs the use, sale and labeling of glyphosate.

In January 2020, USEPA under FIFRA/FQPA issued a glyphosate Interim
Registration Review Decision (Docket Number EPA-HQ-OPP-2009-0351). The
registration review covers glyphosate acid (PC code 417300) and the following
salt forms with active pesticide registrations:

1. isopropylamine salt (PC code 10360)
2. ammonium salt (PC code 103604)
3. ethanol amine salt (PC code 1036050
4. diammonium salt (PC code 103607)
5. dimethyl ammonium salt (PC code 103608)
6. potassium salt (PC code 103613)

This document finalizes the agency’s draft supporting documents on the follow-
ing items!
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1. Glyphosate Draft Human Health Risk Assessment for Registration Review.

The epidemiological literature was reviewed. The USEPA found there was
insufficient evidence to conclude that glyphosate plays a role in any human diseases!
Tolerances are established for residues of glyphosate on plant commodities in
40 CFR 180.364. Tolerances range from 0.2 to 400 ppm.

2. Registration-Preliminary Ecological Risk Assessment for Glyphosate and its
Salts

The USEPA did not identify potential risks of concern for fish, aquatic inverte-
brates or aquatic-phase amphibians. The acute adverse effects to adult honey bees
were considered low for application rates of up to 5.7 lb a.e./A. The Agency is
currently determining whether additional data is needed on honey bees including
pollinator studies!

The USFDA regulates genetically modified plants under the Federal Food, Drug,
and Cosmetic Act (FFDCA). The FDA’s authority is limited to removing adulterated
food from the food supply. The FFDCA does not contain any provisions that directly
address genetically modified plants.

The Animal and Plant Health Inspection Service (APHIS), US Department of
Food and Agriculture, regulates transgenic plants under 7 CFR part 340, “Genetically
Engineered Organisms and Products”, which was published in1997. APHIS regu-
lates plant pests and noxious weeds under the Plant Protection Act (PPA). The PPA
defines a plant pest as any living stage of any of the following:

1. protozoan
2. nonhuman animal
3. parasitic plant
4. bacterium
5. fungus
6. virus or viroid
7. infectious agent or other pathogen

The PPA states the organisms regulated as “plant pests” must be organisms that
cause physical harm to plants through injury, damage or disease. Neither the statute
nor the regulations indicate that a genetically engineered plant (corn, cotton, etc.)
which does not physically damage plants can be considered a plant pest.

Health Canada’s Pest Management Regulatory Agency (PMRA) re-evaluated the
use of glyphosate (RVD2017-01) in 2017. According to their overall assessment,
glyphosate was unlikely a human cancer risk. Dietary, occupational, residential and
environmental risks were not of concern provided label instructions were followed!

Glyphosate is currently approved for use in the EU until December 15, 2022 as an
active substance in Plant Protection Products (PPPs). The European Commission
appointed four Member States (France, Hungary, the Netherlands and Sweden) as
the next Assessment Group on Glyphosate (AGG). The Glyphosate Renewal Group
in December 2019 applied for renewal of Glyphosate in the EU. The application for
renewal past 2022 was sent to the AGG, the other Member States, the European
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Food Safety Authority (EFSA) and the European Commission. Glyphosate is not
classified by the European Chemicals Agency and the EFSA as a carcinogen!

Glyphosate is regulated and used in most countries of the world except Iceland,
Greenland, and a small island in the Pacific. In March 2015, the World Health
Organization’s (WHO) International Agency for Research on Cancer (IARC) clas-
sified glyphosate as a probable carcinogen. The IARC classification is a hazard
classification and not a health risk assessment, because the level of human exposure
was not taken into account by IARC.

The editor wishes to thank Dr. Stephen Duke for organizing the RECT Scientific
Volume 255 on Glyphosate by recruiting Drs. Solomon, Green and Tranel,
suggesting the titles of each chapter and writing the first chapter. The editor also
wishes to thank the first authors of Chapters Evolution of Glyphosate-Resistant
Weeds (p 93) and Ecotoxicology of Glyphosate, Its Formulants, and Environmental
Degradation Products (p 129), Drs. Y. Baek and J.L. Rodriguez-Gil for their
contribution to those chapters and Mr. Daniel Siehl for the kinetic parameters of
EPSPS variants found in GR Weeds and Crops in Chapter History and Outlook for
Glyphosate-Resistant Crops (p 67)!

The information provided in these chapters will give regulatory agencies, agri-
culturists and plant scientists easy access to a concise and informative review of
glyphosate!

Fort Myers, FL, USA James B. Knaak
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Foreword

International concern in scientific, industrial, and governmental communities over
traces of xenobiotics in foods and in both abiotic and biotic environments has
justified the present triumvirate of specialized publications in this field: compre-
hensive reviews, rapidly published research papers and progress reports, and
archival documentations These three international publications are integrated and
scheduled to provide the coherency essential for nonduplicative and current pro-
gress in a field as dynamic and complex as environmental contamination and
toxicology. This series is reserved exclusively for the diversified literature on
“toxic” chemicals in our food, our feeds, our homes, recreational and working
surroundings, our domestic animals, our wildlife, and ourselves. Tremendous
efforts worldwide have been mobilized to evaluate the nature, presence, magnitude,
fate, and toxicology of the chemicals loosed upon the Earth. Among the sequelae of
this broad new emphasis is an undeniable need for an articulated set of authoritative
publications, where one can find the latest important world literature produced by
these emerging areas of science together with documentation of pertinent ancillary
legislation.

Research directors and legislative or administrative advisers do not have the
time to scan the escalating number of technical publications that may contain
articles important to current responsibility. Rather, these individuals need the
background provided by detailed reviews and the assurance that the latest informa-
tion is made available to them, all with minimal literature searching. Similarly, the
scientist assigned or attracted to a new problem is required to glean all literature
pertinent to the task, to publish new developments or important new experimental
details quickly, to inform others of findings that might alter their own efforts, and
eventually to publish all his/her supporting data and conclusions for archival
purposes.

In the fields of environmental contamination and toxicology, the sum of these
concerns and responsibilities is decisively addressed by the uniform, encompassing,
and timely publication format of the Springer triumvirate:
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Reviews of Environmental Contamination and Toxicology [Vol. 1 through 97
(1962–1986) as Residue Reviews] for detailed review articles concerned with
any aspects of chemical contaminants, including pesticides, in the total environ-
ment with toxicological considerations and consequences.

Bulletin of Environmental Contamination and Toxicology (Vol. 1 in 1966) for
rapid publication of short reports of significant advances and discoveries in the
fields of air, soil, water, and food contamination and pollution as well as
methodology and other disciplines concerned with the introduction, presence,
and effects of toxicants in the total environment.

Archives of Environmental Contamination and Toxicology (Vol. 1 in 1973) for
important complete articles emphasizing and describing original experimental or
theoretical research work pertaining to the scientific aspects of chemical con-
taminants in the environment.

The individual editors of these three publications comprise the joint Coordinating
Board of Editors with referral within the board of manuscripts submitted to one
publication but deemed by major emphasis or length more suitable for one of the
others.

Coordinating Board of Editors
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Preface

The role of Reviews is to publish detailed scientific review articles on all aspects of
environmental contamination and associated (eco)toxicological consequences.
Such articles facilitate the often complex task of accessing and interpreting cogent
scientific data within the confines of one or more closely related research fields.

In the 50+ years since Reviews of Environmental Contamination and Toxicology
(formerly Residue Reviews) was first published, the number, scope, and complexity
of environmental pollution incidents have grown unabated. During this entire
period, the emphasis has been on publishing articles that address the presence
and toxicity of environmental contaminants. New research is published each year
on a myriad of environmental pollution issues facing people worldwide. This fact,
and the routine discovery and reporting of emerging contaminants and new envi-
ronmental contamination cases, creates an increasingly important function for
Reviews. The staggering volume of scientific literature demands remedy by which
data can be synthesized and made available to readers in an abridged form. Reviews
addresses this need and provides detailed reviews worldwide to key scientists and
science or policy administrators, whether employed by government, universities,
nongovernmental organizations, or the private sector.

There is a panoply of environmental issues and concerns on which many
scientists have focused their research in past years. The scope of this list is quite
broad, encompassing environmental events globally that affect marine and terres-
trial ecosystems; biotic and abiotic environments; impacts on plants, humans, and
wildlife; and pollutants, both chemical and radioactive; as well as the ravages
of environmental disease in virtually all environmental media (soil, water, air).
New or enhanced safety and environmental concerns have emerged in the last
decade to be added to incidents covered by the media, studied by scientists, and
addressed by governmental and private institutions. Among these are events so
striking that they are creating a paradigm shift. Two in particular are at the center
of ever increasing media as well as scientific attention: bioterrorism and global
warming. Unfortunately, these very worrisome issues are now superimposed on
the already extensive list of ongoing environmental challenges.
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The ultimate role of publishing scientific environmental research is to enhance
understanding of the environment in ways that allow the public to be better
informed or, in other words, to enable the public to have access to sufficient
information. Because the public gets most of its information on science and
technology from internet, TV news, and reports, the role for scientists as inter-
preters and brokers of scientific information to the public will grow rather than
diminish. Environmentalism is an important global political force, resulting in the
emergence of multinational consortia to control pollution and the evolution of the
environmental ethic. Will the new politics of the twenty-first century involve a
consortium of technologists and environmentalists, or a progressive confrontation?
These matters are of genuine concern to governmental agencies and legislative
bodies around the world.

For those who make the decisions about how our planet is managed, there is an
ongoing need for continual surveillance and intelligent controls to avoid endanger-
ing the environment, public health, and wildlife. Ensuring safety-in-use of the many
chemicals involved in our highly industrialized culture is a dynamic challenge,
because the old, established materials are continually being displaced by newly
developed molecules more acceptable to federal and state regulatory agencies,
public health officials, and environmentalists. New legislation that will deal in an
appropriate manner with this challenge is currently in the making or has been
implemented recently, such as the REACH legislation in Europe. These regulations
demand scientifically sound and documented dossiers on new chemicals.

Reviews publishes synoptic articles designed to treat the presence, fate, and, if
possible, the safety of xenobiotics in any segment of the environment. These
reviews can be either general or specific, but properly lie in the domains
of analytical chemistry and its methodology, biochemistry, human and animal
medicine, legislation, pharmacology, physiology, (eco)toxicology, and regulation.
Certain affairs in food technology concerned specifically with pesticide and other
food-additive problems may also be appropriate.

Because manuscripts are published in the order in which they are received in
final form, it may seem that some important aspects have been neglected at times.
However, these apparent omissions are recognized, and pertinent manuscripts are
likely in preparation or planned. The field is so very large and the interests in it are
so varied that the editor and the editorial board earnestly solicit authors and
suggestions of underrepresented topics to make this international book series yet
more useful and worthwhile.

Justification for the preparation of any review for this book series is that it deals
with some aspect of the many real problems arising from the presence of anthro-
pogenic chemicals in our surroundings. Thus, manuscripts may encompass case
studies from any country. Additionally, chemical contamination in any manner of
air, water, soil, or plant or animal life is within these objectives and their scope.

Manuscripts are often contributed by invitation. However, nominations for new
topics or topics in areas that are rapidly advancing are welcome. Preliminary
communication with the Editor-in-Chief is recommended before volunteered
review manuscripts are submitted. Reviews is registered in WebofScience™.
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Inclusion in the Science Citation Index serves to encourage scientists in academia
to contribute to the series. The impact factor in recent years has increased from 2.5
in 2009 to 7.0 in 2017. The Editor-in-Chief and the Editorial Board strive for a
further increase of the journal impact factor by actively inviting authors to submit
manuscripts.

Amsterdam, The Netherlands Pim de Voogt
February 2020

Preface xiii



Contents

Glyphosate: Uses Other Than in Glyphosate-Resistant Crops,
Mode of Action, Degradation in Plants, and Effects on Non-target
Plants and Agricultural Microbes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Stephen O. Duke

History and Outlook for Glyphosate-Resistant Crops . . . . . . . . . . . . . . . 67
Jerry M. Green and Daniel L. Siehl

Evolution of Glyphosate-Resistant Weeds . . . . . . . . . . . . . . . . . . . . . . . . 93
Yousoon Baek, Lucas K. Bobadilla, Darci A. Giacomini,
Jacob S. Montgomery, Brent P. Murphy, and Patrick J. Tranel

Ecotoxicology of Glyphosate, Its Formulants, and Environmental
Degradation Products . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
Jose Luis Rodríguez-Gil, Ryan S. Prosser, Stephen O. Duke,
and Keith. R. Solomon

xv



List of Contributors

Yousoon Baek Department of Crop Sciences, University of Illinois, Urbana, IL,
USA

Lucas K. Bobadilla Department of Crop Sciences, University of Illinois, Urbana,
IL, USA

Stephen O. Duke National Center for Natural Products Research, School of
Pharmacy, University of Mississippi, University, MS, USA

Darci A. Giacomini Department of Crop Sciences, University of Illinois, Urbana,
IL, USA

Jerry M. Green Green Ways Consulting LLC, Landenberg, PA, USA

Jacob S. Montgomery Department of Crop Sciences, University of Illinois,
Urbana, IL, USA

Brent P. Murphy Department of Crop Sciences, University of Illinois, Urbana, IL,
USA

Ryan S. Prosser School of Environmental Sciences, University of Guelph, Guelph,
ON, Canada

Jose LuisRodríguez-Gil IISD – Experimental Lakes Area, Winnipeg, MB, Canada

Department of Environment and Geography, University of Manitoba, Winnipeg,
MB, Canada

Daniel L. Siehl Sr. Scientist (ret.), Corteva Agriscience, Wilmington, DE, USA

Keith R. Solomon Centre for Toxicology, School of Environmental Sciences,
University of Guelph, Guelph, ON, Canada

Patrick J. Tranel Department of Crop Sciences, University of Illinois, Urbana, IL,
USA

xvii



Glyphosate: Uses Other Than
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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

Abbreviations

2PG 2-Phosphoglycolate
AKR Aldo-keto reductase
ALA Acetolactate synthase
AMF Arbuscular mycorrhizal fungi
AMPA Aminomethylphosphonic acid
AOPP L-α-aminooxy-β-phenylpropionic acid
CFU Colony-forming unit
DAHPS 3-Deoxy-D-arabinoheptulosonate-7-phosphate synthase
DQS 3-Dehydroquinate synthase
E4P Erythrose-4-phosphate
EPSPS 5-Enolpyruvylshikimate-3-phosphate synthase
EU European Union
GAT Glyphosate acyltransferase
GOX Glyphosate oxidoreductase
GR Glyphosate-resistant
IAA Indole acetic-3-acid
IPA Isopropylamine
MRL Minimum residue level
NT No-tillage
PAL Phenylalanine ammonia-lyase
PDS Phytoene desaturase
PEP Phosphoenolpyruvate
PGA 3-Phosphoglycerate
PPO Protoporphyrinogen oxygenase
RH Relative humidity
ROS Reactive oxygen species
RUBISCO Ribulose-1,5-bisphosphate carboxylase
S3P Shikimate-3-phosphate
USA United States of America
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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
Rodríguez-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 Rodríguez-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 Rodríguez-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-4,40’-bipyridinium dichloride; CAS # 75365-73-0) and diquat (1,1-
0-ethylene--2,20-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

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)
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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
(Sørensen 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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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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Fig. 2 Glyphosate uses in agriculture in the European Union. With permission from Antier et al.
(2020a, b) with slight modification
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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

Glyphosate: Uses Other Than in Glyphosate-Resistant Crops, Mode of Action,. . . 7



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; Schrübbers 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 andAMPA in the harvested foodproductwill be increased (e.g., Cessna et 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
a recent 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
et al. 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-
pyridyl]oxy}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,
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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 (Corrêa 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

Fig. 3 Effects of different doses of glyphosate on Eucalyptus 60 days after spraying. From Velini
et al. (2008) with permission
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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
Dussán 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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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 (Steinrücken 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, 0, 0, 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

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 I50 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
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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 μM, 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;
Steinrücken 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]
[Pi]/[S3P][PEP] was calculated to be 180 (Anderson and Johnson 1990a).
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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

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): 1eps). 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)
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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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E·EPSP·Pi

E·EPSP + Pi

E + EPSP + Pi
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Fig. 7 The six steps of the
conversion of S3P and PEP
to EPSP and inorganic
phosphate by EPSPS (E).
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is created by step 3. The
equilibrium constants are
from Anderson and Johnson
(1990a)
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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 (Rodríguez-
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, NH4,
IPA, and trimethylsulfonium) move across the cuticle better than the free acid of
glyphosate, moving in a first order process (Schönherr 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 � 10�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 CO2 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 pKa and log Kow 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-α-aminooxy-β-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-[(2S)-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-González 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-González 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 CO2 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 CO2 and the competition
of CO2 and O2 for the same binding site. Photorespiration occurs when RUBISCO
uses O2 instead of CO2, 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 CO2. 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 CO2.
Elevated CO2 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 CO2 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, CO2 does not compete significantly with O2, and CO2 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 CO2 to bundle
sheath cells, so that their RUBISCO is more efficient.

The reduction of glyphosate activity by elevated CO2 (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 CO2 to enhance carbon
fixation as C4 plants do. In fact, C4 plant growth is saturated at 360 ppm atmospheric
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CO2 (Leegood 2002), a level slightly lower than current atmospheric CO2 concen-
tration (410 ppm), making C4 plants less likely to respond positively to CO2 above
current levels. Glyphosate efficacy is compromised in a few C4 plants by elevated
CO2 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 CO2 (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 CO2 concentrations will dilute a
glyphosate concentration, reducing the amount per unit of fresh weight. Further-
more, the additional fixation of CO2 in C3 plants at high CO2 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 CO2

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 CO2 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

Table 1 Glyphosate efficacy changes with increased ambient CO2 levels of various C3 and C4
plants

Species Carbon fixation pathway
Change in
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)
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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 (I50 ¼ 71 μM for leaf and ca. 5 mM for
nodular PEP carboxylase) (Colombo et al. 1998; de María et al. 2006). There is an
additive effect of shikimate and protocatechuate as PEP carboxylase inhibitors
(de María 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-González 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-González 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,
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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 μM) 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.
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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

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
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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 (Zboińska et al. 1992), Alternaria sp., and Trichoderma spp. (Krzyśko-
Łupicka 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; Rodríguez-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 engineeredGAT 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 (Eisenia 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) (Gattás 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 (Komoßa 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

34 S. O. Duke



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, Bøhn 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
(Bøhn 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 (Corrêa 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 I 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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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

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%a 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)
aIn some studies the effects varied, depending on media and other variables
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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 μM 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

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

40 S. O. Duke



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 María 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 effects of the higher rate of glyphosate were of minimal consequence due
to the potential of soybean to compensate for short durations of stress. King et al.
(2001) found that glyphosate (1.68 kg a.e./ha) applied to twice GR soybeans
interfered with nitrogen fixation, but the effect varied with cultivar and location.
The effects were not long lived where there was adequate soil moisture throughout
the growing season.

Subsequently, Reddy and Zablotowicz (2003) found that glyphosate accumulated
in the nodules of glyphosate-treated (0.84 kg/ha) GR soybeans, up to ca. 150 ng/g
dry weight. This concentration is similar to that reported in seeds (ca. 200 ng/g dry
weight) of glyphosate-treated (0.84 kg/ha) GR soybeans (Duke et al. 2003b). Nodule
biomass was reduced ca. 25%, and leghemoglobin was reduced as much as 10%.
However, the crop recovered from these effects of glyphosate. A more comprehen-
sive study found nitrogen fixation and/or assimilation in GR soybean to be only
slightly affected at glyphosate label use rates (0.84 and 1.68 kg a.e./ha), whereas
applications above label use rates (2.52 kg/ha applied twice) consistently reduced
nitrogen assimilation, and reduced yield slightly in 1 year out of three (Zablotowicz
and Reddy 2007). Bohm et al. (2014) found no effects of glyphosate at 0.96 kg a.e./
ha applied twice (1.92 kg a.e./ha total) on nitrogen fixation in field-grown GR
soybean. The composition and amounts of both free and protein amino acids of
harvested seeds of GR soybean were unaffected by glyphosate treatment (applied at
0.87 kg/ha at both 5 and 7 weeks after planting) (Duke et al. 2018b), indicating no
significant effects on nitrogen metabolism of the plant. In summary, glyphosate is
unlikely to significantly affect nitrogen metabolism in GR crops when applied at
recommended application rates, however, there is recent evidence that some farmers
are using significantly higher than recommended rates (Miyazaki et al. 2019) that
could adversely affect nitrogen fixation in nodules, thereby affecting yields and
quality of harvested seed. Nevertheless, the facts that over 90% of the soybeans
grown in the USA are GR (Duke 2018a) and that yields of soybeans have risen in a
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close to linear fashion since the introduction of GR soybean (Duke and Reddy 2018)
support the view that such adverse effects are thus far uncommon.

Some have claimed that glyphosate applied for weed management disrupts soil
microflora (e.g., Kremer and Means 2009; Druille et al. 2016; van Bruggen et al.
2018), whereas others have found little effect of single season use (e.g., Hart et al.
2009; Weaver et al. 2007) or repeated use of glyphosate in cropping situations (e.g.,
Barriuso et al. 2011; Schlatter et al. 2017; Kepler et al. 2020). To put effects of
glyphosate on soil microbial communities in perspective, several factors must be
considered. As discussed earlier, glyphosate is biologically unavailable to plants in
most soils because it binds so tightly to certain soil components and rarely moves
farther than a few centimeters into soil. Furthermore, it has a relatively short half-life
in most soils in most climates, due to microbial metabolism, mostly to AMPA
(Borggaard and Gimsing 2008; Blake and Pallett 2018; Zhan et al. 2018), so even
though largely unavailable to plants in soil, it is available to at least some soil
microbes. Some microbes can use glyphosate as a sole source of phosphorus, due to
a microbial C-P lyase (Selvapanidiyan and Bhatnagar 1994), and, as discussed
above, some bacteria and fungi are adversely affected by glyphosate because of
glyphosate effects on their EPSPS. Finally, outside of areas sprayed to kill weeds
with glyphosate, the concentrations would be expected to be much lower. All of
these factors argue against glyphosate having a long-lasting effect on soil microflora,
especially outside of sprayed fields. However, glyphosate might be expected to
cause soil microflora perturbations in soils of sprayed fields, especially those treated
with higher than label rates (>2.0 kg a.e./ha). For example, those microflora that can
utilize glyphosate as a phosphorus source might increase, while those adversely
affected would decrease in abundance. Nevertheless, as found by Kepler et al.
(2020), agronomic practices other than glyphosate use are much more likely to
influence soil microbial communities in agricultural fields. Another factor to con-
sider is the effects of glyphosate formulation ingredients. For example, Mendonca
et al. (2019) found the polyethoxylated tallow amine used in some glyphosate
formulations is toxic to plant-beneficial soil Pseudomonas species and that addition
of glyphosate did not add toxicity with two of the species, but it did significantly add
toxicity with a third species. Unfortunately, the study was not done in soil, which
probably would have reduced or eliminated any glyphosate toxicity, and there was
no treatment with glyphosate alone, making the results difficult to interpret. Another
example of potential effects of glyphosate on microbes being confounded by use of a
formulated product is a study in which a glyphosate formulation was applied to soil
in which potatoes were later grown (Gómez-Gallego et al. 2020). The plants were
then infested with Colorado potato beetle (Leptinotarsa decemlineata) larvae, and
the microbes found in resulting adult insects was altered, compared to those from
plants grown without glyphosate in the soil. There were no treatments with glyph-
osate alone, making the role of glyphosate impossible to determine.

Most of the one-year studies have found small, but transient effects of glyphosate
on soil microflora. For example, Weaver et al. (2007), in a laboratory study, found
three-fold a recommended rate of glyphosate (i.e., 0.84 kg a.e./ha X 3) for weed
management to cause only a small and brief (<7 days) effect on soil microflora.
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Similar results were obtained by Ratcliff et al. (2006), who found that glyphosate
applied to forest soils caused few and transient changes in bacterial and fungal
communities. They concluded that application of recommended rates of glyphosate
to these soils has a benign effect on microbial community structure. Another
example is that of Zabaloy et al. (2016), who found in a two-year study that
glyphosate had negligible effects on eubacteria and ammonia-oxidizing bacteria
and concluded that glyphosate use at recommended rates poses low risk to soil
microbiota. Their highest application rate was 1.2 kg a.e./ha. In a three-year study,
Bohm et al. (2014) found no effects of the yearly use of two applications of 0.96 kg
a.e./ha of glyphosate on soil microbe populations. Two studies have examined the
effects of long-term use of glyphosate in field situations on soil microbia. In the first
of these studies, Schlatter et al. (2017) compared the effects of 20 years of glyphosate
use on bacterial populations in wheat soils with wheat soils where glyphosate had
never been used. Glyphosate use was related to only 2 to 5% of the variation in
bacterial communities, whereas most of the variation was associated with cropping
history, year, location, and proximity to roots. Less than 1% of the taxa were affected
by glyphosate use, and most of these were increased. In a well-replicated study
repeated in 2 years in two widely separated states (Maryland and Mississippi) of the
USA and with two GR crops (maize and soybean), glyphosate application had
almost no effects on soil fungal and prokaryote communities, whereas geography,
farming systems, and seasons had profound effects (Kepler et al. 2020). Glyphosate
had been used with GR crops for 15 previous concurrent years in one of the study
sites.

There are many generations for a microbial species during a crop growing season.
Furthermore, the number of individual microbes of a microbial species in a field is
many orders of magnitude greater than that of weeds. Thus, if glyphosate is toxic to a
microbe, the probability of evolved resistance to it is theoretically very high,
although I am unaware of documentation of this in an agricultural field. However,
in the laboratory, GR microbes can easily be selected for in glyphosate-containing
growth media. For example, Amrhein et al. (1983) produced GR Aerobacter
aerogenes by repeated (9X) transfer of a cultures to 5 mM glyphosate. The mech-
anism of resistance was a 10- to 30-fold increase in EPSPS activity, a mechanism
that has also evolved in some plant species (Baek et al. 2020). Microbes with
glyphosate-insensitive class II EPSPS (Funke et al. 2007; Mir et al. 2015) isolated
from fields with a history of extensive glyphosate use have been reported (Firdous
et al. 2018), but there was no determination as to whether the microbe was simply
enriched in the field or evolved a highly GR EPSPS from a less resistant EPSPS.

7 Conclusions

Glyphosate is a remarkably successful herbicide that has dominated the herbicide
market for decades. Its many attributes include its non-selectivity, high level of
efficacy on most species, excellent translocation, relatively slow action on most
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weed species, and its relative safety to non-target organisms. It was a major herbicide
before the introduction of GR crops in 1996, and became the clearly dominant
herbicide worldwide after their introduction. Glyphosate has been an important
tool in managing cover crops and has promoted reduced and no-tillage agriculture
in both non-GR and GR crops, thereby reducing soil erosion, moisture loss, and use
of fossil fuels. It is used extensively in non-GR crops for preplant and postharvest
weed management, as well as in orchards, vineyards, and silviculture. It is widely
used for weed management in non-agricultural settings such as turf, roadsides, and
aquatic weed management. In sugarcane it is used at low application rates to enhance
sucrose yields, and in some agronomic crops it is used as a harvest aid to quickly kill
the crop to facilitate mechanized harvesting. It is the only commercial herbicide that
acts by inhibition of EPSPS or any other enzyme of the shikimate pathway. It has no
other molecular target as a herbicide, however, inhibition of EPSPS causes several
effects that contribute to its adverse effects on plants. These include: 1) depletion of
aromatic amino acids needed for synthesis of proteins, IAA, PQ, and secondary
products required for plant defense; 2) deregulation of the shikimate pathway,
leading to loss of intermediates in carbon fixation and other biosynthetic pathways;
and 3) accumulation of the phytotoxic shikimate pathway intermediate, quinic acid.
The importance of each of these aspects of glyphosate’s mode of action varies
between species and within a species with biotic and abiotic environmental factors
and plant growth stage. Plants and microbes can metabolically degrade glyphosate
by converting it to AMPA and glyoxylate, and to a lesser extent by breaking the C-P
bond, creating sarcosine and inorganic phosphate. Many fungi and bacteria are
sensitive to glyphosate, and glyphosate can act as a fungicide against some plant
pathogens in GR crops. Bradyrhizobium spp. are sensitive to glyphosate, and
glyphosate can inhibit nitrogen fixation in GR soybeans, although this effect has
not been found to significantly influence soybean yields at recommended glyphosate
application rates. The effects of glyphosate on microflora of crop soils is generally
low and transient, with weather and other agricultural practices such as tillage having
much stronger effects. Glyphosate has been a valuable tool in economically man-
aging weeds in many settings for the past 45 years.
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History and Outlook
for Glyphosate-Resistant Crops
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Abstract Glyphosate-resistant (GR) crops, commercially referred to as glyphosate-
tolerant (GT), started the revolution in crop biotechnology in 1996. Growers rapidly
accepted GR crops whenever they became available and made them the most rapidly
adopted technology in agriculture history. Adoption usually meant sole reliance on
glyphosate [N-(phosphonomethyl)glycine, CAS No. 1071-83-6] for weed control.
Not surprisingly, weeds eventually evolved resistance and are forcing growers to
change their weed management practices. Today, the widespread dissemination of
GR weeds that are also resistant to other herbicide modes-of-action (MoA) has
greatly reduced the value of the GR crop weed management systems. However,
growers continue to use the technology widely in six major crops throughout North
and South America. Integrated chemistry and seed providers seek to sustain glyph-
osate efficacy by promoting glyphosate combinations with other herbicides and
stacking the traits necessary to enable the use of partner herbicides. These include
glufosinate {4-[hydroxy(methyl)phosphinoyl]-DL-homoalanine, CAS No. 51276-
47-2}, dicamba (3,6-dichloro-2-methoxybenzoic acid, CAS No. 1918-00-9), 2,4-D
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[2-(2,4-dichlorophenoxy)acetic acid, CAS No. 94-75-7], 4-hydroxyphenyl pyruvate
dioxygenase inhibitors, acetyl coenzyme A carboxylase (ACCase) inhibitors, and
other herbicides. Unfortunately, herbicide companies have not commercialized a
new MoA for over 30 years and have nearly exhausted the useful herbicide trait
possibilities. Today, glyphosate-based crop systems are still mainstays of weed
management, but they cannot keep up with the capacity of weeds to evolve resis-
tance. Growers desperately need new technologies, but no technology with the
impact of glyphosate and GR crops is on the horizon. Although the expansion of
GR crop traits is possible into new geographic areas and crops such as wheat and
sugarcane and could have high value, the Roundup Ready® revolution is over. Its
future is at a nexus and dependent on a variety of issues.

Keywords Biotechnology · Formulation · Genetically modified crops · Herbicide-
resistant · Herbicide-tolerant · Resistance · Tolerance · Traits · Weed · Weed
management

Abbreviations

ACCase Acetyl coenzyme A carboxylase
ALS Acetolactate synthase
EFSA European Food Safety Authority
EPA Environmental Protection Agency
GM Genetically modified
GST Glutathione-S-transferase
HPPD 4-Hydroxyphenyl pyruvate dioxygenase
HR Herbicide-resistant
HT Herbicide-tolerant
IP Intellectual property
ISAAA International Service for the Acquisition of Agri-Biotech Applications
NTO Nontarget organism
NTSR Non-target site resistance
PDS Phytoene desaturase
PPO Protoporphyrinogen oxidase
PSII Photosystem II

1 Introduction

Enabling the use of glyphosate as a selective crop herbicide in 1996 was one of the
most important innovations of the twentieth century. It started the plant biotech crop
revolution. Growers made glyphosate-resistant (GR) crops, generally known com-
mercially as glyphosate-tolerant (GT), the most rapidly adopted technology in the
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history of agriculture because it was cheaper, more effective, and more convenient
than the selective herbicides they were using. Today, six main crops have transgenes
that confer glyphosate resistance: soybeans [Glycine max (L.) Merr.], corn (Zea
mays L.), cotton (Gossypium hirsutum L.), canola (Brassica napa L.), alfalfa
(Medicago sativa L.), and sugarbeets (Beta vulgaris L.). In 2018, 26 countries
(21 developing and 5 industrialized countries) planted 191.7 million hectares of
biotech crops, which added 1.9 million hectares to the 2017 record. Most genetically
modified (GM) crops are resistant to glyphosate (ISAAA 2020).

Glyphosate was the ideal herbicide for developing herbicide-resistant (HR) crops.
Its low-cost, high efficacy on nearly all weeds, low environmental impact, and low
toxicity made it a “Once-in-a-Century Herbicide” (Duke and Powles 2008). Glypho-
sate is readily absorbed and translocated throughout weeds, where it inhibits
5-enolpyruvyl-shikimate-3-phosphate synthase (EPSPS; EC 2.5.1.19), an enzyme
of the aromatic biosynthesis pathway in autotrophic organisms (Siehl 1997). When
the pathway is blocked, the plant cannot synthesize essential metabolites such as
aromatic amino acids, auxin hormones, and quinones including tocochromanols and
plastoquinones.

Synthetic chemical herbicides are still the first option for weed control even after
70 years of widespread use. We discuss the impact of GR crops and the resulting
evolution of GR weeds on chemical weed control. Despite the prevalence of GR
weeds, glyphosate and GR crop systems will continue to have value when used in
combination with herbicides with different modes-of-action (MoA) and other weed
management tactics. New GR crops could have value through expansion into new
geographies and crops, depending on public and regulatory acceptance and the
success with weed management practices that sustain glyphosate utility (Bøhn and
Millstone 2019; Green 2018).

2 Development of Glyphosate-Resistant Crops

Glyphosate was already widely used for nonselective vegetation control when
Monsanto introduced GR crops in 1996. Monsanto began the long process of
developing GR crops in 1983 when plant biotechnology was in its infancy. It saw
the potential for GR crops when few others did (Kishore et al. 1992). However,
achieving commercially acceptable tolerance to glyphosate was more difficult than
expected due to the difficulty in finding a form of EPSPS with sufficient insensitivity
to glyphosate and the requisite catalytic performance. Eventually, Monsanto scien-
tists discovered an EPSPS with a high degree of insensitivity (Ki ¼ 1970 μM) in an
Agrobacterium strain called CP4, surviving in the manufacturing waste stream at
Luling, LA (Barry et al. 1992).

Scientists generally consider two options for creating a herbicide trait; a target
enzyme desensitized to inhibition by the herbicide or an enzyme that metabolizes the
herbicide into an inactive molecule. For glyphosate, metabolic inactivation is feasi-
ble, but desensitization of the target has been the commercially successful approach.
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Search for desensitized EPSPS. EPSPS catalyzes the transfer of a carboxyvinyl
group from phosphoenolpyruvate (PEP) to shikimate-3-phosphate (S3P) (Fig. 1).
The crystal structure of the E. coli enzyme shows glyphosate bound adjacent to S3P
in the PEP binding site (Schönbrunn et al. 2001), accounting for the consistent
observation that inhibition is competitive with PEP (Boocock and Coggins 1983;
Steinrucken and Amrhein 1984; Dong et al. 2019). The reaction proceeds through an
oxocarbenium ion of PEP, generated by the enzyme. Glyphosate has a charge
distribution and steric configuration like that of the carbenium resonance structure
of PEP (Fig. 1). Tight binding (values for Ki for plant EPSPS in the range of 50 nM
(Baerson et al. 2002) to 70 nM (Dong et al. 2019)) and observably slow release of
glyphosate from an E:S3P:glyph complex (Dong et al. 2019) support the concept
that glyphosate is a reaction intermediate analog.

The following is an evaluation of naturally occurring and mutant variants of
EPSPS for their ability to confer commercial-level glyphosate resistance in crop
plants, either by cis- or transgenic expression. The key parameters are kcat (reactions
per unit time at Vmax), Km PEP (enzyme-substrate binding affinity; lower
value¼ higher affinity), andKi (binding affinity for glyphosate; lower value¼ higher
affinity). Derivatives of those parameters provide an expression of catalytic effi-
ciency (kcat/Km), selectivity for PEP vs glyphosate (Ki/Km), and an expression, [(kcat/
Km)*Ki] that captures both catalytic efficiency and selectivity. The values in Table 1
are useful for comparing the variants described because they were all obtained with
nearly pure enzymes with mutations constructed in the same backbone (maize
EPSPS) and analyzed in the same lab by the same procedure (Dong et al. 2019).

Fig. 1 EPSPS reaction. The reaction is an addition/elimination in which an enzymic base
deprotonates the 5-hydroxyl of S3P, allowing the electron pair to attack the oxocarbenium ion of
PEP (shown to suggest the species mimicked by glyphosate), generated by the enzyme. Originally
published in the Journal of Biological Chemistry. Dong et al. (2019), Desensitizing plant EPSP
synthase to glyphosate: Optimized global sequence context accommodates a glycine-to-alanine
change in the active site. J. Biol. Chem. 2019; 294: 716–725 © the Author(s)
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All constructs had an N-terminal 10x-Histidine tag which, coupled with very high
expression levels in E. coli, facilitate the purification of larger numbers of purified
EPSPS variants for kinetic analysis. We calculated the concentration of each variant
using a custom extinction coefficient calculated by vNTI, based on its amino acid
sequence. We used a highly sensitive continuous spectrophotometric assay wherein
the phosphate released from PEP was detected by reacting it with 2-amino-6-
mercapto-7-methylpurine ribonucleoside (MESG, CAS No: 55727-10-1), catalyzed
by purine nucleoside phosphorylase (EC 2.4.2.1), yielding the highly absorbent
2-amino-6-mercapto-7-methylpurine. Our kinetic parameters are similar to those of
Baerson et al. (2002), who use highly sensitive detection of 14C-EPSP produced
from 14C-PEP, and Yu et al. (2015), who detect phosphate with the MESG reagent.

Singly mutagenized EPSPS from plants, E. coli, or Salmonella yielded no variant
with properties adequate for conferring commercial tolerance to glyphosate. The
known plant mutations and close homologs, e.g., E. coli (termed Class I EPSPS),
exert their effect by modulating the position of Gly101 (numbering according to
mature maize EPSPS [CAA44974.1]; 96 in E. coli) in a way that creates interference
with the binding of glyphosate through one of its phosphonate oxygens (Schönbrunn
et al. 2001). The longer length of glyphosate relative to PEP allows for fine-tuning

Table 1 Kinetic parameters of EPSPS variants found in GR weeds and crops, constructed in the
context of Z. mays EPSPS (see Dong et al. 2019 for details)

Variant

Origin
or
application

kcat
min�1

Km PEP

μM
kcat/Km PEP

min�1 μM�1
Ki

μM
(kcat/Km PEP)
x Ki, min�1

kgly
a,

min�1
Km S3P

μM
Zm native 1,630 9.5 172 0.066 11 <lod 13.2

Zm-
P106S

Many GR
weeds

1,540 11.5 134 0.33 44 2.3 15.4

Zm-
P106L

Few GR
weeds

1,760 47.0 37.5 3.94 148 5.7 27.6

Zm-TIPS GA21
maize

105 16.2 6.5 731 4,740 25.5 27.5

Zm-
T102S

GR Tridaxb 1,600 30.9 51.8 0.69 35.7 2.0 28.8

Zm-
G101A

Constructed 1,000 333.0 3.0 1,930 5,780 25.7 84.0

Zm-
G101A
optimizedc

Constructed 741 18.1 40.9 839 34,350 189 12.6

CP4 Glyph prod
site; most
GR crops

411 15.5 26.5 1,970 52,240 176 5.2

Data originally published in the Journal of Biological Chemistry. Dong et al. (2019), Desensitizing plant
EPSP synthase to glyphosate: Optimized global sequence context accommodates a glycine-to-alanine
change in the active site. J. Biol. Chem. 2019; 294: 716–725 © the Authors
aEnzyme turnover (min-1) at 30 μMPEP and S3P, 1 mMglyphosate (see text for rational as a fitness parameter
bGR Tridax procumbens reported by Li et al. (2018)
cVariant generated by random mutagenesis and shuffling of Zm-G101A, contains 20 substitutions relative
to Zm-G101A (Dong et al. 2019)
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the differential affinity for the two ligands. In a crystallographic study of the E. coli
enzyme, changing proline 101 (E. coli numbering) to serine or leucine had the effect
of moving the alpha carbon of Gly96 closer to glyphosate, consequently reducing
affinity for glyphosate (Ki with P101S, 14-fold increase; with P101L, 165-fold
increase; Healy-Fried et al. 2007). The P101S substitution did not significantly
affect affinity for PEP, while the P101L substitution reduced affinity (increased
Km PEP) 2.5-fold. The P101S (E. coli numbering) mutation was discovered by
mutagenesis of bacterial genes (Stalker et al. 1985). Since then, eight species of
weeds have emerged as resistant to glyphosate by virtue of substitutions at the
equivalent position (proline 106, mature maize EPSPS numbering; Baerson et al.
2002; Huffman et al. 2016; Ngo et al. 2018; Sammons and Gaines, 2014).
Depending on the substitution and where no other resistance mechanisms are
suspected, the dose required for 50% mortality is twofold to sevenfold greater in
resistant plants relative to sensitive ones. The available kinetic data reflect a similar
degree of desensitization (increased Ki) to glyphosate. In the Zea mays backbone,
P106S elevated Ki by fivefold, but Km PEP by only 20% (Table 1). The same mutation
in GR goosegrass (Eleusine indica) raised Km PEP by 2.3-fold (8.9 μM for P106S vs
3.8 μM in the native EPSPS), but the effect on Ki was much greater (0.048 vs
1.04 μM, Baerson et al. 2002).

Just as the proline to leucine substitution perturbed affinity for PEP while very
significantly desensitizing the E. coli enzyme to glyphosate (Healy-Fried et al. 2007,
vide supra), the same mutation had similar effects in maize EPSPS, where Km PEP

was elevated fivefold and Ki, 60-fold (Table 1). P106L has been identified in at least
three GR weed species (Kaundun et al. 2011; Chen et al. 2015; Ngo et al. 2018). Ngo
and colleagues isolated populations of GR Rhodes grass (Chloris virgata) with
either the P106S or P106L mutation and noted that the lines containing P106L
were 2.9-fold to 4.9-fold more resistant than the lines with P106S. Despite greater
desensitization to glyphosate compared with P106S, the fivefold elevated Km PEP

with P106L limits the fitness of the enzyme, perhaps accounting for its lower
occurrence in GR weeds relative to P106S.

A second glyphosate-desensitized EPSPS variant is a double mutant maize
enzyme in which threonine at position 102 is changed to isoleucine in concert
with the P106S mutation. The enzyme, termed TIPS, is highly desensitized to
glyphosate (10,000-fold increased Ki), whereas its Km for phosphoenolpyruvate is
nearly normal (16.2 μM vs 9.5 for the native; Table 1). However, it has only 6% of
the kcat of the native enzyme (Table 1; also, Funke et al. 2009; Yu et al. 2015). Like
the Pro106 mutations, the TIPS mutations exert their effect by shifting Gly101 closer
to the glyphosate binding site (Funke et al. 2009). The catalytic efficiency (kcat/Km PEP)
for TIPS EPSPS is only 4% of that for native maize EPSPS (6.5 min�1 μM�1 for
TIPS vs 172 for native, Table 1), insufficient if a tolerance trait is to be created by
natural mutagenesis or gene editing. However, given its excellent discrimination
between PEP and glyphosate (Ki/Km PEP ¼ 45 vs 0.0069 for native maize, calculated
from Table 1), it can perform well given sufficiently high transgenic expression, as in
GA21 maize (Spencer et al. 2000). While P106X mutations in resistant weeds have
been known for years, it was recently shown in a tropical weed that a mutation at the

72 J. M. Green and D. L. Siehl



TIPS partner position, 102, can also confer resistance (Li et al. 2018). In this case,
the T102 change was serine, not isoleucine. Kinetic characterization of the variant
showed that it was no fitter than P106S and thus unsuitable as a commercial
tolerance trait (Table 1).

Stepwise acquisition of both T102I and P106S mutations was documented in
Eleusine indica (Yu et al. 2015). However, out of a population of 193 individuals,
only 1.6% were homozygous for TIPS. The highest frequency allelic combination
was TIPS/P106S, suggesting that the normal catalytic efficiency contributed from
the P106S allele was more important for fitness than having the second allele encode
a highly insensitive but catalytically deficient enzyme.

Moehs et al. (2020) recently used chemical mutagenesis, DNA-based screening,
and conventional crossing to create the TIPS mutations in two of the three
subgenome homoeologous copies of the EPSPS gene in wheat. The third
homoeologous copy had either wild type EPSPS or was homozygous for the
T101L mutation. The impaired catalytic capacity of the TIPS mutations in two of
the three EPSPS isozymes appeared to impair growth in the absence of glyphosate
treatment, despite the presence of a third, wild type, enzyme. The presence of other
chemically induced mutations throughout the genome could also have contributed to
impaired growth. The plants exhibited a “substantial” tolerance to glyphosate at
spray rates of 630 and 870 g/ha.

The most direct way to influence the binding affinity of glyphosate through
position 101 (maize numbering) is to substitute alanine for Gly101, which places
an additional methyl group in the active site near the phosphate end of PEP or
phosphonate end of glyphosate. This mutation was first reported with the enzyme
from a GR strain of Klebsiella (Sost and Amrhein 1990). The first naturally
occurring EPSPS known to have alanine in place of glycine at position 101 was
that from Agrobacterium strain CP4, the organism found surviving at the glyphosate
manufacturing plant and used to develop Roundup Ready® crops (Padgette et al.
1995). It is highly insensitive to glyphosate (Ki ¼ 1970 μM) while maintaining a
high affinity for PEP (Km ¼ 15 μM). However, it has only 15% of the catalytic
efficiency (kcat/Km) of the plant enzyme due mainly to a much lower kcat (Table 1),
necessitating tissue-specific, high expression transformation cassettes. Plasmid
pPV-GMGT04, for example, has one copy of the CP4 EPSPS gene driven by the
Cauliflower Mosaic Virus 35S promoter and a second copy driven by the Figwort
Mosaic Virus 35S promoter. Both copies were fused to the petunia EPSPS chloro-
plast transit peptide for targeting to the organelle with the entire aromatic biosyn-
thesis pathway. An improved expression cassette was used for introducing CP4
EPSPS into Roundup Ready2 Yield soybeans and Roundup Ready Flex cotton
(Meyer 2006). The plasmid, designated PV-GMGOX20, contains a chimeric pro-
moter consisting of enhancer sequences from the 35S promoter of the Figwort
Mosaic virus and the promoter from the Tsf1 gene of Arabidopsis thaliana encoding
elongation factor EF-1 alpha. Grain yield from commercial lines derived from the
initial transformation event is 5% greater than that obtained from the original
Roundup Ready soybeans (Meyer 2006).
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Schönbrunn’s group investigated the molecular basis for CP4’s exquisite dis-
crimination between glyphosate and PEP using X-ray crystallography. Though CP4
and E. coli EPSPS share only 26% amino acid sequence identity, they share the same
fold and topology (Pollegioni et al. 2011; Duke 2021), allowing direct comparisons
of CP4 with a representative Class I EPSPS. Funke et al. (2006) compared the crystal
structure of CP4 ligated with S3P and glyphosate (PDB 2GGA) with a structural
model of E. coli EPSPS where the contextually equivalent glycine (position
96, E. coli numbering) was changed to alanine, also ligated with S3P and glyphosate
(Eschenburg et al. 2002). Funke et al. observed that the alanine methyl group in CP4
is 0.3 Å further away from the phosphonate group of glyphosate than the same
alanine in the E. coli modeled structure. Presumably, the sequence context of CP4
places the methyl group of alanine 96 in an ideal position to interfere with glyphosate
binding but not PEP.

Plant EPSPS with the G101A mutation has similar insensitivity to glyphosate as
CP4 but only 1.4% of the catalytic efficiency of the native plant enzyme, mainly due
to the 40-fold increase in Km for PEP imposed by the additional methyl group
(Table 1; also, Padgette et al. 1991). Its low affinity for PEP precludes the G101A
mutation from being found in a GR weed as a single mutation. The divergent amino
acid sequence of CP4 versus Class I EPSPSs was thought to provide the structural
context for an optimal spatial location of the alanine methyl group. However,
scientists at Corteva Agriscience showed that with 17 or more additional mutations
(discovered by an iterative process of random mutagenesis, combinatorial gene
shuffling, and selection), the enzyme from maize could be adapted to accommodate
the G101A mutation, resulting in kinetic parameters equal to or better than those of
CP4 (Dong et al. 2019). The maize variants are no closer in homology to CP4 than is
the native maize enzyme, showing that the amino acid sequence context provided by
CP4 that positions alanine for optimal discrimination between glyphosate and PEP is
not unique but can be arrived at by modern methods of protein engineering. In
theory, the substitutions defined by in vitro optimization could be created by
CRISPR/Cas9-enabled gene editing.

Questions that emerge from the preceding review are (1) which kinetic parame-
ters are most important for enabling glyphosate resistance in crops and weeds,
(2) what are the ideal values for them, and (3) do they differ for crops and weeds?
The ideal EPSPS for either crops or weeds would exhibit the normal ability to
maintain flux through the EPSPS reaction in the presence of glyphosate concentra-
tions up to 1 mM, a concentration attainable in tissues, especially meristems,
receiving metabolite flow from treated leaves (Kirkwood et al. 2000). The term
(kcat/Km)*Ki combines an expression of catalytic efficiency (kcat/Km) with one of
affinity for inhibitor compared to the substrate (Ki/Km) (Lu et al. 2017). However,
while the term is useful for assessing the intrinsic capacity for activity in the presence
of a competitive inhibitor, it can be misleading for predicting in vivo fitness (reaction
velocity under application conditions, i.e., plants sprayed with glyphosate). It omits
concentrations of substrates and inhibitor, factors that are not intrinsic to the enzyme,
but on which the reaction rate depends, as seen in the Michaelis–Menten equation for
reaction velocity (v) in the presence of a competitive inhibitor (I):
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v ¼ kcat E½ � S½ �
Km 1þ I½ �

Ki

� �
þ S½ �

Reaction velocity is directly proportional to kcat and nearly so to 1/Km. A very low
value for Ki will greatly increase the denominator, thereby reducing v. Higher values
for Ki effectively improve fitness, but only until Ki reaches the approximate inhibitor
concentration, after which further increases will proportionately increase (kcat/Km)
*Ki, but can only effect an additional twofold increase in v. The ideal gauge of
enzyme fitness would be a single rate measurement made under the conditions of the
application (pH, ionic strength, substrate, and inhibitor concentrations) if known.
For optimizing maize EPSPS-G101A, we used a rate measurement under conditions
designed to mimic intracellular conditions (pH 7, 100 mM KCl, 5% ethylene glycol;
Dong et al. 2019). Ideally, concentrations of PEP and S3P would have been set at
10 or 15 μM, which we assume approximate in vivo concentrations based on their
values for Km, but the sensitivity of our assay limited us to 30 μM each. Glyphosate
was set at 1 mM. The reaction velocity (μM min�1) expressed as a function of
enzyme concentration (μM) yields units of min�1, which we termed “kgly”. Figure 2
is a graphic comparison of (kcat/Km)*Ki with kgly. The two measures of fitness
correlated rather well except for CP4. With its very high Ki, CP4 displayed a
disproportionately high (kcat/Km)*Ki. (Note: Values of (kcat/Km)*Ki for CP4 and
G101A-optimized are much farther apart than they appear on the log scale (See
Table 1). This is due to the greater impact of Ki on that parameter compared with its

Fig. 2 Fitness (kgly
1) of EPSPS variants as a function of values (kcat/Km)*Ki

1kgly; reaction velocity
(min�1) of the EPSPS variant in the presence of 30 μM each of PEP and S3P, 1 mM glyphosate. For
rational as a fitness parameter, see Text, Sect. 2
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impact on the velocity equation for competitive inhibition, which our kgly parameter
seeks to represent. The relatively low kgly for CP4 given its outstanding selectivity
(Ki/Km) is attributable to its low value for kcat. We conclude that the answer to
question 1 is that all three raw kinetic parameters contribute to fitness for glyphosate
resistance, and the composite term (kcat/Km)*Ki is a good surrogate for fitness except
when Ki is very much higher than [I]. The ideal GR-enabling EPSPS (Question 2)
would have the insensitivity of CP4 (Ki > ~1,500 μM) and a catalytic efficiency
approaching that of the native plant enzyme (kcat/Km > 150 min�1μM�1). It would be
instructive to learn whether such an enzyme would meet commercial requirements
for glyphosate resistance if endowed by gene editing.

Regarding Question 3, from the data presented here, weeds appear to require a far
less fit EPSPS variant than crops. The P106S mutation was shown conclusively to
solely account for the resistance seen in a Tennessee isolate of GR Eleusine indica
(Huffman et al. 2016). Yet the mutation has not been exploited as a GR trait in a
crop, probably due to its modest insensitivity to glyphosate. In contrast, the TIPS
mutations, while shown to carry a severe fitness penalty in weeds (Han et al. 2017),
doubtless due to the impaired kcat (Table 1), can enable glyphosate resistance in
maize, given sufficiently high transgenic expression (GA21 maize; Spencer et al.
2000). Crop resistance must be sufficient to withstand a double dose of herbicide due
to overlapping spray. Further, crops place a high demand for the products of
biosynthetic pathways, and any impaired flux will cause yield loss. In contrast,
weeds need only to be fit enough to produce viable seeds. Also, a desensitized
EPSPS variant encoded on the native gene may have an advantage over a transgene
in that it is optimized by nature for appropriate expression in all tissues and growth
stages.

Glyphosate Resistance Through Derivatization or Degradation of Glyphosate An
alternative way to confer herbicide resistance in crops is to express an enzyme that
degrades or derivatizes the herbicide. In one such approach, N-acetylation of
glyphosate was discovered in a soil bacterium, Bacillus licheniformis (Castle et al.
2004). The activity was far too weak to confer tolerance but was increased 9,000-
fold by gene shuffling. Although the native substrate is not known, robust activity
(kcat/Km ¼ 1,500 min�1 mM�1 versus 4 min�1 mM�1 for glyphosate) was found
with D-2-amino-3-phosphonopropionate (D-AP3) an isomer of glyphosate (Siehl
et al. 2007). Though no antibiotic activity has been ascribed to D-AP3, the existence
of an N-acetyltransferase with activity toward it is reminiscent of the mechanism for
detoxifying glufosinate.

In microorganisms, glyphosate is degraded by two distinct pathways, as shown in
Fig. 3. Glyphosate is not metabolically degraded in most plant species. However,
appreciable oxidation to glyoxylate and aminomethylphosphonate (AMPA) was
observed in soybean (Komossa et al. 1992; Duke 2011). The enzyme responsible
was not identified, but recently, an isolate of Echinochloa colona with low-level
resistance to glyphosate showed elevated expression of an aldol-keto reductase
capable of cleaving glyphosate to AMPA and glyoxylate (Pan et al. 2019). Else-
where, a bacterial glycine oxidase (GO) was engineered to accept glyphosate as a
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substrate, yielding glyoxylate and AMPA (Pedotti et al. 2009). They engineered a
15,000-fold shift in the ratio of kcat/Km glyph/kcat/Km glycine in their improved variants
relative to the native enzyme, mainly by raising Km for glycine 150-fold
(0.7–105 mM) while reducing Km for glyphosate by a similar magnitude
(87–0.5 mM). Values for kcat were about 1 s�1 for wild type and improved variant
with either substrate. Alfalfa plants expressing the improved glyphosate oxidase
linked to a chloroplast targeting sequence exhibited “moderate” resistance (Nicolia
et al. 2014).

Another glyphosate oxidase termed GOX was identified in Ochrobactrum
anthropi strain LBAA (Barry and Kishore 1995). Like GO, GOX is a flavoenzyme
but catalyzes oxidative cleavage of the C2-N bond of glyphosate, yielding
glyoxylate and AMPA, by a different mechanism. GOX acts in concert with CP4
EPSPS to confer glyphosate resistance in the first GR canola.

In addition to cleavage of the C2-N bond catalyzed by glyphosate oxidases, many
soil microbes cleave the C-P bond, yielding N-methylglycine (sarcosine) and phos-
phate (Hove-Jensen et al. 2014). N-methylglycine occurs naturally and can be
further metabolized to glycine by several routes. Thus, a tolerance mechanism by
which the C-P lyase pathway metabolizes glyphosate would reduce if not eliminate
the synthetic pesticide residues. Hove-Jensen and colleagues also elucidated the
genetic and mechanistic details of the C-P lyase pathway. The multiple enzymes and

Fig. 3 Microbial pathways of glyphosate degradation. Top: Routes of microbial degradation of
glyphosate. Bottom: Mechanism of the glycine oxidase modified for activity with glyphosate
(Pedotti et al. 2009). Redrawn from Pollegioni et al. (2011); used with permission
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transporters required for the pathway are encoded by 14 genes (more or less), usually
on a single operon. Seven are considered the “core complex”, with the phnJ gene
product known to catalyze the key reaction, the S-adenosyl-l-methionine-dependent
radical cleavage of 5-phosphoribosyl-1-phosphonate to produce 5-phosphoribosyl
1,2-cyclic phosphate and the corresponding alkane. Though tantalizing as a mech-
anism for glyphosate tolerance, it is a daunting prospect to express a multigenic trait
coding for a multi-enzyme complex that normally functions anaerobically.

There are microbial enzymes that cleave C-P bonds by a hydrolytic mechanism,
each specific for a particular phosphonate compound (Villareal-Chiu et al. 2012). It
is tempting to use directed evolution to make these single-gene hydrolases accept
glyphosate as a substrate. However, all the native substrates have a carbonyl group at
the position beta to the phosphorus atom. The carbonyl oxygen can accommodate
the electron pair that must be displaced from the phosphorus atom, precluding the
C-P bond of glyphosate from being hydrolyzed by this mechanism.

3 Rapid Adoption of Glyphosate-Resistant Crops

Most of the economic impact of GR crops has been due to one gene, CP4 EPSPS
(Fig. 4). Today, GR traits are widely available in breeding germplasm. Breeders can
easily maintain glyphosate resistance as a background trait in their germplasm and
satisfy the expectations of many growers that it is in the seed they purchase (Green
2014). GR soybeans sales started in 1996 with cotton, canola, and corn ensuing soon
after. Sales of GR alfalfa and sugarbeets began a decade later. GR crops made the
widely used nonselective glyphosate into a selective herbicide. Growers urgently
needed the technology when it became available. Weeds were evolving resistance to
selective herbicides such as triazines and inhibitors of acetolactate synthase and
acetyl-CoA carboxylase, which required growers to use complicated and expensive
mixtures to manage. Managing resistant weeds was taking too much time as farms

Fig. 4 Timeline for the introduction of commercial transgenic glyphosate traits by crop and
resistance gene(s)
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were getting bigger and employing fewer people. Glyphosate was initially the ideal
solution to control resistant weeds.

GR crops gave the seed industry a new way to create intellectual property
(IP) capture value. The first GR crop systems were not perfect (Elmore et al. 2001;
Green 2009). Crop yields were low, safety margins narrow, and some application
timings were tightly restricted. Monsanto also required growers to pay a technology
fee and sign a contract. The contract required growers to agree to not replant seed,
which was essential to maintain the trait value in soybeans. Growers strongly
objected to the contract but still signed. Control of the glyphosate trait through this
agreement was more valuable than a patent because it gave control of the technology
indefinitely.

GR crops gave a range of benefits to growers. In addition to enabling the cost
savings of using glyphosate instead of more expensive selective herbicides and
realizing increased yields due to more effective weed control, GR crops enabled
growers to reduce or even eliminate tilling. A pre-plant spray of glyphosate requires
less fossil fuel than turning the soil, reducing fuel costs. Incidental but very welcome
benefits to both growers and the environment were less soil erosion, reduced carbon
dioxide emissions from tractors, and increased carbon sequestration in the soil. The
net result of these benefits is that from 1996 to 2015 in North and South America was
a cost-saving totaling $70 billion (Brookes et al. 2017).

The success of GR crops had an unfortunate unintended consequence. Although
profits and research budgets generally increased, companies shifted funding away
from herbicide discovery, which they perceived to have been largely rendered
obsolete, to biotechnology and crop genetics (Charles 2001). Furthermore, generic
manufacturers took advantage of the expiration of key glyphosate patents, which
occurred not long after GR crops became available, and sold glyphosate at low
prices. The continued decline in the cost of glyphosate reduced the demand for
selective herbicides despite price reductions. In 2002, after 6 years of glyphosate
sales in GR crops, the number of herbicides used on 10% or more of the US
soybeans had decreased from 11 to just one, glyphosate (Duke and Powles 2009).
Thus, GR crops were causing a problem (focusing selection pressure for weed
resistance on one herbicide) and inhibiting the solution (discovering new herbicides
with new MoA to partner with glyphosate).

4 Evolution and Consequences of Resistant Weeds

When growers adopted GR crops, they usually adopted the practice of using only
glyphosate to control weeds (Baek et al. 2021). The crucial question always was
whether a glyphosate-only system would be sustainable. Before GR crops, glypho-
sate was a widely used nonselective herbicide with very few suspected cases of
resistance. Some believed that weeds would not evolve resistance because mutations
in plant EPSPS were only modestly insensitivity to glyphosate or caused catalytic
impairment (see above). Further, plants seemed to have minimal ability to degrade
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glyphosate to nontoxic metabolites (Duke 2011). However, applying glyphosate
alone over vast areas of GR crops put tremendous selection pressure on weeds to
evolve resistance, and they eventually did (Powles 2008). GR weeds are common
now and reached the tipping point where many growers can no longer rely on
glyphosate alone to provide commercially acceptable weed control. The epidemic of
GRweedshas significantly reduced the value of theGRcropweedmanagement system.
Still, many growers continue to use GR crops throughout North and South America
because competing systems are not any better, more expensive, or difficult to use.

In retrospect, growers should have used glyphosate in combination with existing
selective herbicides to diversify their weed management practices. Photosystem II
(PSII) inhibitors such as triazine and urea herbicides, lipid synthesis inhibitors
such as S-metolachlor (2-amino-4-(hydroxymethylphosphinyl)butanoic acid, CAS
No. 87392-12-9), and inhibitors of phytoene desaturase (PDS) or proto-
porphyrinogen oxidase (PPO) could have provided soil residual to control and
delayed the evolution and spread of GR weeds (Green and Owen 2011). However,
growers en masse used only glyphosate year after year. Today, 48 weed species have
evolved resistance to glyphosate with at least ten different mechanisms (Sammons
et al. 2016, Heap 2020). Unfortunately, many GR weeds in GR crop systems are also
resistant to other herbicides. Currently, 20 weed species are known to be resistant to
glyphosate and at least one other herbicide type (Heap 2020). These multiple HR
weeds complicate weed management and threaten current crop production practices.
Many growers are now almost out of options and must use large volumes of old and
partially effective selective herbicide mixtures (Perry et al. 2016). The use of diverse
herbicide systems in GR crops is now imperative.

The most difficult to control GR weeds in GR crops include Amaranthus palmeri
S. Wats., A. tuberculatus (Moquin-Tandon) J. D. Sauer, Ambrosia artemisiifolia L.,
A. trifida L., and Conyza canadensis (L.) (Heap 2020). The first response of many
growers when they see weed escapes is to reapply glyphosate at higher rates and then
use glyphosate mixtures with other herbicides. Using a plethora of combinations of
old, imperfect herbicides that growers had stopped using is a temporary solution and
not a technological step forward (Green and Owen 2011).

The recent mergers of some of the largest pesticide companies, such as Bayer and
Monsanto, Dow and DuPont, and Syngenta with ChemChina and Sinochem, ensure
the continuance of herbicide discovery programs with critical mass (Mulvany and
Decker 2019). Ironically, the slowdown in herbicide discovery has not meant a
decline in the chemical herbicide business. Growers now must spend more money on
more herbicides to combat HR weeds, creating a resurgence of the crop protection
herbicide business (Sfiligoj 2014). In the same way, seed companies also benefit
when growers buy higher-priced seeds with more herbicide traits that enable new
options to control HR weeds.
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5 Next Generation of Glyphosate-Resistant Crops

When the patents for the “first generation”GR crops were about to expire (Shah et al.
1990), there was no process established on how to handle generic GM crops as there
was for generic pesticides. Improved GR crops overcame some of the deficiencies of
the first GR crops and created new intellectual property protection. The improved
crops made retaining total control of the first GR crops less important for Monsanto.
The new GR soybeans claimed a yield advantage over the original; the new GR
cotton claimed improved crop safety with a wider application window, and the new
GR canola claimed improved crop safety with a wider application window even
without the glyphosate oxidase (gox) gene. New GR crops are still being introduced.
In February 2019, Argentina approved a GM soybean coded DBN-09004-6 with the
CP4 EPSPS and pat genes developed by Beijing Dabeinong Biotechnology Co.,
Ltd., becoming the first GM crop developed by a Chinese company approved for
planting outside of China.

The days when crops are only resistant to glyphosate have ended (Green and
Castle 2010; Que et al. 2010, Nandula 2019). A new generation of GR crops is well
underway with combinations of glyphosate and other herbicide traits (Table 2).
Today, most new HR crops are stacks with resistance to glyphosate, glufosinate,
and one of four different herbicide types. In 2020, US soybean growers can now
choose new varieties with various combinations of five HR traits (Ungelesbee 2019).
These varieties have glyphosate and dicamba traits; glyphosate, dicamba, and
glufosinate traits; glyphosate, glufosinate, and HPPD-inhibitor traits; and glypho-
sate, 2,4-D, and glufosinate traits, so growers can apply mixtures of glyphosate with
other herbicides. Unfortunately, herbicide companies have not commercialized a
new MoA for over 30 years and have nearly exhausted the useful herbicide trait
combination. Growers desperately need new herbicide technology (Han et al. 2016;
Dayan 2019), but the chance of finding another herbicide with a similar impact to
glyphosate is small.

Table 2 Commercial and publicly announced genetically modified transgenic multiple herbicide-
resistant (HR) crops

Herbicide types Crops

Glyphosate and glufosinate Soybeans, corn, and cotton

Glyphosate, glufosinate, and 2,4-D Soybeans and cotton

Glyphosate, glufosinate, and dicamba Soybeans, corn, cotton, and wheat

Glyphosate, glufosinate, and HPPD-inhibitors Soybeans and cotton

Glyphosate, glufosinate, 2,4-D, and ACCase inhibitors Corn

Multiple companies are developing new PPO-inhibiting HR crop systems to combine with other
traits
Multiple companies are developing HPPD crop traits
ACCase non-transgenic HR crops are also commercial
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The newest HR crop technologies have resistance to a synthetic auxin herbicide,
ACCase-inhibitor, or one of two HPPD-inhibitors (Behrens et al. 2007; Wright et al.
2010). Glyphosate resistance stacked with dicamba resistance is getting the most
attention. The dicamba trait is conferred by a monooxygenase from Pseudomonas
maltophilia (strain DI-6) that converts dicamba to 3,6-dichlorosalicylic acid (DCSA)
and formaldehyde (Behrens et al. 2007). The oxygenase reaction requires two
electrons and two protons, which in the bacterium originate from NADH and are
shuttled via a reductase to ferredoxin. Interestingly, robust tolerance is conferred in
plants by transformation only with the oxygenase. The plant has orthologs of the
reductase and ferredoxin that are fully adequate to complete the electron transfer.

After three years of strong growth, experts expect plantings of dicamba-resistant
crops to plateau this year at about 20 million hectares. Four companies are promoting
the technology and hold registrations for foliarly applied dicamba. Dicamba-
resistant soybeans and cotton enable new uses of an old herbicide with a long history
of off-target drift problems. The first seasons of dicamba use in dicamba-resistant
soybeans caused millions of hectares of damage to nontarget sensitive soybeans and
other plants (Bradley 2018; Hager 2019). Opinions differ sharply on what caused the
problem (Li et al. 2013; Egan et al. 2014). Despite the difficulties, the EPA extended
dicamba product registration for two and five more years (EPA 2018, 2020).

The analogous use of 2,4-D in resistant crops is expanding greatly this year,
making it about 2 years behind dicamba use and similarly depends on new directions
for use and a new salt and formulation. Corteva expects its 2,4-D resistant seed to
capture about 20% of the US crop in 2020, the first year it has been widely available.
The 2,4-D trait is conferred in soybeans by AAD-12, an Fe(II)/α-ketoglutarate-
dependent dioxygenases from Delftia acidovorans that degrades the acetic acid
side chain of 2,4-D, yielding non-phytotoxic dichlorophenol and glyoxylate (Wright
et al. 2010).

Crops with resistance to HPPD-inhibiting herbicides with some soil residual
could also help control key GR weeds. The evolution of HPPD-resistant Palmer
amaranth and waterhemp before market introduction reduces the value of this
technology and requires its use with other herbicides (Green 2012). Two HPPD
traits with different characteristics are under development, both of which involve an
HPPD with reduced sensitivity (Allen et al. 2012; Miller et al. 2013). As with auxin
herbicides, corn generally has natural tolerance to most HPPD herbicides, so the
technology has more utility in soybeans and cotton.

BASF and Bayer, in cooperation with Sumitomo, are developing crops resistant
to PPO-inhibiting herbicides (Green 2018). BASF and Sumitomo Chemical may
have a new generation of broad-spectrum PPO herbicides that could be commer-
cially available early next decade. The concept of matching broad-spectrum resis-
tance-busting PPO-inhibiting herbicides with PPO-resistant crops could be very
beneficial if researchers can identify the right herbicides and traits. However, a
PPO-resistant crop system is not a new idea. Syngenta had a similar effort with the
trade name of Accuron™ more than a decade ago (Li and Nicholl 2005).
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Transgenic and non-transgenic crops are also commercially available with resis-
tance to ACCase- and acetolactate synthase (ALS)-inhibiting herbicides (Green and
Owen 2011). To get broad-spectrum crop resistance to a range of herbicides,
researchers are investigating metabolic degradation by cytochrome P450
monooxygenase and glutathione-S-transferase (GST). Such metabolic mechanisms
giving crop safety to a wide range of herbicides would be highly valuable until
weeds evolve similar resistance mechanisms (Han et al. 2016; Délye 2013).

Growers need the new HR crop technologies to use with new nonselective and
selective herbicides. Unfortunately, the future pipeline of herbicide options with
commercial utility for the HR crop stacking is mostly exhausted (Green 2018).
Current options already have resistant weed problems and other limitations. Most
do not meet the standard of overlapping weed spectrum with an effective and
different MoA (Vencill et al. 2012; Young 2015). Currently, three-way herbicide
stacks are commercially available in cotton and will soon be in soybeans. Plans are
for four-way herbicide stacks in the mid-2020s and a five-way by 2028. These
multiple HR crops will help growers manage resistant weeds.

6 Outlook for Glyphosate-Resistant Crops

The agrochemical industry has encountered a downturn in the agricultural
economy, as US farm income declined by 40% between 2013 and 2016 (https://
www.cobank.com/knowledge-exchange/general/recessions-us-agriculture). Simul-
taneously, increasing regulations made the introduction of new herbicides and
herbicide traits more expensive (Phillips 2020). Together, these trends slowed the
introduction of new technology. Some politicians and regulators want to ban these
technologies, so growers must contemplate a future without them. Weed scientists in
Australia recently did just that, modeling five agronomic settings where glyphosate
use would be restricted or banned (Beckie et al. 2020). The participants outlined
alternative methods of weed control using nonchemical weed management practices
combined with preemergence herbicides. The study is a model for formulating
appropriate strategies in regions currently relying on glyphosate and GR crops.

Human safety of GR crops – Glyphosate has been widely used for more than five
decades and GR crops for more than two decades. Still, GR crop systems remain
controversial and the target of activists. Today, questions about safety dominate the
news (Kabat 2019; WSSA 2019). In considering the potential toxicity of the proteins
introduced into GR crops, we first point out that there have been no reports of direct
carcinogenic, teratogenic, or mutagenic effects associated with the ingestion of
proteins in general (Hammond et al. 2013). That is not surprising given that proteins
are not taken up intact by the intestine, but are denatured by low pH in the stomach,
then hydrolyzed into amino acids and di- and tri-peptides by intestinal proteases.
Many pseudo-scientific reports claim adverse effects from consuming food derived
from crops containing GR and other traits created by genetic technology. A report
claimed that Cry insect control proteins from Bacillus thuringiensis caused
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hematotoxicity in mice when Bt spores containing various Cry proteins were admin-
istered by stomach tube (Mezzomo et al. 2013). Besides the irrelevant mode of
administration, the control was water instead of spores lacking the Cry genes,
thereby failing to account for the many substances in the spores that may have
caused the observed effects. Other studies use physiologically unattainable doses of
up to 1,000-fold typical exposure levels, attempting to demonstrate a hazard, as
opposed to an actual risk (Hammond et al. 2013).

In GR crop-derived food, the protein introduced is either CP4 EPSPS or TIPS
doubly mutated maize EPSPS. In the latter case, the same mutations are present in
naturally occurring GR weeds (see above). Regarding CP4, its crystal structure
overlaid with those of EPSPS of crop plants show that in addition to having the
same function, they share the same structural fold and topology (Hammond et al.
2013). Homologous EPSPS proteins are ubiquitous in plant, yeast, and microbial
food sources and have widely ranging degrees of amino acid sequence identity. All
have a long history of safe use. No form of EPSPS, including CP4, has been reported
to be toxic or allergenic.

The US EPA and other regulatory agencies support the use of glyphosate in GR
crops and assure the public that it is safe when used according to label directions.
Still, there is strong opposition that prevents their deployment in many crops.
Businesses that own approved HR crop regulatory packages have a significant
competitive advantage as the process of getting new approvals is too costly and
too slow for most investors. For example, the commercialization of a single trans-
genic herbicide tolerance trait typically costs ~$136 million and takes over 13 years.
Codeveloping a broad-spectrum herbicide in conjunction with a transgenic tolerance
trait increases the risk and the cost, explaining why companies are shifting resources
to less regulated methodologies such as gene editing (Crop Life America 2012,
2016). At the current rate that weeds evolve resistance, one new HR crop trait would
not be enough to ensure sustainability.

Forecasts predicting that glyphosate would soon be the first pesticide to reach $10
billion annual sales have disappeared, but nobody predicts zero sales. Glyphosate is
still the most broadly effective herbicide for most growers on most weeds
(Abnewswire 2016). However, the spread of GR weeds is raising the cost of weed
control, which creates more incentive for the industry to renew herbicide discovery
efforts. Although the payoff for the simultaneous paired discovery of highly effec-
tive herbicides with a new MOA and associated trait would be very high, so are the
risks associated with the high cost of discovery and development, long timelines, and
the threat that non-target site resistance that could confer cross-resistance to a
herbicide before it reaches the market. Growers and scientists agree that no weed
management system used alone is sustainable for very long as weeds eventually
evolve resistance to any single management tactic. This imperative is driving the
industry to discover multiple new herbicide MoA and tolerance traits.

Today, scientists are exploring alternative ways to create glyphosate tolerance,
such as wide-crossing from related resistant weed species, gene editing, gene
shuffling, and new transgene options. One effort to displace CP4 EPSPS gene
technology was to shuffle a gene encoding the acetyltransferase enzyme
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(EC 2.3.1.13). The gene shuffling methodology resulted in very high crop tolerance
to glyphosate (Castle et al. 2004; Green et al. 2009). Recently, an isolate of
Echinochloa colonawith low-level resistance to glyphosate showed elevated expres-
sion of an aldol-keto reductase capable of cleaving glyphosate to AMPA and
glyoxylate (Pan et al. 2019). Though the resistance factor was modest, well-
established enzyme optimization methods could identify amino acid substitutions
that could greatly improve activity and be introduced into the native gene through
CRISPR/Cas9-facilitated gene editing. The other known pathway for glyphosate
degradation is through cleavage of the C-P bond, yielding phosphate and
N-methylglycine (sarcosine), catalyzed by C-P lyase, described in Sect. 2. Because
the pathway minimally requires seven gene products, it would be difficult to express
in plants through transformation and impossible by gene editing. However, such a
crop would have significantly reduced glyphosate residue with no nonnatural metab-
olites. A new metabolic trait that eliminates glyphosate residues in food crops such
as wheat and sugarcane could be highly valuable, especially if it is non-transgenic.

New geographies for the introduction of GR crops should include developing
countries, where they could satisfy a huge unmet need. In sub-Saharan Africa, for
example, cassava, a staple crop relied upon by 500 million people, is normally hand-
weeded by women and children. This primitive method often fails to optimize yield,
is enormously time-consuming, and can result in spinal deformation (Gianessi
2013). GR and many other traits could be a great benefit to African farmers.

In the Americas, the “Roundup Ready Revolution” is over. Still, the use of
glyphosate traits in combination with other traits could expand into some new
regions and crops if public concerns about glyphosate and GR crops lessen. Growers
that do not have GR crops yet can learn from the American experience and use
glyphosate to expand the diversity of weed management practices to sustain the
utility of the GR crop system. The new multiple HR crops enable more diverse and
improved stewardship practices if growers follow advice from experts and label
directions (Kaskey and Mulvany 2016; Heacox 2015).

7 Conclusion

No technology with the impact of glyphosate and GR crops is on the horizon
(Westwood et al. 2018). Glyphosate-based crop systems will continue to be the
mainstays of weed management in many areas, but they have lost value because they
cannot keep up with the capacity of weeds to evolve resistance. Crops resistant only
to glyphosate are not an acceptable options in most situations because of the
evolution and spread of GR weeds. Relying on one weed management solution
does not work anymore. Growers need multi-HR crops to combine glyphosate with
other potent HR-enabled herbicides to control GR weeds. Traditional approaches by
companies, sometimes called the pesticide and transgenic treadmills, cannot provide
new solutions fast enough to match the speed that weeds evolve resistance (PAN
2016; Binimelis et al. 2009). Managing weeds using all currently available tactics in
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a systems approach is working for most growers, but nobody knows for how much
longer. Hopefully, long enough to develop new weed management technologies.

In many market segments, it is challenging to buy seeds without a glyphosate
trait. Many growers expect the glyphosate trait to be in the seed. The cost and time to
introduce new HR crops is a high hurdle that slowed research for glyphosate trait
combinations. Opposition to GR crops and the associated use of glyphosate and
transgenic methods is still strong even after a quarter of a century of widespread use.
The outlook for GR crops is at a nexus and depends on the following issues:

• Economic, e.g., input costs, farm income, and demands to increase production;
• Social, e.g., public opposition to glyphosate and GM crops;
• Environmental, e.g., regulations requiring minimum and no-tillage practices, drift

control, and other label mandates;
• Biological, e.g., the continued evolution and spread of GR weeds;
• Technological, e.g., the effectiveness of new chemical and nonchemical weed

management technologies to combat GR weeds;
• Sustainable, e.g., the continued utility of current technologies such as glufosinate,

dicamba, 2,4-D, as well as HPPD- and PPO-inhibiting herbicides and their trait
technologies;

• Regulatory, e.g., any removal or approval of GR crops or other technologies;
• Legal, e.g., resolution of the current and future environmental and human safety

litigation; and
• Political, e.g., how public officials respond to activist pressure to restrict and even

ban glyphosate and GM crops.
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Abstract Widespread adoption of glyphosate-resistant crops and concomitant reli-
ance on glyphosate for weed control set an unprecedented stage for the evolution of
herbicide-resistant weeds. There are now 48 weed species that have evolved glyph-
osate resistance. Diverse glyphosate-resistance mechanisms have evolved, including
single, double, and triple amino acid substitutions in the target-site gene, duplication
of the gene encoding the target site, and others that are rare or nonexistent for
evolved resistance to other herbicides. This review summarizes these resistance
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mechanisms, discusses what is known about their evolution, and concludes with
some of the impacts glyphosate-resistant weeds have had on weed management.

Keywords EPSPS · Evolution · Glyphosate · Herbicide resistance · Resistance
mechanisms · Weed management

Abbreviations

AKR Aldo-keto reductase
AMPA Aminomethylphosphonic acid
C-P Carbon-phosphorus
eccDNA Extrachromosomal circular DNA
EPSPS 5-Enolpyruvylshikimate-3-phosphate synthase
FISH Fluorescent in situ hybridization
GOX Glyphosate oxidoreductase

1 Introduction

Glyphosate competes with phosphoenolpyruvate to bind the enzyme
5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), preventing synthesis of
the essential amino acids phenylalanine, tyrosine, and tryptophan (Steinrücken and
Amrhein 1980; Schönbrunn et al. 2001). It was commercialized for use as a
herbicide in 1974 for nonselective weed control (i.e., in non-crop areas or prior to
planting) (Duke and Powles 2008). In this Volume of Reviews of Environmental
Contamination and Toxicology, Duke (2021) provides a detailed review of the mode
of action and use of glyphosate, and Green and Siehl (2021) discuss the development
of glyphosate-resistant crops, which led to the unprecedented reliance on glyphosate
for weed control.

Prior to the commercialization of these glyphosate-resistant crops, it was infa-
mously argued in a 1997 paper (Bradshaw et al. 1997) that “the probability of
evolution of glyphosate resistance seems low.” To be fair, resistance to glyphosate
does appear to arise spontaneously at a lower frequency than it does for other
herbicides (Jander et al. 2003; Brotherton et al. 2007). Nevertheless, the probability
that herbicide resistance occurs in weeds depends not only on the ease at which
resistance to that herbicide evolves but also on the selection intensity imposed by
that herbicide. In regards to glyphosate, perhaps not even Bradshaw et al. (1997)
anticipated the unprecedented selection pressure that would be applied by this
herbicide in the years following their publication.

After about a decade of very successful weed control, the beginning of the end of
glyphosate as a stand-alone herbicide used in conjunction with glyphosate-resistant
crops occurred around 2005, with the evolution of glyphosate-resistant populations
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of Amaranthus palmeri and Amaranthus tuberculatus (Culpepper et al. 2006;
Legleiter and Bradley 2008). Although these were not the first two weeds to evolve
glyphosate resistance (Heap 2020), they are driver weeds in USA cotton and
soybean fields – the two crops for which glyphosate-resistant varieties were first
rapidly adopted.

Heap and Duke (2018) provided a relatively recent and comprehensive descrip-
tion of the occurrence and distribution of 38 glyphosate-resistant weed species
known at the time. Since then, 10 additional glyphosate-resistant weeds have been
reported, bringing the total to 48, equally split between grass and broadleaf species
(Heap 2020). Glyphosate-resistant weeds now have been documented in 30 countries
(Table 1). Of these 30 countries, however, most (24) have reports of less than five
species, with Australia, the USA, and Argentina being notable exceptions, with
19, 17, and 15 glyphosate-resistant species, respectively. The earliest glyphosate-
resistant weed species reported, including Lolium spp., Conyza spp., and Eleusine
indica, are also now the most widely distributed glyphosate-resistant species among
different countries. Early and widespread occurrence of glyphosate-resistant
populations of these species likely reflects some combination of these species’
widespread occurrence, their propensity for gene flow [e.g., Conyza spp. seeds are
wind dispersed over broad geographies (Weaver 2001)], and their innate abilities to
evolve glyphosate resistance.

When considering the timeline of the appearance of glyphosate-resistant weeds, it
is important to keep in mind that glyphosate selection might have occurred prior to
the adoption of glyphosate-resistant crops (through traditional use of glyphosate),
only after the adoption of such crops, or both, depending on the species. For
example, glyphosate-resistant Lolium rigidum was reported in Australia in 1996,
representing a clear case of glyphosate resistance occurring due to the traditional use
of glyphosate. In contrast, A. tuberculatus, for example, occurs primarily in crop
fields and germinates relatively late in the growing season (Costea et al. 2005).
Consequently, there likely was a relatively limited selection for glyphosate-resistant
biotypes of this species prior to 1996. Conyza canadensis, first reported glyphosate-
resistant in 2000, likely was selected by glyphosate applied both traditionally and in
glyphosate-resistant crops (VanGessel 2001), contributing to this species evolving
resistance sooner than, e.g., A. tuberculatus.

It is interesting that in the USA and Brazil, where glyphosate-resistant crops were
first widely adopted, most of the glyphosate-resistant weed species were reported
within a decade after the adoption of those crops, with no new species having been
reported from these countries since 2015. The recent lack of new glyphosate-
resistant species in these countries cannot be explained entirely by local curtailing
of glyphosate use: glyphosate often is used even in areas where glyphosate-resistant
weeds exist to provide control of other weed species. For example, in the USA as
recently as 2017, glyphosate was still used on three-fourths of the soybean hectares
(https://www.nass.usda.gov). Perhaps evolutionary rescue of glyphosate selection is
not possible, or highly improbable, in several weed species. Alternatively, after the
evolution of an initial glyphosate-resistant weed species in a given field, glyphosate
was more likely to be applied at higher use rates and in combination with one or more
other herbicides, limiting the subsequent evolution of glyphosate-resistant species.
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The most recent reports of new glyphosate-resistant weed species have come
from other South American countries and Australia. In fact, of the 10 species added
to the list since Heap and Duke’s review (2018), half were in Australia and the other
half were in the South American countries of Argentina, Columbia, or Paraguay.
Glyphosate selection from both traditional use and in glyphosate-resistant crops is
continuing to increase the number of glyphosate-resistant weeds.

Just as humans have to think “outside the box” when confronted with new
challenges, weeds had to evolve “outside the box” when confronted with glyphosate
selection. Hence, the combination of the difficulty in evolving glyphosate resistance
and the intense glyphosate selection pressure resulted in diverse and unusual resis-
tance mechanisms (Gaines et al. 2019). In this review, we discuss these diverse
resistance mechanisms and what is known about their evolution. We conclude with a
discussion of how the vast, real-world glyphosate evolutionary experiment has
impacted weed management.

As is the case for any other herbicide, resistance mechanisms for glyphosate can
be broadly grouped into target-site and nontarget-site mechanisms (Gaines et al.
2020). Historically, target-site resistance was described as a mutation in the gene
encoding the protein that directly interacts with the herbicide, leading to a reduced
affinity between the herbicide and its target site. Nontarget-site resistance includes
all other mechanisms, primarily including herbicide detoxification (metabolism),
reduced herbicide uptake, and reduced herbicide translocation. In general,
nontarget-site mechanisms confer resistance by essentially reducing the concentra-
tion of herbicide that reaches the target site. A relatively new resistance mechanism,
associated primarily with glyphosate resistance, is increased expression of the target
site via gene duplication (discussed in Sect. 3.2). Duplication of the target-site gene
has been categorized as another form of target-site resistance (Gaines et al. 2020).
From a physiological perspective, however, resistance due to increased expression of
the target site is more like nontarget-site resistance in that the net result in both cases
is reduced concentration of herbicide per unit of target site. Additionally, from a
genetic perspective, gene duplication in some cases results in resistance being
inherited from multiple loci – as often is the case with nontarget-site resistance
(Délye 2013) – whereas traditional target-site resistance involves a single locus.
Nevertheless, in this review we will include EPSPS duplication as a form of target-
site resistance.

2 Nontarget-Site Resistance

2.1 Uptake, Translocation, and Sequestration

The effectiveness of any herbicide is highly dependent on the active ingredient
reaching the target site. The delivery of the herbicide to the target site is defined
by the uptake and translocation of the herbicide in the plant, which, in turn, are
dependent on factors such as plant cuticle physiology, herbicide formulation,
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environmental factors, and molecular properties of the herbicide (e.g., size and
polarity) (Hess and Duke 1985).

The polar nature of glyphosate makes it poorly absorbed by leaves, but once
absorbed, it can be rapidly translocated into plant meristems (Preston and Wakelin
2008). Glyphosate is mainly translocated via phloem following the source-to-sink
pattern of photoassimilates. Translocation via xylem can also occur, but it rapidly
goes back into the phloem and accumulates more in sink tissues (Bromilow et al.
1990).

Reduced translocation and absorption of glyphosate are known mechanisms of
nontarget-site resistance documented in some weed species (Sprankle et al. 1975;
Feng et al. 2004; Wakelin et al. 2004; Preston and Wakelin 2008; Shaner 2009;
Vazquez-Garcia et al. 2020). Glyphosate uptake reduction occurs when chemical or
morphological changes in the leaf cuticle or leaf shape reduce the amount of
herbicide entering the plant. Most cases of reduced glyphosate uptake show a
variation in leaf angle and cuticle properties and were observed in grass species
(Michitte et al. 2007; Vila-Aiub et al. 2012; de Carvalho et al. 2012; Alcántara-de la
Cruz et al. 2016b).

Reduced glyphosate translocation occurs when the herbicide molecules have
limited or no movement to the plant meristem, a factor that can profoundly affect
herbicide efficacy, and has evolved as a resistance mechanism. In some species, such
as Conyza spp. and Lolium spp., the reduced translocation is attributed to a rapid-
vacuolar sequestration mechanism (Ge et al. 2010, 2012). Such sequestration pre-
vents translocation of the glyphosate molecules to meristematic tissue.

Vacuoles are degradative organelles, similar to lysosomes in animal cells, and are
the largest organelles of plant cells, representing around 80% of the total cell space
(Martinoia 1992). These large cell compartments serve as reservoirs for ions and
metabolites and play fundamental roles in detoxification and maintaining cell
homeostasis (Marty 1999). Studies have shown that active tonoplast transporters
such as ABC transporters are possibly linked with the movement of glyphosate into
the vacuoles, suggesting that ABC transporter genes regulate this resistance mech-
anism (Nol et al. 2012; Ge et al. 2014; Tani et al. 2015).

Environmental factors are also known to affect these key genes in the uptake and
translocation of glyphosate. Studies suggest that glyphosate uptake may vary in
different light regimes, showing greater uptake when conditions are optimum for
high ATP levels (Kells and Rieck 1979; Devine et al. 1983; Ge et al. 2010).
Temperature can also play a role in glyphosate uptake and translocation (Vila-
Aiub et al. 2013; Palma-Bautista et al. 2019). Vacuole sequestration was shown to
vary with temperature: with low temperature, glyphosate-resistant plants showed a
reduction in the resistance level and herbicide retention in the vacuoles (Ge et al.
2011). Because vacuolar sequestration provides a relatively low level of resistance
(Fig. 1), it potentially could be overcome by making applications when temperatures
are low. Further studies of vacuolar sequestration are still required for a better
understanding of this nontarget-site resistance mechanism at the molecular level.
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2.2 Rapid Response (Phoenix Phenomenon)

Because glyphosate’s herbicidal activity involves plants starving for aromatic amino
acids, it generally takes several days for plants to die after application. First
documented in 2008, some biotypes of Ambrosia trifida have evolved a rapid-
response glyphosate-resistance mechanism in which leaves treated with the herbi-
cide quickly wither and fall from the plant (Brabham et al. 2011; Moretti et al. 2018;
Van Horn et al. 2018). This rapid cell death limits the ability of the herbicide to move
throughout the plant and, therefore, can be considered a “reduced translocation”
mechanism. After shedding tissue containing glyphosate, the plant begins new
growth, seemingly from the ashes of a dead plant, and hence the name “Phoenix”
phenomenon. This rapid cell death also affects the efficacy of other herbicides
included in the spray mixture, because translocation is generally inhibited (Harre
et al. 2018). Though this mechanism is still not well understood, it can be reversed
with the application of exogenous phenylalanine and tyrosine, indicating that it is
somehow involved with a deregulation of the shikimate pathway (Moretti et al.
2018). Increased accumulation of reactive oxygen species following glyphosate
application in leaf discs displaying the rapid-response phenotype when compared

Fig. 1 Comparison of resistance index conferred by different glyphosate-resistance mechanisms.
Mean resistance indices (�1 standard error) were calculated from resistance ratios obtained from
the literature. Data aggregated from: (Baerson et al. 2002b; Wakelin et al. 2004; Culpepper et al.
2006; Yu et al. 2007, 2015; Perez-Jones et al. 2007; Dinelli et al. 2008; Lamego and Vidal 2008;
Jasieniuk et al. 2008; Kaundun et al. 2011; Chandi et al. 2012; Salas et al. 2012; Vila-Aiub et al.
2012; de Carvalho et al. 2012; Gaines et al. 2012; González-Torralva et al. 2012a; Bell et al. 2013;
Moretti et al. 2013; Nandula et al. 2013, 2014; Mohseni-Moghadam et al. 2013; Lorentz et al. 2014;
Wiersma et al. 2015; Alcántara-de la Cruz et al. 2016b, a; Brunharo et al. 2016, 2019; Kleinman and
Rubin 2017; Yanniccari et al. 2017; Amaro-Blanco et al. 2018; Morran et al. 2018; Ngo et al.
2018b, a; Pandolfo et al. 2018; Beres et al. 2018; Li et al. 2018; Brunharo and Hanson 2018; Takano
et al. 2019; Perotti et al. 2019)
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to sensitive leaf discs points to the possibility that an accumulation of reactive
oxygen species plays a role in rapid cell death, though this remains to be elucidated.
It is assumed that this resistance mechanism requires an actively metabolizing plant,
given rapid-response plants do not display rapid cell death in the absence of light and
sucrose (Moretti et al. 2018).

Recently, Queiroz et al. (2020) reported a similar resistance phenotype to the
auxinic herbicide 2,4-D in Conyza sumatrensis, in which herbicide application
results in hydrogen peroxide accumulation and rapid cell death. While this report
means the rapid-response resistance mechanism no longer is unique to glyphosate, it
is unknown how similar the two resistance mechanisms are at the molecular level.

2.3 Metabolism

Studies of metabolic-based herbicide-resistance mechanisms began occurring in
earnest in the United Kingdom and Australia in the mid-1980s due to increasing
cases of resistances particularly in Alopecurus myosuroides and Lolium spp. (Moss
and Cussans 1985; Heap and Knight 1986). Documented cases have become more
common in recent years with the innovation of biochemical and genetic tools that
allow researchers to identify specific genes and metabolic pathways conveying such
resistance. Given that glyphosate is a relatively slow-acting herbicide that causes
depletion of aromatic amino acids, enhanced metabolism would be a highly effective
mechanism of resistance; one in which plants would be able to detoxify the herbicide
before the significant injury occurred.

Many known cases of metabolic herbicide resistance are due to mutated or
overexpressed cytochrome P450, glucosyltransferase, or glutathione S-transferase
enzymes (Yuan et al. 2007; Yu and Powles 2014). These enzymes belong to large
protein families and have many roles in primary and secondary metabolism, with
some having specificity to herbicide molecules. To date, there has been no report of a
protein from either of these families that significantly interacts with glyphosate in
plants. However, Van Etten et al. (2020) reported several genomic regions of
Ipomoea purpurea that are associated with an increase in glyphosate tolerance and
enriched for genes from these families. Further physiological validation to confirm
the roles of these gene families in glyphosate metabolism may help elucidate
previously reported variation of glyphosate tolerance within and among populations
of this species (Baucom and Mauricio 2010; Kuester et al. 2015).

Two enzymes have been reported to metabolize glyphosate: glyphosate oxidore-
ductase (GOX), which cleaves a C-N bond within glyphosate, and carbon-
phosphorus (C-P) lyase, which cleaves glyphosate’s C-P bond (Liu et al. 1991;
Van Eerd et al. 2003; also see Fig. 3 in Green and Siehl 2021). An unknown enzyme
that acts similarly to GOX is suspected to be the primary catalyst for glyphosate
detoxification in plants (Reddy et al. 2008). Along with the primary product of
GOX-mediated detoxification of glyphosate, aminomethylphosphonic acid
(AMPA), several other metabolites of glyphosate have been detected in higher
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plants, including glycine, glyoxylate, sarcosine, formaldehyde, and inorganic phos-
phate (Marshall et al. 1987; Duke 2011; Rojano-Delgado et al. 2012; Gomes et al.
2014). Formaldehyde and hydrogen peroxide are compounds associated with C-P
lyase-mediated metabolism of glyphosate, and their phytotoxicity in plants may
explain why C-P lyase has not evolved to be the primary catalyst of glyphosate
degradation in plants (Mutters et al. 1993; Goyer et al. 2004; Reddy et al. 2008).
Although most metabolites of GOX-mediated glyphosate degradation are common
compounds in plants and are unlikely to cause damage, AMPA has some evidence of
phytotoxicity in plants. For example, AMPA was shown to accumulate as a result of
glyphosate application and to cause injury in glyphosate-resistant soybean
(Hoagland 1980; Duke 2011). Gomes et al. (2014) hypothesized that AMPA’s
phytotoxic effects are the result of competitive inhibition of glycine decarboxylase,
thereby inhibiting chlorophyll biosynthesis. However, a microbial GOX has been
used as a transgene to successfully confer glyphosate resistance to tobacco and rape,
indicating that these plant species – and likely others – possess the molecular
machinery sufficient for further metabolizing any products of GOX-mediated glyph-
osate metabolism (Duke 2011; Pollegioni et al. 2011).

Previously, de Carvalho et al. (2012) showed increased metabolism of glyphosate
in resistant varieties of Digitaria insularis when compared to sensitive varieties, but
failed to tease this effect from other possible mechanisms in the population. Addi-
tionally, Rojano-Delgado et al. (2012) proposed that glyphosate metabolism worked
in conjunction with limited uptake and translocation to convey glyphosate tolerance
in Mucuna pruriens but failed to quantify these effects. Recently, an aldo-keto
reductase (AKR) enzyme was found to metabolize glyphosate to AMPA and
glyoxylate in an Australian population of Echinochloa colona, just as GOX does
in bacteria (Pan et al. 2019). While no variation in coding sequence of this AKR
delimited resistant and sensitive populations, increased expression was shown to be
associated with resistance to glyphosate. To further verify this AKR as the causative
agent of glyphosate resistance, rice was transformed with AKR cDNA from
E. colona. Calli and seedlings overexpressing the transcript and displaying increased
AKR activity were resistant to glyphosate (Pan et al. 2019). McElroy and Hall
(2020) later revisited this population of E. colona, however, and discovered the
presence of the Pro-106-Thr substitution encoded within EPSPS, a target site
mutation previously shown to reduce EPSPS affinity for glyphosate in this species
(Alarcón-Reverte et al. 2015; Han et al. 2016). This discovery obscures, but does not
eliminate, the effect of increased expression of AKR on the evolution of glyphosate
resistance in E. colona. In any case, the discovery of AKR’s role in glyphosate
metabolism emphasizes the need for future metabolism research efforts to treat all
candidate genes as true candidates in lieu of searching solely for common herbicide
metabolism genes such as cytochrome P450s or glutathione S-transferases. In short,
metabolism of glyphosate seems to have the potential to be a viable mechanism of
resistance, and it is surprising that more cases of metabolism-based resistance have
not been documented.
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3 Target-site Resistance

3.1 Insensitive Target Site

Within the context of glyphosate resistance, an insensitive target site occurs through
modifications to the primary amino acid sequence of EPSPS (Heap and Duke 2018).
When considering the total length of the enzyme (520 amino acids – GenBank
accession AT2G45300), relatively few amino acids are associated with resistance.
That there are few target-site mutations for glyphosate resistance is attributed to the
similarity in how glyphosate and phosphoenolpyruvate bind the EPSPS enzyme
(Schönbrunn et al. 2001). Such similarity means that structural changes that reduce
EPSPS affinity for glyphosate likely will also reduce its affinity for the phospho-
enolpyruvate substrate. Indeed, only three amino acid positions have been impli-
cated in evolved herbicide resistance in weed species: Thr-102, Ala-103, and
Pro-106 (Murphy and Tranel 2019). Amino acid substitutions at the Pro-106 posi-
tion, to Ser, Leu, Thr, or Ala, alone are sufficient for resistance to glyphosate (Heap
and Duke 2018; Morran et al. 2018; Brunharo and Hanson 2018). Substitutions at
Thr-102 and Ala-103 generally have only been observed coexisting with Pro-106
substitutions. Previously, Thr-102 substitutions observed in combination with
Pro-106 substitutions contained Ile as the substitute amino acid, and it was suggested
that this Thr-102-Ile mutation would not occur on its own because of its negative
effect on EPSPS enzyme activity (Sammons and Gaines 2014). Recently, however, a
Thr-102-Ser substitution was identified to confer glyphosate resistance in the tetra-
ploid Tridax procumbens (Li et al. 2018). Effects of substitution at Ala-103 are not
well known, and this substitution has been observed only in a triple substitution
referred to as TAP-IVS (Thr-102, Ala-103, and Pro-106 are substituted with Ile, Val,
and Ser, respectively) in Argentinian Amaranthus hybridus, (García et al. 2019;
Perotti et al. 2019). Green and Siehl (2021) in this same Volume provide further
discussion of the effects of different amino acid substitutions on EPSPS kinetics, and
a database of EPSPS amino acid changes conferring glyphosate resistance in weeds
is maintained by Gaines and Heap (2020).

Experiences with resistance to other herbicide groups, particularly to inhibitors of
photosystem II, acetolactate synthase, and acetyl-CoA-carboxylase, have indicated
that single amino acid changes to herbicide target sites confer very robust levels of
resistance relative to nontarget-site resistance mechanisms (Powles and Yu 2010). In
the case of glyphosate, however, resistance derived from a single target-site substi-
tution is often associated with weak resistance relative to other glyphosate-resistance
mechanisms (Fig. 1). Consistently, single mutation events provide some of the
lowest levels of resistance when compared to all other mechanisms in both grass
and broadleaf weed species. In comparison, the documented double and triple sub-
stitutions to EPSPS confer resistance levels greater than those provided by
nontarget-site mechanisms. This is consistent with attempts to develop glyphosate
resistance traits in crops through site-directed mutagenesis. The pairing of Thr-102-
Ile and Pro-106-Ser substitutions, which has evolved in weeds, also resulted in
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commercial resistant germplasm developed through site-directed mutagenesis (Dill
2005). Indeed, the introduction of single point mutations through ethyl
methanesulfonate was widely unsuccessful in the creation of an acceptable resis-
tance phenotype for commercial use, consistent with modest levels of resistance
conferred by single amino acid substitutions in EPSPS.

3.2 EPSPS Gene Duplication

Beginning with its discovery in A. palmeri in 2010 (Gaines et al. 2010), EPSPS gene
duplication has become a relatively common mechanism of glyphosate resistance.
Thus far, three other broadleaf species (A. tuberculatus, Amaranthus spinosus, and
Bassia scoparia) and six grass species (Lolium perenne, Bromus diandrus, E. indica,
Chloris truncata, Poa annua, and Hordeum glaucum) have evolved glyphosate
resistance via this mechanism (Salas et al. 2012; Nandula et al. 2014; Lorentz
et al. 2014; Jugulam et al. 2014; Chen et al. 2015; Malone et al. 2016; Ngo et al.
2018a; Adu-Yeboah et al. 2019; Brunharo et al. 2019). These species appear to
require differing levels of genomic copies for resistance. Three of these species,
A. tuberculatus, B. scoparia, and H. glaucum, show resistance with relatively low
numbers of EPSPS genomic copies (Fig. 2), often between 3 and 14, with a
minimum of three copies needed to confer glyphosate resistance (Lorentz et al.
2014; Wiersma et al. 2015; Chatham et al. 2015; Godar et al. 2015; Adu-Yeboah
et al. 2019). One study has reported plants with >15 EPSPS copies in A. tuberculatus
(Dillon et al. 2017), but this appears to be the exception to the norm. EPSPS
expression mostly correlates with EPSPS genomic copy number for B. scoparia
and A. tuberculatus but does not correlate well with resistance level, with most
resistant accessions showing similar levels of glyphosate resistance despite varying
levels of EPSPS copies (Fig. 2). Few studies examine all potential glyphosate
resistance mechanisms, so some of this disconnect between EPSPS copy number
and resistance may be due to the presence of alternative mechanisms of resistance.
For H. glaucum, there was no correlation between copy number and expression, but
some evidence of correlation between copy number and glyphosate resistance
(Adu-Yeboah et al. 2019).

In contrast, for all other species with this resistance mechanism, at least 10 EPSPS
gene copies have been shown to be necessary for resistance. Around 10–36 copies
have been documented in B. diandrus (Malone et al. 2016), 32–48 copies in
C. truncata (Ngo et al. 2018a), and 33–37 in A. spinosus (Nandula et al. 2014).
These mid-range levels of EPSPS copy numbers confer approximately the same
level of resistance to glyphosate (compared to a sensitive control) as observed in
B. scoparia and A. tuberculatus, with resistance between about 3- and 7-fold. Much
higher EPSPS copy numbers have been observed in A. palmeri (35–160); (Gaines
et al. 2010), L. perenne (11–151); (Salas et al. 2012), and E. indica (89); (Chen et al.
2015), with both A. palmeri and L. perenne demonstrating increasing levels of
glyphosate resistance with increasing numbers of EPSPS gene copies (Fig. 2).
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Eleusine indica has shown a positive correlation between EPSPS gene copy number
and expression, but whether this translates to higher levels of glyphosate resistance is
not yet known (Chen et al. 2015). A population of P. annua was reported with
18-fold resistance to glyphosate but with only seven EPSPS copies (Brunharo et al.
2019). This was a novel case, however, in which, for the first time, it was reported
that the duplicated EPSPS gene also encoded a glyphosate-resistant enzyme
(Pro-106-Leu). The relative contribution of each (duplication and mutation) to
glyphosate resistance is unknown, but they both likely contributed, because the
magnitude of resistance was greater than that typically conferred by either mecha-
nism alone (Fig. 1).

Fig. 2 Average EPSPS genomic copy number plotted against the resistant:susceptible (R:S) ratio
for glyphosate-resistant populations. Each dot is a single population and each color indicates a
different weed species, with linear regression lines plotted separately for each species. Data
aggregated from (Gaines et al. 2010; Chandi et al. 2012; Salas et al. 2012; Nandula et al. 2014;
Lorentz et al. 2014; Wiersma et al. 2015; Godar et al. 2015; Malone et al. 2016; Chahal et al. 2017;
Ngo et al. 2018b; Singh et al. 2018; Adu-Yeboah et al. 2019)
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The correlation of EPSPS genomic copy number and the resistance phenotype
has been investigated in multiple species, as indicated with some examples just
discussed. At a population level, a positive correlation between genomic copy
number and resistance has been reported within B. scoparia; however, this relation-
ship does not appear to be linear (Godar et al. 2015; Gaines et al. 2016). In some
cases, relationships may be population-specific, suggesting that each evolved event
may follow a distinct relationship (Gaines et al. 2016). In fact, this is well supported
by the meta-analysis shown in Fig. 2, because a diversity of relationships are
observable among species. For instance, while a strong linear correlation is observed
within A. palmeri data points, such a correlation is not consistent in other species.
The relationship between genomic copy number and resistance should be established
for each species, if not for each evolved instance of this mechanism. Breakdowns in
the relationship between genomic copy number and resistance are not wholly
unexpected. For example, an increase in genomic copy number is several steps
removed from an increase in protein abundance. Consequently, demonstration of
an elevated protein abundance is necessary to attribute increases in genomic copy
with the resistance phenotype. And, as previously mentioned, the coexistence of one
or more other resistance mechanisms within individual plants can be a confounding
factor and typically can be ruled out only by further genetic analyses.

4 Distribution of Resistance Mechanisms Among Species

Of the 48 glyphosate-resistant weed species, there is strong evidence for the exis-
tence of a particular resistance mechanism in 29 of them (Table 1). Although only
one glyphosate-resistance mechanism has been documented in 16 weed species,
there are 9 species for which two mechanisms have been reported and 4 species in
which three different mechanisms have been reported. Reduced uptake/translocation
and single EPSPS amino acid substitutions are the most common mechanisms, with
each having been reported in 14 different weed species. As mentioned above, gene
duplication, although not known as a herbicide-resistance mechanism prior to
glyphosate resistance, is now also a quite common glyphosate-resistance mecha-
nism, being reported in 10 different weed species.

In general, there do not appear to be significant differences in the distributions of
glyphosate-resistance mechanisms between grass and broadleaf weed species. In
fact, the three most common categories of mechanisms shown in Table 1 (reduced
uptake/translocation, single EPSPS substitution, and EPSPS duplication) are sur-
prisingly evenly distributed, with EPSPS duplication showing the greatest deviation
from 1:1 (4 broadleaf species:6 grass species). However, as noted above (Sect. 2.1),
reduced glyphosate uptake tends to be more common in grass than in broadleaf
species.

There are 19 reported glyphosate-resistant weeds for which resistance mecha-
nisms have not yet been confirmed. It will be interesting to see what new glyphosate-
resistant mechanisms might be found in these weeds. To be sure, there very well
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might be additional resistance mechanisms, which simply have not been identified
yet, in the 29 species for which mechanisms have already been reported. And, of
course, new glyphosate-resistant species certainly will be added to the list shown in
Table 1. It should also be noted that the categories of resistance mechanisms listed in
Table 1 underreport the variety of mechanisms at the molecular level. For example,
as discussed in Sect. 3.1, a variety of single amino acid substitutions can confer
glyphosate resistance, but they are all grouped together under the category of “single
target site mutation” in Table 1. Additionally, quite a variety of molecular mecha-
nisms associated with a variety of different genes could contribute to altered
glyphosate uptake/translocation. Clearly, weeds have evolved diverse mechanisms
to survive glyphosate, and more mechanisms likely await future discovery.

5 Evolutionary Origins of Resistance

As described in Sects. 2 and 3, glyphosate resistance can be mediated by a variety of
mechanisms. These resistance mechanisms arise as a result of changes to one or
more locations in the genome, resulting in structural or regulatory changes to gene
products. Genetic changes that are beneficial (e.g., confer reduced sensitivity to
glyphosate) are selected and increase in frequency in the selected populations. The
source of the genetic differences that can be selected include standing genetic
variation (i.e., they already exist in the population before the onset of selection),
immigration from a different population or species, or new mutations. As is the case
with resistance to other herbicides, the relative contribution of these sources for
glyphosate-resistance evolution are largely unknown (Casale et al. 2019). Ulti-
mately, a better understanding of the evolution of herbicide resistance could lead
to novel strategies to mitigate it (Neve et al. 2009).

Naturally occurring plant tolerance cases to a given chemistry may provide
insight into what mechanisms may evolve in the future. Several plant species have
exhibited a natural tolerance to glyphosate, although the underlying mechanisms
have been investigated in few cases. In both Convolvulus arvensis and lilyturf
species, gene copy number has been attributed to at least part of the observed
tolerance phenotype (Mao et al. 2016; Huang et al. 2019). However, these tolerance
cases are frequently due to a combination of mechanisms. In lilyturf species, for
example, EPSPS structural differences were also noted, relative to other plant EPSPS
enzymes, due to multiple amino acid substitutions and deletions Both modeling and
in vitro enzyme assays indicated that these structural differences resulted in reduced
glyphosate sensitivity (Mao et al. 2016). In C. arvensis, a promoter-mediated
overexpression, associated with glyphosate application, was also observed in addi-
tion to increased EPSPS copy number (Huang et al. 2019). Reduced glyphosate
translocation was associated with increased tolerance in Ipomoea lacunosa (Ribeiro
et al. 2015), whereas increased glyphosate metabolism is hypothesized to confer
tolerance in I. purpurea (Van Etten et al. 2020). While there does not appear to be an
overarching trend in tolerance mechanisms among species, similar mechanisms are
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observed across plant tolerance and resistance. The structure-based tolerance of
lilyturf could be considered analogous to target-site resistance. Promoter-mediated
overexpression, resulting in an increase in EPSPS protein abundance, also has been
occasionally associated with evolved resistance (Baerson et al. 2002a). Gene copy
number increase and reduced translocation both have been implicated in both
tolerance and evolved resistance. The investigation of tolerance mechanisms to a
given chemistry, even beyond the scope of glyphosate, can provide insight into what
mechanisms might evolve in response to selection.

There have been a couple of cases in which a weed evolved glyphosate resistance
via gene flow from a related species. In one case, the weed Brassica rapa acquired
the transgene (CP4 EPSPS) conferring glyphosate resistance from cultivated rape
(Warwick et al. 2003). This evolutionary path to glyphosate resistance in B. rapa
subsequently has been shown to be a common event and has occurred in multiple
countries (Simard et al. 2006; Pandolfo et al. 2018). Another case involves weed-to-
weed gene flow, in which A. spinosus acquired EPSPS gene duplication that had
evolved in A. palmeri (Nandula et al. 2014). These cases are the exception to the
norm, however, and most weed species have evolved glyphosate resistance from
either standing genetic variation or new mutations.

5.1 Nontarget-Site Mechanisms

In general, nontarget-site glyphosate resistance mechanisms are still poorly under-
stood, and even less is known about their evolutionary origins. In regard to enhanced
detoxification, because glyphosate is metabolized readily through multiple pathways
in bacteria, horizontal gene transfer could certainly be a source of resistance, though
no evidence exists for this having occurred. As discussed above, AKR likely plays a
role in glyphosate resistance in E. colona, perhaps via enhanced expression, and
remains the only plant protein proven to directly metabolize glyphosate (Duke
2019). The evolutionary origin of enhanced expression of AKR in E. colona, or of
any other herbicide-metabolizing enzyme selected in weed populations, remains
unknown. Now that AKR has been identified to metabolize glyphosate, evaluation
of homologous genes in other weed species likely will follow and should reveal the
potential of AKR to confer glyphosate resistance in other species.

Because inheritance studies have not yet been published regarding the rapid-
response glyphosate-resistance mechanism, its genetic complexity is not known.
Additionally, though similarities exist with a recently identified resistance mecha-
nism to 2,4-D (Queiroz et al. 2020), it is unclear if these rapid response mechanisms
have any evolutionary relatedness. The similarities with plant pathogen response
(e.g., hypersensitivity and rapid cell death) suggest this mechanism evolved by
somehow co-opting a pathway for plant defense against abiotic attack (Roden and
Ingle 2009).
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As discussed above, glyphosate resistance due to vacuolar sequestration might be
mediated by an ABC transporter and has been most studied in C. canadensis. Just as
enhanced herbicide metabolism can evolve through increased expression of a
herbicide-metabolizing enzyme, sequestration could evolve through increased
expression of an ABC transporter. A previous study found glyphosate resistance in
C. canadensis to be mediated by a single gene (Zelaya et al. 2004), although the
identity of that gene is unknown. Increased expression of both EPSPS and ABC
transporters in a glyphosate-resistant C. canadensis biotype prompted
Margaritopoulou et al. (2018) to investigate methylation of the EPSPS gene. Their
finding of differential EPSPS methylation between resistant and sensitive biotypes
suggests epigenetic changes could be playing an evolutionary role. The contribution
of epigenetic changes to herbicide-resistance evolution in general, not just specifi-
cally to glyphosate, remains an unanswered question (Markus et al. 2018).

Nontarget-site herbicide resistance offers the field of weed science many novel
research questions to be answered through a variety of omics-based approaches
(Maroli et al. 2018; Patterson et al. 2019a). The recent establishment of an Interna-
tional Weed Genomics Consortium promises the development of reference genome
assemblies for many of the world’s most problematic weeds (Ravet et al. 2018). This
effort will supplement other recent but less coordinated efforts to produce genomic
resources for driver weed species, including L. multiflorum (Copetti et al. 2019),
A. tuberculatus (Kreiner et al. 2019), B. scoparia (Patterson et al. 2019b), and
C. canadensis (Laforest et al. 2020). The availability of these genomic resources
enables genetic mapping of traits such as glyphosate resistance (Korte and Farlow
2013; Van Etten et al. 2020) and will complement previous transcriptomic studies
designed to identify candidate genes that may be involved in herbicide resistance
(Piasecki et al. 2019). The identification of genomic regions associated with the trait
of interest, via a genetic mapping experiment, allows for the filtering of candidate
genes identified via expression- or variant-based transcriptomic analyses and hedges
against the possibility that the trait is ultimately controlled by some regulatory
element located far from the genes that would be identified through expression-
based transcriptomic approaches. These filtered candidates should be judged, based
on physiological characteristics of the trait, and functionally validated via loss- or
gain-of-function experiments (Sauka-Spengler and Barembaum 2008; Housden
et al. 2017). Pan et al. (2019) provide a good model for functional validation of a
glyphosate-resistance gene (AKR), but additional genetic study may have identified
the second locus (EPSPS, see Sect. 2.3) contributing to glyphosate resistance. With
the identification of the genes involved in nontarget-site glyphosate resistance,
researchers will be able to better understand the evolutionary origins of such
resistance and predict how likely it is that other species will evolve similar resistance
mechanisms in the future.
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5.2 EPSPS Gene Duplication

Because of the novelty and importance of EPSPS gene duplication as a resistance
mechanism, its evolutionary origin is of great interest and has been addressed in
several studies (Patterson et al. 2018). Except for the case of A. spinosus, wherein the
EPSPS amplicon from A. palmeri introgressed into the A. spinosus population after a
hybridization event (Nandula et al. 2014), EPSPS gene duplication evolved inde-
pendently in each of these species. Accordingly, the mechanism of duplication and
the length and content of the EPSPS amplicon varies across the different species. For
two species with relatively low EPSPS copy numbers, A. tuberculatus and
B. scoparia, cytogenomic analysis using fluorescent in situ hybridization (FISH)
has shown the duplicated EPSPS genes are arranged as tandem repeats along one
chromosome pair. In B. scoparia, these tandem repeats of EPSPS occurred at the
distal end of one pair of homologous chromosomes, with approximately 40–70 kb
between EPSPS genes and one copy inverted compared to the rest (Jugulam et al.
2014). The tandem arrangement of the EPSPS genes and their location in the
telomeres suggests an unequal recombination-based mechanism of gene duplication
since unequal crossing over occurs most frequently in telomeric regions of the
chromosome and leads to tandem duplications. Similarly, in A. tuberculatus, the
EPSPS repeats were found to occur at a single locus in one set of homologous
chromosomes, but unlike in B. scoparia, these repeats were in the pericentromeric
region of the chromosome, where recombination is less likely to occur (Dillon et al.
2017). Whether the mechanism of gene duplication in this species is also unequal
recombination or some other form of chromosomal rearrangement or segmental
duplication is unknown.

To further complicate the story, some A. tuberculatus individuals with higher
EPSPS copy numbers (>15 copies) showed multiple EPSPS signals on an additional
small chromosome (Dillon et al. 2017). Further cytogenomic work found this extra
chromosome to be a ring chromosome that was derived from the pericentromeric
region of the chromosome with multiple EPSPS gene duplications (Koo et al.
2018a). FISH assays of F1 progeny showed variation in the size and EPSPS copy
number of these ring chromosomes across different individuals and, surprisingly,
additional EPSPS gene copies on other pairs of chromosomes, indicating reintegra-
tion of the ring chromosomes into the linear chromosomes through ectopic recom-
bination (Koo et al. 2018a). The hypothesized model of ring chromosome formation
includes breakage of the linear chromosome at two spots flanking the original
EPSPS gene duplicates (perhaps via aneuploidy-triggered destabilization), followed
by fusion of the broken chromosome ends into a shortened linear chromosome. The
excised middle region containing one or more EPSPS genes then undergoes fusion
of its proximal ends to form a ring chromosome, that may then form varying sizes of
ring chromosomes via a breakage-fusion-bridge cycle model (Koo et al. 2018a).
Work looking into the EPSPS gene duplication mechanism in A. palmeri has found
similar results, with the additional EPSPS gene copies occurring on extrachromo-
somal DNA. In the initial report of gene duplication in this species, a FISH image
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showed EPSPS gene signals distributed across all 34 chromosomes of A. palmeri
(Gaines et al. 2010), but a later study (Koo et al. 2018b) showed these gene signals
were not actually on the linear chromosomes but were located on extrachromosomal
circular DNA (eccDNA) tethered to the main chromosomes. Inheritance of these
eccDNA molecules was highly variable and displayed unequal mitotic segregation,
illustrating the need for glyphosate selection for retention of glyphosate-resistant
plants with high numbers of EPSPS copies. Further work has highlighted that these
eccDNA molecules are highly structured with 59 genes, 41 of which are expressed
under glyphosate application, and a complex array of mobile genetic elements,
repeat sequences, and clustered palindromes (Molin et al. 2017, 2020). The contri-
bution of these additional genes/sequences to the overall resistance phenotype is
unknown. Syntenic analysis using genomic assembly of closely related species
(Amaranthus hypochondriacus and A. tuberculutus) suggested that the eccDNA
was built from several regions across the genome, rather than derived from a single
locus (Molin et al. 2020). Consequently, some of the genes (in addition to EPSPS)
within the eccDNAmay have been selected by glyphosate. An alternative hypothesis
is that one or more genes in the eccDNA were selected in the evolutionary past by
some other plant stress, and EPSPS happened to get captured within the amplicon,
priming the species for the later evolution of glyphosate resistance.

In grass species with the EPSPS gene duplication mechanism, some recent
publications have begun to shed light on the arrangement and origin of the EPSPS
gene copies. In L. perenne ssp. multiflorum, FISH mapping of the EPSPS gene on
somatic metaphase chromosomes revealed a similar pattern as that observed in
A. palmeri, with EPSPS signals distributed across all chromosomes in plants with
high EPSPS gene copy number (Putta 2017). As with A. palmeri, the signals
appeared to be on the outer edges of the chromosomes, perhaps indicating a similar
mechanism of gene duplication involving circular extrachromosomal DNA tethered
to the main chromosomes, but conclusive evidence of this does not yet exist.
Conversely, in E. indica, EPSPS gene copies in a resistant individual appeared to
be restricted to two pairs of homologous chromosomes, as indicated by FISH work
in this species (Chen et al. 2019). In B. diandrus, no FISH assays have yet been
published, but inheritance work has shown F2 offspring to have a range (3–30) of
EPSPS gene copies, with all F2 offspring showing an increase in the baseline copy
number (Malone et al. 2016). If the EPSPS gene copies were inherited as a single
locus, as would be expected in a tandem repeat model, 25% of the F2s should have a
single EPSPS copy, and the fact that this is not observed indicates these EPSPS gene
copies likely occur on multiple chromosomes. For the other three grass species
(C. truncate, H. glaucum, and P. annua), no cytogenetic or inheritance work has
yet been completed and the mechanism of EPSPS gene duplication is unknown.

Gene duplication as a herbicide-resistance mechanism thus far has been reported
in only one other case, resistance to acetyl-CoA-carboxylase inhibitors (Laforest
et al. 2017). Why, then, has it repeatedly evolved for glyphosate resistance? As can
be seen in Fig. 1, besides multiple amino acid substitutions in EPSPS, gene dupli-
cation confers the highest magnitude of resistance among the known resistance
mechanisms evolved to date. Perhaps EPSPS duplication is the evolutionary “path
of least resistance” for robust glyphosate resistance (Tranel 2017).
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Recent population genetics analysis of glyphosate-resistance evolution in
A. tuberculatus indicated that EPSPS duplication in this species – which appears
to be due primarily to tandem duplications – independently occurred multiple times
(Kreiner et al. 2019). In contrast, the EPSPS-containing eccDNA in A. palmeri was
nearly identical among geographically dispersed populations, suggesting a single
evolutionary origin (Molin et al. 2018). Conservation of the eccDNA among these
populations suggests a relatively recent evolutionary event, arguing against the
hypothesis mentioned above, that the amplicon was selected by some plant stress
prior to glyphosate selection. Kreiner et al. (2019) presented evidence suggesting
EPSPS duplication preexisted as standing genetic variation in A. tuberculatus, in
contrast to the eccDNA in A. palmeri being a relatively recent event. Certainly, more
work is needed, but comparison of these two species suggests that tandem duplica-
tion is a higher probability event than the eccDNA-based duplication. Why these two
related species used different evolutionary paths to EPSPS duplication is unknown.
One possibility is that tandem duplication may not have evolved as a glyphosate-
resistance mechanism in A. palmeri because this species is inherently more sensitive
than A. tuberculatus to glyphosate. Therefore, A. palmeri needed tens of copies of
EPSPS for resistance, which was enabled only after evolution of the EPSPS-
containing eccDNA. In fact, if the linear correlation between EPSPS copy number
in A. palmeri and resistance magnitude shown in Fig. 2 is extrapolated, resistance
would not be observed below 10 copies. As mentioned above, it is also possible that
other genes within the eccDNA augment the glyphosate resistance conferred by
EPSPS duplication.

5.3 Target-Site Mutations

The relative contributions of standing genetic variation versus new mutations for
target-site resistance likely vary among herbicides. In the case of target-site resis-
tance to glyphosate, repeated occurrence of double mutations and the occurrence of a
triple mutation (discussed in Sect. 3.1) present additional evolutionary questions.
These multiple-mutation alleles could preexist in a population as part of the standing
genetic variation, or the multiple mutations could arise sequentially during the
course of herbicide selection. In addition, the spontaneous occurrence of a double
or triple-mutation allele (e.g., both or all three of the mutations occurring in a single
generation) is formally possible, but the probability is so low that this route probably
can be considered inconsequential (Ossowski et al. 2010). Sequential evolution
could occur by a second mutation occurring in an allele that already has one
mutation, or via recombination between two alleles each carrying one of the two
mutations. Given the close proximity of the double and triple mutation sites in the
gene, however, recombination between them will be exceedingly rare. Therefore, the
two most likely evolutionary paths to the multiple-mutation alleles are either they
existed prior to selection or a single-mutation allele increased in frequency as a result
of herbicide selection, and then acquired one or more additional mutations.
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If a multiple-mutation allele preexisted in the population, then one would expect
it to have a limited fitness cost, because a large fitness cost would result in it having
been purged from the population. From limited studies to date on fitness costs of
multiple-mutation EPSPS alleles, however, at least some seem to have significant
fitness costs (see Sect. 5.4). Additionally, if a multiple-mutation allele preexisted,
one would expect to find this allele in essentially all resistant plants, i.e., occurrence
of alleles containing only one of the mutations would be rare (since they would only
come about via recombination or a mutation back to wild type). In an E. indica
population with the Thr-102-Ile + Pro-106-Ser double mutation, both the double
mutant and the single mutant Pro-106-Ser, but not the single mutant Thr-102-Ile,
allele were found at high frequencies, leading the authors to conclude that the two
mutations evolved sequentially (Yu et al. 2015).

In the cases of multiple-mutation EPSPS alleles in Bidens subalternans (double
mutant) and A. hybridus (triple mutant), however, only the multiple-mutant alleles
were observed (Perotti et al. 2019; Takano et al. 2020), which is consistent with the
alleles preexisting in the population. Furthermore, because B. subalternans is tetra-
ploid, it was suggested that fitness cost of the double-mutation allele could be
masked by the second, wild type EPSPS gene (Takano et al. 2020), which could
explain how such an allele persisted in the population prior to glyphosate selection.
Because the multiple-mutation alleles confer higher resistance than the single-
mutation alleles, there are caveats with the expectation that lack of finding the
single-mutation alleles is evidence of the multiple-mutation alleles preexisting in
the population. For example, with repeated selection of glyphosate, especially with
high doses, the multiple-mutation alleles will be favored over the single-mutation
alleles and, therefore, the single-mutation alleles will be purged over time. Thus, one
must consider the glyphosate selection timeframe. In addition, if the multiple-
mutation allele arose sequentially in one population, but then migrated to a second
population, analysis of the second population would incorrectly lead to support of
the hypothesis that the multi-mutation allele preexisted.

In summary, there is good evidence that multiple-mutation EPSPS alleles evolved
from sequential events in at least some cases. More evidence is needed, however, to
conclude that glyphosate resistance also has evolved via selection of multiple-
mutation EPSPS alleles that preexisted as part of the standing genetic variation of
a population.

5.4 Fitness Costs

In many organisms, the evolutionary adaptation to a new environment or to a new
selection pressure is often accompanied by tradeoffs that can affect the general
fitness of the organism, commonly referred to as fitness cost (Purrington 2000;
Strauss et al. 2002; Vila-Aiub 2019). The presence of resistance alleles in a biotype
can cause pleiotropic effects that will enhance some negative phenotypes, such as
lower number and viability of seeds, less biomass, and less attraction to pollinators.
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All of these effects can prevent the fixation of resistance alleles, making the
adaptation process occur slower (Tian et al. 2003; Vila-Aiub 2019). On the other
hand, studies have also shown that, in some cases, no fitness cost was observed due
to the presence of herbicide-resistance alleles (Vila-Aiub 2019). Understanding
fitness costs related to the presence of herbicide resistance traits is important to
understand the evolution patterns that these traits will follow (Cousens and Fournier-
Level 2018).

Studies to investigate fitness cost due to glyphosate resistance have shown
different results according to the mechanism of resistance involved. In the case of
target-site glyphosate resistance, there is generally a correlation between higher
levels of resistance and greater fitness costs (Vila-Aiub et al. 2019). For example,
substitution of two amino acids in EPSPS in E. indica was accompanied by a high
fitness cost, whereas a single mutation in the same species—which provided lower
resistance—conferred a negligible fitness cost (Yu et al. 2015; Han et al. 2017).
Fitness studies of EPSPS gene duplication generally have identified little if any
fitness costs, although costs may be higher in certain genetic backgrounds
(Giacomini et al. 2014; Vila-Aiub et al. 2014; Martin et al. 2017; Osipitan and
Dille 2019). That EPSPS duplication does not confer a large fitness penalty is
particularly surprising in A. palmeri, given both the large number of copies in
resistant plants and the size of the amplicon (Vila-Aiub et al. 2019). The EPSPS
amplicon in A. tuberculatus also appears quite large (Kreiner et al. 2019) but,
nevertheless, only modestly decreased in frequency in a multi-generational fitness
study (Wu et al. 2017). Vila-Aiub (2019) provides a recent and more comprehensive
review of fitness costs associated with glyphosate resistance. When considering
fitness costs of herbicide-resistance mechanisms, it is important to keep in mind
that those mechanisms that confer extremely high fitness penalties are unlikely to be
selected. Consequently, our vantage point is skewed by studying only those mech-
anisms that have evolved in weed populations.

6 Impacts on Weed Management

Widespread adoption of glyphosate-resistant crops resulted in reliance on glyphosate
for weed control in those crops and a dramatic drop in the use of alternative
herbicides (Young 2006). A primary impact of glyphosate-resistant weeds has
been a reversal of that trend. Initially, farmers typically responded to glyphosate-
resistant weeds by increasing the glyphosate use rate (Weller et al. 2010). However,
because glyphosate-resistant weeds often can withstand maximum labeled use rates,
such an approach was largely futile. The second approach often was to use a tank
mix, spraying a second herbicide with glyphosate. For example, in the case of
glyphosate-resistant A. tuberculatus and A. palmeri, a herbicide that inhibits
protoporphyrinogen oxidase often was added. This is reflected in the use of these
herbicides in the USA declining precipitously, beginning in 1996, but then begin-
ning to increase in 2013, coinciding with increasing occurrence of glyphosate-
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resistant Amaranthus populations (Dayan et al. 2018). Similar management
responses, i.e., initially increasing the glyphosate rate, and then adding an appropri-
ate tank-mix partner, were not restricted to USA farmers (Valverde 2010). Other
chemical strategies such as returning to the use of soil-residual herbicides and
rotating herbicides (e.g., not using glyphosate ever year) also were implemented in
response to glyphosate-resistant weeds.

From the broader weed science industry perspective, a major impact of
glyphosate-resistant crops was a decrease in herbicide discovery efforts (Duke
2012). Consequently, there are essentially no new herbicide options for farmers to
turn to for combatting glyphosate-resistant weeds. This is particularly problematic
for those weed populations that possess multiple resistance to other herbicides.
Therefore, some farmers reluctantly responded to glyphosate-resistant weeds by
implementing nonchemical strategies, including hand-weeding, tillage, and growing
cover crops (Sosnoskie and Culpepper 2014; Duzy et al. 2016). Ironically, farmers
are having to use diverse tactics to control glyphosate-resistant weeds, which are the
same tactics that would have mitigated the evolution of these biotypes in the first
place (Powles 2008).

Widespread adoption of glyphosate plus glyphosate-resistant crops also may have
contributed to the range expansion of some of the weed species that evolved
glyphosate resistance. Conyza canadensis, for example, was one of the first weeds
to evolve glyphosate resistance, occurring originally in Delaware, USA (VanGessel
2001). Although at that time it was already a widespread weed in the USA (and
elsewhere), long-distance wind dispersal of seeds with glyphosate resistance across a
landscape heavily dominated by glyphosate-based weed management undoubtedly
contributed to its invasiveness as a weed (Weaver 2001; Shah et al. 2014). Glyph-
osate resistance in both A. tuberculatus and A. palmeri also likely fostered their
expansions. For example, glyphosate-resistant A. tuberculatus was identified in
Canada, and at least one such population likely arrived via seed movement from
the USA Midwest (Kreiner et al. 2019). Perhaps even more widespread dissemina-
tion of A. palmeri has occurred over the past few years, both within and beyond the
USA, as a seed contaminant in, e.g., harvest equipment, livestock feed, and
conservation-planting mixtures (Kistner and Hatfield 2018) and by migratory water-
fowl (Farmer et al. 2017). To be sure, glyphosate resistance is not a prerequisite for
the expansion of weed species, and maybe these weeds would have similarly
expanded in a non-glyphosate scenario. However, it cannot be discounted that
these weeds evolved glyphosate resistance in an era in which glyphosate was the
sole means of chemical weed control in many fields, allowing populations of these
species to explode in size. The increased population sizes increased the likelihood
that seeds of these species would be disseminated.

Over the past few years, dicamba, coupled with dicamba-resistant crops, has been
rapidly adopted in USA soybean and cotton production, largely to provide a solution
for managing glyphosate-resistant weeds (Byker et al. 2013; Cahoon et al. 2015). It
is unfortunate that glyphosate-resistant weeds have created such a demand for this
technology, given the off-target concerns with dicamba, which are only exacerbated
by wider adoption (Soltani et al. 2020).
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The emergence of glyphosate resistance was the motivation behind an epidemi-
ology approach to understand the spread of this resistance in A. tuberculatus (Evans
et al. 2016). As expected, frequent use of glyphosate was identified as a key driver.
However, this study also identified that, at least for glyphosate resistance in
A. tuberculatus, the use of annual herbicide rotation was ineffective, whereas the
use of herbicide mixtures was effective, at mitigating resistance evolution. A follow-
up modeling study predicted that glyphosate-resistant A. tuberculatus evolution
could have been even more effectively mitigated if practices such as herbicide
mixing were coordinated at regional scales (Evans et al. 2018). Subsequently to
these A. tuberculatus studies, a somewhat similar epidemiological approach was
taken to proactively predict glyphosate-resistance evolution in A. myosuroides
(Comont et al. 2019). Although glyphosate resistance has not yet been reported in
this species, the study identified heritable variation for glyphosate sensitivity and that
directional selection towards glyphosate resistance was occurring. Recently, there
has been a call to increase the use of these types of epidemiological approaches to
better predict, understand, and ultimately mitigate herbicide-resistance evolution in
weeds (Comont and Neve 2020).

Currently, there is substantial interest in the development of novel, nonchemical,
weed management technologies; much of this interest is largely (although not solely)
attributable to glyphosate-resistant weeds. Examples of such new technologies
include gene drives and robots (Neve 2018; McAllister et al. 2019). In retrospect,
perhaps a positive outcome of the occurrence of glyphosate-resistant weeds will be
spurred development of novel, nonchemical weed management strategies, which are
particularly needed because the glyphosate-resistant crop era stifled the development
of new herbicides.

Herbicide resistance is not a new phenomenon. In the 1990s, the widespread and
rapid occurrence of resistance to inhibitors of acetolactate synthase taught us the
importance of not relying on a single weed-control tactic (Tranel and Wright 2002).
Apparently, that lesson was largely forgotten and then relearned through glyphosate-
resistant weeds. Hopefully, this lesson will not be forgotten again.

7 Conclusion

Investigation of glyphosate-resistant weeds has revealed new mechanisms that
weeds can evolve in response to intense herbicide selection. Although some of
these mechanisms have been thus far associated exclusively or nearly exclusively
with glyphosate resistance, now that they have been identified, it will be interesting
to see if corresponding mechanisms for other herbicides are indeed rare, or simply
have been overlooked. The source, i.e., new mutations vs. standing genetic variation,
of adaptive glyphosate-resistance mechanisms remains largely unknown. Beyond
herbicide resistance, the source of adaptive alleles is a fundamental and unresolved
question in evolutionary biology. We suggest that glyphosate resistance, given its
recent and rapid evolution, and the evolution of multiple adaptive mechanisms,
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provides an appropriate model system for this broad evolutionary question. There is
a need to increase the use of genomics approaches to better understand resistance
mechanisms to glyphosate, as well as to other herbicides. In particular, genetic
mapping, which is just beginning to become a viable strategy with the availability
of assembled weed genomes, offers great promise for elucidating previously intrac-
table herbicide-resistance mechanisms. Such studies, together with epidemiological
and population genetics approaches, should shed much light on glyphosate-
resistance evolution. Lessons learned from studying the evolution of glyphosate-
resistant weeds likely could be broadly translated to inform mitigation strategies for
future herbicides. However, a major challenge posed by glyphosate-resistant weeds
is that they evolved in an era coinciding with reduced research and development for
alternative herbicides, ironically owing to the success of glyphosate/glyphosate-
resistant crops. Consequently, there is a dearth of new herbicides to manage
glyphosate-resistant weeds. Although only time will tell, glyphosate-resistant
weeds should serve as a lasting example of the perils of relying on a single pest-
management strategy.
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Abstract The chemical and biological properties of glyphosate are key to under-
standing its fate in the environment and potential risks to non-target organisms.
Glyphosate is polar and water soluble and therefore does not bioaccumulate,
biomagnify, or accumulate to high levels in the environment. It sorbs strongly to
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particles in soil and sediments and this reduces bioavailability so that exposures to
non-target organisms in the environment are acute and decrease with half-lives in the
order of hours to a few days. The target site for glyphosate is not known to be
expressed in animals, which reduces the probability of toxicity and small risks.
Technical glyphosate (acid or salts) is of low to moderate toxicity; however, when
mixed with some formulants such as polyoxyethylene amines (POEAs), toxicity to
aquatic animals increases about 15-fold on average. However, glyphosate and the
formulants have different fates in the environment and they do not necessarily
co-occur. Therefore, toxicity tests on formulated products in scenarios where they
would not be used are unrealistic and of limited use for assessment of risk. Concen-
trations of glyphosate in surface water are generally low with minimal risk to aquatic
organisms, including plants. Toxicity and risks to non-target terrestrial organisms
other than plants treated directly are low and risks to terrestrial invertebrates and
microbial processes in soil are very small. Formulations containing POEAs are not
labeled for use over water but, because POEA rapidly partitions into sediment, risks
to aquatic organisms from accidental over-sprays are reduced in shallow water
bodies. We conclude that use of formulations of glyphosate under good agricultural
practices presents a de minimis risk of direct and indirect adverse effects in
non-target organisms.

Keywords Adjuvants · AMPA · Ecotoxicology · Environmental fate · Glyphosate ·
POEA
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CAS Chemical Abstracts Service
CLPP Community-Level Physiological Profiling, a technique for

characterizing function of mixed microbial communities
DGGE Denaturing Gradient Gel Electrophoresis, a molecular technique for

characterizing the composition, diversity, and function of microbial
communities in the environment

DT50 Time for 50% of a substance in a matrix to dissipate and/or degrade
EFSA European Food Safety Agency
EO Ethoxylate groups as referring to ethoxylate-containing surfactants
Epilimnion The upper layer of water in a temperature-stratified lake)
EPSPS 5-Enolpyruvylshikimate-3-phosphate synthase
FAO Food and Agriculture Agency of the United Nations
FAR Field application rate, applied to crops for pest management
FMOC Cl Fluorenylmethyloxycarbonyl chloride, a reagent used to derivatize

glyphosate during analysis
FSCJ Food Safety Commission of Japan
GBH Glyphosate-based herbicides (as used in weed management)
GLP Good Laboratory Practice
GR Glyphosate-resistant (crops)
JMPR Joint FAO/WHO Meeting on Pesticide Residues
Kd Soil-water partition coefficient
KOC Soil-water partition coefficient, normalized for content of organic

carbon
KOM Soil-water partition coefficient, normalized for content of organic

matter
LC50 Concentration that is lethal to 50% of the organisms exposed through

the matrix
LD50 Dose that is lethal to 50% of the dosed organisms
LAI Leaf area index, the one-sided area of green leaves per unit area of

ground surface
LOD Level of detection
LOQ Level of quantification
LR50 Application rate lethal to 50% of the tested organisms
N Nitrogen
NOEC No observed effect concentration
NPDES National Pollution Discharge Elimination System Permit
NT No-tillage
PICT Pollution-Induced Community Tolerance, a technique to characterize

the induction of tolerance to pollutants in communities of organisms
PMRA Pest Management Regulatory Agency of Canada
POEA Polyoxyethylene amine, also Polyethoxylated tallow amine
POE-T Polyoxyethylene (15) tallowamine, a formulant
QA/QC Quality Assurance and Quality Control
SDS Safety Data Sheet (AKA Material Safety Data Sheet)
USEPA United States Environmental Protection Agency
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1 Introduction

This review and risk assessment is focused on the environmental fate and effects of
glyphosate and some of the formulants used in commercial products in non-target
organisms. Potential effects of glyphosate in humans have been extensively
reviewed and characterized by regulatory agencies and others and are not discussed
in detail in this chapter. However, a brief summary of conclusions is provided for
context. The most recent of these is the draft profile on glyphosate from the Agency
for Toxic Substances and Disease Registry (ATSDR 2019). Since the classification
of glyphosate by the International Agency for Research on Cancer as a “probably
carcinogenic to humans (Group 2A)” (IARC 2015), the major focus of regulators has
been on the carcinogenicity of glyphosate. In addition to regulatory reviews, several
papers relevant to this have been published in the open literature and, with respect to
carcinogenicity, most of these came to a different conclusion from IARC. This
chronology is illustrated in Table 1. One of these regulatory reviews included
assessment of risks to domesticated animals (EFSA 2018). This and studies on the
exposures of humans to glyphosate were excluded from this chapter but are
discussed in another review (Solomon 2020).

Table 1 Chronology of regulatory reviews and key publications on the carcinogenicity of
glyphosate

Year Agency/Institution Classification/Conclusion Reference

2015 IARC Glyphosate is “probably carcino-
genic to humans (Group 2A)”

(IARC 2015)

2017 EFSA No hazard classification for carci-
nogenicity is warranted

(EFSA 2015, 2018)

2017 APVMA Exposure does not pose a carci-
nogenic risk to humans

(APVMA 2017)

2017 ECHA No hazard classification for carci-
nogenicity is warranted

ECHA

2016 FAO and WHO Unlikely to pose a carcinogenic
risk to humans from dietary
exposure

(JMPR 2016)

2015 PMRA/Health
Canada

Unlikely to pose a human cancer
risk

(HC 2019; PMRA 2015b)

2016 Food Safety Com-
mission of Japan

Glyphosate had no neurotoxicity,
carcinogenicity, reproductive tox-
icity, teratogenicity, and
genotoxicity.

FSCJ, 2016 #165

2016 New Zealand Envi-
ronmental Protection
Authority

Unlikely to be genotoxic or carci-
nogenic to humans

(NZ EPA 2016)

2017 USEPA Not likely to be carcinogenic to
humans

(USEPA 2017, 2019)

(continued)
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The herbicide glyphosate, (CAS# 1071-83-6 [N-(phosphonomethyl)glycine]
Fig. 1), has been on the market since the mid-1970s and is one of the most widely
used pesticides in the world (Duke 2018, 2020). The widespread agricultural and

Table 1 (continued)

Year Agency/Institution Classification/Conclusion Reference

Publications in the literature

2016 Intertek Panel “The data do not support IARC’s
conclusion that glyphosate is a
‘probable human carcinogen’ and,
consistent with previous regula-
tory assessments, further con-
cluded that glyphosate is unlikely
to pose a carcinogenic risk to
humans”

(Williams et al. 2016,
2018) and related papers in
the same issue of the
journal.

2017 EFSA In explaining the conclusions of
the EFSA assessment “the EU
assessment did not identify a car-
cinogenicity hazard”

Tarazona, 2017 #71

2020 Member of IARC
Panel, Emory Uni-
versity, Atlanta, GA,
USA

“The analyses conducted for this
review clearly support the IARC’s
conclusion that there is sufficient
evidence to say that glyphosate
causes cancer in experimental
animals”

(Portier 2020)

2020 Queen Mary Univer-
sity of London, UK

“Overall, there is no evidence in
the animal studies to support the
IARC conclusion that glyphosate
is a probable human carcinogen”

(Berry 2020)

2020 Kenny Crump,
Ruston, LA, USA

Of the epidemiology studies cited
by IARC, “one could reasonably
conclude that at least four of the
case–control studies of glyphosate
and NHL are contaminated by
statistical bias, and consequently
are not suitable for reaching con-
clusions about the potential ability
of glyphosate to cause NHL”

(Crump 2020)

2020 Kenny Crump,
Ruston, LA, USA

On the animal carcinogenicity
studies evaluated by IARC “The
present analysis provides new
information on the potential car-
cinogenicity of glyphosate by
being the first to provide results
from statistical tests with correct
false-positive rates. These tests
found no strong or convincing
evidence that glyphosate is an
animal carcinogen”

(Crump et al. 2020)
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non-agricultural uses of glyphosate have attracted considerable attention among the
public and scientists (Solomon 2020).

In addition to the potential effects in humans, several reviews on the environ-
mental fate and ecotoxicology of glyphosate and glyphosate-based herbicides
(GBHs), or formulations, have been published in the literature. An early assessment
of the ecotoxicology of Roundup® formulation of glyphosate was published in 2000
(Giesy et al. 2000) and, since that time, there have been several additional reviews
and assessments. Solomon et al. (2007) reviewed the ecotoxicological risk associ-
ated with the use of glyphosate for the eradication of coca. Other reviews include
(Annett et al. 2014; Blake and Pallett 2018; Borggaard and Gimsing 2008;
Cedergreen and Streibig 2005; Matozzo et al. 2020; Pérez et al. 2011; Richmond
2018; Rott et al. 2018; Székács and Darvas 2018; Thiour-Mauprivez et al. 2019; Van
Bruggen et al. 2018; Villamar-Ayala et al. 2019; Wagner et al. 2013). Rather than
repeat what has been written in these reviews, the purpose of this chapter is focus on
key properties of glyphosate and its formulations with respect to exposures, toxicity,
and risks to non-target animals. Phytotoxicity to non-target plants is not included in
this review because bioactivity is predicated on how and where glyphosate is used
and applied, which can be managed by good agricultural practices (GAPs), such as
the use of buffer zones. Furthermore, risks for non-target plant toxicity would also
apply to other non-selective and some selective herbicides other than glyphosate.

Characterizing exposures is a critical component of risk assessment and concen-
trations in environmental samples are discussed in several sections of this review.
There are a number of methods for analyzing glyphosate in environmental samples,
but details of the analytical methods were not included in our review. However,
Melo et al. (2018) have published a mini review of instrumental methods and
recently published methods can be found in the following references (Byer et al.
2008; Carretta et al. 2019; Fritz-Wallace et al. 2020; Marek and Koskinen 2014;
Okada et al. 2019; Pinto et al. 2018).

While not a systematic review per se, principles of this approach have been
applied throughout this chapter and the focus is directed to the key properties of
glyphosate and their influence on fate and toxicity. Whenever possible, the quality of
the science presented in the studies cited, as well as their applicability and relevance,
have been assessed following objective metrics such as those presented in
(Moermond et al. 2017; Solomon and Stephenson 2017; Van Der Kraak et al.
2014). Direct statements regarding the quality and relevance of several studies are
provided throughout this review.

HO

O

H
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OFig. 1 Structure of
glyphosate
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2 Problem Formulation

2.1 Physical, Chemical, and Biological Properties

Glyphosate acid (Fig. 1) is fairly soluble in water (11.6 g/L, BCPC 2012) but the
salts, such as the commonly used technical active ingredient isopropylamine (IPA)
salt of glyphosate, are more soluble (1,050 g/L, BCPC 2012). Glyphosate acid has
four pKas, 10.1, 5.4, 2.2, and 2.0 (Stalikas and Konidari 2001) (Fig. 2) and, at typical
pHs in agricultural and forestry soils (5–9), is usually dissociated into the ionic form
(Fig. 2), which sorbs strongly via ionic forces to mineral particles (aluminum, iron
oxides, and clay silicates, Borggaard and Gimsing 2008) in soils and/or sediments.
In general, sorption to soil particles is directly dependent on the surface area of the
minerals in the soil and the pH, with less glyphosate sorbed at low pH than high
(Borggaard and Gimsing 2008). Once immobilized by sorption to soil particles,
glyphosate is poorly absorbed by roots of plants and thus is not herbicidally active
via soil exposure (Borggaard and Gimsing 2008). Therefore, commercial glyphosate-
based herbicides (GBHs) must be applied directly to leaves of plants to be effective as
an herbicide. Glyphosate is systemic and, after penetration into the leaf, it is
translocated to other parts of the plant. This property allows GBHs to be used
pre-plant for field preparation or for early post-plant weed control before the seedlings
emerge in a large range of crops (Duke 2020). This sorption to soils and sediments
results in rapid dissipation of glyphosate in natural waters such that exposures are
usually short enough that much larger concentrations are required to elicit toxicity
than in the absence of sediments (also see Sect. 2.2. below). For this reason, toxicity
tests for aquatic organisms conducted in glass containers in the laboratory are poor
predictors of responses in the field when sediments are a natural component of
pools, ponds, and streams (Bernal et al. 2009). Glyphosate acid has a low vapor
pressure (1.31 � 10�2 mPa, BCPC 2012) and a low Henry’s constant
(< 2.1 � 10�7 Pa m3 mol�1, BCPC 2012) and exposures in the environment via the
atmosphere are very unlikely, except for drift of spray droplets or sorbed to particles
of airborne dust. Measured environmental concentrations and toxicity values in this

Fig. 2 Sites on the
glyphosate molecule where
sorption can potentially
occur. Which sites are
relevant is dependent on the
pH of the soil (pKa values
from Stalikas and Konidari
2001)
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review are all expressed in μg/L to allow direct comparisons for characterizing
hazards and risks.

Residues of glyphosate have been detected in rainwater and air (most probably
sorbed to dust particles) but concentrations are very small (maximum reported value
in air was 1.04 � 10�3 μg/m3 and those in rainwater from an area of high use of
glyphosate ranged from 1.2 to 67 μg/L, reviewed in Solomon 2016, 2020). Glyph-
osate in air and rainwater present a de minimis risk to humans (Solomon 2020) and
would be unlikely to present a risk to organisms in the environment when compared
to other potential sources that are discussed below (Sect. 3.1).

Because of strong sorption to soil particles, glyphosate does not leach signifi-
cantly in most soils; however, in clay-soils, transport of glyphosate through
macropores to tile drains and from there to surface water has been reported
(Borggaard and Gimsing 2008). In a field study at the Helmholtz Centre for
Environmental Research-UFZ (Falkenberg, Germany), duplicate stainless steel
lysimeters (1 m square by 1.25 m deep) were used to measure the leaching of
glyphosate in sandy loam soil typical of the Elbe valley planted with maize (Gros
et al. 2020). The length of the study was one hydrological year and a glyphosate-
based herbicide (GBH) containing 13C2-

15N-glyphosate to allow tracing was applied
to the surface of the soil following good agricultural practices at a nominal rate of
3.6 kg a.e./ha/year (the maximum rate allowed in Germany).1 A potassium bromide
tracer (40 kg KBr/ha) was applied to characterize flow of water in the lysimeters.
Soils in the lysimeter were sampled with a soil-corer of unreported diameter to 5 cm
depth before, directly after, 165, and 360 days after application. Five replicate
samples were taken from each lysimeter. Deeper cores (0–30 and 30–60 cm) were
taken only at the end of the study. Leachates were collected over the period of the
study. The study year had greater than usual rainfall and the total volume of leachate
was 203 and 215 L in the two lysimeters. Concentrations of glyphosate and AMPA
in the soil and leachates were measured with HPLC-ESI-MS-MS after derivatization
with fluorenylmethyloxycarbonyl chloride (FMOC Cl) with a level of detection
(LOD) of 0.1 μg/L in the leachate. Isotopic ratios for 15N/14N and 13C/12C in soil,
plants (roots, shoots, and cobs), and lyophilized leachate samples were measured
with an elemental analyzer operated at the Institute for Nutritional Sciences, Uni-
versity of Gießen, Germany. During the study, the amount of glyphosate in the soil
decreased to 3% of the initial amount. Leaching of KBr as a marker of movement of
water in the soil column was detected 70 days into the study. Glyphosate and AMPA
were not detected in the leachate indicating lack of leaching. The enrichment of 15N
and 13C in the leachate over the period of the study indicated degradation in the soil
column to more mobile degradation products other than AMPA. Enrichment of 15N
was observed in roots, shoots, and cobs of the maize but enrichment of 13C was only

1Because technical glyphosate is used in an ion pair with one of several cations (e.g. potassium,
isopropylamine, trimesium, etc.) concentrations of technical and formulated products should be
expressed as glyphosate acid, or acid equivalents (a.e.). This normalization allows concentrations in
the environment and GBHs to be easily compared.
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observed in the roots. Statistical analysis of isotopes of carbon and nitrogen in plant
matter was pseudoreplicated within the replicate test lysimeters. Overall, the evi-
dence suggests that, in the absence of macropores and in agricultural soils, glyph-
osate does not leach to depths greater than 125 cm.

Glyphosate might be carried in runoff or surface flows of water. This is particu-
larly relevant where glyphosate in applied for control of weeds in hard surfaces (e.g.,
paved areas) with fewer sites for sorption. Median concentrations of glyphosate
measured in surface waters downstream from urban areas were 6 to 4 μg/L as
compared to 1 μg/L upstream (Kolpin et al. 2006). Frequency of detection was
ca. 80% downstream compared to 38% upstream. Similar observations have been
reported from measurements of glyphosate in streams and wetlands in the State of
Victoria in Australia (Okada et al. 2020). Analyses were conducted using a direct
injection method on a LC-MS-MS. Isotopically labeled glyphosate (1,2-13C,15N)
was used as an internal standard and the LOD was 0.25 μg/L. In this study, mean
concentrations in rural streams were� 0.3 μg/L with a frequency of detection of 4%:
however, mean concentrations in urban streams and wetlands were 1.1 μg/L with a
frequency of detection of 79 and 77%, respectively.

Glyphosate from treated areas may also be carried by surface runoff, and
transported to surface water, sometimes in high concentrations (Coupe et al.
2012). Concentrations of glyphosate in rainfall-driven runoff of surface water were
measured in three watersheds in the USA and one in France. Concentrations were
measured after filtration through a 0.45 μm filter and therefore represent dissolved
glyphosate. Analysis followed USGS protocols (USGS 2010) and the LOD was
0.02 μg/L. Between 2006 and 2008, median concentrations in Bogue Phalia, MS,
USA ranged from 0.82 to 1.2 μg/L; between 2007 and 2008 in New Providence, IA,
USA, medians ranged from 0.07 to 0.87 μg/L and, in Sugar Creek and Leary Weber
Ditch, IN, USA in 2004 the medians were 0.32 to 1.1 μg/L. Values from an overland
flow site near Sugar Creek and Leary Weber Ditch were much greater, with medians
of 34 to 380 μg/L, measured in late May–early June, 2004 during a storm and shortly
after application to crops. These high values were storm-driven, localized,
and were not reflected in the nearby streams. The median concentration measured
in Rouffach, France between 2003 and 2006 was 4.7 μg/L (LOD ¼ 0.1 μg/L Coupe
et al. 2012).

Since runoff water contains sediments, only measuring glyphosate in solution
may under-represent total loads carried in runoff. In a study in the La Plata region of
Argentina by Mac Loughlin et al. (2020), samples of runoff were collected and
filtered through a 0.45 μm filter and glyphosate in the particulates and filtrate
derivatized with FMOC-Cl then concentrations were measured by LC-MS with a
recovery of 90% and a LOD of 0.03 μg/L in water and 0.06 μg/kg in particulates. The
median concentration (in solution) in water was 3.1 (range, 0.2–17) μg glyphosate a.
e./L while the median concentration sorbed to particulates was 3,735 (range,
245–35,620) μg a.e./kg. Clearly a significant proportion of the mass of glyphosate
in surface runoff is sorbed to particulates and is likely less biologically available.
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2.2 Fate of Glyphosate in the Environment

2.2.1 Fate of Glyphosate in Plants and Animals

When used in management of vegetation, GBHs are normally applied as a spray that
is directed to the leaves of the target plants. Not all the spray is deposited on the
leaves and some reaches the surface of the soil, either directly or as a result of wash-
off if rainfall occurs shortly after spraying. Some residues of glyphosate may enter
soil through exudation from roots of treated plants or from litter from sprayed plants.
A study by Laitenen et al. (2007) reported that as much as 12% of the glyphosate
applied to Chenopodium quinoa Willd plants was exuded by roots into the soil
6 weeks after spraying. Glyphosate might also leach from litter of sprayed plants;
Mamy et al. (2016) reported that glyphosate taken up by glyphosate-resistant
(GR) and non-GR canola was lost very slowly from plant residues in the field,
increasing the overall persistence of glyphosate in sprayed fields. This effect was
more pronounced in GR canola than non-GR canola because these plants were not
killed and took up more glyphosate. Thus, a significant fraction of the glyphosate
entering the plant can enter the soil if it is not metabolized to
aminomethylphosphonic acid (AMPA, CAS# 1066-51-9) by the plant (Fig. 3).
The degradation of glyphosate via sarcosine (Fig. 3) has been reported in soil
microorganisms but is not a major route of dissipation (Kishore and Jacob 1987).

ATSDR (2019) has summarized the toxicokinetics of glyphosate in mammals.
Some glyphosate is absorbed from the gastrointestinal (GI) tract but most (two
thirds) is excreted in the feces. Respiratory absorption is assumed to be high but
absorption through skin is low (< 1%, Bo Nielsen et al. 2009). Once in the blood, is
distributed throughout the body but does not accumulate in any organs or in lipids. It
is excreted in the urine with a relatively short half-life (t½) of 8–15 h. In the rat,
glyphosate acid dosed by gavage in corn oil was poorly absorbed in the intestine
(�23%, Anadón et al. 2009) but, once absorbed, it was rapidly excreted with a t½ of
14.4 h with no evidence of bioaccumulation or biomagnification; however, some
glyphosate (6.5%) was metabolized to AMPA.

Fig. 3 In the environment,
glyphosate degrades via two
pathways. The sarcosine
pathway leads to glycine,
which is used my
microorganisms. The
terminal residues of the
pathway via
aminomethylphosphonic
acid (AMPA) are inorganic
phosphorus and nitrogenous
compounds that are used as
nutrients by microbiota
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Based on a study in human volunteers dosed by mouth with glyphosate mixed
with food, the half-life (t½) by urinary excretion was 8–10 h (Zoller et al. 2020).
Only 1% of the dose of glyphosate was excreted in the urine suggesting that uptake
from the gut in humans is less than in other animals and/or that the food matrix
slowed or inhibited uptake. AMPA was detected in the urine and represented 0.2%
of the dose of glyphosate suggesting only minimal metabolism of glyphosate to
AMPA in humans. Whether this metabolism in rats and humans is mediated by
organs in the body or microbiota in the gut is uncertain.

2.2.2 Fate of Glyphosate in Soil

When applied for weed management in agriculture and forestry, the amount of
glyphosate reaching the surface of the soil depends on the timing of the application
in relation to the development of the weeds (or the crop for genetically engineered
glyphosate-resistant [GR] crops). The amount of pesticide reaching the soil is the
proportion of spray that is not intercepted by the plants. Spray intercepted by and
retained on the plant is related to the shape of the plant (its architecture), the
characteristics of the surface of the leaf, the type of nozzle, and the contact angle
of the spray. Spray not intercepted by the plants is inversely proportional to the
proportion of soil covered by plants, and the leaf area index (LAI). In pre-plant and
early post-plant applications of GBHs, the amount of glyphosate reaching the
surface of the soil would most depend on the weed pressure and the LAI, so
deposition would be highly variable in space and time and not easily predictable.
In GR crops, or for the use of glyphosate as a ripening agent (Xu et al. 2019), the
deposition of glyphosate on the soil under the plant canopy will be more dependent
on the LAI, which, in turn, will be influenced by the structure of the plants and the
spacing between the plants. For early application in the development of GR crops,
more glyphosate will likely reach the surface of the soil than later applications, but
for ripening or other preharvest applications deposition on soil will be small. Papers
reporting the deposition of glyphosate on the canopy in comparison to soil were not
found in a search of the literature.

The strong sorption of glyphosate to particles of soil and sediments (Fig. 2)
rapidly reduces biological availability for herbicidal effects, non-target toxicity,
and for biodegradation, which primarily takes place in the pore water (Borggaard
and Gimsing 2008). Because of sorption in most soils, much of the glyphosate
applied to crops is confined to the upper layers of the soil. Okada et al. (2016)
reported that 46–58% of the glyphosate was found in the upper 5 cm of soil and
0–4.3% was found to have leached beyond 10 cm in the three soils from Argentina.
The soils were from three experimental stations in: (1) Córdoba Province (coarse-
silty, mixed, thermic Entic Haplustoll of the Oncativo series) (2) Entre Ríos Province
(a fine, mixed, thermic Acuic Argiudoll from the Tezanos Pinto series), and
(3) Buenos Aires Province (a fine, thermic, illitic, Typic Argiduoll from the
Pergamino series) Two soils, each from a different cropping regimen were collected
at each site. Leaching was conducted in soil columns treated with a GBH and
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leached with 4.16 mL leachate/h for 7 days. Analysis of the leachate was by
derivatization with 9-fluorenylmethylchloroformate (FMOC-Cl). After partitioning
with dichloromethane, the aqueous phase was analyzed by LC-MS-MS. The LOD
and LOQ in leachate were 0.1 and 0.5 μg/L, respectively. Adsorption was increased
with increasing clay content and cation exchange capacity and decreased with
increasing pH and phosphorus content of soil.

Other than the type of soil, some agricultural practices can affect leaching of
glyphosate in soils. For example, phosphate fertilizers compete for glyphosate-
sorption sites and can therefore displace glyphosate and mobilize it to some extent
in soil, especially in sandy soil with few sorption sites (Bott et al. 2011). In
laboratory studies, five soils (Arenosol, Acrisol, Ferralsol, Luvisol, and Regosol)
were treated with a GBH (Roundup UltraMax®) at rates ranging from 720 to 1,440 g
glyphosate a.e./ha. After an incubation period, phosphate was added to the soils at
rates of 0, 20, 40, 80, or 240 mg P kg/soil as Ca(H2PO4)2. Six soybean seeds were
then planted in the soils and plants sampled at 10 and 25 days after sowing and
growth parameters and shikimate were measured in the roots. Effects and symptoms
of glyphosate were greatest in Arenosol and then declined in order of
Acrisol � Ferralsol > Luvisol > Regosol. Symptoms increased with increasing
amounts of phosphate added to the soil, confirming the effects of addition of
phosphate.

Rate of degradation of glyphosate in field soils is variable, depending on many
factors, such as the level of aeration, temperature, and pH. For example, Nguyen
et al. (2018) reported that, over 32 d, mineralization of 14C-glyphosate (labeled on
the phosphonomethyl group) to 14CO2 in 21 agricultural soils from Germany and
Slovenia with different properties ranged from 7 to 70%. Cumulative mineralization
correlated with soil exchangeable acidity (H+ and Al3+), exchangeable Ca3+ ions,
and aluminum lactate-extractable K. In an analysis of the literature, Blake and Pallett
(2018) reported the average t½ of glyphosate in soil as 30 d, (ranging from 5.7 to
40.9 d). Others have reported the t½ of glyphosate in soil to range from 1.0 to
68 days (EFSA 2015) but half-lives can be relatively long with DT50s up to 173 d
(BCPC 2012). These half-lives may appear long but the strong sorption to soil
particles results in very short t½ of bioavailability for uptake by soil organisms.

In plants, glyphosate is slowly degraded with AMPA (Fig. 3), being the major
metabolite (BCPC 2012). AMPA is also the major metabolite in soil and water
(Bento et al. 2016; Wang et al. 2016). A comprehensive study of 317 agricultural
soils from Europe found glyphosate (LOD ¼ 0.02 mg/kg) in 21% and AMPA
(LOD ¼ 3 mg/kg) in 42% of soils (Silva et al. 2018). Analysis was by LC-MS-
MS with isotopically labeled internal standards, glyphosate (1,2-13C, 15N) and
AMPA (13C, 15N) to normalize for matrix effects. Extraction from soil was with
0.6 M KOH and derivatized with FMOC-Cl. Other details of the method are
provided in Bento et al. (2016). Concentrations only rarely exceeded 500 μg/kg of
soil, and concentrations of AMPA were almost always higher than those of
glyphosate.

Although not experimentally studied in the long term, it appears that glyphosate
does not accumulate in soils to high levels. Results of a model predicted that, if used
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repeatedly, glyphosate would build up to a plateau in soil in about 10 years with a
peak value of 3.1 � 103 μg/kg for annual crops tilled to 20 cm and 6.2 mg/kg for
perennial crops tilled to 5 cm (EFSA 2015). Repeated use of pesticides can lead to
selection for soil microbiota that degrade the chemicals, leading to shorter half-lives
in that soil (e.g., Yale et al. 2017). This phenomenon is termed accelerated degra-
dation, but it has not yet been documented for glyphosate in the field. Accelerated
degradation might be expected in GR crops where glyphosate has been used for
decades; however, the studies have not been conducted to establish whether this has
occurred in the field or not. A laboratory study showed that repeated application of
glyphosate over a short time can shift soil microbial community composition, but
there was no evidence of accelerated degradation (Lancaster et al. 2010). Two
studies have shown that glyphosate can increase the rate of degradation of other
herbicides in soil (atrazine in a Brazilian Oxisol soil and fluometuron in Weswood
silty clay loam, respectively) (Bonfleur et al. 2010; Lancaster et al. 2008). It is
possible that accelerated degradation does not occur because of minimal bioavail-
ability of glyphosate in pore water and that it is the phosphorus from the degradation
of glyphosate that stimulates growth of and metabolism by microbiota in general.
This is discussed further in Sect. 3.2.2.

2.2.3 Fate of Glyphosate in Water

Most GBHs are not registered for over-water uses; however, some can be used for
this purpose (Solomon and Thompson 2003). In the USA, several formulations of
glyphosate are registered for use over water for the control of emergent or floating
plants, for example, the common reed (Phragmites australis subsp. americanus) and
water hyacinth (Eichhornia crassipes) an invasive species endemic in South Amer-
ica. These formulations include Roundup Custom®, Rodeo®, Eraser AQ®,
Aquamaster®, AquaNeat®, Refuge®, and AquaPro®. Some of these (e.g., Rodeo
and Roundup Custom) only contain active ingredients and suitable adjuvants are
added before application. Others (e.g., AquaPro) are formulated with adjuvants that
present low risk to aquatic organisms. In the USA and Canada (and probably other
countries), permits are required when proposing to apply GBHs overwater. This
permitting process minimizes risks of misuse.

Under good application practice, spray drift of GBHs is not likely an important
source of biologically significant residues in water; however, if followed by rain,
spraying of weeds in hard surfaces might result in runoff (Kolpin et al. 2006). If
heavy rainfall follows application of the GBH in agricultural fields, transport of
glyphosate to surface waters is also possible (see discussion in Sect. 2.2.2). When
applying GBHs by air in forestry, inadvertent deposition may occur in small forest
pools and wetlands. However, analysis of unfiltered samples from replicated forest
pond microcosms treated with a forestry-specific GBH (VisionMAX®) showed that
glyphosate dissipated rapidly from initial mean aqueous concentrations of 3,100 and
600 μg/L to levels < 100 μg/L within four days (Edge et al. 2012). Analysis was by
LC/MS-MS using a published method (Hao et al. 2011). Aqueous samples are
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directly injected with no sample concentration or derivatization steps. The internal
standard was 13C,15N-glyphosate and the instrument detection limits for glyphosate
and AMPA were 1 and 2 μg a.e./L, respectively. The half-lives of glyphosate in
another forestry cosm study were characterized after two applications of
VisionMAX at nominal initial concentrations of 210 and 2.88 � 103 μg glyphosate
a.e./L in each of 2 years, 2009 and 2010 (Edge et al. 2014). Analysis was as
described above (Hao et al. 2011). Half-lives for the four applications at the lower
concentration ranged from 1 to 1.9 days. For the higher concentration, t½ s for the
four applications ranged from 0.75 to 1.31 days. Given that the cosms were shallow
(15–30 cm) forest ponds, the very rapid dissipation from water was probably driven
mostly by sorption to sediments.

Others have shown that glyphosate is degraded rapidly by microorganisms found
in water and aquatic biofilms. In a study in Lake Greifensee (a stratified lake in
Switzerland) concentrations of glyphosate and AMPA were observed to begin
increasing in the epilimnion (the upper layer of water in the lake) in the early spring.
Concentrations of glyphosate increased from 0.015 μg/L in March to 0.145 μg/L in
July as result of inflow from rivers and streams from agricultural watersheds.
Concentrations of AMPA also increased from 0.07 to 0.13 μg/L in the same time
period. Analysis of both compounds was by derivatization with FMOC-Cl and then
analysis with LC-MS-MS. Internal standards (13C2

15N-glyphosate and 13C2
15ND2-

AMPA) were used to normalize for matrix effects. Recovery from water was
97–103% and the LOQ was 0.005 μg/L for both analytes (Poiger et al. 2017). In
July and August, concentrations of glyphosate in the epilimnion decreased rapidly to
< LOQ. This coincided with increased temperatures in the epilimnion, greater
biomass of phytoplankton, and low concentrations of free phosphorus. Half-life
for dissipation ranged from 2–4 days. Metagenomic analysis identified phytoplank-
ton known to degrade glyphosate and AMPA. The authors suggested that these
organisms were utilizing the phosphorus from the breakdown of glyphosate for
growth. High rates of degradation were not observed in a laboratory study of the
dissipation of glyphosate (as the IPA salt) and a GBH (Roundup Classic®; Monsanto
Europe) in natural waters collected from the Danube river and Lake Balaton in
Hungary, little dissipation was reported over a period of seven days (Klátyik et al.
2017). Initial treatment concentrations were in the range of 80–100 μg/L and
analysis was by derivatization with FMOC-Cl and analysis with HPLC-
Fluorescence Detection (FLD) with a LOD of 5 μg/L. Samples below the LOD
were analyzed with LC-MS-MS with a LOD of 0.001 μg/L. Degradation in the
presence of biofilms was also measured (see discussed below).

Microbiota in biofilms of surfaces in surface waters have been observed to
degrade glyphosate, in the study on degradation of glyphosate in natural waters
(Klátyik et al. 2017), biofilms from the River Danube and Lake Balaton. Biofilms
were allowed to colonize and grow on glass plates in the field sites for 42 days and
then transferred to 15-L aquaria in the laboratory. The water in the aquaria was
totally replaced every 7 days, at which time glyphosate was added to the aquaria as
IPA salt and GHB (Roundup Classic®) and degradation monitored using the ana-
lytical methods described above. There was no replication of treatments in the
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aquaria with biofilms although the authors stated that the five biofilm plates in each
aquarium were replicates, they were, in fact, pseudoreplicated, a weakness in the
experimental design. Rapid dissipation of the IPA salt was reported within 30 min of
the initial treatment of the aquaria with biofilms and water from the Danube, which
the authors attributed to adsorption to the biofilm matrix. There was little dissipation
in the first 7 days, but after subsequent treatments, dissipation became more rapid
and biomass of the biofilms increased. For the GBH treatments, the initial (30 min)
dissipation was less pronounced, biomass decreased after 14 days and increased
again after 28 days. Rate of dissipation increased up to the end of the study (35 days).
In water and biofilms from Lake Balaton, initial and final dissipation rates of IPA and
GBH were smaller and biomass in the treated and control biofilms decreased,
probably as a result of the weakness in the design and the lack of replication of the
treatments.

In another study on biofilms from France, different results were reported (Carles
et al. 2019). Microbiota collected in biofilms in the Artière River in France were
placed in thrice-replicated microcosms in the laboratory. Water was replaced every
3 days to maintain nutrient status. Degradation of glyphosate was measured at two
exposures, 6.5 and 67 μg/glyphosate a.e./L. Analysis of glyphosate and AMPA was
by HPLC FLD, (internal method M_ET143) and the LOQ for glyphosate and
AMPA was 0.1 μg a.e./L. For biofilms from the upstream site (less nutrients in the
water), dissipation of glyphosate was more rapid at 6.5 μg/glyphosate a.e./L
(t½ ¼ 2.3 � 0.7 d) than the high (67 μg/a.e./L, t½ ¼ 19 � 2.4 d). When phosphorus
(1,000 μg P/L) was added to the cosms, t½ increased to 12.8� 0.9 d and 206� 81 d,
respectively. Concentrations of AMPA increased in the cosms as the glyphosate was
degraded. The authors concluded that, where phosphorus was in low concentration
in the water, microbiota in the biofilm were using glyphosate as a source of
phosphorus for growth. In a follow-up study, the effect of exposure to light on
degradation of glyphosate in biofilms was characterized (Artigas et al. 2020). The
objective of the study was to test that hypothesis that degradation of glyphosate was
influenced by dissolved organic matter released by autotrophs in the biofilm. The
study was done in vitro with cultures of microbiota enriched by prior exposure to
glyphosate at 100 μg a.e./L. One concentration of glyphosate was used (stated by the
authors as 0.62 mM) equivalent to 105 � 103 μg/L, which is unrealistic. Analysis
was described in detail by the authors. Samples were centrifuged, derivatized with
FMOC-Cl and quantified via HPLC FLD. LODs and LOQs were not reported but
were presumably the same as those in Carles et al. (2019), discussed above. There
was no significant difference in the rate of degradation of glyphosate between light
and dark-exposed biofilm. Half-lives were 9.41 and 9.26 d, respectively and not
significantly different ( p > 0.05). As production of DOM was not measured, the
original question addressed in the study is moot. However, when the antibiotic
chloramphenicol was added as a positive control (500 μg/L), no degradation of
glyphosate was observed, indicating that bacteria and/or cyanobacteria were respon-
sible for most of the degradation of glyphosate.

The strong sorption of glyphosate to soil greatly impedes movement to either
surface or ground water. Once in surface water, glyphosate sorbs to sediment where
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it is degraded by microbes similar to its degradation in soil (Wang et al. 2016).
Biodegradation by aquatic organisms might also take place. In laboratory studies
with treatments of glyphosate acid in 2-L aquaria, the presence of the invasive
mussel (Limnoperna fortunei Dunker) was reported to significantly reduce
( p < 0.05) the t½ of glyphosate in water (from 34 to 28 days) in the presence of
large mussels (Di Fiori et al. 2012). Methods of analysis for glyphosate were
incompletely described other than a reference to Pessagno et al. 2008, which stated
that the analysis was conducted by ion chromatography on a DIONEX DX-100
chromatograph. LOD and other quality control data were not provided. The authors
attributed this to sorption to the mussel shells and to metabolism by microbes
associated with the bivalve; however, glyphosate also could have chelated with the
calcium in the shells. The exposure concentration in these experiments ranged from
10 � 103 to 40 � 103 μg/L which is unrealistic but only two mussels of the
120 exposed died, suggesting a lack of sensitivity to glyphosate. In a study
conducted in brackish-water microcosms, Janßen et al. (2019) reported that 99%
of the glyphosate (with an unrealistic initial concentration of 14 � 103 μg/L) was
eliminated after 20 weeks. Analysis of glyphosate was by derivatization with
FMOC-Cl and quantification on a LC–MS-MS. Isotopically labeled internal stan-
dards (1-2-13C2, 15N glyphosate) and (13C 15N AMPA) were used to normalize for
matrix effects but the LOD was not reported. The measured t½ was less than a week,
with degradation to AMPA being the primary pathway of dissipation.

Residues of AMPA in soils where GBHs have been used are most likely a result
of degradation of the parent material; however, this is not necessarily the case in
surface waters. As has been pointed out, AMPA is a degradate of glyphosate as well
as of aminopolyphosphonates used in treatment of water, for descaling, and other
industrial activities (Grandcoin et al. 2017), as well as some detergents (Botta et al.
2009). For this reason, residues of AMPA in surface waters should not be stoichio-
metrically combined with those of glyphosate when estimating environmental loads
of glyphosate.

2.3 Mechanism of Action and Selectivity of Glyphosate

Glyphosate is a systemic herbicide in plants The mechanism of action of glyphosate
in target plants is mediated by strong inhibition of 5-enolpyruvyl shikimate-3-P
synthase (EPSPS), an enzyme in the pathway for synthesis of aromatic amino acids
(Schönbrunn et al. 2001). EPSPS is expressed in plants and some microorganisms
but is not reported to be expressed in animals. The EPSPS in plants is more sensitive
to inhibition by glyphosate than the form of EPSPS expressed in fungi and some
microbes. There is no evidence that glyphosate affects any enzyme other than EPSPS
in plants, as it takes concentrations 50-fold higher to have a toxic effect on plants
with a glyphosate-resistant EPSPS than isogenic plants with only susceptible EPSPS
(Nandula et al. 2007). Generally, glyphosate has little to no bactericidal or fungicidal
activity and growth of these organisms is only inhibited at concentrations well above
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environmentally realistic levels (Franz et al. 1997). However, some studies have
shown that glyphosate is active against fungal rust pathogens, such as Puccinia
triticina and Puccinia striiformis at recommended FARs (Dill et al. 2010). Animals
lack the pathway for synthesis of aromatic amino acids, and, for this reason,
glyphosate is of low toxicity to animals and other organisms that do not express
this pathway. The selectivity between animals and plants lowers the risk of adverse
effects to aquatic and terrestrial fauna.

2.4 The Need for Formulants and Surfactants

Pesticide active ingredients often have intensive properties2 (solubility, partitioning,
etc.) that reduce absorption in the target organism. For example, cuticular waxes on
the leaves of plants are hydrophobic and this effectively reduces the rate of pene-
tration of the very polar glyphosate into target plants. For this reason, most GBHs
contain co-formulants that change the intensive properties of the commercial product
to enhance efficacy and penetration into the target organism. By necessity,
formulants have different intensive properties from technical active ingredients
and they generally have different fates in the environment. However, some of
these formulants also have different biological properties from glyphosate and are
toxic, particularly to non-target aquatic organisms. As an example, one of the more
popular formulations of glyphosate (Roundup) contains the formulant,
polyoxyethylene amine (POEA; CAS No. 61791-26-2, see Sect. 4 for the structure
and more information on fate and toxicity of this material).

Different formulations of GBHs might contain different formulants, which results
in differences in toxicity, in particular, to non-target aquatic organisms. As has been
pointed out (Mesnage et al. 2019), this results in confusion when assessing risks
because formulations of the same active ingredient in the same concentration differ
in toxicity to non-target organisms. This phenomenon is not unique to glyphosate
and has been reported for other pesticides and their formulants (Nagy et al. 2020).
This is most relevant if GBHs are registered for use over water or their use might
result in contamination of surface waters by direct overspray, such as in forestry or in
the control of illicit crops (Edge et al. 2012; Solomon et al. 2007, 2009). Agricultural
GBHs, which are the most widely used commercial products such as Roundup, are
not registered for overwater use, so the toxicity of the formulated product is not
relevant to assessment of risks to aquatic organisms from these products. Other
GBHs are available for control of emergent aquatic plants. These GBHs might
contain formulants of lesser toxicity or none at all, in which case, adjuvants are
added at the time of use (Solomon and Thompson 2003). Although many aquatic

2Intensive properties are physical and chemical properties of a substance that are independent of
concentration, such as density, partitioning, solubility, and reactivity with other substances. Exten-
sive properties are those that are dependent on concentration such as mass and toxicity.
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bioassays are conducted with formulated products like Roundup, they lack environ-
mental relevance owing to the prohibition on aquatic uses of this agricultural
formulation. Although drift from agricultural sprays might contaminate water,
concentrations tested in bioassays should reflect concentrations of likely environ-
mental residues, not application rates over terrestrial crops. We excluded about
45 papers published between 2007 and 2020 from this review for this very reason.

2.5 Direct and Indirect Effects on Non-target Organisms

GBHs can have indirect effects on non-target organisms that are mediated through
the effects on target plants that are beneficial, part of the food chain, or provide
habitat for other organisms. Indirect effects on vegetation are not considered adverse
within the cropped area of the field but could be in the field margins or where
off-field drift occurs (Prosser et al. 2016). However, indirect effects are not unique to
use of a particular herbicide because mechanical control of weeds will result in
similar losses of food or habitat for non-target organisms. For this reason, we have
not included extensive discussion of indirect effects in this review, unless they are
the direct result of the chemical and biological properties of glyphosate.

3 Ecotoxicology of Glyphosate and Risks in Non-target
Organisms

3.1 Toxicity and Risks to Aquatic Organisms

3.1.1 Toxicity

The toxicity of glyphosate (technical active) to aquatic organisms is well
documented in the literature and has been included in a curated environmental
toxicity database (Connors et al. 2019). The database was accessed (https://
envirotoxdatabase.org) and the data for glyphosate were downloaded. The data were
sorted to select out the 24-to 96-h LC and EC50 values for apical endpoints, such as
mortality, and population responses, such as growth. Because glyphosate in surface
waters sorbs rapidly to sediments, concentrations decrease quickly (Edge et al.
2012), and acute toxicity data (exposures between 48 and 96 h) are the most
appropriate to assessing risks. The derivation of a Species-Sensitivity distribution
(SSD) followed the methodologies described in Rodríguez-Gil et al. (2018) and are
explained in detail in the Supplemental Information (SI) for this chapter. Briefly,
toxicity data were fitted, as interval data, via maximum likelihood estimation to six
possible distributions (log-normal, log-logistic, Weibull, Pareto, gamma, or expo-
nential). The one providing the best fit (based on comparisons of the Akaike
Information Criteria and visual assessment of the fit) was chosen for following
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analyses. Where there were multiple data entries for a single species, the data was
fitted as a range representing the lowest and highest values. Fitting of the data to the
distribution did not require the calculation of rank positions; however, for plotting
and visualization purposes, whenever more than one value was available for one
species, the geometric mean of the available values were calculated and used to
compute the rank. For comparison, data for glyphosate formulated with POEA (from
Currie et al. 2015) was also processed in this manner and plotted together. As a
metric for toxicity that is often used in risk assessment, the fifth centile of the
distributions (HC5) is shown in Fig. 4. All data for toxicity values and exposures
were normalized to acid equivalents (a.e.) to allow direct comparison. The estimated
HC5 for the formulated product (480 μg/L) was approximately 10 times lower than
that of the active ingredient (4 � 103 μg/L).

Formulated glyphosate
HC5 = 480 µg/L Glyphosate technical
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Fig. 4 Species sensitivity distributions (SSDs) for the acute toxicity of glyphosate active ingredient
(right curve) and glyphosate formulated with POEA (left curve) to aquatic organisms. All data
normalized to acid equivalents (a.e.) to allow direct comparison. Data for glyphosate technical from
https://envirotoxdatabase.org/ (2019) and data for formulated glyphosate from (Currie et al. 2015).
Species with several available toxicity datapoints are represented as a range between the minimum
and maximum of these values. Shaded area represents the 95% confidence interval of the distribu-
tion. The horizontal dashed line represents 5% of the species, the commonly used threshold for risk
assessment. Distribution parameters and centile intercepts are provided in SI Tables 2 and 3
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3.1.2 Exposures in Surface Waters

Over the past decades, numerous studies have been published reporting glyphosate
concentrations in surface waters, many of them quite extensive. Like in previous
sections of this review, here we will focus our attention on reporting some of the
most recent data. Additionally, we point the reader toward other recent reviews
focusing on exposure alone such as Solomon (2016, 2020).

A survey of concentrations of glyphosate in 52 lakes from the Pampean region of
Argentina was carried out in 2015 (Castro Berman et al. 2018). This is a region of
intense agricultural activity and widespread use of glyphosate on soybean, wheat,
maize, and sunflowers. Analysis was conducted using a HPLC-MS after derivatiza-
tion of glyphosate with FMOC-Cl. Isotopically labeled glyphosate was used as an
internal standard. Analytical procedures were well described in the paper. Based on
one sample from each lake, concentrations of glyphosate in water ranged from the
LOD (0.3 μg a.e./L) to 4.5 μg a.e./L and the median was the LOD. Frequency of
detection was low (7 of 52 lakes were > LOD). The maximum concentration in
suspended particles was reported as 0.13 μg a.e./L with only 3 of 52 samples above
the LOD (0.02 μg a.e./L). Concentrations in sediment were detected more frequently
(11 of 52 samples above the LOD: 2 μg a.e./kg) and a maximum of 20 μg a.e./kg. In a
study in Córdoba, Argentina, samples of water from streams, ponds, and unconfined
aquifers were analyzed for glyphosate and AMPA (Lutri et al. 2020). Samples were
taken in November 2017, a month of high rainfall (118 mm). Analysis of glyphosate
and AMPA was conducted using an Ultra high-pressure LC-MS-MS after addition
of isotopically labeled glyphosate (1,2-13C, 15N) and derivatization with FMOC
Cl. The LOD was 5 μg/kg for soil and 0.1 μg/L for water and particulates. Of the
three streams, two measurements were > LOD (0.1 μg/L) and one was 0.2 μg
glyphosate a.e./L, none had concentrations of AMPA > LOD. The two ponds had
concentrations of 0.5 and 0.7 μg glyphosate a.e./L and one had AMPA at 0.7 μg/L.
The one ditch had a concentration of 167 μg glyphosate a.e./L and 49 μg/L AMPA.
Of the 19 unconfined aquifers, three had concentrations of glyphosate ranging from
1.2 to 2 μg a.e./L and these were associated with agricultural land. In another study
carried out in the Quequén Grande River watershed in Argentina, glyphosate was
measured in rainwater from Jan 2013–Feb 2014 (Lupi et al. 2019). Concentrations
were greatest in Jan 2013 with 1 μg/L in one rainfall event and 2.2 μg/L in another.
The authors suggested that glyphosate in rainfall was scavenged from spray drift into
rainfall; however, concentrations of non-volatile AMPA (7 and 1.2 μg/L) were
greater than glyphosate, suggesting that residues were carried by dust particles
from disturbed soil. The measured concentrations of glyphosate were less than
those summarized in (Solomon 2020). A survey of concentrations of glyphosate
(and several other pesticides) was conducted in the St. Lawrence River and tribu-
taries in Canada between the 9th and 16th of July 2017 (Montiel-León et al. 2019).
Samples were filtered through a 0.3 μm filter and analyzed by ultrahigh-performance
liquid chromatography-electrospray ionization tandem mass spectrometry after
derivatization with FMOC Cl. Recovery for glyphosate ranged from 84–123%. Of
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the 64 samples, 84% contained detectable residues of glyphosate (method
LOD ¼ 0.002 μg/L). The median value was 0.027 μg/L and the greatest concentra-
tion was 3 μg/L, in a sample from the mouth of the Nicolet River. These values were
all less than the 95th centile of values reported from surface waters in the USA (see
below).

Using data from the U.S. Geological Survey (USGS) National Water Quality
Network for Rivers and Streams (NWQN) data set from 2015 to 2017, Medalie et al.
(2020) characterized concentrations of glyphosate in streams in the USA in relation
to the use of land near (15 km radius) to the sampling site. Concentrations were
expressed as mean maximum 21-day moving averages. Concentrations in water near
undeveloped sites (11) were significantly smaller than those from mixed, developed,
and agricultural sites (9, 23, and 27, respectively), which were not significantly
different from each other. Mean max-21 concentrations of glyphosate were all less
than 1 μg/L but the ranges were different: from LOD to 1.3 μg a.e./L in the
undeveloped sites and LOD–2.2, LOD–5.6, and LOD to 6.1 μg/L from the mixed,
developed, and agricultural sites, respectively. These observations indicate that
inputs of glyphosate were driven mostly from nearby use. The concentrations
reported in the above studies fell within the range of values reported in surface
water waters in the USA (see below). Risks to aquatic organisms can be expressed
deterministically by comparison of one exposure value to one toxicity value (gen-
erally the lowest available) via a quotient (i.e., risk quotient [RQ] or also as a hazard
quotient [HQ]). Alternatively, risk can be expressed probabilistically, in which case
the likelihood one or more exposures exceeding one or more toxicity values is used
as a measure of risk. There are large datasets for toxicity of glyphosate to aquatic
organisms and concentrations in surface water, as such, risks for this compound are
best characterized probabilistically. However, one must be careful in the selection of
data to be used in this process. Although there are many publications that report
analyses of glyphosate in surface waters, many are not suitable for probabilistic risk
assessment because they lack appropriate quality control and raw data are not
provided.

One of the most complete and better curated datasets on concentrations of
glyphosate in surface waters is that compiled by the US National Water Quality
Monitoring Council (NWQMC 2019). This dataset is large, has good quality control,
provides raw data, and is accessible to the public. Data from the NWQMC for the
NWIS parameter codes 62722 and 99960 was compiled covering water samples
collected in the US between 2001 and 2019. These data were used to generate an
Environmental Exposure Distribution (EED) (Fig. 5). Processing and plotting of this
EED followed similar approaches to those previously described for the derivation of
the SSDs (Sect. 3.1.2) and are reported in detail in the Supplemental Information.
Other regions have similar data sets and that for France is accessible to the public
(NAIADES 2020). In order to provide a wider geographical coverage, we also
considered this data set for our analysis. The data for glyphosate in raw water
were downloaded from the Naïdes database and the data (raw water and filtrate of
raw water) were then processed for probabilistic characterization and an EED
(Fig. 5) was generated in the same way as data from the NWQMC. This data set
was larger than that of the NWQMC (n ¼ 107,487 after processing).
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Fig. 5 Environmental exposure distributions (EEDs) (left curve) of concentrations of glyphosate
(a.e.) in surface waters of the USA (a) and France (b). Species sensitivity distribution (SSD) of
toxicity data for technical glyphosate from Fig. 4, above. Dashed line indicates the 5% of species as
well as the intercepts with the SSD and EED curves. Shaded area indicates the 95% confidence
interval of the distribution. This shaded area is also represented in the EED, but the confidence
interval is so small that it is not visible on the graphic. Distribution parameters and centile intercepts
are provided in SI Tables 2 and 3



The fifth centile from the distribution of toxicity values of glyphosate technical
(glyphosate technical SSD, Fig. 4) was used as a point of departure to characterize
risk. Exceedances from this point of departure were calculated from the derived
exposure distributions (EEDs). For both datasets, the level of exceedance was zero.
None of the available toxicity values were below the maximum measured concen-
tration for either the USGS (700 μg/L) or French (940 μg/L) datasets. Concentrations
of glyphosate measured in surface waters of France were generally lower than those
from the US, despite the maximum measured concentration for this dataset being
higher (940 μg/L). The data from both jurisdictions indicates de minimis acute risk to
aquatic organisms from the exposure to glyphosate technical.

3.2 Risks from Exposure of Terrestrial Invertebrates
to Glyphosate

Risk is a function of exposure and toxicity. The former is best characterized via
samples collected in the field while toxicity is best characterized in studies conducted
under conditions where realistic exposure levels are included in the range of
concentrations tested. Topical exposures to beneficial insects, such as pollinators
(e.g., honeybees), could occur if a GBH is used to spray weeds or GR crops that are
attractive to these insects (i.e., during flowering) and oral exposures could occur via
contamination of pollen or nectar, either directly or by translocation in the phloem:
However, good agricultural practice would be to avoid spraying any pesticides on
crops that are attractive to pollinators. On the other hand, other beneficial arthropods
such as predators and parasites of arthropod pests of crops might have a greater
probability of being sprayed as they would be in the crop before, during, and after
flowering. There are no specific data on the effect of glyphosate on these types of
interactions, but they would need to be considered when practicing IPM. Several
guideline tests on the effects of glyphosate and GBHs on non-target organisms and
environmental processes were included in the evaluations conducted by EFSA
(2015). Details of the studies were not presented in their report, but they are assumed
to be studies required of the registrant and to be conducted according to established
protocols and under good laboratory practice (GLP) and quality assurance and
quality control (QA/QC). These observations are included in the discussions below.

3.2.1 Toxicity of Glyphosate to Bees

For honeybees (Apis mellifera L), exposures to glyphosate might occur because of
spray deposition on the integument, contact with treated surfaces, contamination of
food sources such as nectar and pollen, or via contaminated honey and pollen in hive
products. It is important to consider the route of exposure in honeybees foraging for
food for the hive. These worker bees do not consume pollen or nectar directly but
bring these back to the hive to produce honey and pollen-products such as beebread.
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These products are mostly used to feed the developing larvae, the foragers, and the
queen (via royal jelly processed by worker bees from hive products). In its review of
glyphosate and potential risks to honeybees, EFSA (2015) concluded that the
glyphosate and GBHs did not present a hazard to honeybees for intended uses and
use rates. Other studies on honeybees were recently reviewed with a focus on
behavior and cognitive effects (Farina et al. 2019). However, these authors did not
critically assess behavioral responses in relation to realistic exposures or apical
endpoints for the colony.

Exposures Compared to residues of glyphosate in surface waters, there is a paucity
of data on residues in nectar, pollen, and honey. In a greenhouse study, honeybees
were “forced” to forage on flowering plants (Phacelia tanacetifolia Benth.) recently
sprayed with glyphosate (Thompson et al. 2014). GBH (Monsanto, St. Louis, MO,
USA, a soluble concentrate, batch no GLP-0810-19515-A, containing 30.68%
glyphosate a.e. as the IPA salt) was applied at the highest single recommended
rate of 2.88 kg glyphosate a.e./ha for the UK and the hives were then sampled for
residues in freshly collected nectar and in larvae at various times after application.
The analytical methods were described in detail in the paper. Quantification was by
HPLC-tandem mass spectrometry (MS-MS). An internal 13C standard was used for
the analyses and recovery ranged from 92–102%. LOD was 0.3 mg/kg and the LOQ
was 1 mg/kg. Mean measured residues of glyphosate in nectar collected by the bees
were 1,000 μg a.e./kg (� SE 150) seven days after treatment and in larvae were
11,900 (� SE 3800) and 5,300 μg a.e./kg (� SE 2100) 4 and 7 days after treatment,
respectively. Residues in nectar collected from foragers and in pollen from pollen
traps fitted to the hives declined from day-1 to day-7 after treatment.

In a survey of residues of glyphosate in commercial samples of honey from
several countries, residues were above the limit of quantitation (LOQ ¼ 15 μg/kg3)
in 59 of the 69 samples analyzed (Rubio et al. 2014). Analysis was by ELISA using a
commercial kit. The residues in the 59 positive samples of honey ranged from 17 to
163 μg a.e./kg with a mean of 66 μg a.e./kg. These values were less than those
reported for nectar by Thompson et al. (2014) but the exposure conditions in the
Thompson et al. study were worst case and dilution with uncontaminated nectar
could not occur because the bees were confined to contaminated nectar only. In
addition, the age of the honey and any degradation in residues over time was not
considered. A similar survey of residues of glyphosate by ELISA in commercially
produced honey from the state of Hawaii revealed detectable residues in 16 of
59 samples (Berg et al. 2018). The highest concentration measured was 228 μg a.
e./kg and the mean for the samples > LOD was 27 μg a.e./kg (� SE 9.3). As might be
expected, geographical analysis of the data from the island of Kauai indicated that

3Concentration of chemicals in syrup and honey are usually recorded as weight per unit weight
because it difficult to measure volume in liquids as viscose as honey. The authors provide the LOD
in ng/ml, so it is assumed that the units of ppb are weight/volume. The value here was derived by
assuming that the concentrations reported in the honey are based on weight/volume and the density
of the honey was 1.5 g/ml. This allows direct comparison with other published data.
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greater concentrations of glyphosate in honey were associated with more intense
agricultural activity.

In a field study in Belgium, exposure of honeybees to glyphosate and AMPA was
measured in bee-relevant matrices (El Agrebi et al. 2020). Beehives from
non-commercial bee-keepers were sampled for beebread (179 hives), wax from the
brood chamber (100 hives) and a mixture of wax and honey from the super (10 hives
selected from those with high residues of glyphosate in the wax). Analysis was well
described by the authors. Glyphosate was extracted with water and quantification
was by high-performance liquid chromatography-electrospray ionization tandem
mass spectrometry (HPLC-ESI-MS-MS). Isotopically labeled internal standard
(13C-glyphosate) was added prior to extraction. Recovery ranged from 72%–113%
with a relative standard deviation (RSD) of 0.1–4.5%. The LOQ was 10 μg a.e./kg
for glyphosate and AMPA in all three matrices. The maximum measured residue in
beebread was 700 μg a.e./kg (median of 26), the maximum residue in wax was
320 μg a.e./kg (median of 46 μg/kg. Residues in honey were < LOQ. On the basis of
calculated hazard quotients based on an LD50 in honeybees �100 μg/bee, the
authors concluded that these concentrations did not present a risk to honeybees.

Effects Because honeybees are social insects with a single reproductive female and
high levels of redundancy in the hive, effects of chemicals on honeybees are best
characterized by higher-tier tests at the level of the colony (Solomon and Stephenson
2017; USEPA 2014). In addition to measuring exposures to glyphosate, Thompson
et al. (2014) also measured responses of honeybee broods exposed to glyphosate
(IPA salt) via feeding with 50% sucrose solution amended with glyphosate. There
were three replicate colonies for the control, a positive control (fenoxycarb) and the
three concentrations of glyphosate IPA used were equivalent to 301, 150, and 75 mg
a.e./L of sucrose solution (201, 100, and 50 mg a.e./kg) for 15 d. There were no
differences in consumption of sucrose solution between the control and the three
concentrations of glyphosate and concentrations were confirmed by analysis. Dura-
tion of feeding was 17 days and the brood were observed for 16 d after the start of
exposure. There were no significant effects of glyphosate observed on survival and
development of broods, no effects on weights of pupae and no significant effects on
survival of adults. These results indicate that, at the level of the colony, exposure to
glyphosate at concentrations in honey or nectar �200 mg a.e./kg has no measurable
colony-level effects in honeybees.

In a 10-day guideline chronic feeding study on honeybee workers, bees were fed
with solutions of glyphosate (IPA salt) ranging from 256 to 10,000 mg IPA salt/kg of
sugar syrup (Monsanto USA 2017).4 There was no significant increase in mortality
at any of the tested concentrations. The study was conducted under GLP with

4It should be noted that summaries of GLP studies that have been conducted for glyphosate active
ingredient and formulated products for submission by the registrant to regulatory agencies are
publicly available and full study reports can be requested at the Bayer Transparency in Crop Science
website https://www.cropscience-transparency.bayer.com/en/safety-results.
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QA/QC and all raw data were provided. The daily dose per bee at the maximum
exposure was 180 μg IPA salt/bee/day. This is equivalent to a no observed effect
daily dose of glyphosate of 134 μg/a.e./bee/day. These results are consistent with the
lack of effects reported in the whole-hive study (Thompson et al. 2014), discussed
above. Various experiments on the effects of GBH (Roundup PROMAX®,
containing 660 g potassium salt of glyphosate/L, equivalent to 540 g/L glyphosate
a.e.) on honeybees were reported in a recent publication (Motta et al. 2020). Workers
were exposed directly to spray (0.05 to 3% GBH in water. The authors state that
“The final concentrations used in the experiments were achieved by considering the
initial concentration of glyphosate acid in the formulation.” However, it is not clear
if this was a dilution of the formulation or if this concentration was glyphosate
a.e. Analytical confirmation of exposure concentrations were not reported for any of
the controlled-exposure experiments, a weakness in this study. Survival was signif-
icantly decreased at concentrations�0.5% GBH, (equivalent to 5,000 or 2,700 mg a.
e./L, depending on how the dilutions were expressed). In another experiment,
colonies were exposed orally to the GBH in 0.5 M sugar syrup at a concentration
of 0.1% (equivalent to 1 or 0.54� 106 μg/L or 0.933� 106 or 0.504� 106 μg a.e./kg
depending on the expression of the dilutions). Some colonies were challenged with
the pathogenic bacterium Serratia marcescens. There were no effects of GBH alone,
but survival decreased when honeybees were challenged with S. marcescens. In this
experiment, the measured range of concentrations of glyphosate in honey from
exposed hives was reported as 700 to 1,500 μg/mL (Fig. 3 F in Motta et al. 2020).
This is equivalent to 0.5 � 106–1.07 � 106 μg/kg assuming a density of honey
of 1.4 kg/L. If these conversions are correct, the exposures via consumption
syrup or honey were not realistic as compared to those reported from the
literature (above).

In addition to studies on honeybees, the studies on the acute toxicity of glypho-
sate to the bumble bee (Bombus terrestris L.) and to the solitary bee Osmia bicornis
L. have been conducted. In a GLP study, oral and contact exposures of the bumble
bee to glyphosate IPA salt were non-toxic at the maximum dose tested (1,000 μg IPA
salt /bee). The 48-h no observed effect dose for glyphosate by the oral and the
contact route was reported as �461 μg a.e./bee (Monsanto Europe 2017a) (see
footnote 4). For O. bicornis, a similar study indicated that the no observed effect
dose for glyphosate by the contact route was �461 μg a.e./bee (Monsanto Europe
2017b) (see footnote 4). Testing of individual bees was appropriate in the case of
these two species as they do not have the colony structure of honeybees and are
thus more likely to be directly exposed to nectar than honeybees. Several well-
conducted and well-described studies (described above) on the potential effects of
glyphosate on honeybees have shown no significant effects at environmentally
realistic concentrations of glyphosate. Collectively, these studies indicate that
honeybees and other pollinators are not sensitive to glyphosate residues in
bee-relevant food items.

Several studies on sublethal effects of glyphosate on honeybees have been
published in the literature. These studies are summarized in Table 2. One study
(Faghani 2018) was excluded from the analysis because insufficient data were
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Table 2 Studies reporting sublethal effects of glyphosate in honeybees (Apis mellifera)

Exposure doses and/or
concentrations of
glyphosate Results Comments Reference

Bees were exposed 0, 2.5,
and 5mg glyphosate a.e./L
(source and purity not
specified) dissolved in
sugar. Testswere gustatory
responsiveness, acquisi-
tion of proboscis extension
response (PER), and per-
sistence of PER.
Nonelemental olfactory
learning (NEOL) and for-
aging and dancing behav-
ior were tested at 2.5 mg
glyphosate/L only

Gustatory responsiveness
was significantly reduced
(from a mean of 3 to 2)
after 15-day exposure.
Per was significantly
reduced with two trials
but not three and there
were no differences in
persistence of PER.
Acquisition of NEOL was
significantly reduced.
There were no differences
in six measures of forag-
ing and dancing

The concentrations tested
in these studies were
unrealistic and the results
cannot be used for
assessment of risks. Api-
cal responses at the level
of the colony were not
measured

(Herbert
et al. 2014)

Concentrations of 2.5,
5, and 10 mg a.e./L
(0.125, 0.25 and 0.5 μg a.
e./bee). Bees were fed on
glyphosate dissolved in
sugar syrup and then
released from a novel site
and followed by har-
monic radar technology.
Exposures were not veri-
fied by analysis

Forager bees fed syrup
containing 10 mg a.e./L
took significantly more
time ( p < 0.05) than con-
trol and smaller
concentrations

The experimental design
forced the bees to con-
sume the treatment. When
foraging, bees would
normally not consume
collected nectar during
the return flight to the
hive. Concentrations
were unrealistic

(Balbuena
et al. 2015)

Bee larvae were fed 0.8,
4, and 20 mg a.e./L in
artificial diet. Exposures
were not verified by
analysis

Survival of larvae was
significantly decreased
( p < 0.05) at 4 and 20 mg/
L. Body mass was signif-
icantly reduced only at
4 mg/L

The concentrations at
which potentially adverse
effects were observed
were 50-fold greater than
maximum values reported
from honey produced
under normal agricultural
conditions and are
unsuitable for risk
assessment

(Dai et al.
2018)

Species diversity and
richness of gut
microbiota were signifi-
cantly reduced at expo-
sures of 20 mg/L only

Bees in hives were fed
Roundup diluted in sugar
syrup at a concentration of
2.16 mg/kg for 28 days.
Only one concentration
was used, and it appears
that only one replicate was
tested. It is not clear if
concentrations were
reported as a.e. or the IPA
salt of glyphosate. Expo-
sure concentrations were
not verified by analysis

The ultrastructure of the
hypopharyngeal glands
(which produce royal
jelly) was reported to be
altered by exposure to
Roundup but a quantita-
tive analysis was not
conducted. Production of
royal jelly was decreased
in the Roundup treated
hive but not significantly

It appears that only one
replicate hive was used
per treatment. Statistical
analyses were probably
compromised by
pseudoreplication as the
hive is the experimental
unit

(Faita et al.
2018)

(continued)
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Table 2 (continued)

Exposure doses and/or
concentrations of
glyphosate Results Comments Reference

Groups of 60–80 worker
bees of varying age were
tested in small cages. One
exposure concentration
2.5 mg a.e./L in sugar
syrup (equivalent to about
2 mg a.e./kg. It appears
that there were four repli-
cate cages per treatment.
Exposure concentrations
were not verified by
analysis

The presence of glypho-
sate in the sugar syrup did
not change mortality
compared to the controls
Consumption of syrup
was decreased in bees
exposed to glyphosate for
bees 4, 9, and 14 days old
Score for responsiveness
of bees to sucrose was
decreased in bees
exposed to glyphosate.
Differential olfactory
learning of honeybees
was slightly reduced in
bees exposed to
glyphosate

Exposures were greater
than would be expected
from contamination of
honey. The relevance of
these changes in behavior
was not investigated at
the level of the hive. And
the data are not suitable
for risk assessment

(Goñalons
and Farina
2018)

Exposure concentration
was not clearly stated but
the authors said that
“3 μL of formulated
glyphosate (Roundup
Original DI®) containing
370 g/L glyphosate
a.e. were dissolved in
10 μL of water to which
bee larvae were
exposed.” This would be
equivalent to 1110 μg
glyphosate a.e./10 μl or
1110 μg/bee. This also
contained an unspecified
amount of surfactant
(s) and adjuvant(s). Only
one concentration was
tested. Exposure concen-
trations were not verified
by analysis

None of the larvae
exposed to this concen-
tration of formulated
glyphosate survived for
longer than about 7 h

Given the dose of glyph-
osate used and the fact
that it was mixed with
surfactant(s) and adjuvant
(s), it is not surprising that
the larvae died. This was
an unrealistic exposure
and not suitable for risk
assessment

(Seide
et al. 2018)

Larvae were exposed via
food in vitro to glypho-
sate (not stated if this was
pure glyphosate a.e., IPA
salt or formulated prod-
uct) at three ranges of
concentration. Initial
exposure concentrations
were 1.25, 2.5, and 5 mg/
L (equivalent to 12.5,

Exposures were to larvae
from three colonies in
year-1 and three in year-
2. Survival of larvae was
variable, and no consis-
tent concentrations
response was observed.
Brood fed with 1.25 and
5 mg glyphosate/L had
more larvae with delayed

The study was poorly and
incompletely described,
and the responses varied
between colonies. Given
the experimental design
and the variability
between colonies the
results are uninterpretable

(Vázquez
et al. 2018)

(continued)
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provided on the products and exposures used in the study. In another (Boily et al.
2013), the effect of exposure to glyphosate-treated corn on activity of cholinesterase
(not the target site for glyphosate) in honeybees was investigated. Exposures to
glyphosate were not quantified, so the study was not included. Several of these
studies listed in Table 2 were poorly designed and/or poorly reported and could not
be used for risk assessment. For others, the concentrations selected for testing were
much greater than those determined in honey from commercial beehives and the
relevance of the results could not be determined.

Table 2 (continued)

Exposure doses and/or
concentrations of
glyphosate Results Comments Reference

25, and 50 ng/larva).
Every 24 h, more larval
medium was added so
that the exposure dose
increased over time (see
Table S1 in the paper).
Accumulated doses after
144 h were 200, 400 and
800 ng/larva. Exposure
concentrations were not
verified by analysis

moult and weighed less
than the controls. These
effects were not observed
at 2.5 mg/L, which the
authors reported as
non-monotonic responses

Worker honeybees were
exposed in a Potter Spray-
Tower to 6–7 concentra-
tions of 42 pesticides
products (including the
GBH, Roundup
PowerMAX®) to deter-
mine lethal concentration
and dose. Exposure con-
centrations were not veri-
fied by analysis

The GBH was the least
toxic of the pesticides
tested with an unbeliev-
ably high LD50 of
3.5 � 1031 μg AI/bee
(reported in Table 2 in the
paper). How this dose
was estimated Is not clear

The LD50 reported for
GBH is more than several
tons per bee, which is
obviously an error. Data
were unusable for risk
assessment

(Zhu et al.
2015)

Larvae of honeybees
were fed with an artificial
diet containing 0–2.5 mg
glyphosate a.e./L from
post-hatch to 120 h (con-
centration not verified but
the authors state that the
dose per larva was
275 ng/day. Exposures
were in vitro
Gene-expression profiles
were determined from
analysis of pooled sam-
ples of control and
exposed larvae

There was no significant
decrease in survival com-
pared to the controls but
the proportion of suc-
cessful mounting of the
larvae was significantly
less than the controls
Expression of several
genes was modified by
exposure; these were
genes related to immu-
nity, plant–herbivore
interaction, epigenetic
mechanisms of disrupted
microbiota, and
detoxification

The concentration tested
in these studies was unre-
alistic and the results
cannot be used for
assessment of risks.
Responses at the level of
the colony were not
measured

(Vázquez
et al. 2020)
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Other studies (all those in Table 2) that were poorly described and/or designed
indicated adverse effects, mainly on sublethal endpoints. None of the studies listed in
Table 2 measured effects on apical endpoints such survival, growth, development,
and reproduction and several were used unrealistically large concentrations of
glyphosate or GBHs.

Few studies on the potential effects of glyphosate on honeybees addressed the
effects of residues in food items for honeybees at the level of the colony and none
characterized all the colony-level responses that would be relevant to the sustain-
ability of the colony. These are listed below (adapted from Stephenson and Solomon
2017) and include:

• Mortality.

– Adults, workers, drones, pupae, larvae, queen.

• Colony strength.

– Hive weights, number of workers, total number of adult honeybees,
overwintering performance, rates of food consumption rates, etc.

• Colony development.

– Queen development, brood development, numbers of eggs, larvae, capped
cells, pupae, honey, nectar, pollen stores, etc.

• Colony health.

– Infestation with Varroa mite, viruses, or disease.

• Foraging.

– Intensity and activity.

• Flight dynamics.

– Intensity and activity.

• Behavior.

– Trembling, agitation, immobilization, incoordination, hyper- or hypo-
responsiveness, etc.

• Productivity of the hive.

– Hive weights, honey production, etc.

3.2.2 Toxicity and Risks to Other Terrestrial Invertebrates

In its review of glyphosate, EFSA (2015) reported laboratory and field toxicity data
for GBH in the standard terrestrial arthropods; Aphidius rhopalosiphi de Stefani-
Perez (a predatory wasp), Typhlodromus pyri Scheuten (mites), and Aleochara
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bilineata Gyllenhal (a predatory beetle). Toxicity values were all below the trigger
values of concern. These guideline tests assess short-term responses, such as mor-
tality, as well as longer term responses, such as reproduction.

Spiders In a review of the effects of various pesticides in spiders (Pekár 2012), no
direct lethal effects were reported on spiders sprayed at field application rates (FAR)
with GBHs (source and content of active ingredient not specified). In their review of
the effects of pesticides in field margins Prosser et al. (2016) noted that there have
been many studies on the effects of pesticides in general on spiders in field margins.
From four older studies with GBH, they noted a lack of direct toxicity to spiders and
concluded that any effects observed were indirect and related to changes in the
structure of vegetation in the margins of the field (Prosser et al. 2016). There have
been relatively few recent papers on the potential effects of glyphosate on spiders.
However, indirect effects, mediated through changes in vegetation were reported for
web-spinners but not for cursorial (hunting) species of spiders. For other spiders,
sublethal effects were noted for some species in relation to avoidance of surfaces
treated with GBH at FAR and efficiency of capture of prey (Pekár 2012). The GBH
(Buccaneer Plus®, Monsanto, St. Louis, MO, USA, containing 480 g/L glyphosate
IPA and POEA surfactant applied in laboratory studies at the FAR was reported to
interfere with predatory behavior of two species of wolf spiders, Tigrosa helluo
Walckenaer and Pardosa milvina Hentz (Rittman et al. 2013). Whether this is a
short-term reduction or not and the role of formulants in GBH was not determined. In
studies on two other wolf spiders (P. lugubrisWalckenaer and P. alacris C. L. Koch)
it was reported that spraying with Roundup Klasik Pro® (Monsanto Europe S.A,
containing 360 g/L of glyphosate [IPA presumed]) did not affect predatory behavior
(Niedobová et al. 2019). However, mixtures of this GBH and two tank-mixed
adjuvants Wetcit® and Agrovital®, (mixed or alone) did affect predatory behavior
but only in the first two hours after application (Niedobová et al. 2019). Spiders were
sprayed directly in the laboratory at the FAR.

From these studies, it appears that some short-term effects could result from
exposure of spiders to GBH in the crop at the FAR. Whether this would be the case
in field margins exposed to rates of application < FAR and with interception of drift
by plants only at the edge of the margin (Prosser et al. 2016) is uncertain at this time.

Amphibians There have been few studies on the toxicity of GBH to terrestrial
stages of amphibians. In this scenario the use of a formulated product is appropriate
because terrestrial stages of amphibians could be exposed via direct overspray. In
laboratory studies on juvenile and adult terrestrial stages of frogs from Colombia,
Bernal et al. (2009), reported LC50 and LC1 (equivalent to a no observed acute
effect concentration [NOEC] derived from extrapolation of the concentration–
response relationship). The nominal LR505 values from direct spraying of the
frogs ranged from application rates of 4.5–22.8 kg a.e./ha for Rhinella typhonius

5Application rate lethal to 50% of the tested organisms.

Ecotoxicology of Glyphosate, Its Formulants, and Environmental Degradates 159



L., R. granulosa Spix, R. marina L., Engystomops pustulosus Cope, Scinax ruber
Laurenti, Centrolene prosoblepon Boettger, Pristimantis taeniatus Boulenger
(adults), and Dendrobates truncatus Cope (adults). The GBH used was Gly-41
(C.A.C. Ltda, Bogotá, Colombia), which contained POEA surfactant and 1% of an
agricultural adjuvant, Cosmo-Flux F411 (CosmoAgro, Palmira, Colombia),
containing light petroleum oil. The most sensitive NOER6 was 0.32 kg a.e./ha and
the least sensitive was > 7.38 kg a.e./ha for the poison-dart frog, D. truncatus (LR50
ranged from 4.5 to 22.8 kg a.e./ha). The authors concluded that risks to adult frogs in
the field would likely be lower because of less exposure. Sites >10 m outside the
aerial spray swath and with no vegetative cover would receive deposition rates less
than the LR1. Under actual conditions of use in aerial spraying in Colombia,
interception by trees and other vegetation would further reduce deposition and
risks to adult frogs. A study on the toxicity of directly applied GBH was conducted
on adults and neonates of Eleutherodactylus johnstonei Barbour (Meza-Joya et al.
2013). E. johnstonei is invasive species in several South American countries and is a
terrestrial-breeding frog, the eggs of which are laid in a foam nest where develop-
ment and metamorphosis takes place. Juvenile (neonate) frogs emerge from the foam
nest and there is no aquatic stage. Toxicity tests were conducted using the same
formulation of GBH and added adjuvants as used by Bernal et al. (2009). Tests were
conducted in glass containers and the spray mixture was applied as a mist. The
nominal 96-h LR50s for adult males and females were 4.9 and 5.4 kg a.e./ha (in the
range reported for other frogs by Bernal et al. 2009) while that for the neonates was
1.2 kg a.e./ha. The exposure scenario (glass exposure vessels) in these studies was
unrealistic and a worst-case that probably resulted in greater uptake by the frogs. In
the field, the substrate would be soil or organic matter, which would sorb the GBH
and reduce bioavailability. In the tests conducted by Bernal et al. (2009), soil and
leaf-litter were used a substrate for testing and, had the authors used this exposure
scenario, LR50s would likely have been higher. Nevertheless, the results reported by
Meza-Joya et al. (2013) do not suggest significant risks to these frogs. In two other
studies that reported testing of adult frogs (Lajmanovich et al. 2015; Mann and
Bidwell 1999) exposures were via water, which is unrealistic for characterizing
toxicity to terrestrial stages of amphibians and cannot be used for risk assessment.

Few chronic toxicity studies have been carried out on the effects of glyphosate or
GBHs in the laboratory. Given the lack of persistence of glyphosate and GBHs in
realistic field-pond exposure scenarios (see Sect. 2.2.3), responses in laboratory
studies are not observed in the field. For example, 48-d exposures of developing
tadpoles of Lithobates sylvaticus LeConte (wood frog) to a forestry GBH
(VisionMAX®, Monsanto Winnipeg, MB, Canada, containing 356 g glyphosate a.
e./L as the IPA salt and POEA surfactant) at measured concentration ranging from
14 to 2,730 μg a.e./L in glass aquaria in the laboratory revealed several responses
related to development, growth, and, at the greatest concentration, survival

6Estimated maximum application causing no observable effects in the tested organisms.
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(Navarro-Martin et al. 2014). Similar studies on the same species in the laboratory
exposed to the GBHs (VisionMAX and Roundup WeatherMax®; an agricultural
formulation (Monsanto, Winnipeg, MB, Canada, containing 540 g glyphosate a.e./L
as the potassium salt), and technical glyphosate IPA) (Lanctôt et al. 2014) resulted in
several responses such as changes in weight and length, time to metamorphosis,
changes in the expression of mRNAs related to development, and mortality. There
were no observed effects on sex ratios or development of the gonads. Target
concentrations were 210 and 2,890 μg a.e./L for Roundup WeatherMax, 2,890 μg
a.e./L for Vision and 2,890 μg a.e./L for glyphosate IPA. There were two treatments
14 days apart and concentrations were maintained to simulate dissipation after each
treatment. The section below describes the lack of effects observed in similar studies
when they were conducted under realistic field conditions.

Relatively chronic or few partial life-cycle studies on the effects of GBH on
amphibians have been conducted under realistic field conditions but these studies did
not show responses that were observed in the laboratory (discussed above). The
results of a forestry microcosm study on development and maturation of larval frogs
in Canada showed that treatment of field enclosures with a forestry-use GBH
(VisionMAX) had no adverse effects of tadpoles of the green frog (Lithobates
clamitans, Latreille) (Edge et al. 2012). Natural forest ponds (cosms) were divided
by an impermeable barrier and one half was treated with VisionMax and the other
half served as a control. In August 2009, two concentrations were applied to the
cosms, 550 μg a.e./L, which was based on the 99th centile concentration of glyph-
osate measured in shallow forest ponds during operational applications in forests.
The other concentration was 2,880 μg a.e./L, the maximum concentration expected
from a direct overspray of water 15 cm deep with the highest recommended rate of
application. Treatments were replicated five times. The development of the tadpoles
was characterized with follow-up in 2010 to capture the entire development of the
larva cohort. Treatment with either concentration did not reduce survival or growth
of the larvae of L. clamitans and no adverse effects were observed in the benthic
invertebrate community. A similar study on the wood frog where the cosms were
treated twice with Roundup WeatherMax was conducted over 2 years (2009 and
2010) (Lanctot et al. 2013). The target concentrations were 210 and 2,890 μg a.e./L.
The time between treatments in 2009 was 24 days and in 2010, 28 days. Based on the
results, the authors concluded that there was little evidence that exposure to this
GBH affected abundance, growth, and development of tadpoles However, only one
replicate cosm was used for each treatment, so the measurements were
pseudoreplicated and lacked statistical power. A second study on the wood frog,
L. sylvaticus began in 2009 (Edge et al. 2014), 24 similar split cosms were set up and
one side of six each treated with GBH (Roundup WeatherMax) at two target
concentrations (210 and 2,880 μg a.e./L). The treatments were applied twice
(about 4 weeks apart in May and June of 2009) and this repeated in 2010 in April
and May. Twelve of the split cosms were used to study the effects of addition of
nutrients and GBH but these results are not discussed here. Mortality in free
swimming tadpoles of L. sylvaticus was not observed in both years and the treated
larvae were larger (10%, but not significantly so) than the controls. In the second
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year, green frogs, which had colonized the cosms, were observed to be significantly
more numerous ( p ¼ 0.05). All of these results indicated that, in controlled field
treatments, GBHs did not cause adverse effects on apical endpoints (survival,
development, and growth) in green- and wood-frogs. In a follow-up analysis of
the results of these studies on GBH (Edge et al. 2020), it was proposed that the main
drivers of effects on communities of macrophytes, benthic invertebrates, and
amphibians were driven by the size of wetland and ephemerality, not GBHs or
nutrients. Fate of glyphosate in these field cosms was characterized and is discussed
in Sect. 2.2.3.

The results of these studies indicate that terrestrial stages of amphibians are not at
risk from direct exposures to GBHs, even if these contain POEA. Larval aquatic
stages of amphibians are included in assessment of aquatic animals and, if they are in
shallow pools, such as in forests sprayed from the air, they experience smaller
exposures because of adsorption to sediments and risk is reduced (Bernal et al.
2009).

Soil Organisms In the OECD guidelines for laboratory testing of soil organisms
(e.g., Tests 207, 220, 222, 226, and 232 OECD 2020) the test substance is well
mixed with the soil matrix. This procedure is predicated on the assumption that the
test material moves vertically and is evenly distributed through the soil column. This
assumption is appropriate for pesticides that are mobile in soil but is unrealistic for
glyphosate. When applied in the field, glyphosate will remain close to the surface
where concentrations will be greater than those deeper in the soil. Therefore,
complete mixing with the soil column is unrealistic and studies such as (Pochron
et al. 2020), where glyphosate and GBHs were mixed with the entire column of soil
were not included in the review. In its evaluation of glyphosate and GBHs, EFSA
(2015) noted toxicity values for the IPA salt of glyphosate after 14-d exposures of
the soil mite, Hypoaspis aculeifer Canestrini (14-day NOEC ¼ 473 mg a.e./kg dry
soil), and the springtail, Folsomia candida Willem (587 mg a.e./kg dry soil).

A few other studies have investigated the effects of application of glyphosate
formulations to soil organisms. In a study on the use of a GBH (Roundup®

Biactive™, Bayer, Australia, containing 360 g/L glyphosate IPA and propoxylated
quaternary ammonium surfactant) for restoration of tropical rainforests in Australia,
effects on soil- and litter-dwelling macro-arthropods were investigated (Nakamura
et al. 2008). The GBH was applied as a spray at a nominal rate of 7.2 kg a.e./ha to
3 m � 3 m quadrants in five different study sites, which is an unrealistic exposure.
Controls were treated with water only. Sites were sampled for litter-arthropods
shortly before application, 2–4 and 86–103 days after application. The authors
reported only minimal effects on composition of communities of arthropods as
compared to control at either time after application. The one concentration tested
was double the normal application rate of 3.24 kg a.e./ha typically used in forestry,
but the lack of adverse effects suggested de minimis risk. A study in France
investigated the effects of a GBH on the land snail Helix aspersa Muller (Druart
et al. 2011). Newly hatched snails were exposed for 168 days to soil and food treated
with GBH (Bypass® Dow Agrosciences, France, containing 360 g/L glyphosate
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IPA) at the recommended FAR for vineyards [2.16 kg a.e./ha] and 10-times that rate
(21.6 kg a.e./ha). Concentrations of glyphosate measured in soil were 2.6 � 0.13
(SD) and 42.6 � 2.6 mg a.e./kg dry soil. No effects on fresh body mass, shell dry
mass, mortality, and percentage of adults were observed after 168 days at either
exposure.

In its evaluation of glyphosate, EFSA (2015) noted low toxicity for 14-d expo-
sures to glyphosate a.e. in the earthworm Eisenia fetida Savigny (LC50 ¼ 5,600 mg
a.e./kg d.w. soil) and also for a GBH (LC50 > 388 mg a.e./kg dry soil. The NOEC for
a 56-d reproduction study for the IPA salt in the same species was > 473 mg a.e./kg
dry soil.

In a study on the effects of treatment of soil with GBH on the earthworm,
E. fetida, a decrease in reproduction was reported (Santadino et al. 2014). Earth-
worms (6 adults) were exposed in 28 � 14 cm pots of soil containing an unspecified
weight of soil and finely chopped plant matter was placed on top of the soil as a
source of food for the worms. After 6-days of acclimation, pots were treated with
GBH (Roundup® SL, Monsanto, Argentina, containing 480 g/L glyphosate potassium
salt) at a nominal rate of 6 L/ha formulation (FAR) and at a double rate of 12 L/ha.
Formulation was applied in 50 mL of distilled water. There were eight replicates for
each treatment. Worms were fed every 10 d and soil moisture was maintained at 80%.
At 12, 21, 28, and 40 d after acclimation, two pots were examined, and the number of
adult earthworms, their weights, number of cocoons, and presence of and number of
young earthworms were recorded. There were only two replicates at each sampling
time, which is a weakness in the design and exposure concentrations were not verified,
also a weakness. Raw data were not provided, and analysis of the data was by use of a
population model and ANOVA. The authors reported that the number of earthworm
eggs increased with increasing concentration of glyphosate. However, the matrix
population model indicated that glyphosate reduced the fertility of the eggs. Interpre-
tation of the results for risk assessment was not possible because of lack of raw data
and weakness in the design of the study. A recent greenhouse study on the effects of
glyphosate on the earthworm (Lumbricus terrestris L.) showed no effects when
applied to soil columns at a nominal rate equivalent to 1.08 kg a.e./ha (Nuutinen
et al. 2020). The GBH used in the study was Rodeo XL®, (Monsanto EU) which
contains 360 g/L glyphosate potassium salt and is free of surfactants; however, a
commercial surfactant (isodecyl alcohol ethoxylate) was applied with the Rodeo at a
rate equivalent to 0.5 L/ha. Exposures were in PVC cylinders filled with 10.8 kg of
sieved field soil and there were 12 replicates at one rate of application and 12 controls,
each containing 2 earthworms. Exposure was for 2 months. At the end of the exposure,
no mortalities were observed, there were no significant differences in change in mass
of the worms and the production of cocoons in the treated cylinders (31) was not
significantly different from the controls (28). Mean exposure concentrations in the top
25 cm of treated soil at the end of the study were 0.52 mg/kg, similar to values
measured in the agricultural soils in the EU where glyphosate was used.

Two studies from the same laboratory reported on the effects of glyphosate on the
earthworm, L. terrestris and interactions with arbuscular mycorrhizal fungi (AMF)
(Zaller et al. 2014) and on the effects of a GBH on the feeding strategies of the
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earthworms L. terrestris and Aporrectodea caliginosa Savigny (Gaupp-Berghausen
et al. 2015). In the study of the interaction between GBH and AMF (Zaller et al.
2014), treatment experimental units (plastic pots) were filled with 12 L of steam-
sterilized field soil (3 h at 100 �C). AMF treatments received an inoculum of Glomus
mosseae (Funneliformis mosseae (T.H. Nicolson & Gerd.) in March 2011. There
were three replicates for a total of 24 units. Only one rate of inoculum was used. One
month later, the units were planted with seedlings of white clover (Trifolium repens
L.). Units were in a greenhouse with daytime temperatures of 20 �C and night
temperatures of 15 �C and 14 h light:10 h dark. Nine months later, four L. terrestris
(16.6 � 2.1 g per unit) were added. Five days after adding the earthworms, the
glyphosate units were sprayed with a home-garden GBH (Roundup® Speed, Scotts
Celaflor, Mainz, Germany, which contains 7.2 g glyphosate a.e./L, 9.55 g/L
nonanoic acid7 [pelargonic acid, which is also used as a contact herbicide] as well
as other unspecified formulants). Label directions were followed. After 14 d, the
experimental units were disassembled and effects on worms and AMF evaluated.
Treatment with the GBH had no significant effect ( p > 0.05) on activity during the
experiment or mass ( p > 0.05) of L. terrestris at the end of the experiment.
Treatment with herbicide had a negative effect on colonization of roots by AMF at
all three depths measured ( p < 0.05).

The methods used in the second study (Gaupp-Berghausen et al. 2015) were
similar but experimental units were seeded with three species of plants: orchard grass
Dactylis glomerata Lam., white clover T. repens, and the common dandelion
Taraxacum officinale F.H. Wigg. At 21 d post-planting, earthworms were added to
the experimental units (12 each); five adult L. terrestris (vertically burrowing
(anecic) worms) or ten adult/sub-adult A. caliginosa (horizontally burrowing
(endogeic) worms) or a control with no earthworms. At 56-d post-planting, treated
experimental units were sprayed first with 7.2 mL of a GBH “Roundup® Alphée”
(Scotts Celaflor, Mainz, Germany containing 7.2 g glyphosate a.e. and unspecified
formulants) on two consecutive days (in total 14.4 mL), and then, two days later,
with 10 mL of another GBH, ‘Roundup Speed, which, as mentioned above, contains
7.2 g glyphosate a.e./L, 9.55 g/L nonanoic acid as well as other unspecified
formulants. Why there were three applications at such short intervals was not
explained. Activity of worms and various chemical parameters were observed.
Destructive sampling of the experimental units occurred 32 d after the last applica-
tion of GBH when cocoons of the earthworms were counted, and hatching enumer-
ated after another 105 d of incubation in uncontaminated soil. Number of earthworm
casts decreased significantly ( p < 0.05) in the GBH-treated L. terrestris units. A
similar response was not observed for A. caliginosa ( p > 0.05). Production of
cocoons of both species decreased and hatching decreased as well and was signif-
icant for A. caliginosa (from 71% to 32%; p < 0.05) but could not be tested for
L. terrestris (from 43% to 17% but too few replicates for statistical analysis because

7https://www.duenger-shop.de/Pflanzenschutz/Unkrautbekaempfung/Roundup-Speed-1-Liter.
html.
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of total absence of cocoons in some test units). Concentrations of nitrate and
phosphate increased in the herbicide treated units regardless of the presence of
earthworms but whether this was from breakdown of the herbicides was not inves-
tigated. Because only one excessive rate of application of a non-agricultural formu-
lation of glyphosate intended for residential settings and containing a second
herbicide was studied, causality for the statistically significant responses of earth-
worms could not be specifically assigned to glyphosate alone, thus rendering the
studies unusable for risk assessment. In addition, too many variables were included
in the comparisons and number of replicates was too small to adequately estimate
precision. At best, these studies are preliminary and firm conclusions cannot be
drawn.

Overall, there is no compelling evidence that use of glyphosate under good
agricultural practices is harmful to soil-dwelling organisms.

Microbiota in Soil In its evaluation of glyphosate, EFSA (2015) noted only small
effects on mineralization of nitrogen (N) and carbon (C) after 28-d exposures to
glyphosate acid and a formulated product applied at higher than FAR. Values of 6%
reduction in mineralization of N at 33 mg glyphosate a.e./kg dry soil and 8% for the
formulated product at 94 mg glyphosate a.e./kg dry soil. Corresponding values for
mineralization of C were 9.3% reduction at 6.4 mg/kg dry soil for the acid and 15%
reduction at 94 mg a.e./kg dry soil. In a recent review, Thiour-Mauprivez et al.
(2019) summarized the results of several studies that used various biochemical tools
to characterize microbiota and concluded that treatment of soil with GBH at FAR
resulted in little or no effects on soil microorganisms. They also noted that rates >
FAR stimulate the microbial community. They also pointed out that some studies
using newer genomic techniques showed negative effects on some microbiota while
others did not. They attributed this to the communities containing different pro-
portions of glyphosate-tolerant, glyphosate-sensitive, and glyphosate-degrading
guilds of microbiota. Different responses such as these might be a result of the
experimental design and choice of plants. For example, the results of a greenhouse
study on the effect treatment of GR corn and soybean with GBH showed that some
RNA transcripts in bacteria associated with the rhizosphere were upregulated and
others were downregulated when compared to the control (Newman et al. 2016).
There were two replicates per treatment. The soil was Blount silt loam (fine,
illiticmesic Aeric Epiaqualf) and the GBH used was PowerMAX™ (Monsanto,
MO, USA), applied pre-plant and at 31 and 51 days after planting at a nominal
rate of 0.163 kg a.e./ha (less than the recommended rate of 0.9 kg/ha Monsanto
Canada Inc. 2016). Above-ground plant material was harvested 7 days after the last
treatment. Treatment was repeated for four growth periods and the rhizosphere
samples collected on day-58 of the last period. Based on the results of analysis of
phospholipid fatty acids and RNA sequencing, the authors suggested that long-term
use of glyphosate can affect rhizosphere bacterial activity. They suggested that this
could potentially shift composition of the bacterial community to favoring more
glyphosate-tolerant bacteria; however, tolerance to glyphosate by the microbial
community was not measured in the study. Different results were obtained by Lu
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et al. (2018) in a field study on the effects of glyphosate on nitrogen-fixation,
suppression of pathogens and disease, and diversity of the rhizobacterial community
in GR soybeans. The soybean line ZUTS31 was planted in 6 � 2 m plots and the
triplicate treatment plots were sprayed with GBH (an unspecified formulation from
Monsanto Malaysia containing 41% glyphosate IPA) at a nominal rate of 0.6 kg a.e./
ha 18 days after seeding. Controls were sprayed with water and hand weeded. At
seed-filling stage, the plants were removed from the soil and the rhizosphere soil
analyzed for 16S rRNA genes as well as metagenomic DNA. Based on analysis of
the results, the authors concluded that treatment with glyphosate did not significantly
affect the alpha and beta diversity of the rhizobacterial community of the tested
soybean line. However, it significantly influenced some functional genes involved in
plant growth-promoting traits in the rhizosphere. The fraction of glyphosate sprayed
on the plants that reached the rhizosphere was not measured so it is possible that the
lack of response was due to lack of exposure.

A field study was conducted that investigated the effects of use of GBH on soil
(Dundee silt loam) in which transgenic glyphosate-resistant soybean (Glycine max
(L.) Merr.) were grown (Weaver et al. 2007). This study was conducted in Southern
Mississippi and the GBH, Roundup Ultra® (Monsanto, St Louis, USA), was applied
at 28 d after planting (two- to three-trifoliate leaf stage) and again at 42 days after
planting (six- to seven-trifoliate leaf stage) at a nominal rate of 2.5 kg a.e./ha (1.5-
times greater than the FAR). Control plots were untreated. Structure of the microbial
community was characterized with the ester-linked fatty acid methyl ester
(EL-FAME) procedure and changes were analyzed by analysis of dendrograms.
Only small differences were observed between treated and control plots and the
authors concluded that, even at the greater than normal rates tested, effects on the
microbial community were small and transient. A recent characterization of micro-
biological communities in soils from two regions of the US, Maryland and Missis-
sippi, each with two crops (corn and soybeans) reported that there were no
differences in the communities between plots were glyphosate was applied as
compared to where it was not (Kepler et al. 2020). Also, the authors reported no
effects on prokaryotic and fungal communities in soil microbial communities asso-
ciated with GR varieties of corn and soybeans across a range of farming systems. In
addition, no effect of the use of glyphosate on populations of pathogenic species,
such as Fusarium spp. was detected.

In a meta-analysis, Nguyen et al. (2016) concluded that, at normal FARs (< 10 mg
a.e./kg soil), GBHs had no effect on soil microbial biomass and soil microbial
respiration but biomass was decreased at greater rates of application (equivalent to
10–100 mg a.e./kg soil). Using fatty acid methyl ester (FAME) analysis and char-
acterization of 16S rRNA genes Lancaster et al. (2010) showed that gram-negative
bacteria were increasingly represented in the bacterial community with increasing
applications (1–5) of GBH (Roundup WeatherMAX, 480 g/L glyphosate a.e./L,
from Monsanto St Louis, MO, USA) to soil in laboratory conditions. Spacing
between applications was 2 weeks which is shorter than normal field applications
so it is not clear if this response would occur under field conditions. A field study on
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the effect of two GBHs from Monsanto Europe (Roundup Max™ (a granulated
formulation containing 68% glyphosate a.e. by weight and POEA) and Roundup
Quick™ (a premixed spray product containing 0.72% glyphosate a.e. by weight) and
no POEA) showed that applications of these products at rates of 1,000- and
300-times the FAR did not cause decreases in numbers of heterotrophic bacteria in
soils (Sihtmäe et al. 2013). They also noted an increase in the population of
heterotrophic bacteria, which was most pronounced in the first 45 d after treatment
of the soil. Overall, these studies indicate that applications of GBH to crops do not
cause declines in populations of microbiota. Changes in the diversity and biomass of
microbiota were observed but this might be expected because the addition of
glyphosate provided a potential source of organic matter, nitrogen, and phosphorus
to the microbiota.

Other studies have characterized the dissipation of glyphosate in treated soils. In a
review of the effects of pesticides on the microbiota of soil, Jacobsen and Hjelmsø
(2014) pointed out that pesticides may have effects on soil microbiota, one of which
being the selection or induction of enzymes and metabolic processes that increase
the rate of metabolism of pesticides. An example of this is the enhancement of the
mineralization of fluometuron by GBH in soil and in a culture-medium in laboratory
studies (Lancaster et al. 2008). The formulation of GBH was Roundup
WeatherMAX and it was added to the soil (Weswood silty clay loam) at a nominal
rate equivalent to 1.25 and 2.5 kg a.e./ha or 146 and 292 μg a.e./mL medium
inoculated with Rhizoctonia solani. Mineralization of fluometuron was increased
by a factor of 1.9 at a rate of 2.5 kg a.e./ha.

Mineralization of glyphosate in soils is most easily measured using 14C-labeled
glyphosate which is added to soil incubated in sealed flasks fitted with device to
absorb 14CO2. Usually a solution of NaOH or KOH is used to capture any 14CO2

released by microbial activity. In a laboratory study, the mineralization of
14�C-labeled glyphosate was measured using this approach in an Ultisol soil from
Brazil (Andréa et al. 2003). Samples of soil were treated with a mixture of GHB
(Nortox®, Brazil) and glyphosate labeled on the phosphonomethyl carbon) 1-, 2-, 3-,
and 4-times at intervals of 14 days and formation of 14CO2 measured every week.
The interval between treatments was not environmentally realistic and results were
again counterintuitive, with greater proportion of 14CO2 released in the single as
compared to the multiple treatments. This was probably the result dilution from the
repeated addition of more radiolabeled parent material. When the total 14�C-budget
was measured, between 25 and 45% was mineralized as CO2, 15–50% as 14C
extractable with 0.35 mol/L H3PO4, and 15–25% was bound as non-extractable
residue. Total recovery of 14C ranged from 80 to 100% after two months indicating
total dissipation of glyphosate via mineralization and/or the formation of strongly
sorbed or inactive substances.

In another study in soil (Lancaster et al. 2010), 14C-labeled glyphosate (labeled on
the phosphonomethyl carbon) was applied to soil (Weswood silt loam) to monitor
mineralization via the release of 14CO2. At the start of the experiment, all soils were
treated with non-labeled Roundup WeatherMAX at a nominal rate of 49 μg a.e./g.
This treatment was repeated every 14 days for 1, 2, 3, 4, and 5 treatments. The
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14C-glyphosate was added on the day of the last treatment with unlabeled GBH and
the evolution of 14CO2 monitored for 14 days. The results were counterintuitive; rate
of mineralization of the labeled glyphosate decreased with increasing treatments
with GBH; however, this could have been because the labeled glyphosate applied
during the last treatment was diluted with the unlabeled material applied previously
and this slowed the mineralization of the labeled material. Also, the intervals
between treatment were short and not environmentally realistic. The amount of
14C incorporated into microbial biomass did increase with number of treatments
with GBH with up to 60% incorporated in soil with 5 treatments of GBH after
3 days, but this decreased to ca. 25% for all treatments with GBH after 14 days of
incubation.

An assessment of the structure of the microbial community in soils with a history
of the use of GBH and those where GBHs had not been used indicated that
functional diversity was not different (Allegrini et al. 2015). This study was
conducted in the La Pampa region of Argentina in four locations to with
19–20 years of use of GBH and two without. Community function in the soils was
characterized with Community-Level Physiological Profiling (CLPP). Tolerance to
glyphosate (potassium salt) was characterized with Pollution Induced Community
Tolerance (PICT) assay using a control and concentrations of glyphosate (potassium
salt) of 2,440–1,224,000 μg a.e./L of growth medium (unrealistic concentrations).
Structure of the microbial community was further characterized with Denaturant
Gradient Gel Electrophoresis (DGGE). While there were differences in utilization
three amino acids in the CLPP assay, analysis of catabolic evenness indicated no
significant differences between history and non-history soils. Likewise, the PICT
assay indicated that tolerance to glyphosate was not consistent with previous history
of herbicide exposure. Characterization of community structure using DGGE indi-
cated > 90% similarity of 16S rDNA fingerprints between history and non-history
soils.

Overall, the results of most of the studies on the effects of glyphosate and GBHs
on microbiota in soils do not indicate adverse effects on the structure of the soil
microbial community structure and function under field conditions. In some cases,
increases in the numbers or activity of several soil bacteria were observed after
application. Most researchers regard these increases as non-adverse but that might
not always be the case; for example, increased rates of degradation of other soil-
active pesticides might result in decreases in biological activity of these other
pesticides. However, this is common to many pesticides and is not an issue with
glyphosate alone.

Microbiota in Water-Sediment Systems Microbes in aquatic ecosystems have
been reported to be affected by glyphosate (assumed to be acid). In a study on
brackish-water, 12-L microcosm, Janßen et al. (2019) reported biofilm communities
of microbes to be less affected by a pulse of 14 � 103 μg glyphosate/L than those
living freely in water, but the effects were of longer duration. Exposures to glyph-
osate and AMPA were confirmed by analysis using isotopically labeled internal
standards, derivatization with FMOC-Cl, and LC-MS-MS analysis. However, the
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LOD and LOQ were not reported in the paper or in the separately published method
of analysis (Skeff et al. 2016). The concentration of glyphosate was unrealistic (see
discussion of residues in surface waters above) but the effect on the biofilm microbes
was minor and similar to that in earlier studies that found little or no effects of
glyphosate on biofilm microbiota (Khadra et al. 2018; Lozano et al. 2018b). In the
Janßen et al. study, total cell counts were initially increased in the treated micro-
cosms with a return to control numbers at 60 days after treatment. Evidence of rapid
dissipation of glyphosate and AMPA from the water in the microcosms was
interpreted to suggest that the increases in certain microbiota were due to their use
of glyphosate and AMPA as a source of nutrient; however, adsorption to organic
matter and sediments could also have been involved; Janßen et al. (2019) did not
measure concentrations in the sediments in the cosms. Also, in many brackish
ecosystems, there is tide-driven exchange of water, so the effects observed in this
study without water exchange and dilution may be greater than those that might
occur in nature. Studies on the effects of glyphosate on the microbiological com-
munity in freshwater microcosms did not alter the physical and chemical properties
of the water or the composition of the major species of microbiota (Lu et al. 2020).
This was a laboratory study in pesticide-free water inoculated with plankton from a
lake. Cosms were 2-L flasks containing 1.2 L of modified BG11 medium. There
were three control cosms and three treated with 2.5 � 103 μg glyphosate a.e./L
Exposures were not confirmed by analysis, so concentrations are nominal. Addi-
tional cosms were inoculated with the cyanobacteria, Synechococcus 7,942 and
Pseudanabaena sp. After 7 days, RNA was extracted from algae collected on
0.2 μm filters for analysis. The experiment was repeated three times to allow other
data to be measured at times up to 15 days. Physicochemical parameters changed
over the 15-day period but there were few significant differences between control
and treated cosms. The metatranscriptomic analyses indicated that the transcription
in some cyanobacteria was influenced by glyphosate, particularly in genes associated
with translation, biosynthesis of secondary metabolites, transport, and catabolism.
Phosphorus from the glyphosate was utilized for growth by the cyanobacterium,
Synechococcus, which increased in numbers, while numbers of Pseudanabaena
declined. In a study of microbiota in biofilms from the Artière River in France,
phosphorus and glyphosate decreased the richness and diversity of eukaryotes
species in biofilms (Carles and Artigas 2020). This was observed in microcosms
as described in Carles et al. (2019, discussed in Sect. 2.2.2). Species richness and
diversity in bacterial communities were not affected by glyphosate, although the
structure of these communities shifted in relation to degradation of glyphosate.
Increases in the relative abundance of certain Bacteroidetes, Chloroflexi,
Cyanobacteria, Planctomycetes, and alpha-Proteobacteria were observed in bacterial
communities, presumed to be capable of using glyphosate as a source of phosphorus.

A field study in Argentina (Berman et al. 2020) compared communities of
picocyanobacterial in lakes from a region of intensive agriculture (Pampaen region
with predominant crops of soybean, wheat, maize, and sunflower) where GBHs are
used with those on a remote non-agricultural area (Patagonia, mainly livestock
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farming) where little, if any GBHs are used. They reported that abundance of
picocyanobacteria (small autotrophic cyanobacteria < 2 μm) was greater in Pampean
lakes and suggested that this was related to the use of GBHs. However, in an earlier
paper (Castro Berman et al. 2018), the frequency of detection of glyphosate was low
in the Pampean region (7 of 52 lakes > LOD see Sect. 3.1.2) and concentrations
were < 4.5 μg/L. The authors did consider some potential confounders such as
double crops and total dissolved organic nitrogen, which showed significant corre-
lations with populations of picocyanobacteria, but omitted nutrients such as phos-
phorus. Given the intensive agricultural activity in the Pampaen region, runoff of
nutrients, such as phosphorus, into the lakes is a more logical cause of the
observations.

Overall, changes in the structure of communities of aquatic microbiota in
response to exposure to glyphosate were small and were mostly observed at con-
centrations equivalent to or greater than worst-case exposures in the environment.

Microbiome of the Gut Microbiota of the gut are essential to the health of most
animals. This has led to the theory that glyphosate might interfere with some
members of the bacterial community in the gut of animals by selectively inhibiting
this pathway in bacteria with sensitive Class I EPSPS and not in those with
insensitive Class II EPSPS (Nielsen et al. 2018). Several studies have investigated
effects of glyphosate on the gut microbiome; however, an important question is “are
these microbes sensitive to glyphosate at realistic concentrations?” and “are changes
in the microbiota of the gut relevant to apical endpoints or are they adaptive?”
Studies have reported effects of glyphosate on gut microbiota of various animals, but
the concentrations used have seldom been shown to be those that these animals
might be exposed to in the environment. For example, Motta et al. (2018) reported
that feeding solutions of sugar8 containing 5,000 and 10 � 103 μg glyphosate a.e./L
to honeybees influenced the bacterial species and strains of microbiota in the gut of
the bee. Exposures were not confirmed by analysis and it is not clear if the
glyphosate used was a.e., but this is assumed. They cite Herbert et al. (2014) to
support the view that this is a realistic dose of glyphosate to which honeybees might
be exposed, but Herbert et al. do not report concentrations in honey and cites other
papers regarding concentrations of glyphosate found in surface and groundwater but
not in honey, pollen, or nectar. In fact, concentrations of glyphosate in honey are
small; in the low μg/kg range (see Sect. 3.2.1). Furthermore, dose responses were
inconsistent (Motta et al. Fig. 1B) for responses of total bacteria and Lactobacillus
Firm-5, Lactobacillus Firm-4, and Bifidobacterium on day-3. None of these papers
made any effort to determine the maximum concentrations of glyphosate that might
be consumed by bees in nectar or found in honey, pollen, or beebread and royal jelly
(that is fed to the larvae) where glyphosate is used. A later paper on the effects of

8The authors report that oral exposures to glyphosate were in 0.5 M sugar syrup which has a density
of 1.072 g/kg. Exposure solutions of 5 � 103 and 10 � 103 μg glyphosate a.e./L were equivalent to
4.7 � 103 and 9.4 � 103 μg/kg of syrup.
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glyphosate on gut microbiota in honeybees was published in 2020 (Motta et al.
2020). Newly emerged worker bees were exposed in the laboratory to 1 mM
glyphosate and GBH (Roundup PROMAX®, containing 660 g potassium salt of
glyphosate/L, equivalent to 540 g/L glyphosate a.e.) sugar syrup for five days. The
concentration of glyphosate (a.e. assumed) in the syrup was equivalent to
169 � 103 μg/L or 158 � 103 μg/kg (unrealistic concentrations). Using analysis of
16S rRNA, significant reductions ( p < 0.05) in all bacteria in the gut were reported.
Mean number of gene copies decreased from about 3.2 � 107 in the controls to
2 � 107 in exposed worker bees. Similar reductions in gene copies for the bacteria
Snodgrassella alvi, Gilliamella spp., and Bifidobacterium spp. were also reported
(Fig. 1B to F in Motta et al. 2020). However, apical endpoints at the level of the hive
were not reported and the relevance of effects at this unrealistic exposure is not
useful for risk assessment. Measurements of responses of the same bacteria and
Lactobacillus Firm-5 in the gut and subsequent recovery after a 3-day exposure to
0.1% GBH in sucrose syrup (assumed to be 934 � 103 μg glyphosate a.e./kg)
showed decreases in the number of gene copies for all bacteria after a recovery
period of three days with partial recovery to levels similar to the controls after an
additional 2 days. Again, because of the unrealistic exposures and use of a single
exposure concentration, these data are not useful for risk assessment. These authors
also assessed hive-level exposures to the same formulation on the response of the
hive to a challenge with Serratia marcescens kz19 under field conditions. Only the
study at site 1 in 2019 is discussed here. Two concentrations of GBH were used:
0.001 and 0.1% in sucrose syrup. These concentrations were unrealistic and equiv-
alent to 934 � 103 and 934 μg glyphosate per kg of syrup (a.e. assumed). Exposures
were for 4 weeks, Bees were sampled and gene copies of 16S rRNA for
Snodgrassella measured at the end of week 0, 3, 4,and 7. Honey was sampled at
the end of weeks 0, 1, 3, 4, and 7. Concentrations of glyphosate in honey were
analyzed using HPLC-MS. The preparation of the samples and analytical conditions
were well described. Use of internal standards was not reported and, although the
calculation of the LOQ was described, it and the recovery were not reported. Worker
bees were collected from the hives at the end of week-4 and challenged with Serratia
under laboratory conditions in groups of about 25 bees each with six replicates from
each of at least three hives. Bees were exposed to the bacteria suspended in sugar
syrup and observed for 10 days for effects on mortality. Survival was adversely
affected at both concentrations of GHB with mortality between 30 and 40% at ten
days. Mortality in the controls ranged from 5 to 10%. Over the seven-week study,
mean concentrations of glyphosate in samples of honey increased from 0 to
1.5 � 106 μg/L (0–1.4 � 106 μg/kg) in the high-exposed group and up to
40 � 103 μg/L (37.3 � 103 μg/kg). Concentrations of glyphosate were orders of
magnitude greater than those reported from honey collected from agricultural areas
where glyphosate is used in weed management.
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Two studies have reported that exposures to glyphosate and AMPA, singly or in a
mixture causes changes in physiological parameters and in the microbiome of the
hepatopancreas of the Mediterranean mussel Mytilus galloprovincialis L. (Iori et al.
2020; Matozzo et al. 2018). Mussels were collected from the Lagoon of Venice and
maintained in the laboratory where they were exposed in two replicates of 35 each to
glyphosate (acid) at nominal concentrations of 10, 100, and 1,000 μg/L for 7, 14 and
21 days. Exposure concentrations were confirmed at time zero and just before
renewal of the exposure solution at 48 h by analysis by LC-MS after derivatization
with FMOC-Cl. Isotopically labeled internal standards were used to normalize for
matrix effects. The LODs were 1.5 μg/L and 50 μg/L for glyphosate and 50 μg/L for
AMPA, respectively. Exposures were verified only once. Several physiological
parameters were measured, and some showed significant changes. The authors
suggested that these responses were indicative of adverse effects; however, apical
responses related to survival growth, development, and reproduction were not
reported, so these data are not useful for risk assessment. In addition, the greater
exposures and times of exposure were not realistic. Based on mussels exposed to
glyphosate and AMPA and a mixture of the two, all at 100 μg a.e./L for 7 and
21 days in the Matozzo et al. (2018) study, Iori et al. (2020) characterized the
response of the microbiome in M. galloprovincialis using RNA gene expression
analyses. Compared to control, several genes were upregulated, and others
downregulated; however, since no apical endpoints were measured in the study,
the relevance of these changes in relation to environmental exposures at realistic
concentrations and for realistic durations cannot be determined. The observed
changes could be compensatory or only biomarkers of exposure.

Many of the other studies on the effects of glyphosate on mammalian gut
microbiota are also problematic owing to unrealistic exposure levels. An in vitro
study on interactions between the gut bacteria, Enterococcus spp. and Clostridium
botulinum, showed effects at the unrealistic concentrations of 1 � 103 and
10 � 103 μg/L with no observed effects at 100 μg/L in the growth medium (Krüger
et al. 2013). In another example, rats fed 500 mg/kg of GBH were reported to have
altered abundance and composition of gut microbiota (Aitbali et al. 2018). The same
microbiological responses as well as inflammation of the gut were also reported in
another study in rats gavaged with 5, 50, or 500 mg glyphosate a.e./kg (Tang et al.
2020). Other similar studies in the literature include the findings of Lozano et al.
(2018a) that GBH alters the gut microbiota composition of rats. In this study, rats
were dosed via drinking water containing Roundup, presumably containing
formulants. Final measured concentrations in water were 50 ng/L, 0.1 g/L and
2.25 g/L of glyphosate. Clearly the latter two concentrations are not environmentally
realistic, and neither is the use of formulated product if one assumes dietary exposure
via food and/or water. Although not clear from the paper, it appears that the only
statistically significant responses were from the unrealistic doses. Another study
(Qiu et al. 2020) used formulated GBH added to food (doses of 10, 20 and 40 mg a.
e./kg over 35 days) to characterize effects on intestinal physiology and morphology
in weaned piglets.
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Studies such as these are almost meaningless; some cannot differentiate between
the effect of glyphosate and its formulants. Furthermore, the concentrations of
glyphosate are far above what is found in any food, and the formulants would not
be present in food.

A study on bacteria in the gut of Sprague Dawley rats showed that oral admin-
istration of glyphosate had very limited effects on composition of the community
(Nielsen et al. 2018). Rats were exposed via oral gavage to glyphosate acid at 2.5 and
25 mg a.e./kg/day for 2 weeks. The higher dose was 50-fold greater than the
Acceptable Daily Intake under European Union regulations. In addition, a group
of rats was exposed to a GBH (Glyfonova®, FMC, Denmark) at 25 mg glyphosate a.
e./kg/day. To minimize the effects of acidity of the formulation (pH � 2) on the rats
and the bacteria in the gut, the authors adjusted the pH of all solutions to 5 using
NaOH. DNA was isolated from the fecal pellets of the rats and from the ileum,
cecum, and colon, at terminal sacrifice. The composition of the bacterial community
was determined by sequencing of the hypervariable V3-region of the 16S rRNA
gene in the extracted bacterial DNA. There was no difference in weight-gain over the
2-week exposure between any of the treatments. Regardless of treatment, there were
no physiological abnormalities observed in any of the organs examined at the end of the
study; however, a blood protein, acute phase protein haptoglobin (involved in regulat-
ing immune response), was slightly but significantly increased (1 vs 0.85mg/mL) in the
rats dosed with Glyfonova compared to those dosed with glyphosate acid at the same
concentration of glyphosate a.e. as in the formulation. The authors concluded that
glyphosate and Glyfonova had very limited effects on composition of the gut microbial
and suggested that this was because there were enough dietary aromatic amino acids in
the gut environment and that this mitigated the effect of inhibition of the shikimate
pathway in some bacteria.

The one study that adjusted the pH of the glyphosate before dosing (Nielsen et al.
2018) showed no or very small effects even at reasonable worst-case exposures
(25 mg a.e./kg/day). That others who observed adverse effects at greater exposures
did not report controlling for pH suggests that pH might be a confounding stressor in
experiments on composition of gut bacteria in mammals dosed with unrealistically
large amounts of glyphosate or GBHs. We have not noted this pH adjustment in
other toxicity studies, but the pH has been shown to influence toxicity in aquatic
organisms (Mann and Bidwell 1999; Tsui and Chu 2003). The chelation of cations
by glyphosate has been discussed in relation interference with micronutrients
required in plants (Mertens et al. 2018) and has been suggested to promote adverse
effects in mammals by interfering with availability of manganese, an essential
mineral, from the gut (Samsel and Seneff 2015). The evidence for this at small
realistic dietary exposures to glyphosate is weak (Mesnage and Antoniou 2017) but
at the heroic doses of glyphosate that are given to mammals in some toxicity tests,
this may be responsible for the observed effects in the animals as well as on the
microbiota of the gut. Because of inappropriate and unrealistic exposure doses,
and/or the use of formulated material, the results of most of the studies on effects
of glyphosate on bacteria of the gut cannot be used to assess risks.
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4 Fate, Ecotoxicology, and Risks of Formulants Used
with Glyphosate

Adjuvants are frequently added to pesticides to enhance efficacy, to make applica-
tion easier, or to change the size distribution of droplets in order to mitigate drift (Foy
1992). The most common formulants in GBHs are surfactants added to facilitate the
penetration of the polar glyphosate molecule through the waxy plant cuticles. Over
the years, a great variety of surfactants have been used in different formulations of
glyphosate. The use of a different surfactant in a particular formulation will yield
different abilities to enhance efficacy of weed control (Leaper and Holloway 2000);
however, different surfactants can also display different ecotoxicological profiles
(Currie et al. 2015; Mesnage et al. 2019).

Historically, the most widely used surfactants in commercial glyphosate-products
have been those based in alkylamine ethoxylates (ANEOs), also known as
polyoxyethylene amines (POEAs), particularly those derived from animal tallow.
The acronym POEA has been commonly used to refer to a particular mixture of
POEAs: polyoxyethylene(15) tallow amine (POE-tallow amine, POE-T or POE-15,
CAS no. 61791-26-2, see Fig. 6). Roundup branded herbicide products, at least the
earlier versions, are typically formulated with POE-T, which was used in the original
formulations of Roundup Original®. POE-T is a tallow-based mixture of alkylamine
ethoxylates (ANEOs). The distribution of alkyl/alkene chain lengths, R, resembles
that of tallow’s fatty acids with varying length between C14 and C18, but predom-
inantly saturated or unsaturated C16 and C18 (Corbera et al. 2010; Visek 2000). The
two ethoxylate chains in POEAs can also vary in length but, POE-T has an average
length of 15 ethoxy groups (EO). As a reference, the molecular weight for a
molecule with a saturated C18 alkyl chain and an average of 14 ethoxylates in the
EO chain (C18H37N(EO)14, one of the most common homologs in this mixture)
would be 886.3.

Through this chapter, we use the acronym POE-T to refer to the specific
polyoxyethylene (15) tallow amine and POEAs when talking about other mixtures
of polyoxyethylene amines or individual POEA homologs. The composition of the
mixtures of adjuvants in commercial formulations of pesticides is commonly not
disclosed to the public; it is considered confidential business information (USEPA

N

OO

R

HH

nm

Fig. 6 General structure of on a polyoxyethylene amine (POEA). R ¼ number of carbons in the
alkyl chain (R) (tallow moiety) and n + m (total number of EO groups)
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2015). Despite this, some of the original formulations are, by now, well understood.
For example, early Monsanto (now Bayer Crop Sciences) formulations, such as
Original Roundup® and its forestry-use equivalent, Vision® are known to contain
~15% (by weight) of a surfactant mixture with internal Monsanto code MON 0818
(Edginton et al. 2004). Later chemical analysis of this MON 0818 mixture has shown
it to be made up of around 70% POE-T (Rodriguez-Gil et al. 2016).

POE-T-containing glyphosate formulations have not been registered for use on
over-water applications since the mid-1990s in many jurisdictions including Canada,
the US, and Australia (NRA 1996; PMRA 2015a; USEPA 2015) and no-spray buffer
zones may be required for use near water bodies (PMRA 2015a), which limits the
potential for exposure to aquatic systems. In addition, in the USA and many other
jurisdictions, no aquatic use of any pesticide is allowed without a National Pollution
Discharge Elimination System Permit (NPDES) or similar permit. Additionally, in
2017 the European Union completely banned the use of POE-T surfactants in GBH
for use within the Union (EC 2017). POE-T-containing GBHs are still used;
however, in large amounts around the world and, as such, its ecotoxicology and
possible risks, as well as those of other surfactant alternatives also used in GBHs, are
reviewed herein.

4.1 Fate of POE-T in the Environment

POEAs, are known to rapidly sorb to soil, sediments, and particulates in the water
column (Krogh et al. 2003b; Tush and Meyer 2016). The mechanisms responsible
for this sorption are presented in (Krogh et al. 2003b) an, in summary, involve
hydrophobic interactions between the alkyl chain and organic material, hydrogen or
polar interactions between the negatively charged clay particles and the ethoxy
chains, as well as ionic binding with the central nitrogen when it is protonated
(Fig. 7). The relative importance of each of these processes will depend on the
relative lengths of the alkyl and ethoxy chains, as well as the pH of the media. With a
pKa around 7, the central nitrogen will appear protonated at most common pH values
in soil and water.

The assessment of the fate and behavior of POE-T in the environment has
traditionally been limited by the lack of analytical methods able to measure the
surfactant mixture at environmentally relevant concentrations. To our knowledge,
only four different analytical methods able to quantify POE-T at environmentally
relevant concentrations have been used in the peer review literature. Even with the
improvements in analytical techniques over the past decade and with an increased
availability of the surfactant mixture to researchers, quantification of POE-T has
remained a challenge.

The two main challenges associated with the analysis and quantification of
POE-T are the facts that it is a complex mixture and its strong adsorption to soils
and sediment. Strong adsorption to soil and sediment requires the use of intense
extraction methods for analysis. Accelerated solvent extraction (ASE), where the
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sample is exposed to solvent at high temperature and pressure, is currently the
preferred method (Krogh et al. 2002; Rodriguez-Gil et al. 2016; Ross and Liao
2015; Tush et al. 2013). Even with these intense methods recoveries are still low
(~50% (Rodriguez-Gil et al. 2016).), with high percentages of non-extractable
material remaining in the sample.

Once extracted, reliable separation techniques are needed to detect and quantify
the hundreds of individual homologs. These have traditionally followed two
approaches: reverse phase HPLC based on differential hydrophobicity associated
to the length of the alkyl chain, and normal phase chromatography based on the
average length of the ethoxy chain. Reverse phase separation is currently the most
common approach. In order to quantify homologs with the same alkyl chain length
but different degrees of ethoxylation which elute at the same time, tandem mass
spectrometry or time-of-flight mass spectrometry are employed (Krogh et al. 2002;
Rodriguez-Gil et al. 2016; Ross and Liao 2015; Tush et al. 2013). Quantification of
each individual homolog; however, is not possible and, typically, a subset of
representative homologs is often monitored in order to quantify the mixture. For
example, nine homologs are monitored in the method employed by Ross and Liao
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Fig. 7 Diagram summarizing the main chemical interactions between a typical POEA molecule
and soil components. The represented chemical structure is that of C18H37N(EO)14, a representative
polyethoxylated tallow amine (POEA) homologue with an 18-carbon alkyl chain and two 7-ethoxyl
chains (14 EO groups in total)
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(2015) and Rodriguez-Gil et al. (2016). Homologs with an average of 10, 12 and
14 ethoxy groups were considered for each of three different alkyl chains, unsatu-
rated C16 and C18 and a saturated C18 (yielding the nine combinations). More recent
methods have calculated the concentration of POE-T based on the sum of the areas
of all detected homologs. However, two assumptions are made in this approach; that
each homolog gives the same molar response as every other homolog and that the
molar spike concentration is a known quantity based on the mass added and the
average molecular mass of the distribution (Tush et al. 2018).

The choice of homologs to quantify is not trivial. As pointed out by Tush and
Meyer (2016), the fate and behavior of each of the individual POEA homologs in the
environment will be different, due to their slightly different chemical properties and
susceptibility to degradation. This often results in different mixture profiles present
in different environmental samples, limiting the applicability of quantification
methods based in a subset of homologs. For example, unsaturated C18 homologs
have been shown to dissipate faster than saturated C18 and C16 homologs, and as
such, using them for the quantification of an aged mixture in environmental matrices
could lead to an underestimation of the total mixture concentration. When used in
short duration experiments, such as those by Rodriguez-Gil et al. (2016), where
degradation is unlikely, the approach can still provide reliable measures.

Based on these analytical methodologies, several studies have reported measured
concentrations of POE-T in environmental matrices. In a study of two agricultural
soils Krogh et al. (2003a) measured concentrations of POE-T before and at several
times after the application of a GBH (Eranca®) up to 14 days post-application.
Variability between the two fields was large, but they observed increases in concen-
tration of POE-T 4 days after application of the product and slow dissipation at
14 days post-application in one of the sampled fields. Initial concentrations (as mean
concentration of C16–C18N(EO)13–18) were 97 and 170 μg/kg dry weight for each
of the fields increasing up to 524 μg/kg dry weight 14 d after application.

Using a qualitative analytical method Tush and Meyer (2016) detected POEAs in
soil samples collected between February and March, before the planting season,
from a number of corn and/or soybean fields in five US states (Iowa, Illinois,
Indiana, Mississippi, and Missouri). POEAs were detected in all samples from
agricultural fields (n ¼ 20), but they were not detected in samples from three
reference soils. As mentioned earlier, a preferential loss of the unsaturated C18

homologs was observed, which could be an indication, the authors noted, of
degradation of the alkyl chain at the double bond due to photo- or biodegradation.

With an improved, quantitative, analytical method Tush et al. (2018) monitored
the concentration of POE-T in soil collected from an active silt loam, tile-drained
agricultural field in Indiana to which glyphosate had been applied over the period of
a year. The study site was planted with corn in 2003 and rotated into Roundup Ready
soybeans in 2004. Samples were collected in April 2004 before glyphosate applica-
tion, in May 2004 after the first glyphosate application, in July 2004 before a second
glyphosate application, in October 2004 after harvest, and in April 2005 after winter.
Soil samples were collected from three depths (0–15, 15–30, and 30–45 cm). The
GBH applied to this field was not named in the study. POE-T was detected in all
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samples from the uppermost depth at concentrations ranging between 77 and 420 μg/
kg dry weight. POE-T was present at 98 μg/kg in the preapplication sample despite
the authors indicating no previous application of glyphosate for at least 2 years prior
to the collection. Measured concentrations increased by about four times after
glyphosate application to the field, decreasing afterwards. POE-T was still present
at 230 μg/kg dry weight a year after application. In relation to the vertical distribution
of the compound, it was observed that POE-T was preferentially found in the
0–15 cm segment, which is consistent with its strong sorption to soil and sediments
and expected low mobility.

In this study, the authors also analyzed 16 sediment samples from 13 US streams
and rivers draining areas where glyphosate is applied. These samples had been
collected as part of previous studies extending from 2006 to 2014 in Georgia,
North Carolina, South Carolina, Hawaii, Iowa, and Mississippi. POE-T was found
in all the analyzed samples in concentrations ranging from 1.3 to 160 μg/kg dry
weight. The authors note that, while concentrations of POE-T in soil samples were
generally higher than those of glyphosate and its metabolite AMPA, this pattern
reversed in sediment samples. The differences in transport of POEAs from the
application site to the streambed sediment is still unexplained but is likely the result
of differences in the intensive properties of the two chemicals, such as KOC, KOM,
and Kd.

As noted earlier, one aspect common to all current analytical methods employed
for soil/sediment analysis is the use of Accelerated Solvent Extraction (ASE) for the
extraction of POEAs from the sample. This technique employs high temperature and
pressure to increase extraction yields. While this approach results in the best
recoveries and most precise estimates of the actual amount of compound in the
analyzed matrix, the use of high temperatures and pressures likely results in extrac-
tion of larger amounts of the compound than otherwise would not be bioavailable to
the organisms in the soil or sediment. Even under these intense conditions, these
methods currently only achieve extraction recoveries around 50% (Krogh et al.
2003a; Rodriguez-Gil et al. 2016; Tush and Meyer 2016), highlighting the strength
of the sorption of the POEAs to soil/sediment particles, were they can remain as
non-extractable residue. The low bioavailability of sorbed POEAs is consistent with
results of aquatic toxicity testing in the presence of sediment (covered in the next
section).

In addition to the field surveys described above; several experimental studies
have tried to determine parameters related to the fate of POE-T in the environment.
Wang et al. (2005) measured the changes on concentrations of MON 0818 in water
in laboratory-based microcosms (72-L) containing sediments with different amounts
of total organic carbon (TOC). The authors observed shorter water column half-lives
in aquaria containing sediment with higher TOC (18 and 13 h for 1.5 and 3% TOC,
respectively), while no significant changes in concentration in water were observed
in the aquaria with no sediment over the duration of the study (96 h).

Rodriguez-Gil et al. (2016) characterized the effect of sediment total organic
carbon (0.05–2.05% TOC), and water depth (15, 30, and 90 cm) on the fate of MON
0818, in outdoor microcosms (4 m diameter) monitored over 28 days. Consistent
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with the field observations, the surfactant showed strong affinity for sediment
materials. Under microcosm conditions, water depth or sediment characteristics
did not significantly affect the water column t½ of POE-T, which was fairly short
and ranged from 3.2–5.3 h. Sorption of POEAs to suspended solids was observed,
which dissipated via one- or two-phase exponential decay; when two-phase decay
occurred, fast phase t½ values ranged from 0.71–1.3 h and slow-phase values ranged
from 18 to 44 h. Concentrations of POE-T increased in sediment shortly after
application and decreased over the study period with a t½ of 5.8–71 d. The concen-
trations of POE-T in the sediment of the shallow (15 cm) mesocosms dissipated
following a two-phase exponential decay model with an initial fast phase t½ of
1.1–8.9 d and a slower second-phase t½ of 21 d.

These observations from field surveys and micro/mesocosm experiments indicate
a strong affinity of POE-T to sediment and soil particles that is supported by results
from more traditional laboratory studies (reviewed in Krogh et al. 2003b). Van
Ginkel (1993) carried out a series of test of biodegradability of ethoxylated fatty
amines, including POE-T using a prolonged version of the Closed Bottle test (OECD
301D). The authors incubated POE-T in closed bottles together with secondary
activated sludge and observed that the biodegradation curved for POE-T were
characterized by a two-phase growth. From their results, the authors noted that the
most likely biodegradation pathway is the central fission of the molecule cleaving it
into the alkyl chain and a secondary ethoxylated amine. This way, the early rapid
first phase of the biodegradation would correspond to the oxidation of the alkyl chain
followed by a slower oxidation of the secondary ethoxylated amine. The authors also
noted lower percentages of degradation at study termination (day 28) for POEAs
with increasing a number of EO groups, with degradation percentages of 60, 28, and
22% for POEAs with 2, 15, and 50 EO groups, respectively (Van Ginkel et al. 1993).

Results from a number of fate studies with radiolabeled 14C-MON 0818 (labeled
on the ethylene oxide moiety) were provided by Monsanto company as part of a
review of the registration of glyphosate in Australia and are summarized in NRA
(1996). These studies included aerobic shake flasks tests with sterile and non-sterile
soil of varying organic and clay contents. These studies showed POEA to be
relatively stable under sterile conditions compared to non-sterile conditions where
24–31% of the applied radiocarbon was recovered as 14CO2 after 7 weeks. Sorption
to soil particles was high in both systems, with only 3% of the applied radiocarbon
remaining in the water column after 7 weeks in the non-sterile treatment. In addition
to these shake-flask tests, additional flasks were set up containing natural water and
sediment from three different US locations and the radiolabeled surfactants and
monitored over 14 weeks. Similarly, 40–50% of the applied radiocarbon evolved
to 14CO2 over the duration of the study. Sorption to the sediment under these
conditions; however, was lower with 21–53% of the applied radiocarbon remaining
in the aqueous phase and 7–29% becoming sorbed to suspended sediment over the
study.

These laboratory fate studies have been recently updated and extended (Mitchell
Kurtzweil, Bayer CropScience, personal communication, 2020) to include aerobic
soil degradation, hydrolysis, adsorption/desorption, and aerobic aquatic degradation
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studies conducted according to U.S. EPA and OECD pesticide guidelines (USEPA
2016). In the same way as those presented in NRA (1996), these studies made use of
14C-POE-T, which was shown to be hydrolytically stable at pHs ranging from 4–9.
POE-T sorbed strongly to soil (Kads

Foc ¼ 17,600–114,000) and was not readily
desorbed. Aerobic soil DT50s were determined to range from 20 to 166 days and
increased with the organic content of the soil. Water column t½ values in a natural
water-sediment system under aerobic conditions were consistent with previous data
(NRA 1996) and were estimated to be between 2–3 h with POE-T dissipating from
water through a combination of metabolism and adsorption to sediment. The DT50s
for POE-T in the whole water-sediment systems, however, were much longer and
ranged between 14 and 29 days. The studies with radiolabeled POE-T indicated that
the ethylene oxide (EO) moiety of the molecule is degraded, thus shortening the
length of the EO chain. Shorter EO chain length is associated with reduced toxicity
to non-target aquatic organisms (Krogh et al. 2003b).These results are consistent
with the above-mentioned mesocosm studies (Rodriguez-Gil et al. 2016; Wang et al.
2005) and field survey data (Tush and Meyer 2016; Tush et al. 2018).

In addition to their survey of soils collected around the US, Tush and Meyer
(2016) also developed adsorption isotherms for three POEA homologs in the POE-T
mixture. Their measured Freundlich constant values are consistent with those from
the updated 14C-labeled POE-T (Mitchell Kurtzweil, Bayer CropScience, personal
communication, 2020). In addition, because Tush and Meyer (2016) noted sorption
isotherms were not linear, they hypothesized cooperativity as a sorption mechanism
wherein greater fractions of POEA were sorbed as the concentration of the surfactant
increased owing to formation of bilayers and micelles.

In summary, the available data indicate that POEAs have a strong affinity for soil
and sediment materials, where they become strongly sorbed, resulting in reduced
exposure to organisms in the water column, as well as those in soil and/or sediment.

4.2 Toxicity of POEAs and Risks to Non-Target Aquatic
Organisms

As for the exposure assessment, the direct assessment of the toxicity of the surfac-
tants used in GBHs has traditionally been limited by the confidential business
information nature of their composition and the difficulties of access to these
surfactant mixtures for testing. In general, two ways of characterizing the toxicity
POE-Ts have been used. One approach that has been used is comparing the toxicity
of glyphosate alone to that of the GBHs (e.g., Demetrio et al. 2014; Janssens and
Stoks 2017; Mann and Bidwell 1999; Mayer and Ellersieck 1986; Perkins et al.
2000; Tatum et al. 2012), another is by evaluating POE-T alone at nominal concen-
trations, without confirmation by chemical analysis (e.g., Brausch et al. 2007;
Brausch and Smith 2007; Bringolf et al. 2007; Folmar et al. 1979; Frontera et al.
2011; Guilherme et al. 2012; Moore et al. 1986; Moore et al. 2012; Perkins et al.

180 J. L. Rodríguez-Gil et al.



2000; Servizi et al. 1987; Tsui and Chu 2003; Wan et al. 1989). These earlier studies
noted that, due to the low toxicity of glyphosate itself, the surfactants, and not the
active ingredient, were the main drivers of the toxicity observed in aquatic organisms
(Bidwell and Gorrie 1995; Folmar et al. 1979; Mayer and Ellersieck 1986; Servizi
et al. 1987; Wan et al. 1989).

Worst-case scenario calculations indicating a small margin of safety between
expected environmental concentrations and the toxicity data from the early labora-
tory studies, initiated an early move away from the use of formulations containing
POE-T for over-water applications as early as the 1980s. This can be observed in the
introduction of Rodeo®, a GBH without POE-T, in the early 1990s and early
research in the topic (Paveglio et al. 1996; Simenstad et al. 1996).

In the late 1990s, the Australian Environmental Protection Agency officially
exclude over-water applications of herbicides containing POE-T (NRA 1996). In
time, other jurisdictions (e.g., the USA, Canada, and the EU), implemented similar
policies which are still in effect today (EC 2017; PMRA 2015a; USEPA 2015).
Discussion of the toxicity of POE-T alone had been included in regulatory environ-
mental risk assessments of glyphosate and glyphosate-containing formulations
(NRA 1996; SERA 1996, 1997; USEPA 1993) and stimulated trials with Rodeo
and alternative surfactants to control invasive species in overwater uses in
Washington State (Paveglio et al. 1996; Simenstad et al. 1996).

In the most recent instances of the environmental and human-health risk
as-assessments of GBHs related to their re-registration in the different jurisdictions,
regulatory authorities have begun to include POEA-specific sections with larger
toxicity data sets and POEA-specific assessments (PMRA 2015a; SERA 2011;
USEPA 2015). The PMRA (2015a) included a methodological assessment of the
hazard posed by MON 0818 and other mixtures of POEAs to aquatic organisms,
noting that no GBHs registered in Canada contain more than 20% POEAs by weight.
For their assessment, PMRA created individual SSDs for aquatic invertebrates
(14 data points), amphibians (7 data points) and saltwater fish (21 data points) and
calculated EC50-based HC5s (the concentration at which the lowest fifth centile of
species in the SSD would be exposed to a hazardous concentration) of 4.1 μg POEA/L
for invertebrates, 350 μg POEA/L for amphibians and 2060 μg POEA/L for saltwater
fish. Parallel HC5 endpoints for formulated herbicide products containing POEA
were also calculated as 190 μg glyphosate a.e./L for invertebrates, 930 μg glyphosate
a.e./L for amphibians, 100 μg glyphosate a.e./L for marine invertebrates, and
3.04 � 103 μg glyphosate a.e./L for saltwater fish, reflecting the substantially greater
toxicity of formulated products compared to POEA alone.

In this context, Rodriguez-Gil et al. (2017a), published a refinement to the aquatic
risk assessment of POE-T. This assessment made use of data from POE-T-only
studies available in the literature, as well as newly generated data from standard
toxicity test with 15 additional species exposed to MON 0818. This new dataset was
used to generate a species-sensitivity distribution based on a total of 37 aquatic
species. The calculated EC50-based HC5 for this data set was 170 (95%CI 150–200)
μg POE-T/L (Fig. 8a), like that proposed by the Canadian PMRA.
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Fig. 8 (a) Species sensitivity distribution (SSD) of acute toxicity values for POE-T in aquatic
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Rodriguez-Gil et al. (2017a), also compared the generated SSD to 3 calculated
worst-case scenario POE-T water concentrations based on the concentration
expected from an unintentional direct over-spray of a water body of 15 cm depth
at three different application rates (maximum rate, typical use maximum, and typical
use) of the forestry-use formulation Vision® (999, 490, 150 μg POEA/L respec-
tively). In addition to these, a fourth scenario was calculated from maximum
glyphosate concentrations measured in inland waters and the amount of POE-T
that would be expected if both compounds originated from a formulation containing
15% MON 0818 (with 70% POE-T) and POE-T and glyphosate remained in the
same ratio in the environment (140 μg POEA/L). From this analysis, the percentage
of species in the SSD that would be exposed to POE-T concentrations in water in
exceedance of their EC50 would be 43% under the selected worst-case scenario of
unintentional over-spray of a 15-cm-deep water body (maximum forestry applica-
tion rate scenario), whereas 21% would be in this situation for the typical maximum
rate scenario, 7% for the typical scenario, and decreasing to 4% when compared to
theoretical maximum POE-T concentrations in water derived from the maximum
measured glyphosate concentrations. These observations are consistent with those
that led to the removal of POE-T from GBHs for over-water uses in the late nineties.
For this review, we updated the dataset used in Rodriguez-Gil et al. (2017a) to
include new data published since then, and to incorporate new analysis techniques,
such as the ability to fit the SSD to interval and censored data as described in
previous sections and the extended methods section of the SI. With this new updated
data set, containing data for 40 species, we generated an SSD (Fig. 8, Panel A) which
was compared to the theoretical worst-case scenarios presented in Rodriguez-Gil
et al. (2017a). This new updated SSD provided an HC5 of 140 μg/L (95% CI
104–223 μg/L), very close to the 170 μg/L originally presented. Exceedances of
the theoretical worst-case scenarios for this updated SSD are slightly lower at 29.6%
for the maximum application rate scenario, 16.0% for the more typical maximum
application rate and 7.2% for the typical application rate. A comparison of this POE-
T-only SSD and one based on toxicity data for POEA-containing GBHs (after
adjusting the POE-T to glyphosate a.e.) is presented in Fig. 8b.

In addition to the above-mentioned standard toxicity tests, Rodriguez-Gil et al.
(2017b) assessed the effect of other environmental conditions, such as the presence
or absence of sediment, on the toxicity of POE-T to aquatic organisms. Consistent
with the observations on sorption of POE-T to sediment presented in Sect. 4.1 above,
the toxicity of POE-T to 4 sediment-duelling organisms (Hexagenia sp., Hyalella
azteca Saussure, Lumbriculus variegatus Müller) and fathead minnow, (Pimephales
promelas Rafinesque) was substantially reduced (between 2- and 10-fold increases in
the measured LC50s) in the presence of sediment. These observations support the
theory that POE-T’s high affinity for the sediment results in a reduction of the
exposure to aquatic organisms. Of particular interest was the case of fathead
minnow, where the measured LC50 in the absence of sediment (880 μg/L, as
MON 0818) was lower than the calculated worst-case water column concentration
(1.41 � 103 μg/L as MON 0818), but crossed this threshold into the no-risk levels
when tested in the presence of sediment (LC50with sediment¼ 3.5� 103 μg/L as MON
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0818). These results, the authors point out, would indicate that the high exceedances
observed when comparing worst-case scenario concentrations to toxicity data gen-
erated from standard laboratory data are not representative of real-world scenarios
where the exposure of aquatic organisms to POE-T would be substantially reduced
by rapid sorption to soil and sediment.

A similar toxicity-mitigation phenomenon has been observed to take place when
the toxicity of a number of surfactants (including ANEOs) has been assessed in the
presence of other organic materials, such as humic acids, in the water column
(Andersson 2012; Chen et al. 2014; Deese et al. 2016). These results further point
to the need to account for these effects when assessing the toxicity of compounds
with a tendency for rapid and strong sorption to organic materials.

A recent Draft Screening Risk Assessment of the Poly(alkoxylates/ethers) chem-
ical group (which includes ANEOs, including POEAs) generated by Environment
and Climate Change Canada and Health Canada (GC 2019) also agrees with this
conclusion and notes that “Considering all available lines of evidence presented in
this draft screening assessment, there is low risk of harm to the environment from the
21 substances considered in this assessment.” This conclusion is based on the
reductions in exposure expected due to sorption to sediment and other organic
materials.

Very little information is available on the toxicity of POEAs to terrestrial
organisms, despite observations such as those by Tush and Meyer (2016) reporting
on the common presence of POEAs in agricultural soils. It has recently been pointed
out that, due to changes in leaf porosity, reductions in drought-tolerance could occur
in plants exposed via spray to commonly used surfactants, including POEAs and
alkylpolyglucosides (Raesch et al. 2018). Because that spray would contain surfac-
tant and glyphosate, the herbicidal effects of glyphosate would likely exceed any
impairment due to the surfactant. Thus, this observation is likely of academic
interest only.

Mendonca et al. (2019) exposed three strains of soil Pseudomonas species to
POE-T alone or a combination of POE-T and glyphosate in an in vitro study. The
form of glyphosate (acid or salt), source, and purity were not reported and the
concentrations of glyphosate and POE-T (purity not reported) were not confirmed.
Only a single concentration of glyphosate was used (0.5 mM equivalent to
84 � 103 μg/L) and was unrealistic. POE-T was used at 30% of this concentration
(25.4 � 103 μg/L), also unrealistic. They observed a 60% reduction in growth when
the bacteria where exposed to POE-T alone. Addition of glyphosate to the exposure
medium resulted in no or small (5–15%) additional decrease in growth. Additionally,
exposure was in liquid growth media, representing a worst-case scenario without any
possible exposure reduction due to sorption of the compounds to soil. Smaller
concentrations were not tested, and the results of the study are unusable for risk
assessment.

Only one study was found related to terrestrial insects. Bednářová et al. (2020)
exposed fruit fly cultures (Drosophila melanogaster) to glyphosate, POE-T, or a
GBH via application of the diluted product in a sucrose solution to filter paper in the
holding vial to characterize the effects of dermal and oral exposures. The authors did
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not relate these concentrations to what would be expected on plants sprayed with
GBH and, because the dimensions of the filter paper were not reported, it was not
possible to estimate a relationship to field exposures. Also, the addition of sucrose to
the test solutions introduced another uncontrolled confounder that might increase
rates of oral consumption and that is not representative of field use.

Acute exposure (24 h) to POE-T (45 � 103 μg/L in the solution of 5% sucrose)
reduced lifespan of female flies by approximately 30% compared to untreated
controls or glyphosate (100 � 103 μg/L) alone. Fecundity was also reduced by
about 50% after a 24-h exposure to 45 � 103 μg/L of POE-T. Additionally, the
authors also chronically (72 h) exposed the flies to varying concentrations of the
POE-T and reported LC50 values of 1.04 � 106 μg/L for male and 1.3 � 106 μg/L
for female flies (Bednářová et al. 2020). To our knowledge, no data exist on
measured concentrations of POEAs on plant surfaces after application, making it
hard to compare these data to concentrations that are to be expected in the field. This
route of exposure would be limited to the sprayed crop and the immediate edge-of-
field environment. These observations are inconsistent with other studies using
application of GBH to terrestrial insects, which did not result in direct adverse
effects (see Sect. 3.2.2 above) probably because the concentrations used by
Bednářová et al. (2020) were very large and not environmentally relevant.

4.3 Toxicity and Risks from Other Adjuvants

The removal of POE-T from GBHs labeled for overwater use in several countries
(discussed above) resulted in the use other surfactants that were less toxic to aquatic
organisms (e.g., Paveglio et al. 1996; Simenstad et al. 1996). Several other
formulants have been tested for addition to formulations of glyphosate that contain
no surfactant and are used for over-water applications (reviewed in Solomon and
Thompson 2003). In this use, appropriate adjuvants that will provide efficacious
control of the target plants (usually emergent vegetation such as the invasive species
Phragmites australis and smooth cordgrass (Spartina alterniflora)) and are of low
risk to non-target organisms in the water are selected for use. The removal of POE-T
from all GBHs in the European Union (EC 2017) resulted in the adoption of other
surfactants in the GBH used within the European market.

Based on a study on the acute (48-h) toxicity of several commercial pesticide
adjuvants to Daphnia pulex under laboratory conditions Stark and Walthall (2003)
reported the 48-h LC50s summarized in Table 3. Based on LC50 data, these products
are all less toxic than POE-T to the related species Ceriodaphnia dubia
(1.18 � 103 μg/L) and D. magna (1.84 � 103 μg/L) as reported by Rodriguez-Gil
et al. 2017a. However, when extinction concentrations (where the intrinsic rate of
increase [ri] in the population is < 1 and the population will go extinct) were modeled
from population growth in 10-day chronic bioassays with D. pulex, there was no
obvious relationship to 48-h toxicity. Extinction concentration is a novel concept in
estimating risk to organisms in general and has not yet been used in a regulatory
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context. Chronic tests conducted under laboratory conditions in plastic test vessels
do not necessarily represent the natural aquatic environment where environmental
fate would be expected to be different, thus, extrapolation to responses in the
environment would be difficult.

In their review of overwater use of glyphosate, Solomon and Thompson (2003)
characterized the toxicity of several surfactants that could be used with glyphosate.
Because the toxicity data were sparse and were mostly limited to three standard test
organisms (bluegill sunfish, Lepomis macrochirus Rafinesque; rainbow trout,
Oncorhynchus mykiss Walbaum; and daphnia, Daphnia magna Straus) data were
characterized using an SSD and the tenth centile of the toxicity data was used as a
point of departure rather than the more usual fifth centile. These data (Fig. 9) show
that of all the surfactants tested, POEA is the most toxic and LI700 the least toxic.

More commonly, GBHs already contain the required formulants for the desired
herbicidal performance. The original formulations of Roundup contained POE-T.
However, more recent formulations can include any number of other surfactant
options (or mixtures of) such as etheramine alkoxylates which can allow for more
concentrated formulations (resulting in less expensive packaging, shipping and
storage costs), especially those of the potassium salt of glyphosate which is known
to be incompatible with traditional POEA surfactants (Wright et al. 1998). In recent
years, newer formulations developed for European markets include other surfactant
alternatives such as propoxylated quaternary ammonium surfactant (Prill and Rich-
ardson 1997). Recently Mesnage et al. (2019), reviewed the toxicity of a number of
these new surfactant options, mainly from publicly available toxicity data from
registration materials and product Safety Data Sheets (SDS). This review indicates
that, while the toxicity of etheramine alkoxylates to aquatic organisms is generally
similar to that of traditional POEA-based formulations, the newer surfactant options
available in the European markets show lower toxicity, with LC50 values 1 to
2 orders of magnitude higher. Mesnage et al. (2019), have discussed the surfactants
in newer GHBs and point to the recent introduction of several classes of surfactants
such as the propoxylated quaternary ammonium (in Roundup Biactive®),
alkypolyglycocide (in Roundup Pro Bio®), polyethylene ether amine (Roundup

Table 3 LC50 values and extinction concentrations for several agricultural adjuvants tested in
Daphnia pulex under laboratory conditions

Producta 48-h LC50 (μg/L)b Extinction concentration (μg/L)b

R-11® 13.2 � 103 0.9 � 103

X-77® 16.4 � 103 1.6 � 106

Sylgard 309® 22.9 � 103 18 � 103

Silwet L-77® 23.4 � 103 28 � 103

Kinetic® 111 � 103 25 � 103

Bond® 614 � 103 450 � 103

Plyac® 2.6 � 106 610 � 103

Water Maxx® 16.3 � 106 13 � 103

aWhere available, data on constituents, CAS numbers and distributors are provided in SI Table 4
bToxicity values and extinction concentrations from data in Stark and Walthall (2003)
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GT®), alkoxylated etheramine oxide (in Roundup Full®), and ‘N-N-dimethyl-C12-
C14-(even numbered)-alkyl-1-amine (in Roundup Pro 360®) surfactants in the EU
and Argentina, a trend that they state is not limited to agricultural products but can
also be observed in industrial, household, and personal care products. The authors
also point out that there is little ecotoxicological information on these surfactants
but that many are less toxic than POE-T when tested in cell lines in vitro (Mesnage
et al. 2019).

The use of alkypolyglycocide surfactants in agricultural applications, and in
glyphosate formulations in particular, has been previously assessed in a number of
studies (Fig. 9). Of these surfactants, Atlox AL 2575W (an alkyl alkypolyglycocide
marketed by Croda Crop Care), has previously been used in Australia as a compo-
nent of Crop Care’s Touchdown® (NRA 1996). The toxicity of this surfactant is
compared to those evaluated by (Solomon and Thompson 2003) and that of POE-T
(MON 0818) (Rodriguez-Gil et al. 2017a) in Fig. 9, highlighting the low toxicity of
this group of surfactants. GBHs containing glyphosate and alkypolysaccharide

POE−T

R−11

X−77

Super Spread 200

Widespread

Induce

4 LC−E

Liqua Wet

Passage

Atlox

Spreader

LI 700

102 103 104 105 106

10th centile of LC/EC50 values ( µg / L)

Fig. 9 Toxicity of several adjuvants considered for use with POEA-free glyphosate. The tenth
centile value for POE-T (highlighted) was obtained from an SSD plotted from data in (Rodriguez-
Gil et al. 2017a), the tenth centile for Atlox (an alkylpolysacharide surfactant, highlighted) was
based on an SSD generated from toxicity tests on five aquatic organisms, and the tenth centile
values for the other adjuvants are from (Solomon and Thompson 2003). Where available, data on
constituents, CAS numbers, and distributors are provided in SI Table 5
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surfactants have also been tested. This is the case of Cúspide 480SL®, a Colombian
GBH formulation that was used for a short period for the control of Erythroxylum
coca L., the source of cocaine, in Colombia, South America. This control program
has recently resumed with the use of Cúspide 480SL® (Talanú Chemical Ltda,
Ibagué, Colombia). Toxicity testing with this product in the laboratory (Currie
et al. 2015) showed that most aquatic organisms were considerably less sensitive
to this formulation than to those containing POEAs. An updated SSD (Fig. 10) was
generated employing the same methodologies used for all other datasets in this
review. This SSD suffers from large variability due to a large number of the species
showing right-censored toxicity data (i.e., the EC50 was above the highest concen-
tration tested). Despite our re-analysis, which is able to handle this censored data, the
high proportion of these cases results in increased variability. For visualization
purposes the range showed for these data points has a maximum value chosen as
ten times the maximum measured of the distribution. In addition, the two most
sensitive points in the SSD were primary producers (algae), which were likely
directly affected by the herbicidal action of glyphosate in the Cúspide formulation.

The use of alkypolysaccharide surfactants is expected to increase, as its imple-
mentation in different formulation products becomes more common among the main
manufacturers of GBH. In fact, in addition to practical aspects (e.g., they work well
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Fig. 10 Acute toxicity of glyphosate formulated with POEAs as compared to Cúspide 480SL®

formulated with an alkypolysaccharide surfactant and contained the adjuvant Cosmo-Flux F411.
Data from (Currie et al. 2015). Distribution parameters and centile intercepts are provided in SI
Table 2 and SI Table 3

188 J. L. Rodríguez-Gil et al.



in formulations containing triethanolamine salts of glyphosate), mammalian toxi-
cology of these products was reviewed in Knaak et al. (1997) and environmental
aspects are also mentioned as part of recent formulation development (e.g.,
Yeritsyan 2016).

5 Ecotoxicology of the Degradation Product, AMPA

Only one degradation product of glyphosate in plants and in the environment is of
potential concern is aminomethylphosphonic acid AMPA (Fig. 3). This degradate is
mainly of concern because of its mobility in the environment and its relatively longer
persistence (Bento et al. 2016; Grandcoin et al. 2017; Levine et al. 2015) as
compared to the parent and its relatively greater bioavailability in soils (smaller
KOC).

The toxicity of AMPA to aquatic organisms has been investigated in a well
conducted study (Levine et al. 2015). Chronic toxicity of AMPA to fathead minnow
(P. promelas) was evaluated in a fish early life stage study. The NOEC based on
larval survival, growth, and development �12 � 103 μg/L. Chronic toxicity to
D. magna was evaluated in a 21-d reproduction test and, based on the endpoints
of survival, growth, and reproduction, the NOEC was 15 � 103 μg/L. The authors
noted that the maximum reported concentrations of AMPA in surface waters from
ten different countries were less than 50 μg/L with only two above that value
(397 μg/L in the USA and > 200 μg/L in Ireland). All these values were at least
two orders of magnitude less than the NOECs from the toxicity tests. In another
study, the toxicity of AMPA was evaluated in the saltwater oyster (Crassostrea
gigas Thunberg), the freshwater (FW) alga (Raphidocelis subcapitata (Korshikov)
Nygaard, 1987 [formerly known as Selenastrum capricornutum and
Pseudokirchneriella subcapitata] and the FW crustacean D. magna) (Di Poi et al.
2018). The EC10s (used as an approximation to the NOEC) for embryotoxicity and
metamorphosis in C. gigaswere 39� 103 μg/L and 27� 103 μg/L, respectively. The
EC10 for growth in R. subcapitata was 85 � 103 μg/L and that for immobility in
D. magna was > 100 � 103 μg/L. The results of these two papers are consistent and
indicate that risks from exposure to AMPA in surface waters are de minimis.

Because AMPA is found in soils of fields treated with glyphosate, its potential
risks to soil organisms were evaluated. In its evaluation of glyphosate, EFSA (2015)
noted low toxicity in the soil mite (H. aculeifer) and the springtail (F. candida) after
14 and 28 d exposures to AMPA (NOECs ¼ 320 � 103 and 315 � 103 μg/kg dry
soil, respectively). Similar low toxicity was noted for the earthworms Eisenia andrei
Bouché (14-d LC50 > 1 � 106 μg AMPA/kg dry weight of soil) and for E. fetida a
56-day NOEC of 132 � 103 μg/kg dry weight (EFSA 2015). For microbial activity
in soil, EFSA (2015) noted values of 21% reduction in mineralization of N at
160 � 103 μg AMPA/kg dry weight of soil and, for mineralization of C and 18%
reduction at 94 � 103 μg AMPA/kg dry weight. In another study on soil biota, (von
Merey et al. 2016) no effects were observed on transformation of nitrogen at a
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concentration 160 � 103 μg AMPA/kg dry soil. At greater concentrations
(320 � 103 and 640 � 103 μg/kg dry weight) rates of transformation were 27 and
43% above control. The authors suggested that these increases were a result of
stimulation of the microbiota by the increased availability of nitrogen and phospho-
rus from the degradation of AMPA. In tests on the predatory mite, (H. aculeifer), the
reproductive NOECreproduction was �320 � 103 μg/kg dry weight (von Merey et al.
2016). These authors concluded that the there was a very low likelihood of adverse
effects of AMPA on soil biota or soil processes.

Overall, the toxicity data indicate that risks from AMPA to aquatic and soil
organisms and soil processes are de minimis.

6 Conclusions

Globally, glyphosate is the most widely used pesticide. There have been many
studies conducted on glyphosate for regulatory purposes as well as a large number
in the open scientific literature. In addition, it has recently been reviewed by several
national and global regulatory agencies. Its chemistry and fate in the environment are
well characterized. It is essentially non-volatile and is not transported in air other
than in the form of spray drift or sorbed to dust. It is soluble in water but sorbs
strongly to organic matter and clay particles in soil, thus limiting its transport away
from soil in treated fields. It is metabolized in plants and soils to several products that
are of lower toxicity and not of toxicological concern. One of these products
(AMPA) is commonly found in surface waters but can also be formed from
aminophosphonates used for water treatments such as descaling and from use of
some organophosphate detergents. Thus, not all AMPA in surface waters is neces-
sarily derived from glyphosate and it is inappropriate to stoichiometrically sum
AMPA and glyphosate to derive loadings to surface waters. In animals, glyphosate
is rapidly cleared from the body and does not bioaccumulate or biomagnify in
trophic food webs. Because of its short biological t½ in water, sediment, and tissues,
exposures of organisms in the environment are acute, and therefore acute toxicity
data are the most relevant for assessment of direct effects on non-target organisms.

Because of its high solubility in water and low octanol–water partition coefficient,
glyphosate does not penetrate well into target plants and has low efficacy unless a
formulant, such as a surfactant, is added to the formulation and/or spray tank. In
addition to lowering the surface tension of water to promote rapid spreading on leaf
surfaces, the surfactant also disrupts cuticular waxes and speeds up penetration into
the tissues of the leaf from which it moves via the phloem to rest of the plant.. The
most used formulant in GBHs is a mixture of polyoxyethylene amines (POEAs);
however, some newer GBHs contain different formulants. By design, formulants
have very different intensive properties from the pesticides they are combined with
and the mixture has different physical properties from the active ingredient. Because
of this, the active ingredient and the formulants in the commercial products have
different fates in the environment and do not necessarily move at the same rate
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through the environment as the active pesticidal substance. Thus, for GBHs (and
other pesticides) formulants are not likely to be found in surface waters in the same
ratio as in the commercial product unless there is a spill or a deliberate overspray.

Technical glyphosate is of low toxicity to aquatic and terrestrial animals because,
at permissible environmental use rates it inhibits EPSPS in the biochemical pathway
for the synthesis of aromatic amino acids that is only known to be expressed in plants
and some bacteria and fungi and not animals. Toxicity values for glyphosate for
many species have been reported in the literature but some of these report concen-
trations without specifying the form (acid, or salt) of the test substance. All concen-
trations of glyphosate should be normalized to acid equivalents when characterizing
environmental concentrations and toxicity so that data from different studies can be
more easily compared.

The fifth centile (i.e., HC5) is a commonly used metric to characterize the
distribution of toxicity endpoints among a diversity of test organisms. The HC5
for technical glyphosate in aquatic organisms is 4.5 � 103 μg glyphosate a.e./L,
whereas the HC5 for formulations containing POEAs is 480 μg glyphosate a.e./L.
Clearly, the POEAs significantly contribute to the toxicity of the commercial product
across a diversity of taxa (This is clearly presented in Fig. 8b). As such, toxicological
data from tests conducted with formulated product cannot be directly used to
characterize the risk of glyphosate alone. The use of off-the-shelf home and garden
products for toxicity testing is also inappropriate as these products sometimes
contain a second herbicide, such as a fatty acid, that provides rapid kill of the plants
(Bugg et al. 1999). These mixtures are not representative of commercial products
used in agriculture and forestry, which represents the bulk of the herbicide use. This
is the source of considerable confusion and wasted effort and resources in the
plethora of toxicity tests conducted with commercial formulations of glyphosate
with unknown formulants. GBHs containing POEAs are not registered for aquatic
uses to control emergent vegetation and are illegal when sprayed directly on water or
allowed to drift to water. Therefore, non-target organisms are unlikely to be exposed
to POEAs unless applied illegally.

The distribution of toxicity values for aquatic organisms were compared to the
concentrations in surface waters of the US reported in the National Water Quality
Monitoring Council database as well as data from the French Naïdes database. The
resulting environmental exposure distributions for both datasets did not exceed (the
estimated exceedance, and associated confidence interval was zero) the fifth centile
of the distribution of toxicity values (SSD) of the glyphosate technical product
(4.49 � 103 μg/L). In fact, the highest measured concentration (940 μg/L) was
over 4 times lower than this value and still lower than the first centile of the SSD
(1.64 � 103 μg/L). It is important to note that the 99th centiles of the exposure
distributions were even lower at 1.54 and 8.45 μg/L for the French and US datasets
respectively, increasing the margin of safety between exposure and acute effects.

Insufficient numbers and diversity of terrestrial animal studies yielding toxico-
logical endpoints (e.g., LD50) have been published to conduct a risk assessment
using species-sensitivity distributions and terrestrial residues. However, the avail-
able data do not suggest that the use of GBHs is likely cause adverse effects in
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terrestrial insects, such as honeybees, terrestrial vertebrates, arthropods and inverte-
brates in soil and microbiota that process nutrients and carbon-containing com-
pounds in soil.

The toxicity of AMPA, one of the major degradates of glyphosate in plants and
the environment has been investigated. Overall, the toxicity data indicate that risks
from AMPA to aquatic and soil organisms and soil processes are de minimis.
However, exposures in aquatic systems might result from use of other substances
that also degrade into AMPA. Currently, concentrations of AMPA in surface waters
present a de minimis risk. These conclusions are similar to those reached by
regulatory agencies such as the USEPA in the United States, EFSA in Europe,
PMRA in Canada, the AVPMA in Australia, the Food and Agricultural Organization
of the United Nations, and the FSCJ in Japan.
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